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The dynamical switching of a toroidal dipole resonance channel is demonstrated by tuning the Fermi level of a Dirac semimetal film sandwiched between the back substrates. As the Fermi level is increased from 30 to 150 meV, the resonance frequency is switched from 0.283 to 0.201 THz because of the transition from toroidal mode to hybrid mode. The hybrid mode is formed by the interaction between the toroidal mode and the plasmonic mode (induced by a Dirac semimetal film with metallic properties). The influence of the sandwiched dielectric layer (between the toroidal metasurface pattern and the Dirac semimetal film) on the switching effect was also investigated. This active dual-channel terahertz switching may have potential applications in advanced terahertz communication.
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INTRODUCTION
Artificial subwavelength resonator arrays have been regarded as so-called “metamaterials” to manipulate novel electromagnetic responses, and have been widely applied to electromagnetically induced transparency [1–7], the Fano effect [8–12], perfect absorption [13–15], polarization conversion [16–18], and so on. The toroidal dipole effect, a novel type of electromagnetic excitation, can be visualized as a vortex of a closed-loop magnetic field excited by the currents flowing on the surface of ring-shaped structures [19]. In 2010, a toroidal dipole effect combined with three-dimensional (3D) metamaterials was verified at microwave frequencies [20]. However, there is, inevitably, complexity involved in the fabrication of a 3D metamaterial. A toroidal dipole effect in two-dimensional (2D) metamaterials has gained widespread attention because the toroidal dipole manifests as poloidal currents on the surface of split rings, which is distinctly different from the traditional electric and magnetic dipoles [21, 22]. Compared with 3D metamaterials, there are some benefits to developing 2D metamaterials because of their simpler fabrication and scalability [22]. Toroidal dipoles in 2D metamaterials offer weak electromagnetic scattering compared with electric and magnetic dipoles, and could reduce the radiative loss from an electric dipole [22]. In addition, such a configuration is easy to fabricate by conventional photolithography and a lift-off process. Moreover, an active tunable toroidal dipole possesses unique advantages, such as channel switching in the field of terahertz communication and an adjustable transmission spectrum [23–25]. For instance, the combination of a toroidal metasurface and a graphene layer can actively adjust and modulate the resonance intensity of a toroidal dipole from the “ON” state to the “OFF” state [23, 24]. In 2019, Song et al. [25] presented a tunable terahertz toroidal metamaterial based on the modulation of the conductivity of vanadium dioxide.
A Dirac semimetal film (DSF), as a new quantum material [26], has attracted more attention because of its topological band structure, which is similar to that of graphene [27]. The energy and momentum of this DSF meet the linear dispersion relationship in the 3D direction of K space, so it is also called 3D graphene. Compared with graphene, DSF has unique properties: i) it is less susceptible to interference from a dielectric environment; ii) there are no excess electrons on its surface; iii) it shows a stable performance; and iv) it is easier to prepare. In addition, the dielectric equation for the DSF can be dynamically adjusted by changing its Fermi energy level/bias voltage/conductivity, resulting in its transition from a dielectric to a semimetal/metal state. The tunable metamaterials based on the DSF have been reported to adjust the terahertz electric and magnetic dipole response [28–30]. To the best of our knowledge, only a few studies have reported a tunable toroidal resonance by utilizing a DSF.
In this study, a tunable terahertz toroidal dipole metamaterial composed of split-ring resonators (SRRs) with a symmetric structure is proposed. Also, the frequency-dependent resonance of a toroidal dipole has been studied with different thicknesses of the dielectric layer between the DSF layer and the SRR layer. By varying the Fermi level of the DSF, the transmission spectra of the toroidal dipole are simulated when the thicknesses of the dielectric layer are set to 5 and 24 μm. Channel switching of the toroidal dipole resonance by changing the Fermi level is presented with various effects under different thicknesses of the dielectric layer. The results demonstrate that the thickness of the dielectric layer has a crucial effect on the tunable properties of the toroidal dipole metamaterial with the DSF. The physical mechanism of channel switching is further explored by analyzing the distribution of the surface current and magnetic field. Consequently, this study shows that channel switching of the toroidal dipole resonance has the potential to be applied to terahertz information exchange and terahertz communication.
DESIGN AND RESULTS
The proposed SRRs are designed with the symmetric metallic pattern shown in Figure 1A. The specific parameters of the metallic pattern are also illustrated in Figure 1A. The centerline of the metallic pattern is defined as the vertical symmetry axis, as shown by the red dotted line in Figure 1A. Figure 1B shows the 3D view of the structure. The thicknesses of the metallic layer (regarded as a perfect electric conductor in the simulation), dielectric layer, DSF layer, and the substrate are set at 0.2 μm, 5 μm, 30 nm, and 50 μm, respectively. The dielectric layer and substrate are made of polyimide with a permittivity of 3.5.
[image: Figure 1]FIGURE 1 (A) Front view of the toroidal dipole structure. (B) The proposed tunable toroidal dipole made of a metallic pattern (perfect electric conductor (PEC)) layer, a dielectric layer, a Dirac semimetal film (DSF), and a substrate layer.
To explore the electromagnetic properties of the model, a full-wave electromagnetic simulation based on the standard finite-element method was carried out. In the simulation, the incident wave is modeled as a Floquet port above the unit cell with the metallic pattern boundary condition attached to the x- and y-directions. The poloidal conductive current of the resonators can be excited by the interaction of the incident plane wave and the electric field. The electric field direction is parallel to the centerline. The simulated transmission spectrum of the toroidal dipole is presented in Figure 2A, with a toroidal dipole resonance observed near 0.283 THz. At the resonance frequency, the surface current and magnetic current distribution are simulated to study the resonance characteristics of the toroidal dipole, as illustrated in Figures 2B,C. When the incident electric field is parallel to the centerline, the excited surface current flows on each loop of the SRRs, and the currents of the two loops are basically opposite, as shown in Figure 2C. The inverse oscillation of the excited currents generates a set of magnetic dipoles with inverse polarization, creating a circular head-to-tail arrangement of magnetic dipoles. Figure 2B reveals the formation of the closed magnetic vortex. In light of the concept of a toroidal dipole, the localized plasmons in a gapped structure play an important role in determining the direction of the surface current. In addition, the intensity of the magnetic field, as shown in Figure 1D in the form of color mapping, gradually decreases along the direction from the centerline of the metallic pattern to the gapped structure. Consequently, it is further explained that the excitation of the toroidal dipole directly leads to the spatial localization of the magnetic field and the formation of a closed magnetic vortex.
[image: Figure 2]FIGURE 2 (A) Simulated transmission spectrum of the proposed structure with a Fermi level of 30 meV. (B) Magnetic current distribution. (C) Surface current. (D) The magnetic field distribution of the structure. (B–D) are at a resonance frequency of 0.283 THz.
The complex conductivity of the DSF surface obeys the Kubo formula. By using the random-phase approximation at the long-wavelength limit, the dynamic conductivity of the DSF is represented as [26]:
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Here, [image: image]; [image: image] is the Fermi distribution function; EF and [image: image] are the Fermi level and the Fermi momentum, respectively; [image: image] ; [image: image]; [image: image]; [image: image]; and [image: image] (where Ec is the cut-off energy). The Drude damping in Eqs 1, 2 is considered by substituting [image: image] for [image: image], and [image: image], where µ is the carrier mobility and the intrinsic time is expressed as τ = 4.5*10−13 s. The permittivity of the DSF can be written as [26]:
[image: image]
where [image: image] = 12 is the effective background dielectric constant, g = 4 is the degeneracy factor of Cd3As2, and ɛ0 is the permittivity of vacuum.
According to Eqs 1–3, we calculate the complex permittivity values at different frequencies, as shown in Figure 3. The real and imaginary parts of the permittivity of the DSF are highly sensitive to the EF. The conductivity and metallicity of the DSF are positively correlated with the EF. Then, these discrete values of the complex permittivity are imported into the characteristic parameters of the Dirac semimetal to complete the modeling.
[image: Figure 3]FIGURE 3 (A) Real and (B) imaginary parts of the Dirac semimetal film (DSF) dielectric functions under different Fermi levels. The parameters of the DSF are set as g = 4, [image: image] = 12, [image: image] = 3, µ = 3*104 cm2 V−1 S−1.
The transmission spectra of the proposed toroidal dipole are simulated and depicted in Figure 4 for different thicknesses of the dielectric layer. The EF and thickness of the DSF are 30 meV and 30 nm, respectively. With d2 increased from 1 to 15 μm, the resonant dip in the transmission spectra increases rapidly, showing a sharper formant. As d2 is varied from 15 to 27 μm, the resonant dip increases slowly. Actually, the dielectric layer of the polyimide acts as a cavity, and for different thicknesses there are different distribution fields. The interaction between the metallic pattern and the DSF becomes strong with d2 ranging from 1 to 15 μm. A small change in d2 has a significant impact on the transmission spectrum. As d2 is large enough, the interaction between the metallic pattern and the DSF becomes weak, which creates a slight change in the transmission spectrum with d2 ranging from 15 to 27 μm. These results confirm that the thickness of the dielectric layer significantly impacts the performance of the toroidal dipole. In the following, we will discuss the influence of the Fermi level on the toroidal resonance with different thicknesses of the dielectric layer (d2 = 5 and 24 μm). The thickness of the DSF is fixed at 30 nm.
[image: Figure 4]FIGURE 4 Simulated transmission spectra as a function of the thickness of the dielectric layer (d2) with EF = 30 meV and the thickness of the perfect electric conductor (PEC), Dirac semimetal film (DSF), and substrate layer set as d1 = 0.2 μm, d3 = 30 nm, and d4 = 50 μm, respectively. (inset) The cross-sections of the model are shown.
The complicated surface conductivity of the DSF can be actively dominated by adjusting the EF, which can possibly be achieved by alkaline surface doping [26]. The resonance frequency of the toroidal dipole depends on the electron density of the DSF, determined by the EF. To illustrate the frequency adjustability of the toroidal dipole resonance, the toroidal dipole resonance under different Fermi levels in the case of d3 = 30 nm is investigated. The transmission spectra of the toroidal metasurface under various Fermi levels are shown in Figure 5A (d2 = 5 μm) and Figure 5C (d2 = 24 μm). As seen in Figures 5A,B, the transmission amplitude of the resonance dip increases gradually and the resonance frequency is almost stable at 0.28 THz when the EF is increased from 30 to 70 meV and the tuning range of the toroidal resonance intensity is decreased from 0.813 to 0.418. As the EF is increased from 70 to 110 meV, the resonance frequency is redshifted to 0.20 THz with its intensity almost unchanged. With the increase of the EF from 110 to 150 meV, the resonance frequency at 0.20 THz is relatively uniform and the amplitude decreases from 0.802 to 0.435. Accordingly, the tunable transmission spectrum shows a channel-switching effect of toroidal dipole resonance by adjusting the EF to tune the conductivity of the DSF. In addition, the simulation results indicate that the electromagnetic properties of the DSF have a significant influence on the transmission spectrum.
[image: Figure 5]FIGURE 5 (A, C) Simulated transmission spectra as a function of the Fermi levels of the Dirac semimetal film (DSF) and (B, D) Fermi levels as a function of the frequency and transmission. The thicknesses of the DFS and substrate (polyimide) are set at 30 nm and 50 μm, respectively. The thicknesses of the dielectric layer are set at (A, B) 5 μm and (C, D) 24 μm.
The transmission spectra of the toroidal dipole are also simulated for d2 = 24 μm. As the EF is varied from 30 to 150 meV, the amplitude of the resonance dip ranges from 0.11 to 0.22, and the resonance frequency shifts from 0.316 to 0.306 THz. Figures 5C,D illustrates that the channel switching of the toroidal dipole resonance cannot be achieved by changing the EF below d2 = 24 μm.
Figure 6 shows the distribution of the surface current and the magnetic field under different Fermi levels with d2 = 5 μm (Figures 6A,B) and 24 μm (Figures 6C,D). When EF = 30 meV and d2 = 5 μm, the DSF presents dielectric-like properties, as shown in Figure 6A, which shows little difference from the toroidal metasurface without the DSF. Meanwhile, Figure 6B shows that the DSF ultimately presents metallic-like properties with EF = 150 meV, which forms a hybrid mode generated by the interaction between the toroidal effect and the plasmonic effect (induced by the DSF with metallic properties) [31]. In the hybrid mode, the magnetic current of the toroidal dipole cannot pass through the DSF layer completely; the DSF layer acts as a block owing to its metallic properties. The plasmonic effect interferes with the existing toroidal effect, leading to a shift in the resonance frequencies. Compared with Figure 6C at EF = 30 meV and d2 = 24 μm, Figure 6D shows that the distribution areas of the magnetic field have been slightly weakened with the EF raised to 150 meV, while the DSF layer still has an effective blocking effect owing to the metallic-like properties of the DSF. Since d2 is large enough, the DSF has a small impact of interference on the toroidal effect, and the resonance frequency has a slight red shift.
[image: Figure 6]FIGURE 6 Current distribution and magnetic field distribution with d2 = (A, B) 5 μm and (C, D) 24 μm, corresponding to EF = (A, C) 30 meV and (B, D) 150 meV. DSF, Dirac semimetal film; PEC, perfect electric conductor.
CONCLUSION
In conclusion, toroidal dipole resonance tuned by a DSF has been shown to achieve active channel switching at terahertz frequencies. The thickness of the dielectric layer is equal to 5 μm, so that the Dirac semimetal can effectively tune the toroidal dipole created by the symmetric SRR structure. Active dual-channel switching of the toroidal dipole resonance is the result of the transition from the toroidal effect to the hybrid mode, which results from the interaction between the toroidal and plasmonic modes. When the Fermi level of the DSF is varied from 30 to 150 meV, the resonance frequency has a significant red shift from 0.28 to 0.20 THz. The amplitude of the resonance dip first increases from 0.418 to 0.813 and then decreases to 0.435. Our results may provide potential applications in terahertz communication components such as modulators and switching.
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