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When a dielectric meta-atom is placed into a subwavelength metallic aperture, 20-fold enhanced electromagnetic
transmission through the aperture is realized at the meta-atom’s resonant frequency. Additionally, when the in-
cident electromagnetic power increases, thermal energy gathered by the meta-atom, which is converted from

electromagnetic losses, can cause the meta-atom’s temperature to increase. Because of the high temperature co-

efficient of the meta-atom’s resonant frequency, this temperature increase causes a blueshift in the transmission
peak. Therefore, this frequency-dependent enhanced electromagnetic transmission even produces a nonlinear
effect at low incident powers. Over an incident power range from 0 to 20 dBm, measured and simulated spectra

near the meta-atom’s resonant frequency show distinctly nonlinear transmission.
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1. INTRODUCTION

Because of huge breakthroughs in terms of transmission effi-
ciency [1] and various potential applications in areas such as
cavity quantum electrodynamics [2] and near-field optics
[3], the enhanced transmission of electromagnetic waves
through subwavelength metallic apertures has drawn extensive
research attention [4-7] since the phenomenon was originally
discovered. In addition to the surface plasmon resonance effect
that exists on the surfaces of metallic films perforated with 2D
aperture arrays, many research results have shown that the oc-
currence of other electromagnetic resonance modes can also
cause transmission enhancement [8—14]. Meta-atoms [15-19],
as the unit cells of metamaterials and metasurfaces, which
exhibit extraordinary properties that are not available in natural
media, are actually artificial subwavelength resonance structures
that are based on metal or dielectric materials. Dielectric meta-
atoms, due to their many advantages over metal meta-atoms,
have been widely used in electromagnetically induced transpar-
ency [20], universal impedance matching of white light [21],
perfect absorption for terahertz waves [22], and efficient optical
wavefront control [23]. Because meta-atoms have both reso-
nance and subwavelength properties simultaneously, their
use should also provide outstanding performance levels and in-
crease the amount of light that can pass through subwavelength
apertures. In fact, our research group has made progress in this
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regard in recent years. For example, we have observed both dual
band [24] and broadband [25] transmission enhancement pro-
duced by E-field coupling of split-ring resonators, magnetically
[26] and thermally [27] tunable enhanced transmission using
dielectric metamaterial resonators, and multimode [28] trans-
mission using a thin dielectric rod.

However, despite the fact that the efficiency and the band-
width of the waves that are transmitted through the subwave-
length aperture can both be significantly improved through use
of different types and combinations of meta-atoms, most of the
research results to date have focused on linear transmission. To
the best of our knowledge, there have been few reports in the
literature on the nonlinear enhanced transmission characteris-
tics of these subwavelength apertures when using meta-atoms.
Because the electromagnetic fields that are localized in the
meta-atoms are several orders of magnitude higher than the in-
cident radiation fields [29-31], an obvious nonlinear effect
should be generated on the subwavelength scale of the meta-
atoms, despite the fact that the incident power is very low.
Some nonlinear effects of metamaterials based on metal
meta-atoms have been reported [32-35]; however, their trans-
mission efficiency at the operating frequencies (resonant
frequencies of the meta-atoms) is very low. In this work, we
describe successful observation of a nonlinear enhanced trans-
mission when a dielectric meta-atom constructed by a cubic
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calcium titanate particle is placed into a metallic subwavelength
aperture. Under irradiation by electromagnetic waves at powers
of no more than 20 dBm, the waves that are transmitted
through the aperture experimentally demonstrate obvious non-
linear effects at operating frequencies near the resonant fre-
quency. Electromagnetic simulations were also performed,
and the results were generally consistent with the measured val-
ues. Therefore, the scheme in which meta-atoms are adopted to
realize low-power nonlinear enhanced transmission is feasible.

2. PRINCIPLE

Figure 1 shows a schematic representation of low-power non-
linear enhanced transmission of electromagnetic waves through
a subwavelength metallic aperture when the dielectric meta-
atom is used. The aperture was constructed by forming a cir-
cular hole with a diameter of 5 mm at the center of a2 1 mm
thick copper plate, as shown in Fig. 1(a). For an incident
electromagnetic wave at a frequency of approximately 12 GHz
(4 =25 mm), the operating wavelength is greater than the
aperture diameter. Therefore, the proposed metal aperture is
a subwavelength structure. In accordance with classical aperture
theory, the electromagnetic wave that is transmitted through
the aperture is considerably reduced. However, when a dielec-
tric meta-atom cube with a side length of 2 mm is inserted into
the aperture, as illustrated in Figs. 1(b) and 1(c), the transmis-
sion is enhanced at the resonant frequency of this meta-atom.
To visualize the enhanced transmission produced by insertion
of the dielectric meta-atom, the electric field intensity distribu-
tions at both the meta-atom’s resonant frequency and a non-
resonant frequency were simulated with the CST Microwave
Studio. In the simulations, the metal plate with the aperture is
placed into a WR-90 rectangular waveguide, and the meta-
atom is placed symmetrically at the center of the aperture. The
electric field intensity distributions obtained at the nonresonant
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Fig. 1. Schematic representation of a nonlinear enhanced electro-
magnetic transmission using a subwavelength metallic aperture with
addition of a dielectric meta-atom. (a) Front view (y—z plane) of a sub-
wavelength aperture at the center of a copper plate. (b) Front and
(c) sectional views (x—z plane) of the subwavelength aperture with
the inserted dielectric meta-atom. Electric field intensity distributions
(x—y plane) at the (d) nonresonant frequency (11.5 GHz) and (e) res-
onant frequency (11.73 GHz) of the meta-atom when the metallic
aperture with the added meta-atom is placed within the waveguide
and the electromagnetic waves are excited from one of the waveguide
ports.
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and resonant frequencies of the meta-atom are shown in
Figs. 1(d) and 1(e), respectively. Figure 1(d) clearly shows that
the electromagnetic waves that leak out into the other side of
the aperture are very weak. This result is similar to the field
distributions obtained for the aperture without the meta-atom
(which are not shown here). Therefore, we use Fig. 1(d) to
represent the electric field distributions of electromagnetic
waves passing through a single aperture. The low transmission
level is due to the discontinuous transmission structure that is
formed by the presence of the obstacle, which is the metallic
subwavelength aperture here. However, because the incident
wave is strongly localized within the subwavelength range of
the meta-atom at the resonant frequency of 11.73 GHz
(4 =25.58 mm) and thus continues to pass unobstructively
through the aperture, the transmitted wave intensity is en-
hanced extraordinarily and can even match the incident wave
intensity if the dielectric loss is insignificant, as shown in
Fig. 1(e). It should be noted that the level of miniaturization
of the aperture is not just 4/5. In Ref. [36], we have realized
a total broadband transmission through a subwavelength aper-
ture with a diameter of 3 mm, which is about /9. Moreover,
if we use the dielectric meta-atoms with a higher permittivity to
realize transmission enhancement, the size of the metal aperture
can be further reduced.

In this study, the material combination used for the ceramic
cube meta-atoms is calcium titanate doped with 1.5 wt.% of
zirconium dioxide, and the permittivity, the loss tangent, and
the temperature coefficient of permittivity of the fabricated
ceramic meta-atoms are 118.55, 0.002, and -1220 x 107°C!,
respectively. Because of the extremely strong electromagnetic
fields that are localized in the subwavelength region and the
specific degree of dielectric loss that occurs, part of the incident
wave energy is converted into thermal energy and is stored in
the meta-atom that has been placed in the aperture. Therefore,
the operating temperature of the ceramic meta-atom will rise
as the incident power increases, and because the ceramic
meta-atom has a high negative temperature coefficient of per-
mittivity, the permittivity and the resonant frequency of the
meta-atom will fall and rise, respectively. This means that, with
increasing incident electromagnetic power, the resonant fre-
quency of the meta-atom moves distinctly toward higher
frequencies. The transmission coefficient of the aperture when
loaded with the ceramic meta-atom is highly sensitive around
the resonant frequency of the meta-atom, and any tiny shift in
the resonant frequency will also lead to a specific change in the
transmission behavior. Therefore, use of a ceramic meta-atom
with a high temperature coefficient of permittivity allows low-
power nonlinear enhanced transmission of electromagnetic
waves through subwavelength apertures to be realized.

Based on the analysis above, the principles of the nonlinear
enhanced transmission phenomenon can be visualized as
shown in Fig. 2. It shows that the transmission peak varies from
the initial resonant frequency f, to a second resonant fre-
quency f, and then to a third resonant frequency f; when
the incident wave power increases gradually from P; to P;.
If we compare the transmission values at incident powers
Py, P,, and P;, we find that different nonlinear effects are ob-
tained at the different frequencies. For example, at frequency
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Fig. 2. Principles of the nonlinear enhanced electromagnetic trans-
mission properties of a subwavelength metallic aperture with an added
dielectric meta-atom. Transmission coefficients 7'y, 75, and 7’3 at
incident powers of P, P,, and Pj, respectively.

£, the difference is negative, while at frequency f'5, the differ-
ence is positive. These results show that the transmission
decreases and increases, respectively, with increasing incident
power at the two different frequencies. However, at frequency
5> we find an increase and then a decrease of the transmission
coefficient as the power increases. These results can thus direct
us to obtain different nonlinear enhanced electromagnetic
transmission values at different frequencies.

3. RESULTS AND DISCUSSION

To verify the feasibility of the nonlinear transmission theories
proposed above, the electromagnetic transmission spectra of
the subwavelength metallic aperture with the added ceramic
meta-atom, as depicted in Fig. 1, are studied quantitatively.
The measured and simulated results are shown in Fig. 3.
Simultaneously, to highlight the enhanced transmission proper-
ties produced by use of the meta-atom, the transmission
spectrum of the single aperture alone was also studied. From
Fig. 3(a), we see that the measured transmission coefficient
is a very small value at approximately 0.035. We also know
that the electromagnetic transmission of the single aperture
does not vary with changes in the incident power (not shown
here). However, when the ceramic meta-atom is inserted into
the aperture, the transmission is generally enhanced and can
reach as high as 0.7 at the resonant frequency of the meta-atom.
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Therefore, a near 20-fold enhancement of the electromagnetic
transmission is realized. More importantly, the transmission
peak clearly moves toward higher frequencies with increasing
incident power. For example, at an incident power of 0 dBm,
the transmission peak occurs at 11.73 GHz (4 = 25.58 mm).
However, as the incident power is gradually increased to
20 dBm, the transmission peak shifts accordingly to
11.75 GHz (4 = 25.53 mm). We should emphasize here that
each transmission spectrum was measured in the steady state,
i.e., the ceramic particle had reached a thermal equilibrium
state when each of the spectra was measured. Therefore, if the
power is reduced from 20 dBm back to 0 dBm, the trans-
mission curve will shift back in the exact same manner.
Figure 3(a) also shows that the transmission peak decreases
slightly with increasing incident power. This is caused by the
increase in the dielectric losses that occurs as the meta-atom’s
temperature rises.

The simulated transmission spectrum of the single aperture
alone is shown in Fig. 3(b) and is almost the same as the
measured spectrum. In the electromagnetic simulation of the
transmission spectra of the aperture with the added ceramic
meta-atom, when the incident power is increasing, the permit-
tivity and loss tangent values of the fabricated calcium titanate
ceramic particle are the two main parameters that must be
determined. These two parameters are known at room temper-
ature; thus, the transmission spectrum of the aperture with the
added meta-atom at an incident power of 0 dBm can be ob-
tained easily. This is because the 0 dBm incident power is a very
low power and does not cause any change in the material prop-
erties of the ceramic meta-atom. When the aperture is irradi-
ated using other incident waves with powers of more than
0 dBm, these two material parameters can be determined by
the following method.

The electromagnetic energy loss rate, i.e., the incident
energy that is absorbed by the ceramic meta-atom per second,

is given by [37]

V2
W=2ﬂf70€ tan 5, (1)
where £ is the operating frequency, V is the maximum voltage
of the vortex electric fields that are localized in the ceramic
meta-atom (while assuming that the electric field strength
in the meta-atom is uniform), ¢ is the permittivity of the
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(a) Measured and (b) simulated transmission spectra of the single subwavelength metallic aperture and the same aperture with an inserted

ceramic meta-atom at incident electromagnetic powers ranging from 0 to 20 dBm.
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Fig. 4. Transmission spectra of the subwavelength aperture with the added ceramic meta-atom over the incident power range from 0 to 20 dBm.
Enhanced nonlinear transmission is shown at (a) 11.71 GHz, (b) 11.74 GHz, and (c) 11.76 GHz, while linear transmission is shown at (d) 12 GHz.
Black lines represent the measured results; red lines represent the simulated results.

fabricated ceramic, and tan 6 is the dielectric loss tangent.
We know that V2/2 is proportional to the incident power P,
i.e., V3/2 = kP, where k, is the scale factor, and the absorbed
electromagnetic power is actually determined with the trans-
mitted and reflected powers. Therefore, Eq. (1) can be rewrit-
ten as

1-T7%-R>=2nfke tan 3, (2)
where 7" and R are the transmission and reflection coefficients
of the electromagnetic wave, respectively. In addition, the re-
lationship between the resonant frequency of the meta-atom
and the permittivity of the ceramic is given by [28]

f =57k 3

c
2/¢

where ¢ is the light speed in vacuum, and 4, is a constant that is
related to the resonant mode of the meta-atom.

Because the permittivity and the loss tangent of the fabricated
ceramic particle at room temperature and the measured transmis-
sion and reflection coefficients at each resonant frequency are
all known, we can use Egs. (2) and (3) above to calculate the
permittivity and the loss tangent of the ceramic particle at
any incident power of more than 0 dBm. Therefore, the trans-
mission spectra at the different incident powers can be simulated
with these calculated material parameters. The final electromag-
netic simulation results are shown in Fig. 3(b), where the simu-
lated spectra are basically the same as the measured spectra. The
broader transmission bandwidth is caused by the loss tangent
of the dielectric meta-atom, which is larger than the real value
because Eq. (2) is derived on the condition that the metal wave-
guide and subwavelength aperture are lossless.

Next, we specifically demonstrate the nonlinear trans-
mission characteristics of electromagnetic waves transmitted

through the subwavelength aperture with the added ceramic
meta-atom. From the basis of the measured and simulated re-
sults presented in Fig. 3, we can obtain the variation of the
transmission coefficients with changes in the incident power
at a specific frequency near the resonant frequency of the
meta-atom, as shown in Fig. 4. The results indicate that differ-
ent types of nonlinear transmissions occur at different frequen-
cies. In Fig. 4(a), we see that a reduced nonlinear transmission
is realized at 11.71 GHz (4 = 25.62 mm). For example, when
the incident power is 0 dBm, the transmission coefficient is
approximately 0.6. However, the coefficient is reduced dis-
tinctly to 0.4 when the incident power is increased to
20 dBm. In Fig. 4(b), we see that the transmission coefficient
at 11.74 GHz (A = 25.55 mm) initially increases with increas-
ing incident power, but the coefficient then starts to decrease
when it reaches a maximum value of 10 dBm. In contrast with
Fig. 4(a), the results depicted in Fig. 4(c) show that the trans-
mission coefficient at 11.76 GHz (4 = 25.51 mm) increases
with increasing incident power. For example, at the incident
power of 0 dBm, the transmission is approximately 0.5.
When the incident power is increased to 20 dBm, the trans-
mission is also increased to 0.6. Therefore, increased nonlinear
transmission has been realized. In addition, to verify that the
nonlinear transmission effects are introduced by the meta-atom
and that they can only occur near the resonant frequency of
the meta-atom, the transmission coefficient at 12 GHz
(4 = 25 mm), i.e., away from the resonant frequency, was also
measured, with results as shown in Fig. 4(d). We see that the
transmission coefficient is approximately 0.13, which is a very
low value, and the coefficient remains nearly unchanged with
increasing incident power. Therefore, the ceramic meta-atom-
based nonlinear enhanced transmission of electromagnetic
waves through a subwavelength metallic aperture is verified.
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4. CONCLUSIONS

In summary, by placing a fabricated ceramic meta-atom with a
high temperature coefficient of resonant frequency into a sub-
wavelength metallic aperture, we have demonstrated nonlinear
electromagnetic transmission at low incident powers of no more
than 20 dBm. The measured and simulated results show that
gradually reducing and increasing nonlinear transmission and
convex-type nonlinear transmission can be realized at different
frequencies close to the resonant frequency of the meta-atom.
This proposed low-power nonlinear transmission scheme can
broaden the application range of subwavelength apertures and
can be used in many fields, including thermal sensors and filters.
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