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Abstract: We investigate the effect of tweaking the quality (Q) factor of 

split ring resonators in a coupled state, giving rise to plasmonic induced 

transparency (PIT) which has two distinct, individually engineered 

resonance modes. The Q factor and the amplitude of each resonance are 

tuned by twisting them mutually in the unit cell consisting of a subradiant 

and a superradiant resonator. We experimentally observe that introducing a 

gradual twist in the three U-shape resonators has a dramatic impact on the 

PIT spectral response, leading to the disappearance of the transparency peak 

beyond a certain critical degree of twist. This mainly happens due to the 

change in the in-plane coupling between the resonators as well the variation 

in coupling of the twisted resonators with the incident electric field. Further 

investigation based on the Fano model provides good agreement with the 

experimental results. The scheme presented here for controlling the Q factor 

of each resonator in the coupled regime is a unique way to tune the PIT 

response in terahertz metamaterials and can be easily scaled across the 

entire electromagnetic spectrum. 

© 2011 Optical Society of America 
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1. Introduction 

Metamaterials offer enormous opportunities and unprecedented abilities to manipulate 

electromagnetic waves and have been extensively studied recently. The versatile character of 

metamaterials in many cases cannot be replicated by naturally occurring materials thus 

enabling promising applications such as negative refraction, invisibility cloaking, 
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superfocusing, and miniaturized antennas [1–6]. In pursuit of metamaterials with exotic 

electromagnetic behaviors, researchers have recently moved beyond the aforementioned 

implementations. A prime example is the mimicking quantum phenomena of electromagnetic 

induced transparency (EIT) or plasmon-induced transparency (PIT) phenomenon in classical 

metamaterial systems, which offers a smart route to exploit the unique outcome of coherent 

coupling in classical resonators. Efforts have recently been made with a series of micro- and 

nano-structures to realize the EIT-like effect, such as cut wires [6], split-ring-resonators 

(SRRs) [7–11], coupled waveguide micro-resonators and other multi-layer structures [12,13]. 

These works have theoretically and experimentally demonstrated that the EIT-like effect can 

be realized in metamaterials via destructive interference between different excitation 

pathways that are closely related to the symmetry breaking of the structures [6–26]. Seeking 

new designs to tune the EIT-like behavior for specific device needs are still in progress. 

In general, to design a PIT metamaterial two resonance modes with an exactly identical 

resonance frequency but significantly different quality factors (Q-factor), namely a narrow 

high-Q mode and a broad low-Q mode, need to be excited simultaneously. The PIT spectral 

response is thus a result of coupling between the low-Q superradiant resonator and the high-Q 

subradiant resonator [7]. This is often viewed as an important strategy in the design of PIT 

metamaterials. As such, the PIT spectral response is sensitive to the variations in the 

sharpness of each resonance mode. If the Q factor of a particular resonator can be properly 

controlled by tailoring the metamaterial structure, we may tune the PIT spectral response, 

which is important for realizing photonic devices with enhanced functionalities. While 

previous works focused on the effect of coupling strength on PIT, here we show that the Q 

factor of the constituent elements in a “metamaterial molecule” plays a critical role in 

achieving the PIT spectral behavior. We experimentally and numerically demonstrate that 

when the Q factor of the constituent elements is altered via structure twisting, the PIT spectral 

 

Fig. 1. Schematics of the TUR unit cells. (a) Geometric parameters of the TUR unit cell are a = 

19 μm, b = 42 μm, c = 28 μm, e = 29 μm, s = 3 μm, w = 5 μm, and d = 12 μm. The thickness of 
the aluminum microstructure is 200 nm. The periods are 100 μm in the x direction and 120 μm 

in the y direction. The external electric field is along the x direction; (b) twisting the DURs; (c) 

rotating the SUR. 

response of the metamaterial structure gets significantly modified and can even disappear 

owing to the violation of the design requisite. 

2. Measured results and numerical analysis 

The PIT “metamaterial molecule” consists of three-U-shape resonators (TUR) in a unit cell, as 

shown in Fig. 1(a). To satisfy the requirements for the PIT design rule described above, the 

lower single-U resonator (SUR) is designed with long arms and a short base and serves as the 

high-Q mode with a narrow spectral linewidth, while the upper double-U resonator (DUR) has 

short arms and long bases, generating a broad spectral linewidth (as the low-Q mode) because 
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of a larger dipolar moment and hence a stronger coupling with the free space radiation. The Q 

factor of the resonators is manipulated in our design by gradually rotating the U-shape 

elements, as shown in Figs. 1(b)-1(c). 

 

Fig. 2. (a) Optical images of the TURs with twisted DURs of various angles  . (b) The blue 

circles and the pink solid lines represent the measured and the fitted transmission spectra, 

respectively, for different twisting angles  . (c) Simulated transmission spectra (green solid 

lines) for different twisting angles  . 

The rectangular sample array of 200-nm-thick aluminum film was fabricated on a 640-

µm-thick n-type silicon substrate by conventional optical lithography. Resonant properties of 

all samples were measured by use of an 8-f, broadband (0.1-4.5 THz) confocal terahertz time 

domain spectroscopy system under normal incidence and with electric field parallel to the gap 

of the U-shape resonators [27–31]. The absolute amplitude transmittance is defined as 
2

( ) ( ) ( )S RT E E   , where ( )SE   and ( )RE   are Fourier transformed frequency-

dependent amplitudes of the terahertz pulse transmitted through the array and the reference 

blank silicon wafer, respectively. 
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In the first step, we rotate the orientation of both elements in the DUR in opposite 

directions with various angles   = 0°, 15°, 20°, 30° and 45°. As illustrated in Figs. 2(a) and 

2(b), in the absence of twisting, i.e.   = 0°, a fully resolved PIT spectral response is observed 

with a transparency window located at 0.75 THz and has a 63% transmittance between two 

resonance dips at 0.69 THz and 0.84 THz [26]. As we gradually rotate each of the double U-

shape resonators, modulation of the PIT spectral response is observed. The transmission peak 

intensity is declined with gradual disappearance of the lower frequency resonance dip at 0.69 

THz and eventually when   = 45°, the spectrum degenerates to a single resonance 

transmission dip at 0.83 THz and the PIT response disappears. 

 

Fig. 3. (a) Existence of splitting two energy levels when two resonances have same frequency 

but significantly contrasting linewidths. (b) Absence of splitting two energy levels when two 
resonances are located at the same frequency and with comparable linewidths. 

The underlying mechanism of the PIT modulation can be understood as follows. Without 

twisting, the resonances of SUR and DUR are almost perfectly aligned with a negligible 

frequency detuning of less than 0.015 THz and with distinct Q factors of 12.41 and 2.82 (the 

Q factor was obtained from the resulting transmission curves, 
0Q    , where 

0  is the 

resonance frequency and   is the full width at half maximum bandwidth). As a result, the 

coupling through near-field interaction leads to splitting into two new discrete energy levels, 

as depicted in Fig. 3(a). The transmission peak at 0.75 THz arises from the splitting of the two 

new resonances (plasmonic modes), i.e. a lower-frequency mode 1|   at 0.69 THz and the 

higher-frequency mode 2|   at 0.84 THz [32]. Note that when changing the twist angle of 

DUR from   = 0° to   = 45°, the Q factor of the DUR resonance gradually increases from 

2.82 to 7.25 as a result of the reduced coupling with the external exciting field and the 

destructing of its inward-radiant mechanism, as shown in the inset of Fig. 3(a), which leads to 

comparable Q factors between the SUR and the twisted-DUR modes. According to the design 

guideline of PIT, no remarkable PIT effects would occur under such circumstance, which is 
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also consistent with our observation. We consider that the increase of   not only causes an 

increase in the Q factor of the DUR resonance, but also leads to decrease in coupling between 

two plasmonic resonance modes. As a result, it would not lead to splitting into two new 

discrete resonances, as described in Fig. 3(b). The absence of energy level splitting 

contributes to the degeneration of transparent window in the transmission spectrum. 

Under certain conditions, i.e. (i) sufficiently small frequency detuning between the two 

coupled resonances; (ii) strongly contrasting resonance linewidths; and (iii) appropriate 

resonance amplitudes, PIT effect can be regarded as an analogue of Fano-type resonances 

[33–35]. We noticed that the aforementioned conditions in Fano-type resonances are also 

quite consistent with the design rule of the PIT effect. We calculated the transmittance using a 

Fano-type model [33,36]: 

 
2

2

( )
, , in our case  1,2

1 2

i i i
i

i i i

q
T i

  


 

  
   

  
   (1) 

Here, the frequency 
1  (

2 ), linewidth 
1  (

2 ) and the Breit-Wigner-Fano coupling 

coefficient q1(q2) characterize the feature of the left-side (right-side) dip. With parameters 

shown in Table 1, the calculated transmittances based on Eq. (1) reproduce all the 

experimental results quite well, as shown by the solid curves of Fig. 2(b). It is found that the 

linewidth of the left-side dip 
1  increases from 0.075 to 0.104 THz when altering   from 0° 

to 30°, and for the case of  45°, specifically, this linewidth increases to a large numerical 

value, which leads to the degeneration of the lower energy resonance as well as the splitting of 

two new resonance dips. 

Table 1. Parameters used in the Fano Model to fit the transmittance with twisted DURs 

θ ω1/2π(THz) ω2/2π (THz) γ1/2π(THz) γ2/2π (THz) q1 q2 

 0° 0.706 0.801 0.075 0.156 0.2947 –0.4263 

15° 0.727 0.808 0.079 0.132 0.1509 –0.4909 

20° 0.728 0.811 0.082 0.115 0.0478 –0.4632 

30° 0.735 0.828 0.104 0.096 –0.1638 –0.4100 

45° - 0.804 - 0.143 - –0.1628 

The measured characteristic spectral responses of the TUR structures are further supported 

by a full wave numerical simulation using CST Microwave Studio, as shown in Fig. 2(c). The 

unit cell shown in Fig. 1 was used in the simulation with periodic boundary conditions. The 

substrate silicon was modeled as a lossless dielectric   = 11.78 and Al was simulated with a 

default conductivity of   = 3.72  10
7
 S·m

1
. Our numerical simulation reveals good 

agreement with the experimental results, as shown in Fig. 2(c). Figures 4(a)-4(f) depict the 

simulated surface current density and electric field distributions. From   = 0° to 45°, we 

observe a gradual transfer of electromagnetic energy from the SUR to DUR in surface current 

density and electric field distributions. When no twist is involved, the resonant excitation of 

the DUR mode is suppressed due to the destructive coupling between the DUR and SUR and 

most of the energy is concentrated in the SUR, as shown in Figs. 4(a) and 4(d). By increasing 

the twist angle  , there is gradual transfer of energy from the SUR to DUR. Consequently, at 

  = 45°, the DUR becomes highly radiative whereas the resonance of SUR, which acts as a 

subradiant resonator, completely disappears, leading to the degeneration of PIT spectral 

response, as shown in Figs. 4(c) and 4(f) [37,38]. By rotating the DUR, its two inner arms are 

segregated from each other, therefore destructing the inward-radiant mechanism which is 

#146918 - $15.00 USD Received 2 May 2011; revised 1 Jun 2011; accepted 10 Jun 2011; published 16 Jun 2011
(C) 2011 OSA 1 July 2011 / Vol. 1,  No. 3 / OPTICAL MATERIALS EXPRESS  396



critical to the low Q of the DUR resonance and further violating the scheme of two resonant 

modes with significant difference in Q factors, as shown in Fig. 3(b). 

 

Fig. 4. Current density (a)-(c) and electric field distributions (d)-(f) of the TUR structures for 

different twisting angles   of the DUR. 

To further understand the characteristics of the Q-factor-induced PIT modulation, we 

investigate another variation by rotating the SUR instead of the DUR, with   = 0°, 30°, 70°, 

90°, as shown in Figs. 1(c) and 5(a). Similar phenomena of the PIT modulation can be 

observed with the transmission peak at 0.75 THz going down from 63% to 44% and the 

higher energy resonance dip at 0.84 THz gradually vanishes, leading to the degeneration of 

the PIT window, as illustrated in Figs. 5(b) and 5(c). Corresponding Fano fitting to the 

experimental spectra is shown in Fig. 5(b) and relative parameters are presented in Table 2. 
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Fig. 5. (a) Optical images of the TURs with twisted SURs of various angles  . (b) The blue 

circles and the pink solid lines represent the measured and the fitted transmission spectra, 

respectively, for different twisting angles  . (c) Simulated transmission spectra (green solid 

lines) for different twisting angles  . 

Table 2. Parameters used in the Fano Model to fit the transmittance with twisted SURs 

α ω1/2π(THz) ω2/2π (THz) γ1/2π(THz) γ2/2π (THz) q1 q2 

 0° 0.706 0.801 0.075 0.156 0.2947 –0.4263 

30° 0.726 0.807 0.077 0.185 0.2926 –0.4643 

70° 0.734 0.750 0.084 0.165 0.6307 –0.6595 

90° 0.707 - 0.118 - –0.4515 - 

Figures 6(a)-6(f) depict the simulated surface current density and electric field 

distributions in ranging   from 0° to 90°. By rotating the SUR from 0° to 90°, we note that 

the orientation of the gap of SUR becomes non-parallel to the electric field of the incident 

beam. The excitation strength of the twisted SUR by external field, which is the projection of 

the electric field on the direction of the twisted angle, reduces significantly, leading to the 
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decreased resonant transmission amplitude of SUR and the excitation of SUR is completely 

quenched when   = 90°, thus leading to the degeneration of the PIT spectral response. 

 

Fig. 6. Current density (a)-(c) and electric field distributions (d)-(f) of the TUR structures for 

different twisting angles  of the SUR. 

3. Conclusion 

In conclusion, we study the role of mutual twist in coupled resonators, giving rise to tunable 

PIT effect. It is demonstrated numerically and experimentally that the PIT effect can be 

manipulated by rotating either the subradiant or the superradiant resonators. The modulation 

of transparency peak is caused by shrinking the Q factor contrast between two modes. Their 

behavior with varying degree of twist is very well predicted by the Fano model and further 

corroborated by looking at the corresponding surface currents and electric field distributions. 

This work demonstrates that in order to maintain a sharp transparency peak, the coupled 

resonators must have contrasting Q factors. Otherwise the PIT effect tends to degenerate and 

the transparency peak disappears. The design discussed here would open up avenues for the 

development of tunable slow light devices not only in the terahertz domain but also across the 

entire electromagnetic spectrum. 

Acknowledgments 

This work was supported by the National Science Foundation of China (Grant Nos. 61028011, 

61007034, and 60977064), the U.S. National Science Foundation, the Tianjin Sci-Tech 

Program (Grant Nos. 09ZCKFGX01500 and 10JCYBJC01400), and the MOE 111 Program of 

China (Grant No. B07014). 

#146918 - $15.00 USD Received 2 May 2011; revised 1 Jun 2011; accepted 10 Jun 2011; published 16 Jun 2011
(C) 2011 OSA 1 July 2011 / Vol. 1,  No. 3 / OPTICAL MATERIALS EXPRESS  399


