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Abstract 

Classical analogue of electromagnetically induced transparency in metamaterials exhibits unique 

light manipulating properties. We demonstrate a scheme to couple electromagnetically induced 

transparency peak to a Lorenztian inductive-capacitive resonance that leads to dual transparency 

bands with a strong absorbance in the system.  This behavior is attributed to the interference be-

tween a bright mode and two dark states, namely the trapped mode resonance due to asymmetry 

of the double gap Fano resonator and a single gap inductive-capacitive split-ring-resonator. The 

obtained results are modelled with density matrix equations that show a clear analogy to the four-

level tripod quantum interference system. Conjointly, the proposed metamaterial structure can be 

of potential applications as a photonic switch, planar metasurface sensors, light storage and con-

trolling data bit-rates in telecommunication networks. 
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To explore novel photonic devices in the last few years, there has been a huge interest concentrated 

on reproducing the classical and quantum effects in special exotic materials rather than in conven-

tional optical materials. In recent times, metamaterial and plasmonic systems have been considered 

as an ideal platform to mimic quantum phenomena using classical subwavelength resonators1-6. 

Benefitting from the artificially designed subwavelength meta-atoms, a number of classical ana-

logues of quantum phenomena have been eventually realized in a metamaterial system. One of the 

most successful classical analog: electromagnetic induced transparency (EIT) has been studied 

mostly in coupled subwavelength resonators systems, normally through the interaction between a 

radiative and a non-radiative meta-atom7-9. In addition, EIT can also be implemented in the asym-

metric double-split ring resonator by taking advantage of symmetry breaking10-11. As a counterpart, 

electromagnetic induced absorption (EIA) have also been studied in a coupled two radiating or 

plasmonic resonators system12-15. 

Majority of the previous works in metamaterial based EIT systems have been focused on a single 

transparency window that emerges from an opaque background due to destructive interference6-11. 

In this work, we observe a dual transparency due to classical interference effect in planar coupled 

Fano-Lorentzian meta-atoms. This dual transparency serves as a classical analogue of a four-level 

tripod quantum system in which a double-EIT (DEIT) effect is encountered. Here, we demonstrate 

electromagnetically induced transparency and absorption analogue in planar metasurfaces that 

consists of strong coupling between asymmetric double gap split-ring resonator (ASRR; Fano res-

onator) and a single gap split-ring resonator (SRR; Lorentzian resonator). In previous works, dou-

ble EIT has been studied mostly in multi-resonator systems16-19. For instance, it has been realized 

from the hybridization between two dark atoms in a bright-dark-dark configuration or as a coupling 

effect between two bright atoms in a bright-bright-dark configuration16-18.  



 

 

Previous works lack dual transparency effect in two resonator systems, since it is normally mapped 

by introducing the third resonator to the unit cell based on the EIT effect created by two resonant 

modes. In this contribution, we concentrically couple a Lorentzian SRR (inner) and a Fano ASRR 

(outer) resonator, which results in dual electromagnetically induced transparency and strong ab-

sorbance in the transmission spectra. We further engineer the amplitude and the width of the ab-

sorbance window by gradually varying the size of the inner SRR and thus changing the coupling 

between the Fano and the Lorentzian resonators. We apply a four-level tripod quantum interfer-

ence model via bright-dark-dark state coupling to interpret the observed results in the DEIT met-

amaterial. Such planar terahertz metasurfaces associated with both of electromagnetically induced 

transparency and absorbance could have the potential to be used as a multi-band slow-light device. 

The experimental design consists of several samples of metasurface arrays, as shown in Figure 1 

(a) The unit cell contains two concentric meta-atoms that constitute the metamolecule, the outer 

one being a Fano resonant ASRR and the inner being the LC resonant SRR. The metasurface 

samples were fabricated on a high resistivity (4 kΩ•cm) double-sided polished silicon substrate 

based on conventional photolithography technique (See methods for details). In the Fano-Lo-

rentzian coupled system, we kept the Fano resonator and the lattice constant fixed in order to excite 

a consistent EIT window. By tailoring the size of the Lorentzian LC resonator, the LC resonance 

was swept across the EIT band which enabled the tuning of the coupling between the two resona-

tors, thus giving rise to a dual-EIT peak and a tunable absorption band. A series of planar metasur-

face samples with varying inner SRR size within a fixed size ASRR were designed and fabricated. 

The length of SRR l2 is varied from 19 to 22 μm, while maintaining the other geometrical param-

eters constant as P = 70 μm, l1 = 60 μm, w = 6 μm, d = 10 μm and g = 3 μm. A single resonant 

transparency band opens up due to symmetry breaking in ASRR10, which is characterized as the 



 

 

EIT peak while the SRR exhibits a Lorentzian LC resonance dip. The two resonators are coupled 

by tailoring their design in such a way that their resonance frequencies are exactly identical. In 

such a system, the frequency detuning of either the quadrupolar (EIT peak) or the LC resonance 

dip significantly influences the spectral position and strength the of transmission dip that corre-

sponds to the absorbance window.  

Photoconductive switch-based 8f confocal terahertz time-domain spectroscopy (THz-TDS) system 

was employed to characterize the amplitude transmission spectra of the metasurfaces20-21. As the 

sharp transmission dip corresponding to the absorbance window gradually evolves within the nar-

row EIT window, where it possesses even narrower linewidths with high Q factors. Thus, a high 

resolution measurement technique was required to measure such sharp resonances. By optically 

contacting an 1 cm thick high resistivity silicon substrate, the spectral resolution is enhanced from 

60 GHz to 5 GHz (See methods for details). The measured resonant features of the coupled ASRR 

and the SRR of length l20 µm are shown Figure 1(b). The resonance frequencies of the classical 

EIT-like lineshape for ASRR and the LC resonance dip for SRR are located at ~ 1.19 THz, respec-

tively. The nearly identical resonance frequencies and the different damping rates of the EIT win-

dow and LC resonance ensured a strong near-field coupling between the Fano (ASRR) and Lo-

rentzian (SRR) resonators. Figure 1(c) shows the transmitted terahertz time-domain pulse through 

the blank silicon substrate (reference), ASRR and coupled ASRR and SRR (DEIT) sample. The 

inset of Figure 1(c) shows the zoomed ringing in the terahertz pulses from 5 ps to 40 ps, where the 

strong oscillations occur in the ASRR and planar DEIT sample compared to the blank silicon sub-

strate. The long duration of the oscillation in the pulse is a signature of a strong resonance in the 

metasurface lattice. The sinusoidal oscillations lead to a transmission resonance dip in the fre-

quency domain. Thus the new envelope of the sinusoidal oscillation of the planar DEIT sample 



 

 

indicates another new transmission dip created in the transparency window. The corresponding 

Fourier transformed frequency-domain transmission spectra for the three cases are shown in Figure 

1(d). In contrast to the classical EIT effect observed in individual Fano sample, a pronounced 

transmission dip created in the EIT window of planar DEIT metasurface is induced through the 

near-field coupling between the Fano and the Lorentzian resonators. 

Extensive numerical simulations were performed using CST Microwave Studio to obtain the trans-

mission response of the planar DEIT samples (See methods for details). Figures 2(a)-(e) illustrate 

the simulated transmission spectra of the bare ASRRs and planar DEIT (coupled ASRR and SRR) 

samples with gradually increasing size of inner SRR coupled to a fixed size ASRR. With the E-

field polarized along the gap arm of the resonators, the LC resonance is induced in SRR that cou-

ples with the ASRR transparency window, resulting in a pronounced dip in the transmission, which 

forms the absorbance window. In order to modulate the depth of the absorbance, the SRRs size is 

gradually increased to enhance the frequency detuning and the near-field coupling between the 

concentrically placed resonators. As the SRR size is increased, the absorbance dip becomes more 

pronounced, giving rise to a double EIT spectrum. The transparency in individual ASRR array 

occurs due to symmetry breaking which is induced by moving one of the split gaps away from the 

center. The symmetry break causes the out-of-phase oscillation due to the resonance frequency 

difference of the two metallic arms leading to destructive interference, which results in a sharp 

transparency window emerged in background spectrum of the broad dipole resonance10. The LC 

resonance in individual SRR array is due to the circulating currents at resonance frequency when 

the incident electric field is along the gap arm of the SRR. In the proposed coupled ASRR and 

SRR structure that we address as the DEIT structure, the resonance frequencies of the SRR and 

the ASRR are almost identical possessing contrasting decay rates. Opposing phases of the near 



 

 

fields between the SRR and ASRR result in interference of the fields near the resonance, which 

gives rise to the sharp absorption dip at the center of the transparency peak. From Figures 2(b)-(e), 

we observe that as the length of the inner SRR is increased from 19 to 22 μm, the amplitude and 

the linewidth of the absorption dip increases which indicates the trade-off between the quality 

factor and the depth of the absorbance. The corresponding simulation results for the proposed 

DEIT structures are shown in Figures 2(g)-(i) which show good agreement with the measured 

results. 

To further observe the evolution of the absorbance window, the normalized absorbance spectra as 

shown in Figure 3 was extracted using the transmission data as 𝐴(𝜔) = −ln[𝑡(𝜔)]. Figures 3(a) 

and (f) show the simulated and measured spectra of the individual ASRR array, while Figures 3(b)-

(e) and (g)-(j) depict the simulated and the measured absorbance spectra for the coupled DEIT 

samples with varying size of the inner SRR while maintaining a fixed size of the ASRR. The 

arrows in the figure highlight the position of the absorbance peak which is located within the EIT 

window. As the size of the inner SRR is gradually varied, the amplitude and the width of the 

absorbance peak increase due to the change in the near-field coupling between the two resonators.  

The amplitude of the normalized absorbance peak changes from 0.95 to 0.23, while the Q factor 

is increased from 27.8 to 122.  

In order to elucidate the coupling mechanism between the Fano and the Lorentzian resonators, we 

simulated the surface currents and the electric field distribution of the individual ASRR array, 

individual SRR array and the coupled DEIT (ASRR+SRR) array, as shown in Figures 4(b), (e), 

(h) and (c), (f) (i), respectively.  For the ASRR structure, quadrupole nature in the distribution of 

surface currents and the electric field is seen at the EIT transmission peak frequency, whereas the 

circular surface currents and the strong electric field confinement in the gap of the SRR resonator 



 

 

signifies the excitation of the LC resonance in the SRR structure.  At the resonance, the out-of 

phase currents on the adjacent arms of ASRR significantly reduces the radiation loss from the 

scattered field, which contributes to a transparency window, as shown in Figures 4 (a), (b) and (c). 

When the two resonators are coupled together, the optical properties of the system is dictated by 

the nature of interference between the surface currents of the inner SRR and two branches of the 

quadrupole featured in the ASRR. As the size of the inner SRR is gradually varied, the coupling 

between the Fano and the Lorentzian resonators increases, which results in a strong deviation in 

the surface currents of the SRR and ASRR in the coupled DEIT system. The trapped electromag-

netic power associated with the loss of the electromagnetic field leads to an absorbance dip created 

within the EIT window. In order to understand the DEIT effect in the metamaterial system that 

gradually evolved through the near-field coupling between the Fano and the Lorentzian reso-

nances, we interpret it as a classical analog of a four-level tripod quantum interference system19. 

By concentrically coupling the SRR with the ASRR, we addressed it as another metastable/quasi-

dark state added to the regular three level EIT system, to form a four-level tripod DEIT-analog 

system (Figure 5(a)). This can be analytically expressed based on the density matrix equation of 

motion for a system as16, 22, 

                                                                        (1) 

Where, are density matrix elements for the transition from |𝑖⟩ → |0⟩  (|i> denotes the energy 

levels |1>, |2> and |3>) with the energy levels shown in Figure 5(a), frequency detuning 

 with ω is angular frequency of the incident field and ωi0 is the resonance transition 



 

 

frequency from |𝑖⟩ → |0⟩,  are the decay rates for the transition from |0⟩ → |𝑖⟩. The transition be-

tween the states |0>-|1> is called the probe\dark transition that induced by the light field of Rabi 

frequency , whereas the transition |0>-|2> is termed as the coupling/bright transition con-

nected by the coupling field of Rabi frequency . These two transitions (|0>-|2> and |0>-|1>; also 

called the bright and dark transitions) form the standard Lambda () type transition that leads to 

the EIT window. The transition |0>-|3> induced by the field of Rabi strength is termed as the 

control state, which splits the EIT window by inducing a sharp absorption at the center of the 

transparency peak.  The optical coherence 1 - Im (ρ10) corresponding to transmission amplitude 

of the four-level tripod model system can be obtained by solving the coupled equations (1) in the 

steady state approximation.  

Figures 6(a)-(e) illustrates the evolution of the optical coherence response (1-Im [ρ10]) of the pla-

nar DEIT samples, which is consistent with the observed transmission spectra shown in Figures 

2(g)-(j). By finely adjusting the transition frequencies, coupling strengths and the decay rates, we 

obtained a good agreement of our theoretically models data with the observed transmission evolu-

tion for the coupled DEIT samples. The four-level tripod scheme (Figure 5(a)) can be analoged to 

the bright-dark-dark coupling that occurs in the classical system, where the SRR with the sharper 

linewidth (termed as control state, also being the quasi-dark state) interacts with the ASRR reso-

nator (termed as the bright-dark resonator) to give rise to a double EIT resonance within the broad 

dipolar resonance. The elements in the density matrix ρ20, 10 and 30, respectively represent the 

bright-dark-dark excitations in the system, as shown in Figure 5(a). In this system the symmetric 

outer two-gap SRRs act as a bright mode with a broad dipolar resonance. The dark states are in-

troduced by introducing an asymmetry in the outer two-gap SRRs (which then becomes ASRR) 



 

 

and by positioning the inner single gap SRR concentric to the ASRR structure. In such an arrange-

ment of the SRR and ASRR, the two dark states compete with the bright mode in a certain fashion 

to split the EIT resonance band into two, where the inner SRR acts as the control state to induce a 

sharp absorbance at the center of the EIT window. As the SRR size is varied, the strength and the 

frequency of the absorption dip varies which in turn controls the nature of the DEIT peaks in the 

system. As shown in Figure 2, when the size of the inner SRR is increased from 19 to 22 µm, the 

absorption dip gradually broadens and then experiences a red shift in the resonance frequency. In 

contrast, the asymmetry of the outer two-gap SRR served as a EIT dark state, which is not able to 

dominate the coupling effect between the ASRR and concentric inner SRR. Figure 5(b) exhibits 

the transmission and corresponding absorbance spectra of the ASRR coupled with the inner SRR 

of length 20 µm, while the asymmetry d of ASRR is varied from 0 to 20 µm. Without the asym-

metry, the coupling between the outer two-gap SRR and the inner concentric SRR render the clas-

sical EIT effect, which implies that the four-level tripod system is degraded to a classic three-level 

scheme (represented by levels |2>, |0> and |3> in Figure 5(a)). As the asymmetry is introduced, a 

transmission dip and corresponding small absorbance emerged. However, when the asymmetry of 

ASRR is varied from 5 to 20 µm, the absorbance window remains stable without any spectral shift. 

This is because under such geometry the coupling distance between the SRR and ASRR is kept 

constant and the shift in the resonance frequency of the ASRR is very negligible explains the 

observed zero shift in the frequency of the absorbance peak. 

In the engineered control state, the red shift in the resonance is due to gradual frequency mismatch 

between the ASRR and SRR resonators. In order to observe variation of the coupling effects be-

tween the ASRR and SRR resonators, the electric fields and surface current distributions on the 

different sized inner SRR and ASRR are presented in Figures 6(e)-(h) and (i)-(j), respectively. The 



 

 

smaller sized SRR shows the tight confinement of the electric field intensity at the gap, and shows 

gradual decrease in the strength of E field as its size is enlarged. Accordingly, the strength of the 

surface currents concentrated on the inner SRR is pronouncedly weakened with increase of the 

inner SRR size ranging from 19 to 22 µm, which is mainly due to the increase in the frequency 

offset between the ASRR and SRR, leading to a significant enhancement in the coupling strength. 

The strongest coupling between the ASRR and the SRR resonators occurs at 22 µm SRR size with 

fixed outer ASRR size. It is worth noticing that matching the resonance frequencies of the EIT 

window and the LC resonance of the two resonators lead to extremely higher quality factor ab-

sorbance window (Q ~ 122 for the inner SRR size of 19 µm).  In addition, the enlarged inner SRR 

reduces the separation between the ASRR and SRR, and further enhances the near-field coupling 

between them. This fascinating phenomenon allows us to engineer the intensity and the quality 

factor of the absorbance window by manipulating the coupling between the quadrupole and LC 

resonance modes. 

In summary, electromagnetically induced absorbance and transparency is demonstrated in coupled 

planar Fano and Lorentzian resonators. We observed a strong absorbance window whose intensity 

and quality factor could be tailored by varying the near-field coupling between two distinct reso-

nators. Furthermore, our analytical model validates our observed results and predicts that the pro-

posed metamaterial coupled Fano-Lorentzian structure provides a classical analogy to an atomic 

four-level tripod quantum interference system. Thus the observed tunable electromagnetically in-

duced transparency and absorbance in the proposed metamaterial design open up new avenues for 

exploring future advanced applications in tunable terahertz photonics devices for quantum infor-

mation processing and designing slow-light devices. 

  



 

 

 

Methods 

Sample Fabrication.  The metasurface samples were patterned on a high resistivity (4 kΩ•cm) 

500-μm-thick, double-side polished silicon substrate using conventional photolithography tech-

nique. Then, the photoresist printed metasurface was uniformly deposited with thermally evapo-

rated 200-nm-thick Aluminum film. A series of the Fano-Lorentzian coupled samples were fabri-

cated using the same process. Figure 1(a) shows the microscopic image of the metasurface sample. 

Measurements. We employed photoconductive switch-based 8f confocal terahertz time-domain 

spectroscopy (THz-TDS) system to characterize the amplitude transmission spectra of the metasur-

faces. The samples were illuminated by the 3.5 mm THz beam waist, at normal incidence with the 

electric field polarized along the SRR gap arms. The transmission response of the metasurface was 

recorded and normalized to the transmission through the substrate by using the relation, 

|t(ω)|=|Et(ω)/Ei(ω)|, in the post processing steps, where Et(ω) is the amplitude of the transmission 

spectrum for the sample and Ei (ω) is of the blank silicon substrate as reference. We optically 

attached 1 cm thick high-resistivity (4 kΩ•cm) silicon substrate to the metasurface samples to delay 

the arrival time of multi-reflection pulses from the rear surface of the samples. Consequently, the 

scan length is successfully extended to 200 ps, which is about 12 times longer than the terahertz 

transmission measurement for regular silicon wafer (500 µm thick), leading to an enhanced spec-

tral resolution from 60 GHz to 5 GHz. 

Simulations. We carry out numerical simulations on the transmission spectra, surface curent and 

field distributions by using CST Microwave Studio. The boundary condition of the frequency do-

main sovler are set as unit cells in the planar metasurface plane and open in the terahertz wave 

propagation direction.  
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Figure Captions 

Figure 1 | Schematic and microscopic image of planar DEIT (a) Schematics and microscopic 

image of the planar DEIT metasurface. P = 70 μm, l1 = 60 μm, w = 6 μm, d = 10 μm, g = 3 μm, 

and l2 is varied from 19 to 22 μm. (b) Measured transmission amplitude of the ASRR and SRR 

respectively. (c) Terahertz time-domain pulse after transmitting through the blank silicon substrate 

(reference), ASRR and coupled planar DEIT sample. (d) Fourier transformed frequency-domain 

transmission spectra of blank silicon substrate, ASRR and planar DEIT sample. 

 

Figure 2 | Simulated and measured transmission amplitude. Simulated (a)-(e) and measured (f)-(j) 

transmission spectra with the electrical field parallel with the SRR gap. (a) and (f) show the transmission 

spectra of the ASR. (b)-(e) and (g)-(i) shows the transmission amplitude of the planar DEIT sample with 

the inner SRR size varied from 19 to 22 μm, respectively. The arrows in the figure highlight the absorbance 

window which located between the dual EIT windows. 

 

Figure 3 | Absorbance spectra from simulated and measured transmission spectra. Simulated (a)-(e) 

and measured (f)-(j) absorbance spectra calculated from the transmission spectra with the electric field 

parallel with the SRR gap. (a) and (f) show the absorbance spectra of only the ASRR.  

 

Figure 4 | Surface currents and electric field of individual and coupled resonators. (a), (d) 

and (g) are simulated transmission spectra of the only ASRR, only SRR and ASRR coupled with 



 

 

SRR metasurface arrays. (b) and (c), (e) and (f), (h) and (j) are the simulated electric field distri-

bution and surface currents of only ASRR, only SRR and coupled ASRR with SRR, respectively. 

 

Figure 5 | The level schemes of four level tripod system and simulated spectrum of the 

Fano-Lorentzian coupled resonators with assymetry sweeped. (a) Energy level diagram de-

picting the four-level tripod system that mimics the bright-dark-dark coupling observed in the 

proposed planar DEIT structure. The green dot circled states |1> and |2> correspond to the ASRR 

EIT resonance shown in Fig. 2(a) & (f), whereas state |3> acts as a control state to modulate the 

DEIT resonances. 1, 2 and 3 are the detuning of the bright and dark excitations. (b) Simulated 

transmission and absorbance spectrum of the sample with the asymmetry of the ASRR varying 

from 0 to 20 μm, while coupling to a 20 μm fixed size concentric SRR.  

 

Figure 6 | Theoretical four-level optical coherence and surface currents. (a)-(d) is optical co-

herence of four level tripod model corresponding to the transmission spectra the planar DEIT sam-

ple with the  inner SRR size varying from 19 to 22 μm, respectively. (e)-(h), and (i)-(l) are simu-

lated electric field and surface currents of the planar DEIT sample with the inner SRR size increas-

ing from 19 to 22 μm, respectively
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Figure. 1 

 

 

 

 

 

 

  



     

17 

Figure. 2 
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Figure. 3 
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Figure. 4 
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Figure. 5 
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 


