
Vol.:(0123456789)1 3

Applied Physics B (2019) 125:68 
https://doi.org/10.1007/s00340-019-7174-3

Dark mode tailored electromagnetically induced transparency 
in terahertz metamaterials

Kailong Jin1 · Xiaona Yan1 · Xiaoyan Wang1 · Wenjie Zhang1 · Zuanming Jin1 · Ye Dai1 · Guohong Ma1 · Jianquan Yao2

Received: 10 September 2018 / Accepted: 17 March 2019 / Published online: 3 April 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
In this paper, a novel terahertz metamaterial structure composed of a pair of sub-wavelength reverse U-shaped split ring 
resonators (RUSRs) and cut wire (CW) resonator is designed to realize electromagnetically induced transparency (EIT) 
effect in weak coupling region. Theoretical and simulated results show that by modulating the relative coupling distance 
between CW and SRR or mutual distance between SRR pair, the EIT-like phenomenon can be tailored. Furthermore, by 
introducing photosensitive silicon (Si) cell into the units of the dark mode resonator, actively optical control of the EIT-like 
effect is realized through increasing the dark mode damping rate. The present work provides an alternative method to design 
ultrasensitive sensors, filters and slow-light devices in the THz regime.

1 Introduction

Due to the potential applications in high-speed telecom-
munications, material analysis, bio-medical technology, 
and security, etc., terahertz (THz) science and technology 
have made a dramatic development in recent years [1–4]. 
On the other hand, THz technology still suffers from a 
deficiency in efficient detectors, high-power sources, and 
functional devices due to the lack of materials that naturally 
respond well to THz radiation. Electromagnetically induced 
transparency (EIT) is a typical quantum interference phe-
nomenon occurring in multiple-level (three or four levels) 
atomic systems, where the interference modifies the opti-
cal response of an atomic medium, resulting in a narrow 
transparency window within a broad absorption spectrum 
[5]. However, in an atomic system, implementation of the 
EIT needs special experimental conditions such as extremely 
freezing temperature and ultrahigh intensity laser, which sig-
nificantly constrains its further applications. In 2008, Zhang 

et al. proposed a concept of plasmon-induced transparency 
(PIT) by metamaterials [6], after that, a variety of metama-
terial structures have been designed to mimic EIT effect. 
The metamaterial is a kind of artificial structure, which has 
some peculiar properties that natural materials do not have. 
Owing to its well-controlling property of incident electro-
magnetic waves, it has been extensively investigated to real-
ize negative refractive index [7–10], invisibility Cloak [11, 
12] and perfect lens [13], etc. Most EIT-like metamaterials 
are based on two kinds of resonant modes, bright mode and 
dark mode or super-radiation mode and sub-radiation mode. 
Bright mode or super-radiation mode is used to strongly cou-
ple with the incident electromagnetic wave, while the sub-
radiation mode or dark mode is weakly excited or could not 
be excited by the incident wave directly, but by the super-
radiation mode or bright mode. And the EIT-like phenom-
enon could be emulated in metamaterials via destructive 
interference between the bright mode and the dark mode, or 
between super-radiation mode and sub-radiation mode. To 
make EIT-like phenomenon occurring in a metamaterial, 
the two modes should have similar resonant frequency and 
very different Q-factor [14]. Most studied EIT metamateri-
als are based on cut wire (CW) and splitting ring resonators 
(SRRs). The CW supports a typical local surface plasma 
(LSP) resonance and the SRR is a well-known LC resonance 
of inductor and capacitor [15]. Some other typical metama-
terial structures, such as fishing net structure [16], coupled 
waveguide resonator [17] and dipole-coupled quadrupole 
[18, 19], etc., were also proposed to achieve EIT phenomena.
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For practical application, it is highly desirable that the 
transparent window of EIT phenomena can be modulated 
at will. The corresponding modulated methods include pas-
sive modulation and active modulation [20–24]. The passive 
modulation is realized by varying geometrical parameters 
of the resonator structure, and the structure should be re-
fabricated in each modulation, which limits its practical 
application. The active modulation is a real-time control of 
the transparent window, which can be realized with external 
fields, such as thermal modulation [25, 26], optical pump 
modulation [22, 27] or dc electric field modulation [28–33], 
and so on. The EIT-like transmission has perspective appli-
cations on designing slow-light devices [34, 35] and highly 
sensitive sensors [36].

In this paper, we design a novel metamaterial struc-
ture in THz range to realize the modulated EIT-like effect. 
Numerical simulation and theoretical analysis confirm that 
the modulation can not only be realized by modifying the 
separation of CW and SRRs or the separation of SRR pair, 
but also be realized by actively controlling damping rate of 
the dark mode under photoexcitation. Our work provides an 
alternative scheme for designing novel chip-scale ultrafast 
devices that would find utilities in slow-light devices, optical 
switch and THz active and/or passive filtering.

2  Metamaterial design and EIT effect 
simulation

The particular unit cell of EIT-like metamaterial structure is 
shown schematically in Fig. 1a. The unit cell is composed 
of a CW resonator and a pair of reverse U-shaped split ring 
resonators (RUSRs), which is designed on the top of quartz 
substrate. The quartz substrate is a loss-free material with 
relative permittivity of εquartz= 3.75. A 500 nm thick copper 
with a DC conductivity of σdc= 5.96 × 107 S/m is chosen for 
fabrication of metamaterial structure [37]. The geometric 
parameters of one unit cell of the metamaterial structure are: 
length and width of the CW are L = 95 μm and w = 5 μm, 
respectively. Parameters of RUSR are a = 50 μm, b = 30 μm, 

w = 5 μm; periodicity of the unit cells along x- (Px) and 
y-direction (Py) are 160 μm and 120 μm, respectively. The 
thickness of quartz substrate is t = 20 μm. The specific ‘x’ 
and ‘y’ represent the separation between CW and RUSR, 
and between two reverse U-shaped SRRs, respectively. The 
THz pulse is incident normally to the plane of the structure 
with the electric field polarized along the y-direction, and 
the transmission signal is collected near the output plane of 
the structure. The simulated results are obtained using the 
commercial software-CST Microwave Studio. During the 
numerical simulations, all boundaries of the computation 
volume are terminated with perfectly matched layers (PMLs) 
to avoid parasitic unphysical reflections around the structure. 
A hexahedral mesh with accuracy of 100 nm is used to make 
our simulation results convergent.

Figure 1b shows individual transmission profile of inci-
dent THz wave polarized along y-direction for the sole-CW 
(black), sole-RU-SRR (red) and the composite metamaterial 
structure (Pink). The CW strip couples strongly with the 
incident light, acting as the bright mode. The RUSR does 
not couple with the incident light, acting as the dark mode. 
The two resonators are designed to have similar resonant 
frequency β = 0.96 THz. Q-factor is defined as the center 
frequency ω0 divided by bandwidth of the full width at half 
maximum Δω (Q = ω0/Δω), we find that the CW possess 
wide spectral bandwidth with low Q-factor (Q = 7.8), and 
the RUSR has narrow spectral bandwidth (not shown here) 
with high Q-factor (Q = 21.3). The large different Q-fac-
tors of the two modes make a sharp transparency window 
emerge on the transmission spectrum, as shown in Fig. 1b 
with pink curve, where two dips occur at α = 0.89 THz and 
γ = 1.02 THz, respectively.

To elucidate the coupling between the bright and dark 
modes, we further calculate the distributions of x-component 
of electric field, z-component of magnetic field, as well as 
surface current at three resonant frequencies, as shown in 
Fig. 2. At two dips α = 0.89 THz and γ = 1.02 THz, as shown 
in Fig. 2a, c, d and f, the coupling between bright and dark 
modes is very weak. Furthermore, it is seen that the surface 
currents shown in Fig. 2g, i are in parallel and anti-parallel 

Fig. 1  Microstructure design 
and simulated transmission 
spectra. a Schematic of the unit 
cell. The geometric parameters 
are: L = 95 μm, a = 50 μm, 
b = 30 μm, w = 5 μm, x = 5 μm, 
y = 35 μm. b Simulated trans-
mission profile versus frequency 
for the sole-CW (black), RUSR 
(red) and the EIT-like metama-
terial (pink)
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states, respectively. For the transparent window at frequency 
β = 0.96 THz, Fig. 2b, e and h clearly shows that the bright 
mode has been suppressed significantly, while the dark 
modes are being excited, this is a typical sign of the destruc-
tive interference between the bright and dark resonators [38], 
which indicates that our proposed structure can be used to 
realize EIT-like effect.

Next, we study the modulation of the THz transmission 
based on the proposed metamaterial structure. To confirm 
our results, both theoretical analysis and numerical simula-
tion are performed. The theoretical analysis is based on the 
coupled Lorentz oscillator model, which has been widely 
used to analyze the coupling between the bright and dark 
modes, and explore the physical origin of the EIT modu-
lations. In this model, the oscillations of bright and dark 
modes can be expressed as [6]:

where a1 and a2, γ1 and γ2, ω1 and ω2 are the amplitudes, 
damping rates and resonance frequencies of the bright and 
dark modes, respectively. |ω1–ω2| = δ is the resonance detun-
ing parameter; κ is coupling coefficient between two modes; 
g is a geometric parameter describing the coupling strength 
between the bright mode and the incident THz wave. By 
solving Eq. (1), we obtain:

(1)

(
a1
a2

)

= −

(
−�1 + i�1 + � �

� −�2 + i�2 + �

)−1(
gE0

0

)

,

Then, the transmission spectrum of the EIT-like metama-
terial can be acquired [29]:

3  The separation dependence of EIT 
transmission

The modulation of THz transmission can be achieved by 
modifying the geometrical parameters of the metamaterial 
structure. It is known that the EIT-like effect results from the 
coupling and destructive interference between the bright and 
dark modes, when coupling distances changes, the coupling 
strength will change correspondingly, so that the EIT-like 
effect will be modulated. In the following, we will discuss 
the influences of the separations of the CW and SSR as well 
as the separation of SSR pair on the EIT-like effect.

Figure 3a shows that the transmission property of the EIT 
metamaterial can be dramatically modulated by the x value 
with y = 35 μm is fixed. Moreover, the simulated results 
exhibit very good agreement with the theoretical results 
(Fig. 3b). The EIT peak appears clearly with x = 5 μm. As x 
is increased from 5 to 23 μm, the EIT peak decreases gradu-
ally. When x is larger than 23 μm, the EIT peak vanishes 
completely, and only a broad LSP resonance dip is observed, 
which demonstrates on-to-off of EIT peak modulation with 
changing the separation of CW and SRR.

(2)a1 =
g(� − �2 + i�2)E

�2 − (� − �1 + i�1)(� − �2 + i�2)
.

(3)T(�) = 1 − ||a1∕E||
2
.

Fig. 2  Distributions of x-component of electric field (a–c), z-compo-
nent of magnetic field (d–f), and surface current (red arrow represents 
the current direction) (g–i) at frequencies of low dip α = 0.89  THz, 
transparency window β = 0.96 THz, and high dip γ = 1.02 THz

Fig. 3  The transmission spectra under various separation of CW and 
SRR. a Simulated results and b calculation results
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To clarify the influence of separation x of CW and SRR 
on the EIT effect, we simulated the electric field and mag-
netic field distributions with different x values, which is pre-
sented in Fig. 4. It is seen when x is 5 μm, the electric field 
and magnetic field are mainly localized in dark mode, which 
indicates that the field of the CW bright mode completely 
couples to that of the dark mode. By increasing x value from 
5 to 23 μm, the coupling between bright and dark modes 
decreases gradually. When x approaches 23 μm, the coupling 
vanishes completely; as a result, the transparency window 
disappears.

From above discussions, it is seen that the value of x has 
significant influence on the coupling of electric and mag-
netic fields between the bright and dark modes. To verify 
this assertion, we employ Eq. (3) to fit the simulated curves 
shown in Fig. 3a, the fitting parameters with respect to x is 
plotted in Fig. 4k. It is seen that γ1, γ2 and δ remain almost 
unchanged, while the coupling coefficient κ between the two 
modes decreases with the increases of x. Thus, it can be con-
cluded that the modulation of EIT effect arises from weak-
ening of the coupling strength between the bright and dark 
modes. As the EIT phenomenon results from destructive 
interference of the two modes, when the amplitude of the 
dark mode decreases, the interference effect will decrease 
accordingly. When the coupling distance, x, is increased up 
to 23 μm, the coupling is so weak that the amplitude of the 
dark mode is close to zero; as a result, the EIT resonance 
peak vanishes completely.

There is another way to modulate EIT-like effect by shift-
ing two U-shaped SRRs of dark mode symmetrically along 
y-direction. The simulated and theoretical results are pre-
sented in Fig. 5a, b, it is seen that simulation and theoretical 
results show very good agreement when y changes from 3 to 
35 μm with fixing x at 5 μm. When y is 35 μm, the two SRRs 
are far away from each other, the transmission amplitude is 
the largest and the transmission line-shape is symmetric. By 
decreasing the distance of y, the THz transmission ampli-
tude decreases, and the frequency detuning increases, we 
come closer to the typical Fano regime with an asymmetric 

transmission line-shape that sits at the flank of the bright 
resonance. With y reduced to 3 μm, the transparent window 
vanishes completely.

To better understand the physical mechanism of the 
mode coupling, we use coupling current model to analyze 
the curves shown in Fig. 5 with two examples for y = 35 
and 3 μm, respectively, which is given in Fig. 6a. When 
‘y = 35 μm’, the incident THz wave is strongly coupled with 
the CW, through near field coupling (here the coupling 
occurs mainly via electric field coupling because the electric 
field is the strongest while the magnetic field is the weak-
est around two ends of the CW), the dark mode is being 
excited, and the current in the dark mode is induced. As a 
result, the electric and magnetic fields in the bright mode 
are suppressed, while those of the dark mode are activated, 
and a transparency window appears. When ‘y = 3 μm’, the 
dark mode is mainly excited by the magnetic field of the 
bright mode, the induced current direction is the same as 

Fig. 4  The separation between 
CW and SRR, x dependence 
of filed distributions: a–e 
x-component of electric field 
distribution, f–j z-component 
of magnetic field distribution. k 
The theoretical fitting param-
eters under different separation 
value of x 

Fig. 5  Modulation of the transparency window when coupling dis-
tance between the U-shaped SRRs pair changes from 3 to 35 μm, a 
simulation results and b calculation results
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the one of ‘y = 35 μm’. However, it is seen from Fig. 5 that 
the transparency window disappears at this condition. The 
reason is that with ‘y = 3 μm’, the two U-shaped resonators 
are close with each other, and the induced magnetic fields 
arising from the currents of the two U-shaped resonators 
suppress mutually, as a result, the induced magnetic fields 
will cancel each other, which leads to the disappearance of 
EIT-like phenomenon. When the ‘y’ value change in the 
range from 3 to 35 μm, as the degree of mutual inhibition of 
the coupled magnetic fields in the two resonators varies with 
the distance of y, the amplitude of the EIT-like phenomenon 
is varied accordingly. Figure 6b shows the fitting parameters 
with respect to the value of y. It is seen that when y equals 6 
and 9 μm, the detuning parameter δ is quite large, and in this 
case, the coupling as be assigned as Fano resonance [39], so 
that the Fano asymmetric line-shape is observed in Fig. 5.

4  Active modulation of EIT‑like effect 
with optical pumping

By fabricating a photosensitive silicon (Si) cell (purple area) 
between reverse U-shaped resonators as shown in Fig. 1a, 
an active modulation of the EIT resonance can be achieved 
with photoexcitation.

Optical illumination can modify the silicon conductivity 
significantly; therefore, active modulation of the EIT effect 
can be realized with laser irradiation on the hybrid metama-
terial. Figure 7a shows the simulated transparency window 
with respect to the conductivity of the Si cell in the range 
from 0 to 15,000 S/m. Figure 7b shows the theoretical cal-
culation of the active modulation based on Eq. (3), which 
shows good agreement with the simulated results.

The fitting parameters with respect to Si conductivity are 
plotted in Fig. 8a. It is seen that the parameters, κ, γ1 and δ, 
change very little with the Si cell conductivity, while the 
damping rate of the dark mode γ2 is strongly correlated with 
it. Thus, it can be concluded that the active modulation of 
EIT resonance arises from the change of the damping rate 

of the dark mode due to the alternation of conductivity of 
the Si cell. Without pump light, the Si conductivity is very 
low. In this case, the two U-shaped SRRs are electrically iso-
lated and the structure has small damping, thus the induced 
electric current primarily flow around two individual SRRs, 
whereas the electric current in the CW is completely sup-
pressed, which leads to the appearance of EIT effect. With 
the increase of the fluence of pumping light, the conductivity 
in Si cell increases as well, and the two U-shaped SRRs are 
gradually electrically conducted. As the electric current in 
the two U-shaped SRRs are anti-parallel, they will suppress 
each other, resulting in a redistribution of the current, as 
shown in Fig. 8c. Furthermore, when the conductivity of Si 
cell increases to a certain value, the currents in two SRRs 
are completely suppressed, and the damping rate of the two 
SRRs is very larger, as a result, the current will be localized 
around the CW, and EIT phenomenon disappears completely 
under this condition.

Fig. 6  a Schematics of coupling 
current model; b fitting param-
eters with ‘y’ value varying 
from 35 to 3 μm (⨂ and ⨀ 
represents the directions of the 
induced magnetic field normal 
to paper inward and outward, 
respectively)

Fig. 7  Transmission spectra at different silicon conductivity (σSi = 0, 
1000, 5000, 8000, 15000 S/m). a Simulation; b theoretical calculation
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5  Conclusion

In summary, a planar metamaterial structure is designed to 
achieve the EIT-like effect at THz frequencies. Theoretical 
analysis based on the coupled Lorentz oscillation model and 
numerical simulation verifies that the transparency window 
of the EIT-like effect can be modulated. The separation 
of CW and SRR or the SRR pair can affect the coupling 
strength between bright and dark modes significantly, thus 
the amplitude and transparency window can be modulated. 
Optical radiation can modify the conductivity of the inte-
grated Si cell, thus modify damping rate of the dark mode, 
which can realize active modulation of the EIT-like effect. 
The proposed structure can be used to develop THz filter 
and slow-light devices.
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