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A B S T R A C T

We theoretically and experimentally carried out an inspired type of toroidal dipole (TD) meta
surfaces, which composed of a metamolecule of symmetric aluminium semicircles with a bar in 
the middle fabricated on polyimide substrate in the terahertz (THz) regime. It was found that the 
three resonances show red-shift tendency due to the increase of inductance and capacitance with 
the increase of semicircle’s outer radius. Meanwhile, both the TD resonances and the current 
flowing in the metallic bar can generate the head-to-tail magnetic field distribution, which is the 
most prominent feature of TD phenomenon. The generation of this phenomenon is discussed 
deeply via the power of the multipoles, which are calculated according to the volume current 
density distribution data extracted from the simulations. The low frequencies (~0.5 THz) head-to- 
tail magnetic field distribution is mainly attributed to TD resonance generated via the mutual 
effect between the two semicircles, while the same phenomenon at high frequencies (~0.8 THz) is 
mainly attributed to the current flowing the middle metallic bar. The enhancement of head-to-tail 
magnetic field distribution leads to the increase of quality (Q) factor, and the Q factor of fabri
cated sample is as high as 24.5. Moreover, the electromagnetic properties in TD metasurfaces 
could be adjusted by the metal bar’s width. The optimization of TD resonances provides oppor
tunity to design the high Q-factor metasurfaces, and it opens up potential applications in terahertz 
high sensitivity devices.

1. Introduction

Toroidal electromagnetic phenomenon has become a new branch of the electromagnetic research field, since Zel’ Dovich come up 
with the theory of toroidal electromagnetic phenomenon in 1950’s [1]. Compared with the higher order toroidal electromagnetic 
phenomenon, toroidal dipole (TD) is the simplest type in the toroidal families, which has attracted more attention since a few years ago 
[2–6]. TD are characterized by the flow of poloidal currents on a torus’ meridians, and poloidal currents produce magnetic dipoles 
arranged in head-to-tail configurations. Significantly, TD has some unique characteristics, such as nonradiative resonance, high quality 
(Q) factor and so on, which has potential application in the electromagnetic functional devices [7–11]. However, the TD is often weak 
in the nature, and often masked by the other stronger electric/magnetic multipoles, that is why the toroidal moment family is the latest 
electromagnetic family detected by the researchers.
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The generations of the metamaterials pave a new path to realize the TD resonance, which could offer opportunities for investigating 
the mechanism of TD resonance deeply. Since metamaterials possess unusual properties not found in nature, they have drawn 
considerable attention, which can be achieved by artificially arranging subwavelength unit cells at will. Thus, novel TD electro
magnetic devices can be developed using metamaterials [12–15]. Both planar (2D) and 3D unit cell structures can be designed to excite 
TD resonance metamaterials [16–21]. 2D metamaterials (metasurfaces) are easy to be fabricated to form the functional devices.

TD resonance can be enhanced and detected by optimizing the unit cell structure of TD metamaterials. The structure of symmetric 
semicircle with a bar in the middle has been first demonstrated to generate TD phenomenon at microwave frequencies [22,23]. Then 
the similar structure was discussed expanded to terahertz frequencies, however the TD metamaterials is investigated via simulation 
[24]. TD resonance device was last developed at terahertz frequencies, which has exhibited rich physical phenomena and broad 
application prospects. TD resonances at terahertz frequencies have many applications due to their unique advantages, such as large 
modulation-depth modulators, high-precise biosensors, modulators, and so on, which will enrich the terahertz functional device family 
[25–32].

There have been numerous THz TD metamaterials proposed/fabricated with varying structures and substrates in previous research. 
Weak radiation has also enabled TD resonances to dominate as a promising way to achieve high Q-factors [29,30]. High-Q TD met
asurfaces can be applied to highly sensitive terahertz functional devices [31]. For instance, the high Q-factors TD metasurfaces are used 
in high-sensitivity immune sensors, in order to measure the concentration of the SARS-CoV-2 spike protein in cells [32]. The com
parison of previous researches on terahertz toroidal dipole metamaterials can be found in Table 1. The Q-factor resonances of 
metal-patterned metamaterials are typically low due to ohmic losses [33,34]. High Q-factor resonance was mainly realized via high 
Q-factor Fano structure, bound state in continuum (BIC) and quasi-bound states in the continuum (QBIC) [35–45]. As a result of the 
low loss of dielectric materials, the Q-factor of dielectric metamaterials were relatively high, even higher than 1000 [40]. 
Ruddlesden-Popper 2D perovskites were used to construct toroidal dipole metamaterials based on BIC [43]. TD dielectric meta
materials designed based on QBICs can reach high Q factor, and the Q value was high as 4990 at ~200 THz [44–46]. Active terahertz 
TD metamaterials can tune the electromagnetic properties of metamaterials without changing the structure of metamaterials [47,48]. 
Graphene was often added to the TD metamaterials in order to get the active TD metamaterial [49].

The toroidal dipole metamaterials are also designed on the solid or flexible substrate. According to Gupta et al., mirrored asym
metric split-ring resonances were fabricated on silicon substrate, which introduced to cause high Q-factor (~22) TD resonance at 
terahertz frequencies [50]. Then the flexible toroidal dipole is designed and fabricated on the flexible substrate, and the most used 
flexible substrate is polyimide. The metasurfaces’s flexibility enables it to be conformal integrated onto curved or irregular objects, 
allowing compact, lightweight and mechanically robust devices to be developed. However, the flexible substrate metamaterials with 

Table 1 
The comparative analysis of previous TD metamaterials at terahertz frequencies.

Ref Frequency 
(THz)

Simulation(S) 
/Fabrication 
(F)

Structure of unit cell Flexible Substrate Q value Virtues

40 1–1.6 S Silicon structure No Quartz >1100 QBIC
44 ~200 F Silicon structure No Glass/No 4990 QBIC
43 0.9–1 S Slot rings Yes PDM ≥14 Ultra-high Q-factors
3 0.2–0.8 F Aluminum metal patterns No Silicon 32 Asymmetric Fano structure
51 0.2–2 S Two metallic patterns on each side 

of polyimide
Yes Polyimide 38.1 Slow light plateaus

53 0.6–1.5 F Two symmetric C-rings Yes Polyimide 22.5 Flexible Metasurfaces
20 0–1.2 F Four asymmetric split-ring 

resonators
Yes Polyimide Not 

mentioned
The mutual effect between two 
metallic layers.

Fig. 1. (a) Schematic diagram of the high Q-factor TD metasurfaces unit structure, (b) Microscope image of the metasurfaces sample (The unit cell is 
marked with dotted line with the periodicity).
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complicated structure is still remain in the design step [51]. Only the flexible substrate metamaterials with simple structure is 
fabricated [20,52]. The high Q factor of flexible TD metamaterials is still in the simulation, and the Q factor of fabricated sample is 
often lower than the simulated one. The Q factor of flexible TD metamaterials sample is commonly lower than 20, thus the application 
of highly sensitive detection is limited [53,54].

This paper proposes and fabricates flexible TD metamaterials with high Q factors, which are composed of a metallic pattern layers 
and polyimide layers, and the metallic layer is composed of symmetric semicircle with a bar in the middle. District TD is characterized 
by head-to-tail arrangement of magnetic dipoles. This head-to-tail magnetic field distribution is caused by both TD resonances and 
current flowing through the metallic bar, and this phenomenon is discussed in detail using the power of the multipoles calculated from 
volume current density distributions. We propose TD metasurfaces that are easy to fabricate and have stable resonance outputs, and it 
offers potential applications in the THz range and allows us to realize TD’s unique characteristics. Additionally, it is necessary to 
develop TD resonance on flexible and freestanding substrates, which can be used in a variety of applications.

2. Fabrication and simulation

Fig. 1 (a) shows a schematic diagram of TD metasurfaces with high Q-factors. Two layers are proposed on the metasurfaces: a 
polyimide substrate layer (20 μm thick) and a metallic pattern layer. The metallic pattern layer consists of two symmetric semicircles 
(outer radius R is 205 mm, inner radius SR is 189 mm) with a metal bar centered between the semicircles (the width of metal bar W is 
20 μm). There is a 10 μm gap (named gap1) between the two metal bars, and a 37 μm gap (named gap2) between the two semicircles. 
Due to its transparency in THz and visible regimes, polyimide film was chosen as the substrate. Metasurfaces consist of periodic units, 
and the periodicity of the unit cell structure a × a is 480μm × 480 μm. Simulated and experimental metasurfaces samples were ar
ranged in the x-y plane, and terahertz waves were incident along the z-axis, electric fields along the x-axis, and magnetic fields along 
the y-axis.

By interacting with each other, metal patterns generate TD resonances. In order to investigate the generation of TD resonances in 
high Q-factor TD metasurfaces, the parameter R was varied across 205, 215 and 225 μm. A variation of the W parameter also affects the 
electromagnetic characteristics of high Q-factor TD metasurfaces, and the variation of W (W = 30, 40, and 50 μm) parameters was also 
investigated.

Using conventional microelectronic preparation techniques, the proposed metasurfaces were fabricated. In the first step, a silicon 
wafer was spin-coated with liquid polyimide (PI-5878G HD Micro Systems TM). The thickness of the polyimide was precisely 
controlled by adjusting the spin rate curing and the temperature. In the second step, the metal pattern layer was fabricated using 
ultraviolet lithography, followed by vacuum coating with 200 nm aluminium, and finally, the samples were rinsed in acetone. In the 
last step, TD metasurfaces with high Q-factors were then peeled off silicon substrates. In Fig. 1(b), you can see the microscope images of 
the sample with R = 205 m. With THz-time domain spectroscopy (TDS), four parabolic mirrors in an 8-F confocal geometry were used 
to measure the electromagnetic properties of the high Q-factor TD metasurfaces [55,56]. Through the use of a parabolic mirror and 
bare polyimide reference, the possible dispersion was effectively reduced. Metasurfaces were attached directly to well-defined ap
ertures at room temperature in a dry air environment (humidity<5 %). Dry air environments can effectively eliminate water vapor’s 
ability to absorb terahertz waves.

With the commercially available software CST Microwave Studio, electromagnetic characteristics of TD were numerically simu
lated. Using an automatic hexahedral mesh, metasurfaces are numerically represented by their metamolecules placed in square unit 
cells with periodic boundary conditions along the x- and y-axes. Drude’s model was used here to describe alumina metal, where 

angular frequency dependent permittivity is defined as ε(ω) = ε∞ −
[
ω2

p /ω(ω + iΓ)
]
, with damping rate of Al is 124.34 × 1012 rads− 1 

Fig. 2. Measured and simulated amplitude transmission spectra of the TD metasurfaces with various R (a) R = 205 μm (b) R = 215 μm (c) R =
225 μm.
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and the plasma frequency of Al is 22.43 × 1015 rads− 1 [57], and the dielectric constant of the polyimide ε = 3.1 × (1+0.02i) [58].

3. Discussion

The simulated and measured transmission spectra of TD metasurfaces at R = 205 μm, 215 μm, and 225 μm are shown in Fig. 2(a), 
(b), and (c), where the simulated amplitude transmission spectra marked with the black solid line and the experimental amplitude 
transmission spectra marked with the black dashed line. Simulated and measured results are well correlated, and there are three 
resonances clearly visible. Interference factors such as fabrication error and measurement error may cause some deviations between 
simulated and measured results. Compared simulated transmission spectra with the measured results, three resonances were exhibited 
at ~0.47 THz, ~0.65 THz and ~0.78 THz, respectively. For the sake of simplicity, resonant dips at low frequencies will be referred to 
as LFRs, medium frequency dips as MFRs, and high frequency dips as HFRs. Then the inner mechanisms of the generation of TD 
resonance will be discussed later according to the analysis of three resonances. Fig. 2 illustrates the LFR produces a slight red shift with 
an increasing parameter R. This tendency was seen in the entire measured transmission spectrum, and the measured transmission 
spectrum showed a frequency shift of 0.02 THz in the LFR. Through inductive and capacitive couplings, the resonance of LFR can be 
explained by the LC resonance well.

In order to provide a more thorough explanation of the LFR, we obtain the LC equivalent circuit model of the TD metasurfaces, as 
shown in Fig. 3. According to Fig. 3, L1 = L2 = L4 = L5, L3 = L6, and C1=C3, where Li denoted the inductance of metal pattern and Ci 
denoted the capacitance of metal pattern. The capacitance and inductance at LFR can be obtained from the following equations [59]: 

C=
ε ⋅ t ⋅ (R − SR)
2π ⋅ K ⋅ gap2

+
ε ⋅ W ⋅ t

4π ⋅ K ⋅ gap1
(1) 

L1=
169π ⋅ μ0⋅h ⋅ R
720(R − SR)

(2) 

L3=
μ0⋅h.SR

2W
(3) 

L=
4L12 ⋅ L3
2L1 + L3

(4) 

In this case, K is the constant of electrostatic force, Ɛ is the dielectric constant of the medium in the open gap, t is the thickness of the 
metallic structure, μ0 is the vacuum magnetic permeability, and h is the thickness of the substrate on the metasurfaces.

As shown in Table 2, the capacitance and inductance with different structural parameters R are calculated by Eqs. (1)–(4). We can 
clearly see that the variation of C is much larger than L as R increases, then the frequencies of LFR is decreased according to fm = 1

2π
̅̅̅̅
LC

√

(5), and the reason for the red-shift phenomenon at the LFR is clearly explained.

Fig. 3. LC resonant circuit.

Table 2 
Theoretically calculated capacitance and inductance with different R at LFR.

R (μm) 205 215 225

C(F) 8.45e-18 1.17e-17 1.50e-17
L(H) 2.33e-29 1.50e-29 1.14e-29
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Fig. 4 illustrates the magnetic field, electric field, and surface current distributions of the metasurfaces (R = 205 μm). As illustrated 
in Fig. 4(a)–(d) and (g), in the YZ plane at X = 0, the magnetic field distributions of LFR, MFR, and HFR are arranged head-to-tail in an 
annular region, and the phenomenon’s generation theory was discussed in detail later.

Fig. 5 shows a schematic diagram that explains how metasurfaces generate TD resonances at LFR well. At LFR, the induced surface 
current formed a loop along the upper and lower semicircles with incident electric field polarization, and inductive-capacitive reso
nances (LCs) were formed oscillating in nature. According to the black arrows, the induced surface current flow clockwise in the upper 
semicircle, and the magnetic field pointing downwards; while the induced surface current flow anti-clockwise in the lower semicircle, 
and the magnetic field pointing upwards. As indicated by the brown circle, the magnetic vortex had a head-to-tail configuration, which 
is typical of TD resonances [28,29]. Meanwhile, the current flows in the middle bar also generate the magnetic loop around the bar 

Fig. 4. Distribution of magnetic field (a) at LFR (d) at MFR (g) at HFR of the TD metasurfaces (R = 205 μm); Distribution of electric field (b) at LFR 
(e) at MFR (h) at HFR of the TD metasurfaces (R = 205 μm); Distribution of surface current (c) at LFR (f) at MFR (i) at HFR of the TD metasurfaces 
(R = 205 μm).

Fig. 5. Schematic of TD induced surface current by LC resonance of TD metasurfaces at LFR (the surface current indicated with blue line; Tx 
indicated with the green line).
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according to the right-hand rule. The magnetic field produced by the central bar shows a opposite to that generated by the upper and 
lower semicircles. Hence, the magnetic field strength is weaker than other resonances, in Fig. 4(a).

As shown in Fig. 4(e), tripoles are generated at the upper and lower semicircles, and the distribution of electric field at MFR is 
stronger than that of the LFR (Fig. 4 (b)). According to Fig. 4(f), we focus on the dotted square region, and the direction of magnetic 
field generated by the two semicircles has the same direction as the magnetic field generated by the current flowing the middle bar. The 
magnetic field distribution is strengthened obviously in Fig. 4(d).

Fig. 4(g) shows the strongest head-to-tail magnetic field. As shown in Fig. 4(i), the surface currents flowing the semicircle are 
weaker, and the middle bar’s surface current is enhanced. The strength of surface current coincides with the strength of electric field in 
Fig. 4(h). In the middle bar, the strongest current leads to the strongest head-to-tail magnetic field distribution.

For better understanding the TD resonance in Fig. 6, we calculated the power of the five strongest multipoles based on the volume 
current density distribution extracted from the simulations. Using the multipole scattering theory, we quantified their contributions 
[30]. Toroidal dipole Tx and electric quadrupole Qe were also generated at normal incidence at THz with the electric dipole Ex parallel 
to the x-axis and magnetic dipole Mz parallel to the z-axis. Here are the equations to calculate Ex, Mz, Tx, Qe, Qm [60,61]: 

Electric dipole : Ex=
1
ω

∫

jd3r (6) 

Magnetic dipole : Mz=
1
2c

∫

(r× j)d3r (7) 

Toroidal dipole : Tx=
1

10c

∫
[
(r ⋅ j)r − 2r2j

]
d3r (8) 

Electric quadrupole : Qe=
1

i2ω

∫ [

rαjβ + rβjα −
2
3
(r ⋅ j)δαβ

]

d3r (9) 

Magnetic quadrupole : Qm=
1
3c

∫ [
(r × j)αrβ +(r × j)βrα

]
d3r (10) 

In this equation, r is the coordinate vector with the origin in the center of the torus, c is the speed of light, and j is the density of the 
current. MATLAB programs were used to calculate the strength of multipoles based on simulations of current density (j).

Tx dominated the measured spectroscopy, and its density was stronger than any other multipole, as shown in Fig. 6(a). The density 
of Tx is almost 7 times as stronger as Mz, and Tx as has the same tendency as Mz. When we focus on HFR, the density of Tx decreased a 
little bit. Fig. 6(b) shows a detailed figure of a multipole to illustrate its tendency clearly. According to Fig. 4(i), a decrease in Tx 
coincides with the weakening of the surface current flowing in the semicircles. The surface current flowing through the middle metal 
bar increases, also resulting in a stronger magnetic field. In Fig. 4(g), the stronger head-to-tail magnetic field is shown, and the 
strongest resonance among the three resonances is attributed to the current flowing the middle metal bar. At the higher 
frequencies>0.8 THz), Qm, Mz, Qe values are increased dramatically, the mutual effect is much more complicated, so the variation in 
Fig. 6(b) is not coincide with Fig. 2.

Fig. 7(a) and (b) shows the variation of simulated and experimental Q factor, respectively. The Q factor was defined as the ratio of 
resonance frequency to the full width at half maximum. Fig. 7(a) and (b) shown the same tendency, when resonant frequencies 

Fig. 6. (a) Decomposed scattering powers of different multipole moments in TD metasurfaces (R = 205 μm). (b) Detailed figure of decomposed 
scattering powers of different multipole moments in TD metasurfaces (R = 205 μm).
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increase, the Q value shows a trend of rising first and then falling. In Fig. 4(a) and (d), at R = 205 μm, with the increase of the resonance 
frequency, the head-to-tail magnetic field strength becomes stronger, and the coupling strength of the TD is increased, then the Q factor 
increased as a result. Q-factors can be increased by enhancing the TD response [62]. The Q factor of experimental sample is as high as 
24.5, when R = 205 μm at MFR. When the frequencies are increased up to ~0.8 THz, the Q-factors is decreased, due to the complexity 
mutual function at higher frequencies. FOM was investigated in order to further describe the relationship between resonance intensity 
and the Q factor. According to equation FOM = Q*δI (11), where δI represents the resonance intensity [63]. Fig. 7(c) and (d) shows the 
variation of simulated and experimental FOM factor, respectively. The experimental TD metasurfaces with R = 205 μm at MFR has the 
highest FOM value, is expected to be applied in high-sensitivity resonant sensors [64]. The tendency of Fig. 7(c) and (d) is not the same, 
due to the accuracy of measured data is much lower than the simulated data.

Fig. 7. (a) The variation of simulated Q factor with different R (=205 μm, 215 μm, 225 μm) at LFR, MFR and HFR. (b) The variation of experimental 
Q factor with different R (=205 μm, 215 μm, 225 μm) at LFR, MFR and HFR. (c) The variation of simulated FOM with different R (=205 μm, 215 μm, 
225 μm) at LFR, MFR and HFR. (d) The variation of experimental FOM with different R (=205 μm, 215 μm, 225 μm) at LFR, MFR and HFR.

Fig. 8. Measured and simulated amplitude transmission spectra for the TD metasurfaces with various W (a) W = 30 μm (b) W = 40 μm (c) W =
50 μm.
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Fig. 8 show amplitude transmission spectra simulated and measured for samples with varying values of W. As shown in Fig. 8, 
simulated intensity curves matched experimental results closely, with a small deviation due to a slight variation in polyimide thickness 
during fabrication. The frequencies of three resonances were all blue shifted as the W is increased. The head-to-tail magnetic field 
distributions are observed at three resonances. By tuning the parameters of W, electromagnetic characteristics can be tuned.

4. Conclusion

Metasurfaces with TDs are characterized by head-to-tail magnetic dipoles. In this research, we design and prepare the high Q-factor 
TD metasurfaces with a metallic pattern layer and polyimide substrate layer, the metallic pattern is consisted of aluminium symmetric 
semicircles with a bar in the middle. We observe three obvious resonances at LFR, MFR and HFR and three resonances show a red shift 
with increasing R. TD resonances at LFR produce the typical head-to-tail magnetic field distribution due to symmetric semicircles. 
According to Fig. 4(i), the head-to-tail magnetic field distribution becomes more pronounced as frequency increases, which is due to 
the flow of current in the middle metal bar. The W also can tune the electromagnetic properties in TD metasurfaces. High-Q-factor 
metasurfaces can be used as functional components in high-sensitivity terahertz devices.
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