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Abstract

We proposed and fabricated a Z-shaped toroidal dipole terahertz metasurfaces, consisting of two incomplete U-shaped split
rings, and the two incomplete U-shapes are rotationally symmetric with respect to the Z-axis. The effects of the structural
parameters on the electromagnetic characteristics of toroidal resonances are investigated via simulation and experiment.
The mechanism of toroidal dipole resonance is studied deeply by establishing an LC resonance model and calculating the
multipoles scattering energy. The capacitance was highly depended on the value of Ix, and the inductance was determined
by the value of ly. Hence, the red shift was observed as the increasing of ly/Ix. The resonant frequency of the toroidal dipole
resonance is red shifted, as the ly/lx of the metallic pattern increases. The tunability of toroidal dipole resonant frequencies
explores the interaction of toroidal multipoles with terahertz wave that could have extensive applications in the terahertz

functional devices.

1 Introduction

Terahertz wave is between 0.1 THz and 10 THz, and the
wavelength is between 30 and 3000 pm [1]. The natural
materials applied in the terahertz band are very rare, which
greatly limits the application of terahertz wave [2]. The gen-
eration of metamaterials paves a new path for the application
of terahertz wave [3—7]. Metamaterials are composite arrays
of artificially structured materials, where the dimensions of
the unit cell are sufficiently smaller than the wavelength of
the incident radiation [8]. We can control the electromag-
netic properties of the metamaterials by designing the unit
structure. With further research, three-dimensional (3D)
metamaterials [2, 9-17] gradually develop to two-dimen-
sional (2D) metasurfaces [8, 18-31] with many virtues,
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such as easier to manufacture, smaller thickness and sim-
pler structure.

The toroidal dipole is a member of the multipole family
[3], which has the unique electromagnetic properties, such as
high quality factor (Q) [10], anisotropy [32], optical rotation
[33] and so on. The concept of the toroidal dipole was first
proposed by Zel’dovich [34] in 1957. The electromagnetic
response of the toroidal dipole in nature is relatively weak,
so it is difficult to be detected and studied [2]. Designing
proper unit structure of metamaterials/metasurfaces, the
toroidal dipole response was enhanced, and the electric
and/or magnetic multipole resonances were suppressed.
The toroidal dipole metamaterials/metasurfaces were first
realized experimental in microwave band, then in optical
band, and last in terahertz band [35]. At terahertz frequen-
cies, the toroidal dipole not only has great research value
of basic physics, but also has broad application prospects,
such as sensors [36], negative index of refraction [37] and
dichroism functional devices and so on [38]. In 2017, Cong
Longqing et al. [39] proposed a spin induced toroidal dipole
in terahertz metasurfaces. Only the power of magnetic field
was used to explain the toroidal dipole, and no mathemati-
cal model was established to further analyze the toroidal
dipole resonance. In 2019, Song Zhengyong et al. [40]
designed a tunable toroidal dipole resonance at terahertz
band, enabled by a vanadium dioxide metamaterials. The
authors studied the toroidal dipole resonance by changing
the thickness of SiO, and VO,, but they had not analyzed
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the mechanism of the toroidal dipole in depth. The power
of multipole moment and LC resonance model were not
mentioned in the paper. With the combination of terahertz
waves and toroidal dipole, scientists believe that the unique
characteristics of terahertz waves combined with the singular
electromagnetic response characteristics of toroidal dipole
will inevitably produce new electromagnetic characteristics
and new physical phenomena.

In this paper, we designed and fabricated a metasurfaces
that can generate a stable toroidal dipole resonance under
the excitation of terahertz waves. The metasurfaces consists
of two incomplete U-shaped split rings, and the two incom-
plete U-shapes are rotationally symmetric with respect to the
Z-axis, so the new Z-shaped structure is formed. We studied
the mechanism of the toroidal dipole via the change of the
metallic pattern parameters, such as the horizontal length of
strip (Ix) and the vertical length of strip (ly), and the surface
current and magnetic field distribution were also discussed.
To analyze toroidal dipole resonance more in depth, LC
resonant circuit model was built, and the multipole scat-
tering energy was calculated. The design of toroidal dipole
metasurfaces can achieve a wide range of frequency tuning
at terahertz frequencies. Because the toroidal dipole metas-
urfaces has a wide tuning band and a high transmittance, it
can be used in the manufacture of terahertz devices.

2 Metasurfaces sample design
and manufacture

Figure 1a shows the unit cell structure of the metasurfaces.
The metasurfaces is composed of a substrate layer (silicon)
and a metal layer (aluminum). The metallic pattern is com-
posed of two incomplete U-shaped split rings, and the two

U-shapes are rotationally symmetric with respect to the
Z-axis, so the Z-shaped metallic patterns were formed. The
outer dimensions of the Z-shaped metallic pattern (Ix X ly)
are 90 pm x 45 pm, and the width of metal strip (w) is 6 pm,
and the thickness of metallic pattern (thm) is 200 nm. The
substrate is high resistance silicon having a dielectric con-
stant of 11.9, and the thickness of the substrate (¢) is 640 pm.
To study the electromagnetic characteristics more in depth,
we set the parameters Iy (/ly=30 pm, 35 pm, 40 pm and
45 pm) and Ix (Ix=60 pm, 70 pm, 80 pm and 90 pm), then
the corresponding samples were fabricated.

The dimensions of metasurfaces were in the microme-
ters; hence photolithography and metallization manufactur-
ing processes were employed to manufacture metasurfaces
samples. Firstly, the photoresist was coated on a piece of
clean silicon wafer followed by patterning with the proper
mask. Secondly, 200 nm thick aluminum film was deposited
on the patterned photoresist using vacuum coating equip-
ment. Finally, aluminum deposited wafers were soaked in
acetone for lift-off to get the metasurfaces samples [8, 26].
Figure 1b shows microscope image of the fabricated sam-
ple with [x=70 pm and ly=40 pm. The electromagnetic
characteristics of samples were measured via 8F terahertz
time-domain spectroscopy (THz-TDS) [41].

3 Results and discussion

Figure 2 shows the experimental and simulated trans-
mission spectrum of metasurfaces with different Iy and
Ix. The frequencies and transmitted intensity of toroidal
dipole resonance are changed with the variation of metal-
lic patterns parameters. As shown in Fig. 2a, the resonant
frequency decreases from 0.62988 THz to 0.46875 THz

Fig. 1 a Schematic of the proposed metasurfaces metamolecule. b Microscope image of the fabricated sample with [x=70 pm and /y=40 pm
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as the value of /y increases, and a red shift is observed.
The transmitted intensity increases from 0.2651 to 0.4103.
When the value of ly is 45 pm, the variation of the toroi-
dal dipole resonant frequency reaches maximum value
(0.16113 THz), and the transmission intensity decreases
by 0.1452. Figure 2c shows that the frequency of the
toroidal dipole resonance is red-shifted as the value of Ix
increases in the measured transmission. As the increase of
Ix, the resonance frequency is changed from 0.5566 THz
to 0.4541 THz, and the transmitted intensity is changed
from 0.3965 to 0.2403. When the value of /x is 90 pm,
the frequency variation of the toroidal dipole resonance
reaches maximum value (0.1025 THz); however, the trans-
mission intensity increases by 0.1562. The frequency and
the transmitted intensity of the toroidal dipole resonance
can be tuned by the variation of ly or /x.

Figure 2b and d show the simulated transmission of the
metasurfaces as Iy or [x increase, respectively. The meta-
surfaces parameters of aluminum are described by the
Drude model, where the angular frequency dependent per-
mittivity is given by e(w) = €, — cof7 Jw(w + i) |, with the
plasma frequency w, set as 22.43 X 10" rad s~! and the
damping rate I'=124.34x 10'? rad s~! [8, 42]. By com-
parison of experimental and simulated results, we found
that the simulated and experimental transmission of the
metasurfaces is very similar, although there are some dif-
ferences in the transmitted intensity and resonant

Frequency(THz)

frequencies. The certain differences were due to due to the
inevitable fabricating, machining and measurement
deviations.

In simulation, we observed the surface current distribu-
tion and the magnetic field distribution, as shown in Fig. 3.
Only one surface current distribution figure is demonstrated
in Fig. 3a, because the surface currents distribution of the
metasurfaces is almost the same with different ly/lx. The
two current loops of the metasurfaces are flowing along two
directions on the XY plane at Z=0, which were indicated
by the black arrow on the XY plane. The surface current
formed a loop along incomplete U-shape split ring, which
was the typical LC-induced resonance. The current loop on
the left is anticlockwise, and the current loop on the right
is clockwise, hence their magnetic dipole moment pointed
in the opposite direction along the Z-axis according to the
right hand rule. The toroidal dipole was formed accordingly,
which is labeled by the blue circle. As shown in Fig. 3b—i,
the induced magnetic field distribution is arranged head-
to-tail, which are typical characteristics of toroidal dipole
resonance [43]. As shown in Fig. 3b—e, the intensity of toroi-
dal dipole was slightly weakened as the Iy increasing. Fig-
ure 3f—i show the intensity of toroidal dipole was weakened
as the [x increasing.

To analyze the relation between resonance frequency
and the structural parameters of toroidal dipole metasur-
faces deeply, we built a LC resonant model for the meta-
surfaces, and effective circuit was shown in Fig. 4. The
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(a) Table 1 Calculated, experimental and simulated toroidal dipole reso-
nant frequencies as ly and [x increasing
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Fig.4 LC resonant circuit

two rotational symmetric incomplete U-shape split ring
resonators provided inductance L1 and L2, and the cou-
pling between two adjacent incomplete U-shape split ring
resonators provided the inductance L3 and L4. The split
gap between short arms and long arms provided capaci-
tors C1 and C2. According to the LC resonance model,
the total capacitance of metasurfaces (C) was set as
C=C1+ C2, and the total inductance of metasurfaces (L)
was set as L=L1+ L2+ L3 + L4. Capacitance, inductance

@ Springer

where, € = g,¢, is the permittivity of the dielectric in the
split gap of the metallic pattern; k is the electrostatic force
constant; 4 is the permeability of vacuum; ly is the vertical
length of strip; Ix is the horizontal length of strip; thm is the
thickness of the metal on the metasurfaces; d is the distance
between the long metal arm and the short metal arm of the
metallic pattern; t is the thickness of the silicon wafer; ¢ is a
variable related to [x, as shown in Fig. 1.

According to the formulas (1), (2) and (3), we could
calculate the corresponding frequency value with the vari-
ation of Iy and Ix, as shown in Table 1. The calculated
resonant frequency is very similar to the experimental
and simulated values, and the maximum error is no more
than 0.05 THz. According to the formulas (1) and (3), C
is increased as ly increases, so frequency is decreased.
According to formulas (1), (2) and (3), when d increases
as Ix increasing, C is decreased and L is increased. Accord-
ing to the formulas (1) and (2), the calculated values of L
and C are listed in Table 2. We found that the variation of
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so inductance plays a major role for the influence of fre- 10¢

quency. This explains why the toroidal dipole resonance
is red-shifted as /y and Ix increased. In summary, the LC
resonant model can explain the variation of the toroidal
dipole resonance well.

To further illustrate the toroidal dipole phenomenon
in metasurfaces, we calculated the scattering energy of
the multipoles via the multipole scattering theory accord-
ing to the volume current density distribution [8, 45, 46].
However, because some multipoles had relatively small
energy, only the electric toroidal dipole along X-axis (G),
magnetic dipole along Z-axis (M) and toroidal dipole along
Y-axis (T) were calculated. The specific G, M and T calcu-
lations have the following equations:

Electric dipole (P):

1 .3
P=— d
iw Jar @)
Magnetic dipole (M):
M= % / (r X )dr ©)
Electric toroidal dipole (G):

G= %/(r X p)dr 6)

Toroidal dipole (7):

where r is the coordinate vector with its origin placed at the
center of torus, c is the speed of light, and j is the current
density. The simulated current density (j) was obtained via
CST Microwave Studio simulations, which are used to cal-
culate the strength of toroidal dipole by means of MATLAB
programs.

Figure 5a shows the curve of G, M and T changing with
frequency when ly=40 pm and /x=70 pm. By comparing
G, M, and T, we found that the intensity of T is much greater
than G and M at the resonant frequency. As shown in Fig. 5b,
the intensity of 7 is much stronger than that of M and G, so
the toroidal dipole resonance dominates the resonant fre-
quencies. The intensity of T is decreased as the ly increasing,
which is coincidence with the magnetic field distribution
shown in Fig. 3b—e. Figure 5c shows the intensity of 7 is
much stronger than that of M and G, so the toroidal dipole
resonance dominates the resonant frequencies. The intensity
of T is decreased as the Ix increasing, which is coincidence
with the magnetic field distribution shown in Fig. 3f-i.

4 Conclusion
We designed Z-shaped toroidal dipole metasurfaces in the

terahertz band. The toroidal dipole was studied by changing
the Iy and Ix parameters via simulation and experiment. We
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found that the electromagnetic characteristics of the toroi-
dal dipole could be tuned by Iy and Ix. To better understand
the toroidal dipole resonance, we established the LC reso-
nance model and obtained the mathematical capacitance and
inductance formula with the independent variables /y and
Ix. The red shift phenomena were well explained by the LC
resonance model, which helped us to understand the mecha-
nism of toroidal dipole resonance deeply. We calculated 7,
M and G to further illustrate the toroidal dipole phenom-
enon. The toroidal dipole resonances dominated at the reso-
nant frequencies. The variation of 7 had the same tendency
as the magnetic field distribution. Therefore, the electromag-
netic characteristics of toroidal dipole metasurfaces would
be tuned by the changing of structural parameters, which
have potential to develop more terahertz functional devices.
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