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Introduction 
The terahertz (THz) band lies in the frequency gap between the infrared and 

microwaves and possesses the characteristics of both photonics and 

electronics [ 1 ], making the THz wave of great perspective in material 

characterization [ 2 ], biomedical sciences [ 3 ], and wireless communication 

[ 4   –   7   ]. In the development of THz technology, effective manipulation of 

THz waves is particularly important, which still remains challenging in 

practical application. The emergence of metamaterial provides an approach 

to surmount this dilemma. Metamaterials are composed of periodic or 

aperiodic subwavelength scale artificial unit structures, exhibiting 

extraordinary electromagnetic properties [ 8   –   12   ]. The electromagnetic 

response of the incident waves can be flexibly customized to satisfy the 

application needs [ 13 ]. As a two-dimensional metamaterial, metasurfaces 

have been widely applied in THz modulators, switchers, phase shifters, and 

sensors [ 14   –   17   ] due to their advantages of ultrathin and easy to 

implement. 

Early studies on the THz metasurface mainly rely on changing the structural 

parameters to meet the required electromagnetic characteristics. Although 

excellent functions can be achieved, once the devices are prepared, their 

electromagnetic response characteristics are fixed and cannot be tuned, 

which limits the practical applications of metasurfaces. The tunable THz 

metasurface can simplify device design [ 17 ], and can effectively reduce 

cost [ 17 ], and make it multifunctional. On the other hand, graphene has the

intriguing properties of high mobility, strong light-matter interaction, and 
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excellent chemical stability [ 18 ]. Although there are still many challenges, 

graphene with ultra-high mobility and ultra-thin thickness may produce 

transistors with higher speed and shorter channel length [ 19 ], which might 

have the potential to replace conventional silicon-based semiconductors as 

the next generation of mainstream semiconductor materials. Some recent 

work has demonstrated that graphene can be utilized to realize tunable THz 

metasurface by changing the Fermi level by electrical bias [ 20   –   24   ]. 

Besides that, the unique responses of graphene to the light, heat, and force 

also allow one to actively tune the metasurface with various physical fields [

23 , 25 , 26 ]. Using this feature, many active tunable graphene devices with 

excellent performance have been designed and verified by simulation [ 27   –   

29 ] or/and experiments [ 30 , 31 ]. These results indicate that the graphene 

platform can play an important role in the design of actively tunable THz 

metasurfaces. Among them, however, the modulation characteristics of the 

graphene metasurface by the magnetostatic field seems less investigated. It 

is a well-known fact that when a magnetostatic field is applied in the vertical 

direction of a two-dimensional conductor, the carrier’s motion in which will 

be deflected due to the Lorentz force [ 32 ]. We postulate that when the 

magnetostatic field is applied perpendicularly to a patterned graphene 

metasurface, the resonance properties of which under the irradiation of THz 

waves would be apparently modulated due to the deflection of the direction 

of the carrier’s oscillation in graphene. 

In this work, we suggest a magneto-controlled method to manipulate the 

transmittance properties of the incident THz wave, and proposed a 

graphene-based THz metasurface comprised of graphene cut-wire arrays for 
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proof-of-principle demonstration. By applying different values of magnetic 

flux density, the transmittance related parameters of the proposed 

metasurface can be dynamically controlled. We show that the transmittance 

properties of graphene THz metasurface can be dynamically controlled by 

applying an external magnetostatic field perpendicular to the metasurface. 

Structure Design and Physical Mechanism 
Figure 1A shows the schematic diagram of the proposed tunable graphene 

metasurface on top of a SiO 2 substrate. The graphene pattern, cut-wire 

resonators, are periodically arranged in the x – y plane and the structural 

parameters are denoted. The proposed graphene metasurface is excited by 

the electric field of a normally incident THz plane wave propagating in the z -

axis direction. 

FIGURE 1  

(A)Schematic diagram of the proposed terahertz metasurface consisting of 

periodically arranged graphene cut-wire resonators. The structural 

parameters: P x = 250 μm, P y = 500 μm, l = 450 μm, w = 210 μm, and the 

SiO 2 substrate has thickness h = 50 μm. Conceptual schematic diagram of 

the oscillation of the electrons in the unit cell(B)without or(C)with the 

external magnetostatic field applied. When the magnetostatic field bias is 

applied, the electron oscillation path along the y -axis in the unit cell is 

deflected at a certain angle. 

When electromagnetic waves irradiate perpendicularly to planar graphene, 

plasmonic oscillation will occur on the surface of the graphene, and the 
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direction of carrier oscillation is along the electric field, as shown in Figure 1B

. In this case, if the magnetostatic field is applied vertically to the planar 

graphene, the oscillation direction of the carriers will no longer follow the 

direction of the electric field and would be deflected at a certain angle, as 

shown in Figure 1C . The angle is related to the value of the applied 

magnetic flux density. If the graphene layer is patterned, different angle 

corresponds to different oscillation environments, the changes of carriers’ 

oscillation will lead to the changes of transmittance properties and result in 

the resonance frequency shifts and the transmittance shifts. 

As a two-dimensional (2D) material, graphene can be described by surface 

conductivity. In our case, the photonic energy of the terahertz frequency is 

far below the double Fermi level of graphene, and only the intra-band 

conductivity of graphene is considered, which can be described as [ 33 ]: 

σ s ( ω ) = i ⋅ e 2 k B T π ℏ 2 ( ω + i τ − 1 ) ln [ 2   cosh ( E F 2 k B T ) ] , ( 1 ) 

where e is the electron charge, k B is the Boltzmann’s constant, T is the 

environmental temperature, ħ is the reduced Planck’s constant, and ω is the 

angular frequency of incident THz, τ is the relaxation time, E F is the Fermi 

energy away from the Dirac point. To achieve the evident resonance of the 

metamaterial, the Fermi level of the graphene should satisfy E F >> k B T , 

the graphene surface conductivity is further simplified to 

σ s ( ω ) = i ⋅ e 2 E F π ℏ 2 ( ω + i τ − 1 ) , ( 2 ) 

As we referred previously, when the magnetostatic field is applied in the 

direction perpendicular to the planar graphene, the oscillation direction of 
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the carriers will be deflected. In our proposed configuration, the carriers’ 

motion would be deflected by the Lorentz force. Accordingly, the graphene 

surface conductivity should include the presence of the magnetic field. Then,

in the configuration of Figures 1A, C , the new graphene surface conductivity 

can be described by an anisotropic conductivity tensor [ 32 , 34 ]: 

σ ↔ s ( ω ) = σ s ( ω ) [ 1 1 + ( μ e B ) 2 − μ e B 1 + ( μ e B ) 2 0 μ e B 1 + ( μ

e B ) 2 1 1 + ( μ e B ) 2 0 0 0 1 ] , ( 3 ) 

where σ = σ 0 / ( 1 − i ω τ − 1 ) . and μ e = μ e0 / ( 1 − i ω τ − 1 ) . are the 

optical conductivity and mobility at frequency ω , respectively. σ 0 and μ e0 

are dc conductivity and mobility, respectively. 

The modeling and simulation of the designed terahertz tunable graphene 

metasurface were performed by COMSOL Multiphysics package, using a 

lossless dielectric constant ε = 3. 5 for the SiO 2 substrate and Fermi level E F

= 0. 35 eV for the graphene. The complex surface conductivity of the 

graphene patterns in the model is calculated by the anisotropic conductivity 

tensor described in Eq. 3 . Periodic boundary conditions are used in the x-y 

plane and the y -polarized terahertz wave is normally incident from the top. 

The magnetostatics fields are set along the z -axis. In this scheme, although 

all graphene patches are separated from each other, it is still feasible to 

control the Fermi level of the whole graphene metasurface in practice. 

Possible approaches include electrostatic bias and chemical doping. For 

electrostatic bias, a sandwich structure of ion gel/graphene patterns/ITO 

configuration [ 35 ] could be designed and the electrical bias could be 

applied at both ends to achieve the modulation of Fermi level. For chemical 
https://assignbuster.com/magnetically-tunable-graphene-based-terahertz-
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doping, the graphene patterns could be exposed to nitric acid vapor or 

nitrogen dioxide [ 36 ]. By adjusting the doping and baking time to obtain 

different doping concentrations, the desired Fermi level could be obtained. 

Results and Discussions 
We calculated the transmittance spectra of patterned graphene metasurface

on SiO 2 substrates with different uniform magnetic flux densities. The wave 

vector of the planar THz wave is parallel to the z -axis and the electric field is

along the y -axis. Figure 2A shows the transmittance spectra of the 

patterned graphene THz metasurface under different external uniform 

magnetic flux densities applied. It is found that there is an evident resonance

dip existing around 0. 218 THz without the external magnetostatic field 

applied (the value of the applied magnetic flux density is 0, black curve). The

resonance dip of the metasurface redshifts continuously from 0. 218 to 0. 

044 THz with the increase of the values of magnetic flux density of the 

applied magnetostatic field from 0 to 6 T, as shown in Figure 2A . The 

resonance frequency shift (Δ f r ), defined as the offset between the 

resonance frequencies with and without the external magnetostatic field is 

applied, as a function of the values of the applied magnetic flux density is 

revealed in Figure 2B . The effect of frequency modulation is mainly 

represented by the frequency modulation index [ 37 ], here we show the 

connection of the frequency modulation index and the applied external 

magnetostatic field. The frequency modulation index was defined as the 

ratio of the maximum frequency absolute deviation to the operating 

frequency 
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M f = | Δ f r | f 0 × 100 % , ( 4 ) 

where f 0 is the resonance frequency when the external magnetostatics field 

is not applied, and Δ f r is the resonance frequency shift induced by the 

applied external magnetostatics field. The frequency modulation index M f is 

also a function of the values of the applied magnetic flux density, as shown 

in Figure 2B . To accurately understand the physical principles behind this 

phenomenon, we study the magnetic field H z and surface currents 

distributions of the cut-wire resonator at resonant frequencies under 

corresponding magnetostatic fields. Figures 2C, D give the field distributions 

at 0. 218 THz under 0 T magnetic flux density and at 0. 118 THz under 2 T 

magnetic flux density, respectively. 

FIGURE 2  

(A)The transmittance spectra of the graphene THz metasurface under 

different external uniform magnetic flux densities applied.(B)The resonance 

frequency shifts and the frequency modulation index M f as functions of the 

values of applied magnetic flux density. The normalized magnetic field H z / 

H 0 ( H 0 is the magnetic field amplitude of the incident THz wave) and 

surface currents distributions of the cut-wire resonator at resonant 

frequencies(C)without ( B 0 = 0 T) or(D)with ( B 0 = 2 T) the magnetostatic 

field applied in the direction perpendicular to the graphene THz metasurface.

The resonance that occurred at 0. 218 THz is obvious a fundamental electric 

dipolar mode [ 28 ], in which the surface currents oscillate straightly along 

the axial direction driven by the electric field of the incident THz wave, as 
https://assignbuster.com/magnetically-tunable-graphene-based-terahertz-
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shown in Figure 2C . The introduction of the magnetic field provides the 

transverse component of the currents and causes the apparent currents 

deflection due to the Lorentz force on the charge carriers in the graphene 

cut-wire resonator, Figure 2D . Due to the restriction from the pattern, the 

change of carrier oscillation direction would lead to the change of the field 

distribution in the cut-wire resonator, resulting in the shift of the resonance 

frequency. Therefore, the resonance frequency shift in Figure 2B and the 

simulated field distribution at the resonance frequency given in Figure 3D 

well supported our hypothesis. 

FIGURE 3  

(A)The difference between the transmittance curves of B 0 = 2 T/4 T/6 T and 

the transmittance curve of B 0 = 0 T.(B)The maximum of transmittance shift 

as a function of the values of the magnetic flux density applied. 

To now, we have clarified the physics of the metasurface proposed and 

directly given the numerical proof of carrier deflection under the bias of the 

external magnetostatic field. The frequency shifts and the changes of the 

field distribution show that we can control the resonance frequency of the 

patterned metasurface through an external magnetostatic field. By 

introducing different values of the magnetic flux density, dynamic control of 

the resonance characteristics of the metasurface is achieved. 

Besides the resonance frequency shifts, we also investigated the 

transmittance and the transmitted phase characteristics of graphene THz 

metasurface. It is found that the transmittance changes significantly when 
https://assignbuster.com/magnetically-tunable-graphene-based-terahertz-
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different magnetostatic fields are applied, and the transmitted phase was 

sensitive to the external magnetostatic field. The change in the 

transmittance shift was defined as [ 38 ]. 

T s ( dB ) = T on ( dB ) − T off ( dB ) , ( 5 ) 

where T on (dB) is the transmittance of the graphene metasurface when a 

magnetostatic field is applied; T off (dB) is the transmittance of the graphene 

metasurface without magnetostatic field (or B 0 = 0 T) applied. Taking the 

transmittance curve of B 0 = 0 T (black curve in Figure 2A ) as a reference, 

the difference between the transmittance curve of B 0 = 2 T/4 T/6T and the 

transmittance curves of B 0 = 0 T are shown in Figure 3A . It can be seen 

easily in Figure 3B that the maximum values of the transmittance shifts 

increase with the increase of applied flux density. 

Figure 4A plots the transmitted phase spectra for different values of 

magnetic flux density applied. It is shown that the transmitted phase 

response of the metasurface varies greatly under different magnetostatic 

fields applied. Additionally, we notice that the increase in the values of 

magnetic flux density applied leads to a clear increase variation of the 

transmitted phase. To better analyze the variation of transmitted phases, we

take the transmitted phase curve of B 0 = 0 T (black curve in Figure 4A ) as a

reference, the difference between the transmitted phase curves of B 0 = 

2 T/4 T/6T and the transmittance curve of B 0 = 0 T are shown in Figure 4B . 

We can perceive that the transmitted phase changes significantly when 

different magnetic flux density is applied to the graphene metasurface and 

caused different phase shifts. Similar to the transmittance shifts, the 
https://assignbuster.com/magnetically-tunable-graphene-based-terahertz-
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maximum value of the phase shifts increases with the applied flux density, 

shown in Figure 4C . 

FIGURE 4  

(A)The transmitted phase spectra of the graphene THz metasurface under 

different external uniform magnetic flux densities applied.(B)The difference 

between the transmitted phase curves of B 0 = 2 T/4 T/6 T and the 

transmitted phase curve of B 0 = 0 T.(C)The maximum of phase shift as a 

function of the values of the magnetic flux density applied. 

Starting with an easy-to-understand physical phenomenon, we postulate that

the carrier's motion in the two-dimensional graphene surface will be 

deflected under the vertical magnetostatic field applied. If graphene is 

patterned as a THz metasurface, its resonance properties are closely related 

to the oscillation direction of the carriers in the pattern. When a 

magnetostatic field is applied, the oscillation deflection of the carriers causes

a significant change in the transmittance properties of the graphene 

metasurface. Therefore, the external magnetostatic field can be used to 

control the transmittance characteristics of graphene metasurface and could 

be used to realize a dynamically tunable THz graphene metasurface. The 

postulation is confirmed by a simply designed metasurface. Parameters such

as resonance frequency, transmittance, and transmitted phase of the 

metasurface are numerically studied. It is shown that these parameters are 

obviously changed when different magnetostatic fields are applied, and the 

shifts of these parameters are increasing with the increase of the applied 
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magnetostatic field. Therefore, this study demonstrates that the 

magnetostatic field can be used as an effective magneto-controlled method 

for the design of dynamically tunable metasurfaces in the THz regime. 

It should be noted that the conventional electrostatic-controlled method [ 39

] mainly regulates the Fermi level of graphene through electrical bias to 

control the properties of graphene metasurface, while our magneto-

controlled one regulates the oscillating current of the carriers to control the 

transmittance properties of graphene metasurface. There are essential 

differences between the two. Compared with the conventional method, one 

advantage of the magneto-controlled method is that when the magnetic bias

is used for control, it is not necessary to connect all the graphene patterns, 

as this will severely limit the flexibility of metasurface design. Although the 

magneto-controlled mechanism also depends on adjusting the Fermi level of 

graphene to an appropriate value, it essentially adds a new degree of 

tunable freedom. The combination of the magneto-controlled method and 

other control methods may give new opportunities for dynamically controlled

graphene metasurface. 

Finally, since the main purpose of this work is to demonstrate our new 

method of dynamically controlling the transmittance characteristics of the 

patterned graphene metasurface using a magnetostatic field, our focus is on 

the analysis and numerical verification of its working principle. Therefore, we

have designed an intuitive and simple cut-wire structure to facilitate our 

interpretation of the principle. In recent years, several important local field 

enhancement mechanisms in the field of electromagnetic metasurface 
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research, such as bound states in the continuum (BIC) [ 40 ], anople [ 41 , 42

], and Fano [ 43 , 44 ], may indicate the direction for further improvement of 

the efficiency of the magneto-controlled metasurface. The introduction of 

one or more of the above mechanisms into the magneto-controlled 

metasurface would increase the response sensitivity while reducing the 

value of excitation magnetic field intensity. 

Conclusion 
In conclusion, we proposed a magneto-controlled method to manipulate the 

transmittance properties of the incident THz wave. To confirm this idea, a 

graphene-based THz metasurface comprised of graphene cut-wire arrays 

was investigated for proof-of-principle demonstration. The introduced 

vertical electrostatic field deflects the carriers in graphene and changes the 

transmittance characteristics of the metasurface. By adjusting the value of 

the applied magnetic flux density, the transmittance characteristics related 

parameters can be dynamically controlled, and the dynamically tunable 

metasurface is realized. Our results provide a new dimension for the design 

of graphene-based dynamically tunable THz metasurfaces. 
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