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Dielectric metamaterials with low ohmic losses and resonating in the local
magnetic mode are preferable for enhancing material non-linearity. Here, we
propose and experimentally demonstrate  broadband  extraordinary
electromagnetic transmission (EET) behavior, which is induced by the coupling
of magnetic modes of two ceramic cuboids. It is shown that extraordinary
electromagnetic transmission behavior through a perforated metal sheet with a
subwavelength aperture can be achieved by exciting the first-order magnetic
mode Mie resonant coupling of these cuboids. Our findings indicate that the
transmission bandwidth and amplitude are dependent on the strength of coupling
between the two ceramic cuboids. Additionally, we utilized non-linear effects
within the dielectric cuboids to achieve tunable extraordinary electromagnetic
transmission behavior. Our results are promising for developing non-linearly
tunable microwave devices such as filters and modulators of their strong light-
matter interactions.

KEYWORDS

extraordinary optical transmission, non-linear, tunable metamaterials, Mie resonance,
dielectric metamaterials

1 Introduction

Metamaterials, and their two-dimensional counterpart metasurfaces, are artificial media
made up of subwavelength-sized resonant elements with tremendous potential for
modulating wave beams (Pendry, 2000; Shelby et al., 2001; Smith et al, 2004; Chen
et al,, 2010; Fan et al,, 2011; Liu et al., 2011; Soukoulis and Wegener, 2011; Chen et al.,
2012; Jahani and Jacob, 2016; Yang et al., 2021a; Liu et al., 2021; He and Song, 2022; Yang
et al,, 2023a; Yang et al., 2023b; Li and Song, 2023; Nie et al., 2023). These micro and nano
elements can be designed to have optical properties that do not exist in nature, such as
negative refraction (Smith et al, 2004), electromagnetic clock (Schurig et al, 2006),
electromagnetically induced transparency (Yang et al.,, 2021a), and metalens (Chen et al.,
2012). Recently, researchers have combined metamaterials with the structure of single
apertures to enhance transmission efficiency for light. This reduces the size of the structure
while increasing its transmission efficiency (Guo and Zhou, 2014; Guo et al., 2016).
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Similar research has been conducted in Terahertz frequencies
(Navarro-Cia et al., 2018; Freer et al., 2020) and optical bands (Jeong
et al, 2015; Qin et al,, 2018). Extraordinary optical transmission
(EOT) has attracted significant attention owing to its unique
physical mechanism and potential applications in photodetectors
and non-linear optics (Ebbesen et al., 1998; Martin-Moreno et al.,
2001; Garcia de Abajo, 2007; Genet and Ebbesen, 2007; Aydin et al.,
2009; Chen et al., 2013). Dielectric metamaterials can achieve higher
transmission efficiency than conventional EOT apertures (Hajian
et al, 2017a). In the early stages, it was mainly based on periodic
array structures to enhance the transmission efficiency of light
through subwavelength diaphragms. In 2009, Aydin et al. (2009)
achieved strongly localized electromagnetic field coupling and
transmission enhancement by applying a single SRR at the near
field of the aperture, which initiated the research on extraordinary
optical transparency in terahertz band (Chen et al., 2013). Later, this
idea was also employed in microwaves to realize high-efficiency
extraordinary electromagnetic transmission (EET).

Epsilon-near-zero metamaterials can also achieve efficient EOT/
EET behavior (Kurs et al., 2007; Hajian et al., 2017b). However,
metamaterials operating in a single resonant mode can only achieve
EOT/EET behavior near their resonant frequency. Obtaining EOT/
EET behavior within a certain bandwidth range requires introducing
more resonant modes and coupling. Andre Kurs et al. proposed the
use of strongly coupled self-resonant coils and experimentally
demonstrated effective non-radiative power transmission over a
distance of up to 8 times the coil radius in Science in 2007
(Zhang 2012; 2013).
Researchers also found that the first-order Mie resonance of two

et al, Jonah and Georgakopoulos,
magnetic mode resonance units will split into two modes: in-phase
resonance and reverse resonance (Hao et al, 2008). However,
research on broadband EET/EOT is relatively sparse, which is
due to the sharp resonance of meta-atoms.

In this work, we have demonstrated the EET behavior of a
perforated metal sheet with subwavelength apertures by utilizing
near-field coupling of the first-order magnetic mode Mie resonance
between two identical ceramic cuboids. The bandwidth of EET was
extended by combining the splitting of resonant modes and coupling
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behavior between ceramic cuboids and metal sheets. Dielectric
materials were chosen as resonators to enhance transmission
efficiency. By introducing perforated metal sheets to suppress
coupling between ceramic cuboids, we increased transmittance in
the original transmission dips, achieving broadband transmission
instead of double-frequency point transmission. Modulation of
transmission amplitude and the frequency band is achieved by
varying spacing between two ceramic cuboids to change coupling
strength and mode resonance. Further modulation is possible based
on non-linear effects in dielectric material for tunable EET
frequency. These tunable non-linear EET metamaterials can play
an important role in designing new sensor devices and filter devices
due to their wider operating frequency range, greater functionality,
and lower costs (Hao et al., 2008; Ju et al., 2011; He et al., 2019; Bao
and Cui, 2020; Yang et al., 2021b; Zhu et al.,, 2022).

2 Results and discussion

Figure 1A shows the schematic diagram of double ceramic
cuboids placed on a Teflon substrate. The Teflon substrate is
with a dimension of 22.86 x 10.16 x 1 mm’, and the two ceramic
cuboids are made of low-loss material calcium titanate (CaTiO3)
doped with 1wt% ZrO,, having a relative permittivity of
approximately 121 (Zhao et al, 2008; Zhao et al, 2009; Luo
et al, 2015). The CaTiO; ceramic was synthesized through the
conventional solid-state method. All the raw powders of CaTiO5 and
ZrO, were mixed by ball milling in deionized water for 30 h. After
dried, the powders were pestled in agate mortar and sieved through
50 or 60-mesh sieve. Then, the PVA solution (polyvinyl alcohol, 5 wt
%) was added to the sieved powders as organic binder. The cylinders
were formed by uniaxial compression at the pressure of 4 MPa with
a customized mould. Finally, the cylinders were sintered at the
temperature ranging from 1,250°C to 1,400°C (Luo et al., 2015). Each
ceramic cuboid has dimensions of 3.5 x 3.5 x 1 mm’. We employed a
finite-difference time-domain (FDTD) method to calculate the
transmission spectra of the EET metamaterial. In the simulations,
electric boundary conditions were set along the x- and y-directions

85 90 _ 95
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(A) Schematic diagram of our design with two ceramic cuboids on opposite sides of the Teflon substrate and (B) its reflection and transmission
spectra in waveguide WR9O0, the insert shows the magnetic field distribution with a frequency of 8.776 GHz.
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(A) Schematic diagram of the EET metamaterial with double cuboids placed in the center of a perforated metal sheet. (B) Transmission spectra of the
metamaterial with only aperture and with double ceramic cuboids. (C) Calculated electric field distribution of EET metamaterial with double ceramic
cuboids placed in the center of an aperture inside a waveguide at frequencies of 8.5, 8.94, 8.982, and 9.095 GHz.

to simulate a standard waveguide of WR90, and perfect match layers
(PMLs) were set along the z-direction. The transmission and
reflection spectra were calculated for two ceramic cuboids in the
WRI0 waveguide, and the results are shown in Figure 1B. For the
transmission spectrum, two resonance dips appear at 8.776, and
9 GHz with a transmittance of 0.132, and 0.038 respectively, and a
transmission peak appears at 8.852 GHz with a transmittance of
0.758. A typical first-order magnetic mode Mie resonance may be
seen in the circular distribution of the magnetic field in the ceramic
block as shown in the insert magnetic field distribution with a
frequency of 8.776 GHz, which confirms that the ceramic cuboid is a
magnetic dipole resonance.

Figure 2A shows that when two ceramic cuboids are placed on
opposite sides of a small hole, there is a distinct peak in dual-
frequency transmission, where the small hole diameter is 6 mm. The
red dotted line in Figure 2B shows the transmittance when only the
perforated metal sheet is inserted in the waveguide. Simulated results
reveal two transmission peaks at frequencies of 9.02 and 9.14 GHz,
while experimental findings show transmission maxima at 8.94 and
9.095 GHz with respective transmittances of 0.6 and 0.742. Note that
the experimental EET results have slightly lower frequency and peak
values than those from the simulation. This may be attributed to the
uniformity doping of the samples during manufacture and small
offset in the position of the samples during the experimental
operation. However, the general features of the measured spectra
agree well with the numerical simulations. Unlike coupling just one
ceramic cuboid and a metal aperture (Cai et al., 2022), double
ceramic cuboids’ EET behavior has no specific frequency restriction
but instead has a specified bandwidth. The mechanism behind this
enhancement is examined together with local field distribution to
achieve amplitude and frequency band modulation of EET behavior
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by varying coupling mode and strength between the two ceramic
cuboids.

Figure 2C displays the calculated local electric field distribution
for four frequency points: 8.5, 8.94, 8.982, and 9.095 GHz. The
reference pair is set at a frequency of 8.5 GHz since almost no energy
can pass through the subwavelength aperture at 8.5 GHz. At
frequencies 8.94 and 9.095 GHz, the resonant phase of both
ceramic cuboids was similar, allowing energy to couple from one
cuboid to another with improved transmission efficiency when
interacting with the perforated metal sheet. At 8.982 GHz, the
resonant phase of both ceramic cuboids was opposite but still
allowed successful coupling and normal energy transmission as if
there were only ceramic cuboids in front. In general, the mutual
coupling of magnetic modes between ceramic cuboids can make the
energy transfer from one ceramic cuboid to another, and the
perforated metal sheet can effectively inhibit the energy transfer
back. It can also be understood that when the coupling energy passes
through the metal sheet again, the phase change of the electric field
occurs so that the originally reflected electromagnetic wave is
reflected port in 2 again. Therefore, the coupling behavior
between two ceramic cuboids is the key to realizing EET
behavior. Can we change the coupling strength between two
ceramic cuboids or change the coupling mode between ceramics
to modulate the realized EET behavior? Based on this idea, we
continue the work in the following parts.

For wireless energy transmission using the magnetic mode,
distance is the most critical factor affecting efficiency. Therefore,
the relationship between the spacing (g) between two ceramic
cuboids and coupling efficiency has been investigated. Figure 3
shows that there are two transmission peaks when g = 0.5 mm
and ¢ = 1 mm due to a mode generated by the coupling of two
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(A) Simulated and (B) measured transmission spectra with different spacing
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FIGURE 4

Measured transmission spectra with different input power levels

P from 5 to 30 dBm, the insert shows the waveguide WR90 where the
sample was located during the experiment.

ceramic cuboids. This results in broadband transmission as we can
observe this mode when the spacing is close. However, increasing
the spacing to ¢ = 1.5mm suppresses this resonance due to a
perforated metal plate, resulting in only one transmission peak at
a frequency corresponding to the first-order Mie resonance of each
ceramic cuboid (f = 9.045 GHz with a transmission rate of 0.62).
Further increasing the spacing between ceramic cuboids leads to f =
9.07 GHz and a lower transmission rate of 0.15 for g = 2.5 mm. By
changing the coupling between these two ceramic cuboids, we can
modulate both the bandwidth and amplitude of transmissions from
broadband (g = 0.5 mm, double transmission peak, 8.91-9.12 GHz)
to a single band (9.045 GHz), and from an amplitude range of
0.835 to 0.15 by changing spacings from 0.5 to 2.5 mm, respectively.

The transmission amplitude spectra of the sample with different
in output power are measured through a Vector Network Analyzer
(VNA) combined with a power amplifier. By adjusting the power of
the incident electromagnetic field, we may control the transmission
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parameter g from 0.5 to 2.5 mm.

frequency by taking use of the thermal expansion effect. Figure 4
shows measured transmission spectra with various electromagnetic
wave incident power P, and the insert shows the waveguide
WR90 where the sample was located during the experiment.
With P increasing from 5 to 30dBm, the EET operating
frequency shows a red shift of 60 MHz. Thanks to the Mie
resonance inside the ceramic cuboid, the accompanying strong
local field raises the internal temperature changes its dielectric
constant, which is responsible for the red shift of the resonant
frequency (Guo et al,, 2016). In other words, as incident power
increases, the temperature in the cuboid will increase accordingly,
and the real and imaginary part of the permittivity of CaTiO; will
also increase, which leads to red shift and larger energy dissipation of
the EET effect. The effect could be interpreted as a third-order Kerr
non-linearity with the relative permittivity ceramic following the
expression (Makarov et al., 2017):

e=¢ -2i(o/f)*x 107 — y|E)? (1)

where ¢ is a real part of the relative permittivity of cuboid
ceramics at linear regime, o is a ceramics conductivity, f is the
frequency, c is a speed of light in free space, y is a coefficient of
Kerr non-linearity.

The transmission of metamaterial is dependent on the power of
the incident wave, which allows for a mechanism to achieve non-
linearly tunable electromagnetic metamaterial (Fan et al., 2021). The
measured results indicate that our metamaterials can be employed
for a frequency-agile device with high transmittance.

3 Conclusion

In summary, we have theoretically and experimentally
demonstrated the EET behavior by using the first-order magnetic
mode Mie resonant coupling of two ceramic cuboids. Initially, we
analyze the coupling behavior of two identical titanate (CaTiO3)
doped with 1wt% ZrO, cuboids at their resonant frequency.
Subsequently, we position these cuboids on either side of a
perforated metal sheet to leverage their local field coupling for
achieving EET with a bandwidth exceeding 100 MHz. We then
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employ the spacing between these ceramic cuboids to modulate the
strength of magnetic mode resonance coupling while controlling
transmission amplitude and bandwidth. Finally, by exploiting non-
linear effects in ceramic materials, we achieve EET frequency control
above 60 MHz via incident power modulation. This study enhances
our comprehension of light-matter interactions and provides
valuable insights into research on tunable electromagnetic
anomaly transmission microwave devices.
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