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Abstract 

The classical analog of electromagnetically induced transparency (EIT) in metamaterials 
has attracted enormous interests. A novel terahertz EIT metamaterial consisting of a 
double-square-ring dimer with a junction (DSRJ) and a pair of split-ring resonators 
(SRRs) is presented in this paper. The resonance of the individual DSRJ and SRRs 
performs as a bright mode  when the incident field is polarized along the X direction, 
which can be directly induced. Compared with the stronger superradiation mode DSRJ, 
the SRRs presents subradiation mode. As a result, the weak hybridization results in a 
typical EIT spectral response as these two elements are put together. We further carried 
out a numerical simulation on the coupling scheme of planar hybrid metal-graphene 
terahertz metamaterial to realize dynamically tunable through shifting the Fermi energy 
of the graphene integrated under resonators in such a way that the transparency peak 
begins to disappear. The simple graphic design presented here demonstrates a scheme 
to manipulate EIT-like behavior in terahertz metamaterials and it is promising in 
developing slow-light, ultrasensitive sensors and realizing on-to-off switching responses 
of the terahertz radiation at room temperature. 
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1. Introduction 

Electromagnetically induced transparency (EIT) effect is caused by the quantum destructive 
interference between the two excitation paths in the multi-level atomic system activated by the 
laser, the dispersion characteristics of the original opaque medium are significantly affected at 
the EIT transparent window [1].  The methods of optically mimickting quantum phenomena 
have been proposed in various plasma platforms due to the advantages of the extraordinary 
property and the mild experimental conditions, indicateing unprecedented prospects for new 
functional elements in terahertz metamaterials [2-5]. At present, two explanations were mainly 
adopted to the formation mechanism of EIT-like effect in plasmonic structure, one of which 
originates from the destructive interference between bright-dark modes, and the other is based 
on the interaction of bright-bright modes [6-8]. In practice, many approaches to achieve 
dynamic tuning of the transparency windows have emerged by integrating metamaterials with 
active materials. As a two-dimensional (2D) material, graphene can be an excellent candidate 
for designing tunable devices due to its many novel optical properties [9-13]. At terahertz 
frequencies, graphene has manifested many strengths including low propagation loss, strong 
field confinement, and the ultrafast response feature. Moreover, the conductivity of graphene 
can also be continuously tuned via manipulating its Fermi level, which lays the direct 
foundation for efficient real-time control of resonance in metamaterials. Recently, many efforts 
have been done in studying  hybrid metal-graphene tunable metamaterials [14-17]. Hence, the 
intensity modulation of EIT and the working principe of graphene works remain to be studied.  
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In this paper, we reported a THz hybrid EIT metamaterial by integrating a controllable 
monolayer graphene into the metal-based metamaterial composed of a double-square-ring 
dimer with a junction (DSRJ) and a pair of split-ring resonators (SRRs). A simple bright-bright 
mode coupling model is applied to qualitatively prove the generation of the EIT-like effect. At 
the same time, the dynamic tunability of EIT resonance is verified that the transparency peak 
gradually vanishes with the decrease of graphene Fermi levels. Our results suggest the 
existence of strong interaction between the monolayer graphene layer and metal-based 
resonant plasmonic metamaterials, which may hold widely applications in highly sensitive 
sensors, switching devices, and active amplitude modulators 

2. The geometric structure and numerical model 

Figure1(a) is a schematic diagram of the periodic arrangement of our proposed hybrid 
structure. The unit cell consisting of a double-square-ring dimer with a junction (DSRJ) in the 
horizontal direction and a pair of identical but oppositely oriented split-ring resonators (SRRs) 
in the vertical direction, in which the two resonators are placed perpendicular to each other in 
the center of the unit cell. In our numerical simulation, the corresponding specific geometric 
parameters are shown in Figure 1(b). The unit cell of Aluminum-based resonant metamaterials 
is deposited on the top of a Si substrate. Periodic boundary conditions were applied in both the 
x and y directions with the periods of P=90μm. The outer ring length of DSRJ and SRRs is 
l1=30μm and l2=20μm, respectively; the width w=5μm; the split gap of the SRRs is g=5μm; the 
upper and lower distances of the two split rings and the left and right distances of the double 
square rings are L1=33μm and L2=22μm, respectively. The resonators are made from 200nm-
thickness aluminum, which has the optical constant at terahertz frequencies described by a 
Drude model with 𝜀𝐴𝑙 = 𝜀∞ − 𝜔𝑃

2 (𝜔2 + 𝑖𝜔𝛾)⁄ , the plasmon frequency ωp=2.24×1016 rad/s and 
the damping constant γ=1.22×1014 rad/s. The substrate with the thickness of h=650μm is 
assumed to be lossless with refractive index nsi=3.45.  

 

 
Figure 1: (a) The schematic illustration of the proposed hybrid metamaterials with a normally 

incident plane wave. (b) The top view of the functional unit cell and geometric parameters. 

Here, we numerically simulate the dynamic modulation effect by depositing a monolayer 
graphene strip on the SRR-pair to connect the gaps of each subradiation resonators as a 
conductive layer. The conductivity of graphene includes both the intraband electron-photon 
scattering and interband electron transition contribution [18]. From the far infrared to the 
terahertz range, the intra-band transition dominates due to the suppression of inter-band 
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transitions because of Pauli state blocking, the conductivity of graphene can be simplified as a 
Drude-like model 𝜎𝑔 = 𝑖𝑒2𝐸𝐹 𝜋ħ2⁄ (𝜔 + 𝑖𝜏2) when the certain conditions are satisfied. Here e is 

the charge of an electron, EF is the Fermi level,  ħ is the reduced Planck‘s constant, 𝜔 is the 
operating angular frequency, and 𝜏 is the carrier scattering time. The connection between 
carrier relaxation time 𝜏, the Fermi velocity 𝑣𝐹 , the carrier mobility 𝜇, and the Fermi energy 𝐸𝐹 
can be described as 𝜏 = 𝜇𝐸𝐹 (𝑒𝑣𝐹

2)⁄ . We assume the carrier mobility 𝜇 = 3000 cm2 V ∙ s⁄  and 
Fermi velocity 𝑣𝐹 =1.1×1016 m/s for the monolayer graphene, so that the graphene surface 
conductivity can be flexibly adjusted by altering Fermi energy.  

3. Simulation and analysis 

To demonstrate the EIT effect between the resonators within a unit cell, the simulations were 
performed on the individual resonators and combinations of two resonators. Figure 2 presents 
the simulated transmission spectra of three structures with a polarization along x-direction. 
The intense electromagnetic coupling exhibits between CSRJ and external THz radiation field 
and the transmission property of the CSRJ is manifested by broad linewidth and great depth, 
which can be considered to a superradiant mode with a resonant frequency of 0.59THz. On the 
other side, a sharp LC resonance is excited in the sole SRRs and its transmission spectra in 
contrast is characterized by narrower linewidth, smaller depth, and higher quality factor due 
to weak external electric field coupling, which can be regarded as a subradiant mode with a 
resonant frequency of 0.62THz. Both DSRJ and SRRs structures as bright modules with different 
quality factors of 5.09 and 9.13 can be immediately excited. Thus, when two bright resonators 
are aligned in close proximity so that the two types of resonators are coupled to each other, a 
pronounced transparent window of 0.58THz can be observed between the resonant 
frequencies of the two isolated resonators, as shown in the blue curve in Figure 2. 

 

 
Figure 2: The simulation amplitude transmission of DSRJ, SRRs, and EIT metamaterials. 

 

In the simulation, the distribution of electric field and surface current is plotted under x-
polarized incidence by setting field monitors at the corresponding resonance frequencies of the 
CSRJ, SRRs and EIT structures, as shown in Figure 3. The black arrows in 3(b), (d), and (f) 
illustrate the direction of the surface current of the resonators. The red markings in 3(b) and 
(d) indicate the direction of the induced magnetic field generated by the present surface current. 
For the DSRJ structure, it can be seen from Figures 3(a) and (b) that the metallic junction allows 
the charges to be transferred directly between the two square rings, and the maximum field 
value is at the side ends of the square rings. In addition, the direction of the induced surface 
currents on the connection line of the two square rings is parallel to the excitation field. Figures 
3(c) and (d) validate that the resonance mode of the SRRs. The excitation conditions of the two 
split resonators placed symmetrically along the x axis are precisely opposite, so the electric 
field distribution and the surface current distribution are symmetric. The strong electric field 
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intensification entirely are localized at the vicinity of the splits, and a mass of the opposite 
charges accumulate at two ends of each split, indicating obvious circulation distributions of the 
surface charge density along SRRs and making them as magnetic dipoles. These are 
characteristic behaviors of the LC resonance mode, which prove this subradiant resonance 
mode in the SRRs is also directly excited by the incident plane wave. It is observed from Figures 
3(e) and (f) by arranging the two bright modes within a unit cell that the resonant mode of the 
CSRJ is strongly suppressed, while the resonant mode of the SRRs is still excited. According to 
the law of electromagnetic induction, there is an enhanced mutual coupling effect between DSJR 
and SRRs. The surface current stimulated by external THz radiation in the conductive junction 
of CSRJ exhibits a strong dipole oscillation along the x direction in Figure 3(b), leading to an 
outward and inward magnetic field within the upper and lower split ring (SR), respectively. 
Therefore, the homologous SR can be simultaneously activated the circulating current out of 
phase with the current directly excited by the terahertz radiation. Similarly, the annular 
oscillating current fuelled by terahertz radiation in the SRRs will generate a stimulus current in 
the -x direction, as opposed to the current directly excited by the Terahertz field in CSRJ. Based 
on a strong interaction, the alternating coupling of the electromagnetic field between the dipole 
surface current and the circulation current with a 𝜋 phase difference, results in a classical 
interference destructive effect.  

 

 
Figure 3: (a, c, e) The simulated electric field and (b, d, f) the simulated surface currents 

distributions for the proposed structures.  

Next, we investigate the effect of the Fermi level on the transmission properties to realize the 
dynamic tunability of the EIT metamaterial, as shown in Figure 4. In the simulation, we assume 
the thickness of the single layer graphene is 1nm and use 𝜏 = 𝜇𝐸𝐹 (𝑒𝑣𝐹

2)⁄   to calculate that when 
the graphene Fermi energy level 𝐸𝐹 =0.8eV, 0.6eV, 0.4eV and 0.2eV, the corresponding carrier 
scattering time values 𝜏 =200fs, 150fs, 100fs and 50fs respectively. These four sets of data were 
substituted into EIT structure with graphene width of 6µm to obtain four different graphene 
conductivity. As shown in Figure 4, the EIT analogue undergoes a meaningfully change, the 
destructive interference between the two resonators is reduced and the transparency peak 
vanishes with the reducing of the Fermi level of graphene. Therefore, the modulation of EIT 
effect from on-to-off is realized. 
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Figure 4: The simulated transmission spectra for the proposed EIT metamaterial with various 

values of Fermi level of graphene. 

4. Conclusion 

In conclusion, we investigate a kind of EIT-like phenomenon in the metasurface, and we 
confirmed that the coupling between bright modes can also generate EIT-like effects in such 
metasurface. A simple coupling model was introduced to qualitatively describe the generation 
and modulation mechanism of this optical response. And we can dynamically modulate the 
transparency window by tuning the Fermi level of the graphene strip integrated in the gap of 
the SRRs. The results provide a new method for the manipulation and transmission of light in 
highly integrated optical circuits and quantum information storage devices. 
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