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Abstract: Actively tunable and polarization-independent toroidal resonance in 

hybrid metal-vanadium dioxide metamaterial is proposed and demonstrated 

numerically in terahertz regime. Simulation results illustrate that a toroidal dipolar 

resonance is excited by hybrid metal and vanadium dioxide resonator and 

insensitive with polarization angle of incident plane wave, calculated scattered 

powers verify the toroidal resonance is strengthened. A novel modulation of 

resonance strength in proposed toroidal metamaterial is obtained as the phase 

transition process of vanadium dioxide and contrary to former hybrid 

metal-vanadium dioxide toroidal metamaterials. The theoretical fitting results 

reveal that physical mechanism of active modulation in resonance strength can be 

attributed to the variation of overall damping rate caused by tuning conductivity of 

vanadium dioxide.  
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1. Introduction 

Toroidal resonance, as a counterpart resonance phenomenon of the fundamental 

electric and magnetic resonance, was first reported by Zel’dovich in 1957 [1]. In 

toroidal resonance phenomena，toroidal dipolar resonance can be produced by two 

reversed closed loops poloidal currents and discovered in nuclear physics and solid 

state physics [2], which has unique electromagnetic characteristics, such as higher 

Q-factor and circular dichroism [3]. Unfortunately, toroidal dipolar resonance in 

natural materials is always accompanied by electric and magnetic resonance, and its 

electromagnetic scattering power is usually masked by electric and magnetic dipoles 

[3], which lead to applications of toroidal resonance face difficulties. Therefore, the 

studies of toroidal response come to standstill for a long time. Recently, metamaterial, 

which is composed of artificially sub-wavelength resonators, have achieved many 

unusual characteristics unattainable in natural materials and regarded as an emerging 

field for extensive exploration of novel electromagnetic devices [4-11]. In 2010, the 



toroidal dipolar response in microwave regime was first experimentally demonstrated 

with 3D metamaterial [12], in which toroidal dipolar resonance is remarkably 

strengthened and higher than other multipoles. Consequently, toroidal resonance in 

metamaterials have attracted enormous attention and considered to unveil a new 

perspective in toroidal resonance applications [13-19].  

Currently, actively tunable electromagnetic characteristics in metamaterial have 

been drawn considerable attentions for practical requirement, and various kinds of 

approaches are proposed to achieve actively tunable toroidal resonance phenomenon 

[20-26]. In these approaches, phase change materials, as efficient methods, have been 

incorporated into metamaterials to achieve active manipulation of toroidal resonance 

as the phase transition process. For example, Zhou et al. proposed a Si array and 

Ge2Sb2Te5 (GST) hybrid metamaterial and investigated the radiation manipulation of 

toroidal resonance via tuning the crystallization states of the GST [26]. In addition, 

vanadium dioxide (VO2) as a representative phase change material shows an excellent 

transition behavior from insulator phase to metal phase triggering by optical 

excitation, temperature control and electric fields. Therefore, VO2 has been 

incorporated into toroidal resonance metamaterial for active manipulation of 

electromagnetic characteristics. For example, Song et al. proposed VO2 layer beneath 

the Au-based toroidal resonance structures and achieved active modulation of toroidal 

dipolar resonance by tuning conductivity of VO2[27,28]. However, these hybrid 

metal-VO2 toroidal resonance metamaterials are mainly concentrated on VO2 is acting 

as dielectric layer, and toroidal resonance is polarization sensitive, while little 

approaches are employed to demonstrate polarization-independent toroidal 

metamaterial, and toroidal resonator based on metal and VO2 hybrid structure is rarely 

reported to the present.  

In this paper, a polarization-independent toroidal resonance in hybrid metal-VO2 

metamaterial is proposed, and the transmission spectral could be actively controlled 

via phase transition of VO2. Different from former hybrid metal-VO2 metamaterial, 

the proposed toroidal dipolar phenomenon is excited by metal and VO2 hybrid 

resonator. Therefore, this work can enrich the actively tunable toroidal dipolar 

metamaterial and the potential applications in terahertz higher Q-factor sensors. 

2. Structure design and simulation 

The proposed hybrid metamaterial is a periodical structure includes 

interconnected four VO2 strips and an aluminum-based rectangular ring with four 

pairs of symmetrical split gaps, which is transferred on SiO2 substrate, as shown in 

Fig. 1a. The emergency of split gaps can restrain accompaniment of electric and 

magnetic resonance in the vicinity of toroidal resonance. The dimensions of periodical 

unit cell are Px=150 µm and Py=150 µm in x and y directions respectively, as shown in 

Fig. 1b. The geometric parameters of rectangular ring are L=110 µm, W=10 µm, 

W1=28 µm, and g1=2 µm. The length and width of VO2 strips are L1=30 µm and W=10 

µm respectively. The thickness of aluminum-based rectangular ring, VO2 strips and 

SiO2 substrate are same (10 µm). 

To verify the resonance behaviors of proposed toroidal dipolar metamaterial, 



electromagnetic simulation based on the commercial CST Microwave Studio package 

is used, in which the x and y axis are unit cell boundary and z axis is perfect match 

layer. The incident plane wave with a polarization angle ( , shown in Fig. 1b) is 

normally incident on the x and y axis. The optical characteristics of VO2 in terahertz 

regime can be expressed by Drude model as    
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be derived by Drude model with plasma frequency sradp /1024.2 16
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3. Results and discussion 

Due to the symmetrical characteristic，the proposed metamaterial exhibit the 

identical response to incident waves with arbitrarily polarization angle. When the 

initial conductivity of VO2 (σ) is s/m5102 , the transmission spectrum of proposed 

metamaterial as the polarization angle   varying from 0° to 90° are shown in Fig. 2. 

As observed in Fig. 2, there are perfect polarization-independent properties and 

obviously sharp resonance dip at 1.45 THz with quality factor Q is 96.4. Here, quality 

factor Q is defined as ratio of central frequency to resonant linewidth [31].  

In order to understand forming mechanism of toroidal dipolar resonance, the 

electric fields, surface currents and magnetic fields distributions of hybrid resonator at 

1.45 THz for different polarization angle   are displayed. As observed from Fig. 

3a-c, when polarization angle   is 0°, a pair of opposite electric charges emergence 

in neighboring edges of horizontal VO2 strips，and two reversed closed loops poloidal 

currents are produced and distributed in quarter Ⅰ,Ⅱ hybrid section and quarter Ⅲ,

Ⅳ hybrid section, as  a result, magnetic dipoles with head-to-tail arrangement are 

produced and a toroidal dipolar resonance along the x-direction is excited. This 

forming mechanism of toroidal dipolar resonance is more clearly seen in Fig. 3d. 

 On the contrary, As observed from Fig. 4a-c, when polarization angle   is 90°, 

a pair of opposite electric charges emergence in neighboring edges of vertical VO2 

strips，and two reversed closed loops poloidal currents are produced and distributed in 

quarter Ⅰ , Ⅳ  hybrid section and quarter Ⅱ , Ⅲ  hybrid section, as a result, 

magnetic dipoles with head-to-tail arrangement are produced and a toroidal dipolar 

resonance along the y-direction is excited. This forming mechanism of toroidal 

dipolar resonance is more clearly seen in Fig. 4d. 

In addition, the forming mechanism of toroidal dipolar resonance when 

polarization angle   is 45° has also been studied and demonstrated in Fig. 5.  As 

observed from Fig. 5a, magnetic dipoles with head-to-tail arrangement are distributed 

in diagonal sections and a toroidal dipolar resonance along 45° angle with x-direction 

is excited. This forming mechanism of toroidal dipolar resonance is more clearly seen 

in Fig. 5b. 

As we mentioned above, toroidal resonance in natural materials is always mas 

ked by electric and magnetic dipoles, and application of metamaterial could 



strengthen its contribution. To quantitatively analyze this contribution, the scattered 

powers excited by proposed metamaterial are calculated through current density 

displacement in unit cell [32,33]. Fig. 6 shows the calculated scattered powers of 

conventional multipoles and toroidal dipole in proposed metamaterial as the 

conductivity of VO2 is s/m5102  and polarization angle   of incident plane wave 

is 0°, which includes five strongest powers: electric dipole Py, magnetic dipole Mz, 

toroidal dipole Ty, electric quadrupole Qe and magnetic quadrupole Qm. As observed 

from Fig. 6, in the vicinity of 1.45 THz，the electric dipole Py is strongly suppressed 

while the scattered power of toroidal dipolar resonance increases remarkably and 

plays a dominant role. Therefore, these results indicate that the transmission spectra 

resonate at 1.45 THz is mainly attributed to toroidal dipolar resonance. 

Next, because of VO2 has been incorporated into resonator, the proposed toroidal 

dipolar phenomena could be actively modulated. Fig. 7 shows the transmission 

spectra of the toroidal dipolar metamaterial in the case of varying the conductivity of 

VO2 (σ) when polarization angle   of incident plane wave is 0°. 

As shown in Fig. 7, the frequency of toroidal resonance exhibits slightly red shift 

and amplitude decreases as conductivity of VO2 (σ) decreases, specifically, the 

toroidal resonance is disappeared as σ is 1000 s/m. It should be pointed out that this 

tuning characteristic of resonance amplitude in proposed toroidal dipolar metamaterial 

as conductivity of VO2 (σ) decreases is contrary to former hybrid metal-VO2 toroidal 

metamaterial [27,28]. While the frequency red shift phenomenon can be attributed to 

the increase of resistance in SRRs, which can be explained by resonance frequency 

expression:  2
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 As well known, the transmission feature of toroidal resonance metamaterial 

could be fitted by Fano formula [35,36]： 
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Where 1a , 2a andb are constant,  is the damping rate, and 0 is the resonant 

frequency. To further reveal physical mechanism of active modulation in case of 

varying the conductivity of VO2 when polarization angle   of incident plane wave is 

0°, the fitted transmission spectra are calculated and shown in Fig. 8. It is obviously 

observed that the fitted curves exhibit excellent agreement with the simulated curves. 

Fig. 9 show the damping rates of proposed metamaterial in case of varying the 

conductivity of VO2 when polarization angle   of incident plane wave is 0°. As 

shown in Fig. 9, the overall damping rate   increases remarkably as conductivity of 

VO2 decreases, which is consistent with feature of the proposed toroidal dipolar 

phenomenon is excited by metal and VO2 hybrid resonator. 

4. Conclusions 

In conclusions, we have numerically demonstrated an actively tunable and 

polarization-independent toroidal dipolar resonance analogue based on hybrid 

metal-VO2 metamaterial. The proposed hybrid metamaterial consists of 

interconnected VO2 strips and an aluminum-based rectangular ring with four pairs of 

symmetrical split gaps. Different from former hybrid metal-VO2 metamaterial, the 

proposed toroidal dipolar phenomenon is excited by metal and VO2 hybrid resonator. 



Simulation results illustrate two reversed closed loops poloidal currents are produced 

to excite a toroidal dipolar resonance, which exhibit insensitive with polarization 

angle of incident plane wave. The calculated scattered powers verify the toroidal 

dipolar resonance increases remarkably and plays a dominant role in the vicinity of 

transmission dip. In addition, active modulation of toroidal dipolar resonance is 

manifested via changing conductivity of VO2, and the amplitude of toroidal resonance 

decreases and frequency exhibits slightly red shift as conductivity of VO2 decreases, 

specifically, the toroidal resonance is disappeared as conductivity of VO2 is 1000 s/m. 

The theoretical fitting results reveal that physical mechanism of active modulation in 

resonance amplitude can be attributed to the variation of overall damping rate caused 

by tuning conductivity of VO2. Therefore, this work can enrich the actively tunable 

toroidal dipolar metamaterial and the potential applications in terahertz higher 

Q-factor sensors. 
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Figure captions 

Figure 1. Toroidal dipolar metamaterial based on metal-vanadium dioxide: (a) 

schematic of metamaterial, (b) close-up view of unit cell,  

 

Figure 2. Calculated transmission spectra of toroidal resonance as the polarization 

angle   varying from 0° to 90° 

 

Figure 3. The electric fields, surface currents and magnetic fields distributions of 

hybrid resonator at 1.45 THz when polarization angle   is 0°: (a) electric fields, (b) 

surface currents, (c) magnetic fields, (d) schematic of toroidal dipole excitation in unit 

cell 

 

 

Figure 4. The electric fields, surface currents and magnetic fields distributions of 

hybrid resonator at 1.45 THz when polarization angle   is 90°: (a) electric fields, (b) 

surface currents, (c) magnetic fields, (d) schematic of toroidal dipole excitation in unit 

cell 

 

 

Figure 5. The magnetic fields distributions and toroidal dipole excitation of hybrid 

resonator at 1.45 THz when polarization angle   is 45°: (a) magnetic fields, (d) 

schematic of toroidal dipole excitation in unit cell 

 

Figure 6. Scattered powers of conventional multipoles and toroidal dipole in proposed 

metamaterial when polarization angle   is 0° 

 

Figure 7. Transmission spectra of toroidal dipolar metamaterial with conductivity of 

VO2 is varying 

 

 

Figure 8. The fitted transmission spectra with conductivity of VO2 is varying 

 

Figure 9. The fitted overall damping rate   with conductivity of VO2 is varying 
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