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Abstract: Dynamical manipulation of plasmon-induced transparency (PIT) in graphene 
metasurfaces is promising for optoelectronic devices such as optical switching and modulating, 
however, previous design approaches are limited within one or two bright/dark modes, and the 
realization of dual PIT windows through triple bright modes in graphene metasurfaces is rare and 
urgently needed. Here we demonstrate that dual PIT can be realized through a symmetry-
engineered graphene metasurface, which consists the graphene central cross (GCC) and graphene 
rectangular ring (GRR) arrays. The GCC supports a bright mode from electric dipole (ED), the GRR 
supports two nondegenerate bright modes from ED and electric quadrupole (EQ) due to the C2v 
symmetry breaking, and the resonant coupling of these three bright modes induces the dual PIT 
windows. A triple coupled-oscillator model (TCM) is proposed to evaluate the transmission 
performances of the dual PIT phenomenon, and the results are in good agreement with the finite-
difference time-domain (FDTD) method. In addition, the dual PIT windows are robust to the 
variation of the structural parameters of the graphene metasurface except the y-directioned length 
of the GRR. By changing the carrier mobility of graphene, the amplitudes of the two PIT windows 
can be effectively tuned. The alteration of the Fermi level of graphene enables the dynamic 
modulation of the dual PIT with good performances for both modulation degree (MD) and insertion 
loss (IL). 

Keywords: symmetry-engineered; plasmon-induced transparency; triple bright modes; graphene 
metasurface 

 

1. Introduction 

Electromagnetically induced transparency (EIT) is a physical phenomenon that occurs in three-
level atomic systems, where quantum interference between atomic energy levels and excitation 
pathways reduces the absorption of probing light, resulting in a very narrow transparency window 
in the transmission spectra [1]. In order to more conveniently and flexibly study the EIT phenomenon 
and expand its applications, researchers have proposed numerous schemes to realize classical 
analogies of EIT in various model systems [2,3]. Among these, the plasmon-induced transparency 
(PIT) effect in metamaterial structures which combines EIT in optical systems with surface plasmon 
polaritons (SPPs) has been extensively studied due to its flexible design and ease of implementation 
[4,5]. Previous research has reported that the PIT effect is primarily achieved through the destructive 
interference phenomenon of bright and dark modes [6,7]. The bright mode refers to a resonant mode 
directly excited by incident light, while the dark mode is a mode not directly excited by incident light 
but indirectly activated through near-field coupling with the bright mode. The PIT effect exhibits 
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steep dispersion (potentially leading to slow light effects), large nonlinear characteristics, and high 
spectral sensitivity to the local dielectric environment [8–10], all of which open up new avenues for 
designing novel devices, such as slow light devices [11], optical sensors [12], and plasmonic switches 
[13]. However, once nanostructures are fabricated, the performance and operating frequency of PIT 
in metamaterials cannot be flexibly adjusted, hindering their applications in the fields of tunable or 
reconfigurable devices. 

In order to overcome the aforementioned issues, researchers have recently combined active 
media with metasurfaces to achieve dynamic control of PIT, such as through the use of micro-electro 
mechanical systems (MEMS) [14], phase-change materials [15], nonlinear media [16], semiconductor 
materials [17], two-dimensional (2D) materials [18], and others. In particular, graphene can function 
as an excellent platform for the active manipulation of PIT due to its excellent photoelectric 
characteristics [19–21]. In contrast to traditional metal materials with high losses, graphene exhibits 
high electron mobility, high modulation depth, tunable surface conductivity, and low insertion loss 
(IL), making it widely utilized in the design of tunable PIT devices. The combination of graphene 
with metamaterials or metasurfaces can be employed to achieve dynamic tunable PIT effects. For 
example, by the excitation of the bright mode and dark mode simultaneously in the graphene strips, 
the controllable PIT window can be realized [22,23]. By the excitation of two bright modes 
simultaneously in the graphene metasurfaces, the tunable PIT window can also be achieved [24–27]. 
Additionally, the dynamic control of double PITs is possible in the graphene-based metasurfaces 
through the coupling between one bright mode and two dark modes [28], or two bright modes and 
one dark mode [29,30]. However, PIT arising from the triple bright modes has not been studied in 
graphene-based metasurfaces. 

In this work, we demonstrate that the dual PIT phenomenon can be realized in the terahertz 
(THz) region through the resonant coupling of triple bright modes in the graphene metasurface. The 
unit cell of the proposed graphene metasurface contains a graphene central cross (GCC) and a 
graphene rectangular ring (GRR). The dual PIT phenomenon is attributed to the resonant couplings 
between the bright mode in the GCC and two nondegenerate bright modes in the GRR with 
symmetry-breaking. The results of the proposed triple coupled-oscillator model (TCM) are highly 
consistent with those of the finite-difference time-domain (FDTD) method. As the structural 
parameters are varied, the dual PIT windows exhibit strong robustness except the length of GRR 
along the y direction. The transmission window of the dual PIT can be effectively modulated by the 
carrier mobility of graphene. Finally, we study the modulation degree (MD) and the corresponding 
IL at different Fermi levels, which demonstrates excellent tunability of the dual PIT windows at 
multiple frequencies. 

2. Structure and Method 

Figure 1a shows the schematic diagram of the proposed graphene metasurface on a silica (SiO2) 
substrate under the illumination of a normally incident THz wave. The period of the graphene 
metasurface is P; the thickness of the SiO2 substrate is t, and its refractive index is 1.96 [31]. As shown 
in Figure 1b, the graphene metasurface consists of two resonators in its unit cell, one is the GCC with 
length (b1,b2) and width (a1,a2), the other is the GRR with length (l1,l2), width (x1,x2) and a cut s. In 
principle, the unit cell of the GCC possesses structural symmetry both in the x and y directions, while 
the GRR exhibits structural symmetry only along the y direction as s≠0. In this case, besides the 
resonant mode arising from the GCC, the resonant modes of the GRR will be nondegenerate due to 
the symmetry breaking with s≠0 and they can be tuned by s as well, thus symmetry-engineered PIT 
is possible in the proposed graphene metasurface through the interaction of the resonant modes of 
GCC and GRR. 
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Figure 1. Optical properties of the proposed graphene metasurface. The parameters are: P=10 μm, 
t=0.2 μm, l1=3.2 μm, l2=4.8 μm, x1=0.8 μm, x2=1.6 μm, a1=1.2 μm, a2=0.8 μm, b1=4.2 μm, b2=2.4 μm, s=4 
μm. (a) Schematic diagram of the graphene metasurface on a SiO2 substrate under the illumination of 
a normally incident THz wave. (b) Top view of the unit cell of the graphene metasurface consisting 
of a GCC and a GRR. Transmission spectra of (c) GCC structure, (d) GRR structure with s=4.0 μm 
(blue solid line) and s=0 (red dashed line), and (e) the total structure; the z components (Ez) of the 
corresponding electric fields are inserted in the figures. 

In the THz wavelength region, the monolayer graphene can be regarded as a surface 
conductivity σ(ω) with neglectable interband component, and it can be simplified according to the 
random phase approximation [32,33]: 

2

2 1( )
( )

Fie E
i

σ ω
π ω τ −=

+

, (1) 

where ω is the angular frequency, e is the charge of an electron, EF is the Fermi level, ћ is the reduced 
Planck constant, and τ is the relaxation time. The intrinsic relaxation time satisfies the relationship 
τ=μEF/evF2, where vF=c/300 is the Fermi velocity and μ=10000 cm2/Vs is the measured carrier mobility. 
The Fermi level of graphene is set to 1 eV and the temperature is 300 K. 

In the simulation, graphene is modeled as a thin layer with the relative permittivity expressed 
as εg=1+iσ(ω)/(ε0ωΔ), where Δ=1 nm is the thickness of graphene, and ε0 is the vacuum permittivity. 
We adopted a commercial software from Ansys Lumerical, in which a FDTD method had been 
applied to calculate the optical responses and the field distributions of the structure. Periodic 
boundary conditions are applied in the x and y directions, while perfectly matched layers are applied 
in the z direction. The grid size is chosen as 10 nm to ensure the accuracy of the calculation. 

To well demonstrate the PIT properties of the proposed graphene metasurface, the transmission 
spectra of the GCC structure and the GRR structure are provided as a comparison, as shown in Figure 
1c,d. As shown in Figure 1c, the GCC structure can be excited by the incident light directly and it 
exhibits a distinct transmission dip at 5.51 THz. This indicates that it is a bright mode and we labeled 
it as Mode A, which is associated with the excitation of the electric dipole (ED) according to the field 
distribution inserted in the figure. In Figure 1d, it can be seen that the GRR structure with s=0 can 
also be excited directly by the incident light with a resonant dip at 2.78 THz (Mode B), indicating the 
bright mode feature with the ED mode according to its field distribution. However, Mode B will split 
into two nondegenerate bright modes of Mode B1 and Mode B2 as s≠0 due to the symmetry breaking 
of the structure, which is associated with the cancellation of the short-circuit capacitance of the GRR 
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according to the inductor-capacitor (LC) model [34], and the resonant locations of Mode B1 and Mode 
B2 are 1.78 THz and 5.31 THz, respectively. According to their field distributions inserted in the figure, 
Mode B1 and Mode B2 correspond to the ED and electric quadrupole (EQ) modes, respectively [35]. 
In Figure 1e, for the graphene metasurface consisting of the GCC and GRR in its unit cell, it can be 
seen two transparent windows (one broadband centered at 2.95 THz and the other narrowband 
centered at 5.01 THz) can be excited due to the interaction of the triple bright modes, with three dips 
located at 1.61, 4.70, and 5.31 THz respectively. The electric field inserted in the figures reveals that 
the resonant dip at 1.61 THz is associated with the resonant coupling between Mode A and Mode B1, 
the resonant dip at 5.31 THz is originated from the resonant coupling between Mode A and Mode B2, 
and the resonant dip at 4.70 THz is exhibited the hybrid mode properties among Modes A, B1 and 
B2. Therefore, the resonant coupling of Modes A, B1 and B2 are responsible for the occurrence of the 
two transparent windows. 

3. Results and Discussion 

To gain further insights into the physical mechanism behind the two transparent windows, we 
propose a coupled four-level plasmonic model to describe the dual PIT phenomenon from the 
phenomenological perspective, as shown in Figure 2. The GCC can be regarded as the radiative 
plasmon state |A〉 featuring with the ED mode, and |A〉 is the bright mode as it can be efficiently 
excited by the incident light of the ground state |0〉. Similarly, the GRR can also be directly excited 
by the incident light corresponding to the degenerate bright Mode B with s=0. However, due to the 
symmetry breaking of the structure of the GRR as s≠0, Mode B will split into two bright modes of 
Mode B1 from ED (i.e., the state |B1〉) and Mode B2 from EQ (i.e., the state |B2〉). The transition of 
|0〉→|A〉 can be realized through a direct path of |0〉→|A〉, and two indirect paths of 
|0〉→|A〉→|B1〉→|A〉 and |0〉→|A〉→|B2〉→|A〉. Therefore, it is possible to create two transmission 
windows through the interferences between the direct path and the two indirect paths in the coupled 
four-level plasmonic system. 

 

Figure 2. Schematic diagram of a coupled four-level plasmonic model. |0〉 is the ground state 
corresponds to the incident light; |A〉 is the radiative plasmon state corresponding to the bright mode 
of the GCC; |B1〉 and |B2〉 are two radiative plasmon states corresponding to the nondegenerate 
bright modes of the GRR with s≠0. The free space coupling strength between the ground state |0〉 and 
|A〉, |B1〉, |B2〉 are g1, g2, g3, respectively. The coupling strengths between |A〉 and |B1〉, |B2〉 are Ω1, 
Ω2, respectively. 

To demonstrate the validity of the underlying dual PIT phenomenon, we propose the TCM to 
evaluate the resonant coupling of the triple bright modes according to the two coupled-oscillator 
theory [36,37]. Here the TCM for triple bright modes in the proposed graphene metasurface can be 
described by the following equations containing three oscillators: 
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where Mode A, Mode B1, and Mode B2 correspond oscillator 1, oscillator 2, and oscillator 3, 
respectively; (x1,x2,x3), (γ1,γ2,γ3), and (ω1,ω2,ω3) represent the displacement, damping factor, and 
resonant frequency of oscillators 1, 2, and 3, respectively. g1=Q1/M1, g2=Q2/M2, and g3=Q3/M3 are the 
coupling strengths of the bright modes, where (Q1,Q2,Q3) and (M1,M2,M3) represent the effective 
charge and mass of the oscillators. Ω1 and Ω2 represent the coupling strengths between oscillators 1 
and 2, and oscillators 1 and 3, respectively. Because Mode B1 and Mode B2 are quasi-orthogonal 
modes (B1 is even mode while B2 is odd mode), their couplings are sufficiently small and can be 
ignored. The electric field of the incident terahertz radiation is denoted by E=E0eiωt, where ω represents 
its frequency. 

To solve Equations (2)–(4) and obtain the displacements (x1,x2,x3), we assume the trial solution 
to be xn=Nneiωt, and the magnetization χ can be related to the polarizability P of the incident terahertz 
radiation as: 

4 4 2 2 2 22
1 1 2 2 3 3 1 1 2 2 3 1 4 2 1 21

4 4
0 0 1 0 1 2 3 2 2 1 1

Ω Ω Ω Ω Ω Ω( )
Ω Ω

Q x Q x Q x QP
E E M D D D D D

α α α α η βχ + + + + + + +
= = =

− −  
, (5) 

where A1=Q1/Q2, A2=Q1/Q3, B1=M1/M2, B2=M1/M3 D1=ω12-ω2+iωγ1, D2=ω22-ω2+iωγ2, D3=ω32-ω2+iωγ3. Also, 
we have taken there α1=-B2/A22, α2=-B1/A12, α3=-D3(1+B1)/A1, α4=-D2(1+B2)/A2, β=(B1+B2)/A1A2, 
η=D2D3+B1D2D3/A12+B2D1D2/A22. The transmission spectra of the proposed graphene metasurface can 
be obtained by using the Krammer-Koning relation T=1-image (χ). 

Figure 3 shows the results of the FDTD simulation and the TCM for the graphene metasurface 
with different cut width s. As can be seen in Figure 3, the transmission properties can be engineered 
by changing the asymmetry parameter of s, and the PIT can be switched from one window to two 
windows with the increase of s. In addition, although s is varied in a wide range from 0-4.8 μm, the 
transmission responses of the TCM are in good agreement with those of the FDTD simulation, 
validating that the proposed model could provide a general strategy to evaluate the dual PIT 
phenomenon of the graphene metasurface associated with triple bright modes. 
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Figure 3. Results of the FDTD simulation and the TCM for the proposed graphene metasurface with 
different cut width s. Other parameters are the same as in Figure 1e. 

Then, we investigate the influences of the structural parameters (l1,l2,x1,x2) of the GRR on the 
transmission responses, as shown in Figure 4. As can be seen in Figure 4a, with l1 increasing the dual 
PIT phenomenon exhibits a slight red shift. According to the LC theory, the resonant frequency of 
the graphene metasurface can be estimated as fi∝1/(LC)∝1/Pi, where Pi is the outer side length of the 
GRR [38]. Consequently, the increase in l1 leads to a larger Pi, resulting in a decrease in resonant 
frequencies and a subsequent shift of the dual PIT phenomenon to the low-frequency region. In 
Figure 4b, it can be seen that the dual PIT windows will degrade into a single broad transmission 
window with the increase of l2. This degradation is attributed to the increasing distance between the 
GCC and GRR, thereby diminishing their coupling. Ultimately, the hybrid mode around 4.70 THz 
disappears as l2 is sufficiently large. In Figure 4c,d, it can be seen that the dual PIT windows can be 
maintained almost the same except a slight redshift of the resonance location with the increase of x1 

or x2. As the variation of x1 or x2 is comparably small comparing with l1, the shift of the resonance 
locations of the two transmission windows is small comparing with l1 according to the LC theory. 
However, the transmission responses are very robust to the variations of the structural parameters 
of x1, x2, or l1, and the dual PIT phenomenon can be maintained even if they are deviated from the 
design values of ±15%. 
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Figure 4. Transmission responses of the graphene metasurface under the influences of the structural 
parameters of the GRR for (a) l1, (b) l2, (c) x1, and (d) x2. Other parameters are the same as in Figure 1e. 

Next, we investigate the influences of the structural parameters (a1,a2,P,t) on the transmission 
responses of the graphene metasurface, as shown in Figure 5. In Figure 5a,b, it can be seen that the 
transmission responses of the graphene metasurface are insensitive to the variations of a1 or a2. As 
shown in Figure 1e, the electric field of resonance is concentrated at the two ends of the GCC along 
the y direction, and the variation of a1 or a2 has negligible influence on the length of the GCC along 
the y direction, thus the transmission responses can be maintained almost the same as a1 or a2 is varied. 
In Figure 5c, it can be seen that with the increase of P, the two transmission windows are slightly 
blueshifted followed by a slight redshift. In Figure 5d, it can be seen that the dual PIT phenomenon 
can be maintained almost the same except a slight redshift of the resonance location with the increase 
of t, which features the Fabry-Pérot cavity modes confined in the structure [39]. 

 

Figure 5. Transmission responses of the graphene metasurface under the influences of the structural 
parameters for (a) a1, (b) a2, (c) P, and (d) t. Other parameters are the same as in Figure 1e. 

Besides the influence of structural parameters on the graphene metasurface, the carrier mobility 
μ of graphene, which corresponds to the intrinsic loss of graphene, also plays an important role in 
the transmission responses, and the carrier mobility can be controlled by utilizing chemical doping 
or electric field tuning [40,41]. Figure 6 shows transmission responses of the graphene metasurface 
as μ is varied in the range from 2000 cm2/Vs to 18000 cm2/Vs. As can be seen in Figure 6a, the variation 
of μ has little influence on the location of the transmission windows. However, the dual PIT 
phenomenon is not obvious if μ<4000 cm2/Vs. This is because the intrinsic loss of graphene is 
sufficiently large if μ is small, resulting in the increased absorption and reduced transmission 
efficiency of the structure. In Figure 6b, it can be seen that the intensity of the dual PIT are reduced 
as μ is increased, and the two transmission windows tend to be disappeared with μ=2000 cm2/Vs. 
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Figure 6. Transmission responses of the graphene metasurface under the influences of the carrier 
mobility of graphene. Other parameters are the same as in Figure 1e. (a) Transmission 2D map as a 
function of the carrier mobility of graphene. (b) Transmission spectra for different carrier mobility of 
graphene. 

Finally, we demonstrate that the dual PIT windows can be dynamically tuned by altering the 
Fermi level EF of the graphene, as shown in Figure 7. In Figure 7a, it can be seen that the frequency f 
of the resonant dips exhibit the noticeable blueshift with the increase of Fermi level EF, which is due 
to the square law of f∝EF1/2 [42]. Figure 7b shows the transmission spectra of the metasurface when 
EF is set as 0.8 eV and 1.2 eV. Note significant differences in the transmission amplitude can be 
achieved at the specified frequencies (i.e., f1=1.76 THz, f2=4.23 THz, and f3=5.77 THz), thus the on-off 
modulation can be realized based on the dual PIT phenomena. Here we define the MD and the 
corresponding IL to evaluate the tunability of modulation of the graphene metasurface: 

| |
100%on off

on

T T
MD

T
−

= × , (6) 

10 onIL lgT= − , (7) 

where Ton denotes the maximum transmission amplitude and Toff denotes the minimum transmission 
amplitude. 

As can be seen in Figure 7b, when EF is set to 0.8 eV (the purple line), the transmission amplitudes 
at frequency f1 (1.76 THz) and f3 (5.77 THz) are 0.89 and 0.96, respectively; which can be functioned 
as the ‘on’ states with the IL of 0.5 dB and 0.19 dB, respectively. When EF is set to 1.2 eV (the black 
line), the transmission amplitudes at the frequencies of f1 and f3 are 0.22 and 0.11, respectively; which 
can be functioned as the ‘off’ states. Therefore, the MD at f1 (1.76 THz) and f3 (5.77 THz) are 75% and 
89%, respectively. Similarly, when EF increases from 0.8 eV to 1.2 eV, the transmission amplitude at 
frequency f2 (4.23 THz) is increased from 0.24 to 0.93, where the MD is 74% and IL is 0.32 dB. Note 
the MD and IL are comparable with the multilayered graphene metasurfaces [43,44] and the hybrid 
metal-graphene metasurfaces [45], however, the proposed metasurface does not require the complex 
patterns such as the multilayered graphene patterns or the hybrid metal-graphene patterns, which 
may be advantageous for the optoelectric-related applications due to its comparably simple 
architecture. 
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Figure 7. Transmission responses of the graphene metasurface under the influences of the Fermi level 
of graphene. Other parameters are the same as in Figure 1e. (a) Transmission 2D map as a function of 
the Fermi level of graphene. (b) Transmission spectra for different Fermi levels of graphene. The on-
to-off switching modulations are evaluated by the resonant frequencies of f1=1.76 THz, f2=4.23 THz, 
and f3=5.77 THz. 

4. Conclusions 

In summary, we theoretically and numerically demonstrate a symmetry-engineered dual PIT 
phenomenon in a graphene-based metasurface. The unit cell of metasurface is composed of a GCC 
and a GRR and they both serve as bright modes that can be directly excited by incident light. By 
breaking the C2v symmetry of GRR with the cut width s≠0, one bright mode excited from incident 
light will split into two bright modes featuring with ED and EQ modes, and dual-band PIT 
phenomenon is realized due to the resonant coupling between the bright mode from GCC and two 
bright modes from asymmetric GRR. The derived formulas based on the TCM can well evaluate the 
transmission performances of the triple bright modes induced PIT. Dual-band PIT windows are 
robust to the variations of the structural parameters except the length l2 of the GRR along the y 
direction. The transmission of the dual PIT window can be effectively modulated by the carrier 
mobility of graphene. By changing the Fermi level of graphene, the dual PIT windows can be 
dynamically tuned with good performances for both MD and IL at different frequencies. The 
proposed symmetry-engineered metasurfaces provide a new design scheme for tunable PIT devices, 
which is promising for optical switching and modulating, selective filtering, and slow light 
equipment in the THz regime. 
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