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ABSTRACT We experimentally demonstrate a single-layer terahertz dielectric metasurface. The metasur-
face consists of an array of sub-wavelength fibers. It is shown that this single-layer terahertz metasurface
has high transmission window and can also behave like a terahertz magnetic or electric mirror due to
the excitation of resonances in the fibers. It is also observed that changing the excitation angle (¢ > 5°)
leads to appearance of new resonances, which narrows and widens the transmission window for s- and
p- polarizations, respectively. By exploring the variation of resonances due to excitation of single, dou-
ble or array of fibers, we have demonstrated that the individual element resonances can interact and lead to
high transmission when the fibers are arranged in an array. The proposed single-layer metasurface that can
operate both in transmission and reflection mode, opens new opportunities to develop single-layer terahertz

devices for wavefront engineering.

INDEX TERMS Magnetic mirror, metasurface, sub-wavelength fibers, terahertz.

I. INTRODUCTION

Metasurfaces are planar metamaterials, usually composed of
periodic, quasi-periodic or random units of sub-wavelength
structures [1], [2]. Due to the strong response of each
unit structure to the incident light, metasurfaces enable
the modification of the amplitude [3]-[6], phase [7]-[10],
and polarization [11]-[13] of the local light at sub-
wavelength scale. Owing to these characteristics, metasur-
faces have been used to develop flat devices such as wave
plates [14], flat lenses [9], [15], and wavefront manipula-
tion devices [16]. While sub-wavelength metallic resonant
elements have been used as building blocks of metasur-
faces [13], [17]-[21], the ohmic loss of metals at higher
frequencies limits their applications [22]. As a result, sub-
wavelength high index dielectric elements, which also exhibit
resonances, have been exploited for developing metasur-
faces. The resonances in dielectric elements are due to
excitation of Mie-resonance [16], [23]-[25] or Whisper-
ing Gallery Mode (WGM) [26]-[30] resonances. In general,
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the dielectric elements used for metasurface are either three-
dimensional [4], [6], [7], [11], [23], [24], [31]-[35] or two-
dimensional [9], [16], [25], [36]-[38] elements. Many
devices have been designed using the dielectric elements, e.g.
reflector and regulator for communication wavelength [31],
[36], antenna reflector for microwave [32], magnetic mir-
ror [39] and flat lenses [9]. Two-dimensional metasurfaces
with characteristics such as near-unity absorption [40], beam
steering with a large diffraction angle [33], [41], and anoma-
lous negative-angle refraction [37] have been demonstrated
in optics.

Metasurfaces have been studied for controlling electro-
magnetic waves in terahertz (THz) spectrum [42], [43].
A number of devices with extraordinary properties have
been demonstrated at THz range. Magnetic mirrors have
been demonstrated experimentally using THz metasurfaces
employing disk-shaped silicon cylinders on a gold sub-
strate [34], silicon cubes on a silica wafer [23], and lithium
tantalate rods on metallic substrate [44]. Highly flexible
and switchable quarter-wave plates have been realized using
copper resonators on a sapphire substrate [45], aluminum
wire gratings in polyimide layer [46], and silicon resonators

VOLUME 8, 2020


https://orcid.org/0000-0003-2708-2758
https://orcid.org/0000-0002-4877-7770
https://orcid.org/0000-0003-2367-5863

Q. Wang et al.: Realization of a Single-Layer Terahertz Magnetic Mirror

IEEE Access

on metal substrate [47]. THz absorbers (97.5% absorbance
at 1.011 THz) based on silicon disks on polymer substrate
have also been realized for thermophotovoltaic, imaging,
and sensing applications [35]. The majority of these meta-
surface devices have minimum of two layers, e.g. sub-
wavelength disks embedded into a supporting layer such as
metal [34] or dielectric insulator [24]. Two-layer devices with
metal substrate are highly efficient, but they can only be used
in reflection mode. Metasurfaces designed to operate in the
transmission mode, have lower overall efficiency due to the
existence of supporting layer, usually a low-index dielectric
substrate, which introduces losses and decreases the refrac-
tive index contrast [35]. Thus, single-layer metasurfaces that
can operate both in transmission and reflection modes are
highly desired. Recently, a single-layer silicon membrane
metasurface has been demonstrated for THz wavefront engi-
neering [38]. However, to the best of our knowledge, a single-
layer THz metasurface that can exhibit both electric and
magnetic mirror has not been demonstrated experimentally.

Here we develop a novel structure for a single-layer THz
metasurface using a periodic array of sub-wavelength fibers.
We experimentally demonstrate, for the first time to the best
of our knowledge, extraordinary electromagnetic properties
of this single-layer structure at THz range; i.e. dielectric
electric- or magnetic-mirror characteristics, near-unity trans-
mission or reflection, and wide transmission window due
to overlap of resonances. The concept of the structure is
based on our previous work, where we demonstrated that
Mie or WGM resonances can be excited in a sub-wavelength
fiber with a relatively medium refractive index using point
source excitation, leading to an enhanced magnetic response
in THz frequency range [26]-[28], [48]. It should be noted
that in this work we concentrate on frequency range (0.1—0.6
THz) where the structure is operating in metasurface [49],
[50] and not grating [51], [52] regime. This single-layer
metasurface can operate in both reflection and transmission
modes, which opens new opportunities to develop single-
layer THz devices for wave front engineering.

Il. EXPERIMENTAL AND SIMULATION SETUP

Fig. 1(a) illustrates the schematic of the single-layer sub-
wavelength fiber array, where R is the radius of the fibers
(R = 125 pm), and D is the periodicity of the structure (D =
550 pum)). The periodicity is chosen to be sub-wavelength
(within the limitation of holder fabrication) in order to avoid
diffraction grating orders. The fiber diameter is also chosen
to be sub-wavelength in order to observe the magnetic and
electric dipole (ED)/quadrupole resonances, and conse-
quently magnetic and electric mirror behavior. The fiber
pieces are taken from the beginning of a drawing trial prior to
achieving equilibrium, thus, the fiber pieces have relatively
large radius fluctuation of up to 5 um. We choose a type
of soft glass (F2) as the material of the fiber (circular cross-
section), which has refractive index of 2.7 for f < 0.7 THz
and loss tangent value of 0.106 at 0.5 THz [53]. Relatively
high refractive index (higher than average refractive index of
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FIGURE 1. (a) Schematic illustration of an incident THz beam on a
single-layer array of sub-wavelength fibers. The incident THz wave
propagates along z-axis and can be s- or p-polarized. The fibers are made
of soft glass (refractive index is n = 2.7) with radius R = 125 um, and are
arranged in an array with periodicity D = 550 um. (b) Picture of the
sample. (c) Schematic illustration of the experimental setup, where Tx is
the transmitter and Rx is the receiver.

polymers in THz [35]) is necessary for observation of strong
magnetic and electric resonances [28]. Therefore, a soft glass
(even though has higher material loss than polymers) is cho-
sen for demonstration of this concept in THz. In order to
create the single-layer sample, we use a glass frame, which
is grooved with 550 um of periodicity, and is etched using
laser, as shown in Fig. 1(b). The microscope measurement
reveals a variation of 511 — 606 pm for periodicity and 239 —
253 pum for diameter with standard deviations of 25 pm and
4.6 um, respectively. The array is illuminated by s-polarized
(electric field parallel to y axis) and p-polarized (electric field
perpendicular to y axis) THz waves.

We use fiber coupled compact THz spectrometer,
TeraSmart from Menlo Systems, for measurements, with up
to 4.5 THz spectral range and 80 dB dynamic range. The
schematic of experimental system is shown in Fig. 1(c). The
incident signal on the sample is approximately a Gaussian
beam and collimated. The lenses used in this experiment
are polymer plano-convex lenses with 50 mm effective focal
length. We set an iris with the opening diameter of 10 mm
just before the sample to block the stray beams and enable
consistent reference and sample measurements.

The results in this work are all normalized transmission,
where the measured electric field from the sample is normal-
ized to that of the reference signal. The reference signal is
measured when the lenses and iris are in the system without
the sample. We rotate the sample to change the incident angle
in the experimental setup as shown in Fig. 1(c). There is a gap
of 20 mm between the sample and iris, to allow the rotation
of the sample to up to 25° for mapping purposes.

We use CST Microwave Studio software to perform the
numerical simulation. Unit cell with periodic boundary con-
ditions have been applied to replicate an array of fibers.
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FIGURE 2. Experimental (solid line) and lossy simulated (dash line)
normalized electric field amplitude transmission for incident angle of 0
(black line) and 20 degrees (red line) when the sample is illuminated by
(a) s-polarized and (b) p-polarized THz beam.

We have used the frequency domain solver with tetrahedral
mesh (29436 tetrahedrons per unit cell), and considered a
loss tangent value of 0.106 at 0.5 THz for F2 glass material
loss in our simulations [53]. The unit cell is excited with a
plane wave and the simulation provides the S-parameters,
normalized transmitted and reflected electric field, of the
periodic lattice. For single/ double/ triple fiber(s) simulations
we have defined two ports as transmitter and receiver with the
same size as the diameter of the iris we use for measurements.

Ill. RESULTS AND DISCUSSION

A. ARRAY OF SUB-WAVELENGTH FIBERS

Fig. 2 shows the normalized electric field amplitude trans-
mitted through the fiber-array when the excitation field is s-
and p-polarized. We changed the orientation of the emitter
and receiver from vertical to horizontal to achieve s- and
p-polarization, respectively. Two different incident angles
are considered here: $=0° (normal incidence) and ¢=20°.
Overall the experimental measurements match relatively well
with the simulation results. We notice that there are oscil-
lations in the experimental results (with average oscillation
frequency of 25 GHz), which are due to etalon effect from
the lenses (4-mm thick TPX lenses) and diffraction caused
by the iris [54]. Similar oscillation has also been observed
in [55]. For frequencies less than 0.3 THz, we observe that
the transmission for p-polarized waves (> 0.8) is higher
than that of the s-polarized waves (< 0.8) when material
loss is considered. Whereas, for a lossless array, up to unity
transmission (seen later Fig. 3(a) and 4(a)) are observed for
both polarizations. For s-polarized wave, the electric field is
stronger in the sub-wavelength fibers, which leads to higher
losses in the transmission. For p-polarized waves, the electric
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field is perpendicular to the fibers and more concentrated in
the air region. This is due to the fact that normal component
of electric field is discontinuous and is enhanced in the air
regions between the fibers (Fig. 3(c)), and thus, resulting into
a higher transmission compared to that of the s-polarized
wave.

For the range of frequencies considered here, 0.1-0.6 THz,
the relative periodicity of the array and radius of the fiber to
wavelength (D/) and R/)) varies from 0.18 to 1.1 and 0.04
to 0.25, respectively. In order to ensure the array operates
in the metasurface regime (diffractionless), we need to make
sure that the periodicity is smaller than operating wavelength.
For this fiber-array sample the incident wavelength equals to
the periodicity at f = 0.55 THz. Thus, we can state that the
array operates at metasurface regime for frequencies less than
0.55 THz.

We observe peaks and dips in the normalized transmission
curves, which are due to excitation of resonances (Fig. 2). The
excited resonances in the array of fibers can lead to either
constructive or destructive interference of the incident THz
waves, and the transmission can be enhanced or reduced [16].
The positions of these resonances are different from those of a
single fiber, which are observed previously [48]. This is due
to the existence of coupling effect between the neighbour-
ing array elements, which leads to shift in the frequency of
resonances as well as overlap of resonances (discussed later
in I1I-B) and appearing of new resonances. For normal inci-
dence in Fig. 2, we notice that the frequency of the resonances
in experiment and simulation match well when illuminated by
s-polarized wave, while there is a slight shift in the resonance
frequencies for p-polarized incidence. The dips in transmis-
sion, as demonstrated later, indicate that the single-layer
dielectric metasurface acts as a reflector. The phase analysis
of these resonances (discussed later in this section) reveals
that the metasurface behaves like an electric or magnetic
mirror at these resonances. We observe emergence of new res-
onances and changes in the transmission/reflection amplitude
by increasing the sample angle. This indicates that there exists
resonances that cannot be excited under normal incident (e.g.
f =~ 0.3 THz for s-polarized excitation). In general, for a
resonance to be excited, the symmetry of its field distribu-
tion must match that of the excitation, which in this case is
achieved when sample is angled. For ¢ = 20° excitation,
Fig. 2, we observe two dips for both s- and p-polarization.
We notice the second dip for both polarizations are slightly
shifted between simulation and experiment, where the shift
is larger for p-polarized excitation.

A reason for the observed discrepancy (shift) in the fre-
quency of the resonances could be due to the slight variations
of periodicity and diameter in the sample. A 20— pm variation
of periodicity shifts the first resonance of p-polarization at
normal incidence by 7 GHz. Whereas for 20° incident wave,
it shifts 7 GHz and 10 GHz for the first and second s-polarized
resonances, respectively, and 5 GHz and 4 GHz for the first
and second p-polarized resonances, respectively. A 5 — um
variation of diameter, for normal incidence, shifts both the
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first resonance of s-polarization and the second resonance of
p-polarization by 10 GHz. While for 20° incidence, a 5 — um
variation of diameter only shifts the s-polarized resonances by
2.5 GHz and p-polarized resonances by 3.75 and 6.25 GHz,
respectively. If the fibers are selected from a good draw and
in the middle of the fiber then the diameter variations can be
less than 1 pm.

Another factor that might contribute more to the observed
discrepancies in particular the second dip, is the appearance
of the grating lobes (diffraction orders). For the array of fibers
with periodicity of D the first grating lobe (first order diffrac-
tion) will start appearing for f > c¢/(D(1 + sing)), where ¢
is the incident angle. This indicates that the grating lobes will
start appearing when f > 0.54 and f > 0.41 THz for normal
(¢ = 0°) and oblique (¢ = 20°) incidences, respectively.
The electric field measured at the receiver end is not the total
transmitted field but is rather a portion of the field which
is collected by the lens after the sample (see Fig. 1). In our
experimental setup, only grating lobes (diffraction orders)
with angle less than 20.8°, can be collected and detected
(the diameter and focal length of the lens are 38 mm and
50 mm, respectively). Therefore, for ¢ = 25° excitation
angle (maximum angle measured in the work) we collect and
detect only the first grating lobe (first diffraction order) for
f > ¢/(D(sin 20.8° 4 sin 25°)) = 0.7 THz. As a result,
the contributions of higher diffraction orders in the mea-
surement are negligible. While the calculated S-parameters
from the simulation are the normalized total transmission and
reflection.

To get more insight into the nature of these reso-
nances, we also simulated a lossless array of fibers with
the parameters exactly the same as the experimental ones.
Fig. 3 (a) and (b) show the simulated p-polarized electric
field amplitude and phase of transmitted and reflected THz
beam when incident angle is 0°. We have expanded the
simulated frequency range to 0.7 THz to include the first three
resonances. To have a better understanding, we investigate the
electric and magnetic field distributions (Fig. 3 (¢)-(f")) at the
position of unity transmission and reflections, which occur
due to element or lattice resonances. Around unity transmis-
sion (f = 0.29 THz), the electric field is stronger on the
surface of the fiber due to discontinuity of the field, indicating
the lattice coupling can have a great contribution (discussed
later in I1I-B). The remaining resonance points (at f = 0.36,
0.51 and 0.64 THz) have unity reflection. The simulated
reflected phase of the electric field at f = 0.36 and 0.64 THz
are close to zero (2nrm), and at f = 0.51 THz is =. This
indicates that the single-layer metasurface acts as a magnetic
mirror (MM) and electric mirror (EM) when the reflected
electric phase is zero and 7w, respectively [56]. Magnetic
mirrors form when an array of dominant magnetic dipole
(MD) or electric quadrupole (EQ) resonances are oriented as
such that the scattered electric fields of these resonances lead
to constructive interference in the backward direction [56].
The field distributions at f = 0.36 THz (Fig. 3 (d) and (d"))
and f = 0.64 THz (Fig. 3 (f) and (f')) confirm the formation
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FIGURE 3. Simulated p-polarized electric field (a) amplitude and

(b) phase of transmitted (red line) and reflected (black line) THz beam
when incident angle is 0°. Normalized transverse average electric field
distribution: (c) f = 0.29 THz (d) f = 0.36 THz (e) f = 0.51 THz

(f) f = 0.64 THz when the curves reach peaks or dips. (c')-(f'):
Corresponding normalized transverse magnetic field distribution of (c)-(f),
respectively.

of an array of MD (magnetic field along y-axis and elec-
tric field circulating in xz-plane) and EQ in the THz fiber
array, respectively. Moreover, Fig. 3 (e) and (e) also confirm
that the structure behaves dominantly as an array of ED at
f = 0.51 THz, and this is consistent with observation of
metasurfaces acting as EM.

Fig. 4 (a) and (b) show the simulated s-polarized electric
field amplitude and phase of transmitted and reflected THz
beam when incident angle is 0°, respectively. We observe
four frequencies in Fig. 4 (a) that have unity transmis-
sion or reflection due to the resonances. The first two peaks
on transmission curve (red line) are located at f = 0.34
and 0.41 THz. The corresponding field distributions indi-
cate that there exists a dominant contribution of MD reso-
nance along x-axis (magnetic field along x-axis and electric
field circulating in yz-plane) and ED resonance along y-
axis between the fibers (electric field along y-axis and mag-
netic field circulating in xy-plane), respectively, which leads
to unity transmission. Unlike p-polarization, the orientation
of the dipole arrays for s-polarization leads to constructive
interference in the forward and destructive in the backward
direction. The reflection peak is located at f = 0.48 THz.
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FIGURE 4. Simulated s-polarized electric field (a) amplitude and

(b) phase of transmitted (red line) and reflected (black line) THz beam
when incident angle is 0°. Normalized transverse average electric field
distribution: (c) f = 0.34 THz (d) f = 0.41 THz (e) f = 0.48 THz (f)

f = 0.58 THz when the curves reach peaks or dips. (c')-(f'): Corresponding
normalized transverse magnetic field distribution of (c)-(f), respectively.

The field distributions (Fig. 4 (e) and (¢')) indicate formation
of a dominant quadrupole. The multipole decomposition of
a silicon array of cylinders indicates that for s-polarized
excitation there exists contribution of ED, MD, and mag-
netic quadrupole (MQ) resonances around similar normalized
frequencies [56]. Simulated reflected phase of the electric
field at this position is around —62°. We attribute this devi-
ation of the phase to the existence of multipolar resonance
component. As shown in [56], there exists a mixed excita-
tion of resonances (MD, ED and MQ) at such normalized
diameters. This is while, as also stated in Ref. [56], an array
of ED/MQ with & reflected phase can lead to EM, and an
array of MD/EQ with zero reflected phase can lead to MM.
This indicates if the contribution of other resonances (in this
case ED and MQ) are strong then the phase of the reflected
signal will deviate from 7. The third peak of transmission is
at 0.58 THz. The corresponding field distributions indicate
there exists a strong lattice interaction between the array
elements, leading to constructive interference in the forward
direction.

For THz wireless telecommunication, beam steering is
highly desired to give directionality and increase efficiency,
especially at low power transmission. Therefore, we have
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studied the effect of incident angle on the performance of
the metasurface. Fig. 5 shows the normalized simulated and
experimentally measured transmitted amplitude of electric
field as functions of frequency and incident angle (¢) for both
polarizations. There is a good agreement between simulations
(Fig. 5(a) and (b)) and measurements (Fig. 5(c) and (d)) for
0.1 < f < 0.6 THz and 0° < ¢ < 25°. The black
lines represent the limit beyond which the fiber array will
not be operating at metasurface regime and where the first
order diffraction kicks in, and cannot be measured in the
experiments. This leads to slight difference on the right side
of the black lines between simulated and experimental results,
especially for p-polarization. As ¢ increases, for s-polarized
incident wave (Fig. 5(a) and (c)), the low amplitude transmis-
sion (blue range) around 0.5 THz becomes wider and shifts
to lower frequencies. We also observe appearance of new
resonances around 0.33 THz for ¢ > 5°, which reduces the
high transmission window. While for p-polarized incidence
shown in Fig. 5(b) and (d), the low amplitude transmission
(blue range) around 0.35 THz becomes narrower as the
incident angle increases, which means large incident angle
weakens the magnetic mirror effect at this frequency (Fig. 6).
A second high transmission window appears around 0.4
THz, which becomes wider as incident angle increases, lead-
ing into a wider high transmission window for p-polarized
incidence.
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B. INDIVIDUAL AND COLLECTIVE RESONANCES: FROM
ONE FIBER TO AN ARRAY OF FIBERS

To have a better understanding of the coupling effect between
neighboring elements in the array and individual resonances
in the elements, here we investigate the transmission char-
acteristics of one, two, three fibers, and compare the results
to that of fiber array. The theory of multipolar resonance for
an individual rod has been elaborated carefully in [28], [56].
For p-polarization, the transmission (Fig. 7 (a)) enhances and
gets close to unity for the array for 0.1 — 0.3 THz frequency
range compared to that of 1, 2, and 3 fiber(s). As stated
earlier this is due to enhancement of electric field in sub-
wavelength regions in between the fibers, and also confirms
the effect of near-field interaction between the lattice element
plays a significant role in the unity transmission. We also
observe the two resonances (around 0.36 and 0.51 THz) exist
regardless whether it is a single fiber or an array. Adding
number of elements shifts the resonance position and dimin-
ishes the transmission, leading to zero transmission at f =
0.36 and f = 0.51 THz for lossless infinite fiber array.
This also can be verified by experiments (Fig. 7 (k)), where
the position of the dips shifts and transmission decreases.
This indicates that the collective effect of individual ele-
ment resonances (near-field interaction) in dielectric array
can lead to constructive and destructive interference. The
normalized y-component of magnetic field of the single fiber,
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FIGURE 8. (a): Simulated s-polarized electric field amplitude of
transmitted THz beam for 1, 2, 3, and infinite fibers when incident angle
is 0. Dash-line box indicates the experimental frequency range showed in
(k). (b-j): Normalized transverse average electric field distribution of
single fiber, the middle one of a three-fiber array, and the unit cell of a
infinite array. (k): Experimental s-polarized normalized electric field
amplitude transmission for 1, 2, and infinite fibers when incident angle
is 0.

three fibers, and the fiber array at the position of the dips
(Fig. 7 (b)-(j)) confirm that the dips are the same nature of the
resonance.

For s-polarization, the high transmission window widens
at lower frequency as we increase the number of fibers
(Fig. 8 (a)). The weak resonance dips at 0.2 and 0.34 THz for
single fiber are shifted towards each other as we increase the
number of fibers. It is observed that the first dip shifts faster
to higher frequency and eventually overlaps with the second
dip, resulting in high transmission. Similar to p-polarization,
increasing the number of fibers diminishes the transmis-
sion and slightly shifts the third resonance to lower fre-
quencies, and it eventually becomes zero transmission at
0.48 THz for fiber array. The above mentioned points are
also observed in the experiments (Fig. 7 (k)), where the
dips at 0.22 and 0.34 THz disappear and become flat trans-
mission curve for fiber array. The dip at 0.5 THz shifts
and the transmission decreases. The normalized y-component
of the electric field of single fiber, three fibers, and the
fiber array (Fig. 8(b)-(j)) confirm that the nature of the
resonances at the position of the dips for all three sce-
narios and unity-transmission point for fiber array are the
same.

In summary, we observe that coupling effect due to neigh-
boring elements in the fiber array can diminish the transmis-
sion (resulting close to unity reflection) or can lead to unity
transmission due to resonances overlap.

229113



IEEE Access

Q. Wang et al.: Realization of a Single-Layer Terahertz Magnetic Mirror

IV. CONCLUSION AND OUTLOOK

We have experimentally and numerically demonstrated that
a single layer of sub-wavelength fibers can display extraordi-
nary electromagnetic proprieties in THz range due to the exci-
tation of resonances in fiber and the lattice coupling. Without
the material loss, such an array exhibits unity transmission
and reflection at the position of these resonances. We have
demonstrated that the array can act as a single-layer all
dielectric THz magnetic mirror. We have also demonstrated
that a wide transmission window for s-polarized excitation
is achieved due to the overlap of resonances in the array.
Introducing the loss reduces the transmission peaks from
unity to around 70% and 90% for s- and p-polarized excita-
tion, respectively. We also observed appearance of resonances
under oblique incidence (¢ > 5°), leading to narrower and
wider transmission window for s- and p-polarized excitation
respectively.

It is expected that using materials with lower material loss
at THz (e.g. high-resistivity silicon), instead of F2 soft glass
will improve the quality of the magnetic mirror (close to unity
transmission and reflection peaks). It should be noted that
in this case for silicon, the diameter of the fibers needs to
be scaled down to order of 100 — 150 um, due to higher
refractive index of silicon (3.6) [57]. Fabrication of silicon
fiber with such diameters is difficult with the existing fiber
drawing technology.

The proposed single-layer THz metasurface paves the path
to develop single-layer THz devices for wavefront engineer-
ing. Using fibers with different diameters can be considered
within a period (hybrid period), which may potentially lead
to appearance of more resonances, providing more flexibility
in designing THz metadevices.
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