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In this Letter, we construct a metamaterial with dual-mode electromagnetically induced transparency (EIT)-like
behavior by introducing “bright atoms,” “quasi-dark atoms,” and “dark atoms” simultaneously. The dual-mode
EIT-like behavior has been demonstrated both experimentally and theoretically in terahertz (THz) regime. At
two EIT-like modes, slow light is also observed as two time-delayed wave packets, and the effective group refractive
index can reach 102. Furthermore, stable dual-mode EIT-like behavior is verified in this metamaterial for a wide
range of oblique incident angles. Our work provides a design approach to mimic dual-mode EIT, and such an ap-
proach may achieve potential applications on miniaturized and versatile THz devices. © 2014 Optical Society of
America
OCIS codes: (160.3918) Metamaterials; (040.2235) Far infrared or terahertz; (230.4555) Coupled resonators;

(060.4230) Multiplexing.
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Electromagnetically induced transparency (EIT) is a co-
herent process observed in three-level atomic systems,
and it makes an absorptive media transparent to the
probe field, simultaneously accompanied by slow group
velocity [1,2]. However, it requires complicated experi-
mental conditions, since the coherence time in the
atomic system is rather short. It becomes easier to
exhibit EIT-like behavior in the systems consisting of
coupled mechanical or electrical resonators [3], which
have attracted much attention to classical analogs of
EIT. In recent years, with the development of metamate-
rials [4], a variety of EIT metamaterials have been
reported at microwave [5–7], terahertz (THz)[8–10],
near-infrared [11–16], and optical regions [17–19], and
some of which are even tunable and quite useful in de-
signing active devices [20–23]. However, most structures
in previous works only possess a single EIT-like mode,
which may limit applications on miniaturized and versa-
tile devices. Very recently, interest has been extended
to dual or multiple EIT-like modes via inductive coupling
[24,25], Fabry–Perot resonators [26], or exciting mag-
netic dipoles by breaking the symmetry [27].
In this Letter, we offer a different theoretical approach

to achieve dual-mode EIT in a metamaterial, and then
demonstrate it experimentally in THz regime. As we
know, a significant difference in the quality factors of the
two resonances should be required to develop EIT-like
phenomenon. Therefore, we can easily construct two dif-
ferent EIT-like systems by respectively introducing a
“dark atom” [17] or “quasi-dark atom” [8] to couple with
the “bright atom”. We find that, by introducing these
three meta-atoms simultaneously, it exhibits dual-mode
EIT-like behavior, which is nonexistent in three-level
atomic systems in nature.
Let us start with a system consisting of two electric di-

poles P1 and P2, both of which have the same resonant
frequency ω0 and couples with the incident field E0. The
dynamic equation of the system can be described as
linearly coupled Lorentzian oscillators as follow [3]:
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where γ1 and γ2 are the damping factors of the dipoles, κ1
and κ2 are the coupling coefficients between the dipoles
and the incident field, and Ω is the coupling coefficient
between the dipoles. Based on Eq. (1), we can obtain the
susceptibility determined by χE � P1∕E0. Under the sec-
ond-order approximation, we get the following suscep-
tibility, depending on the coupling coefficients κ1 and κ2:
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For κ2 � 0, the system consists of a “bright atom” and a
“dark atom,” as described in Fig. 1(a), and its susceptibil-
ity in Fig. 1(d) shows a transparent window around ω0,
i.e., single-mode EIT-like behavior. For 0 < κ2 < κ1, as
schematically shown in Fig. 1(b), the “dark atom” is
replaced by a “quasi-dark atom,” which couples with

Fig. 1. (a) Schematic of the system consisting of a “bright
atom” and a “dark atom,” and (d) shows its susceptibility.
(b) System consisting of a “bright atom” and a “quasi-dark
atom,” and (e) shows its susceptibility. (c) System consisting
of a “bright atom,” a “dark atom,” and a “quasi-dark atom,”
and (f) shows the susceptibility in this three-“atom” system.
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the incident field weakly. Just as described in Fig. 1(e),
EIT is also mimicked due to the coupling between a
“bright atom” and a “quasi-dark atom”.
Now, we consider a meta-molecule, as schematically

described in Fig. 1(c), consisting of a “bright atom”

(Pa), a “quasi-dark atom” (Pb), and a “dark atom” (Pc).
Similar to Eq. (1), the dynamic equations follow:
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The susceptibility of such a system can be given by
χE � Pa∕E0, which also depends on the coupling coeffi-
cients κ1 and κ2. Here we set the coupling coefficients
κ2 � 0.1κ1. The calculated susceptibility indicates two
transparent windows around the resonant frequency
(ω0) [Fig. 1(f)]. Therefore, the dual-mode EIT-like effect
can be achieved in this system with three coupled meta-
atoms. It also offers a possibility to mimic multi-mode
EIT by simultaneously introducing quasi-dark meta-
atoms with different κ into one system. According to pre-
vious conclusions, it is easy to design a metamaterial
consisting of three fundamental meta-atoms to exhibit
dual-mode EIT-like behavior.
To verify the considerations above, we turn to a spe-

cific design of proper artificial atoms. Figure 2(a) shows
the geometry of the designed “bright atom” under polar-
ized incident light and its simulated transmission coeffi-
cient spectrum. The green shade shows the wide full
width at half-maximum (FWHM), indicating a low quality
factor. Then, we design a split-ring resonator (SRR), as
described in Fig. 2(b), to act as a “dark atom.” Under
the normalized incident light, only the symmetric mode
can be excited for the electric field polarized along the y
direction [Fig. 2(d)], whereas the asymmetric mode is a
dark mode; therefore, such a meta-atom can act as a
“dark atom” for x-polarized illumination. In addition, we
employ another kind of SRR [Fig. 2(c)] as a “quasi-dark
atom.” The transmission coefficient of such a SRR shows
narrower FWHM and a larger quality factor, implying that
this SRR couples with the incident field much more
weakly than the “bright atom,” therefore acting as a
“quasi-dark atom.” By varying the spatial dimensions of
these three meta-atoms, we tune their resonant frequen-
cies to the desired band around ω0 � 0.66 THz. We use
the commercial finite-difference time-domain (FDTD)
software package (Lumerical FDTD Solutions) to carry
out all the simulations. The aluminum structures, with
the same thicknesses of 4 μm, are arranged on a
germanium substrate with a period of 96 μm. Based on
the meta-atoms described above, we first construct
two kinds of single-mode EIT-like metamaterials. One
consists of “bright” meta-atoms and “dark” meta-atoms
[Fig. 2(e)], and the other consists of “bright” meta-
atoms and “quasi-dark” meta-atoms [Fig. 2(h)]. The

transmission coefficient spectra both have a transpar-
ency window, in accordance with the previous numerical
calculations [Figs. 1(d) and 1(e)]. To present the intrinsic
process, we pay attention to the field distribution at the
resonant frequency. Figure 2(g) shows the electric field
distribution with phase information of the structure in
Fig. 2(e), indicating that the asymmetric mode of the
“dark atom” is now excited in this EIT configuration.
For the electric field intensity distributions of these
two systems at the transparency windows [Figs. 2(f)
and 2(i)], the “bright atom” is suppressed, and the “dark
atom,” or the “quasi-dark atom,” is excited. The electro-
magnetic field is coupled between the “bright atom”

and “dark (or quasi-dark) atom,” leading to a destructive
interference.

To achieve the dual-mode EIT-like effect, we combine
the three meta-atoms to acquire the new “molecule”
described in Fig. 3(a). The transmission spectrum
[Fig. 3(b)] illustrates two transparency windows on the
broad absorption background, i.e., a dual-mode EIT-like
effect. In our design, both the distances between the
meta-atoms and the orientation of the “quasi-dark atom”

would affect the coupling coefficients between the di-
poles. We find it can exhibit obvious dual-mode EIT-like
behavior when the open end of the “quasi-dark atom”

faces away from the “bright atom” with proper distances.
To have a detailed insight of the dual-mode EIT-like
behavior, we probe the field intensity distributions at the
transparency windows, around ωL� 0.565 THz [Fig. 3(c)]
and ωH � 0.685 THz [Fig. 3(d)], respectively. At
these two frequencies, the “bright atom” is suppressed.
Differently, at ωL � 0.565 THz [Fig. 3(c)], the “dark

Fig. 2. Calculated transmission coefficient spectra in designed
meta-atom systems: (a) the “bright atom,” with L1 � 76 μm and
W1 � 8 μm; (b) the “dark atom,”with L2 � 88 μm,W2 � 34 μm,
d1 � 14 μm, and g1 � 8 μm; and (c) the “quasi-dark atom,”with
L3 � 44 μm,W3 � 24 μm, d2 � 8 μm, and g2 � 12 μm. (d) Elec-
tric field distribution of the “dark atom” at 0.66 THz, with the
electric field polarized along the y axis. (e) Transmission coef-
ficient spectrum of system consisting of a “bright atom” and a
“dark atom,” with h1 � 11 μm; (f) its electric field intensity dis-
tribution; (g) its electric field distribution (both at 0.58 THz).
(h) Transmission coefficient spectrum of system consisting
of a “bright atom” and a “quasi-dark atom,” with h2 � 10 μm;
and (i) shows its electric field intensity distribution at 0.61 THz.
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atom” is greatly excited and the electric field is mainly
localized around the two free ends of the “dark atom,”
similar to the field distribution of a dipole. In Fig. 3(d),
at ωH � 0.685 THz, the electric fields around the “dark
atom” and the “quasi-dark atom” are comparable. In ad-
dition, the electric field is localized around the free end of
the “quasi-dark atom” and the further free end of the
“dark atom,” also similar to a dipole. In such a system,
the field coupling back and forth among the three
“atoms” and the two transparency windows both come
from the destructive interference of the three “atoms”.
Experimentally, the samples for THz waves were fab-

ricated by photolithograph technique. Figure 4(a) shows
one of micrographs of our samples, where the 1 μm-thick
aluminummicrostructure was deposited on a germanium
substrate. Except the thickness, all other geometrical
parameters are the same as those used in the simulation.
Please note that, in the simulations, the thickness of
metamaterials is set as 4 μm to increase the calculation
accuracy; however, it is hard to fabricate such thick
structures, so we adjust the sample thickness to be 1 μm
in the experiments. Due to the fact that the skin depth of
aluminum is about 300 nm in THz regime, such adjust-
ment does not influence the physical effect.
The measurements are carried out with an Ekspla THz

real-time spectrometer [Fig. 4(b)], with samples in a ni-
trogen purging box to keep a stable environment. The
femtosecond laser beam is equally split into two beams:
one act as a reference light and the other transmits
through the samples. By scanning the delay line, the
time-domain signals E�t� of the polychromatic THz pulse
transmitted through the sample [Fig. 4(a)] at normal in-
cidence are illustrated in Fig. 4(c). Further, by carrying
out Fourier-transformation on the experimental time-
domain data, the transmission coefficient spectrum of
the three-“atom” system [solid black curve in Fig. 4(d)]
is achieved. For comparison, the experimental transmis-
sion coefficient spectrum of the bi-“atom” system [shown
in Fig. 2(e)] is also given [dashed magenta curve in
Fig. 4(d)]. It is obvious that two transparency windows
appear around ω1 � 0.56 THz and ω2 � 0.65 THz for
the three-“atom” system, whereas there is only a single
transparency window for the bi-“atom” system. The
observed phenomena agree reasonably with the simu-

lated ones presented in Figs. 3(b) and 2(e). There yet ex-
ists some declination, mainly coming from geometrical
deviation when fabricating the aluminum microstruc-
tures. Therefore, the dual-mode EIT-like effect has been
achieved experimentally.

It is worth mentioning that the present metamaterial
can slow light accompanying the dual-mode EIT-like ef-
fect. Two delayed wave packets have been demonstrated
in both measured [in the inset of Fig. 4(c)] and simulated
[Fig. 4(e)] time-domain spectra. Besides, the slow light
effect can also be characterized by the group refractive
index of the metamaterials. Based on the method in [28],
we have retrieved the effective refractive index and
then calculated the effective group refractive index
via ng � n� ωdn∕dω. As we can see in Fig. 4(f), the
effective group refractive index reaches ng � 246.9 at
0.565 THz, and ng � 377.0 at 0.685 THz, which are com-
parably large for applications in THz devices. Comparing
these two effective group refractive indices, we find
246.9∶377.0 ≈ 11∶16.8, matching with the ratio of the
two-delay time in simulation, i.e., 11 ps∶17 ps. Therefore,
both the time-delay and group refractive index verify that
the THz waves can be slowed by the metamaterial. Our
experimental observation in THz regimes with two-wave
packets provides a direct evidence of the dual-mode
behavior and slow light effect.

Finally, we pay attention to the dual-mode EIT effect in
the present metamaterial for oblique incident waves. As
shown in Figure 5, the light is incident with angle θ while

(d)

(b)(a)

(c)

h1

h2

ω

ω

μ μ

μμ

Fig. 3. (a) Schematic of meta-molecule with three meta-atoms,
h1 � 11 μm and h2 � 10 μm. (b) Transmission coefficient spec-
trum of the metamaterial. (c), (d) Electric field intensity distri-
butions at 0.565 and 0.685 THz, respectively.

Fig. 4. (a) Micrograph of the three-“atom” system. (b) Diagram
of the THz time-domain spectrometer. (c) Experimentally mea-
sured time-domain transmission signals of bare substrate
(black curve) and sample with the three-“atom” system (red
curve). The inset is an enlarged spectrum. (d) Experimental
transmission spectra of the three-“atom” system (solid black
curve) and the bi-“atom” system (dashed magenta curve).
(e) Simulated time-domain transmission spectrum of the
three-“atom” system. (f) Effective group refractive index re-
trieved from the simulated results in (e).
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the electric field is parallel to the x axis. Figures 5(a)
and 5(b) are simulated and experimental transmission
spectra, respectively. With increasing the incident angle
θ, the transparency windows have a slight redshift and
the transmission becomes weaker. However, for the sec-
ond transparency window around high frequencies, the
redshift and amplitude change are more obvious. This
can be explained by the dipole-like electric field distribu-
tions around the transparent windows, as shown in
Figs. 3(c) and 3(d). For the first transparency window
[Fig. 3(c)], only the “dark atom” is greatly excited. In
addition, the “dark atom” is symmetric along the x direc-
tion; therefore, the first transparency window is not sen-
sitive to such oblique incident light. However, for the
second transparency window [Fig. 3(d)], the “quasi-dark
atom” is also greatly excited, and is asymmetric along the
x direction. Therefore, as the oblique incident angle
changes, both the amplitude and the resonant frequency
would change. Nevertheless, the dual-mode EIT-like
behavior is still obvious and stable for a wide range of
oblique incident angles. Therefore, by combining active
elements (e.g., see [22]), such a system may serve as an
optical logic gate, potentially leading to complete optical
circuits on miniature circuit boards.
In summary, we have provided a different approach to

achieve the metamaterials with dual-mode EIT-like
behavior by introducing three kinds of artificial atoms
into a system. The dual-mode EIT-like behavior has been
demonstrated by analytical calculations, numerical sim-
ulations, and experimental measurements. At two EIT-
like modes, slow light effects are also observed as two
time-delayed wave packets, and the effective group re-
fractive index can reach 102. Moreover, dual-mode
EIT-like behavior in the metamaterial is kept for a wide
range of oblique incident angles. Under the design disci-
pline we put forward, dual-mode EIT can be mimicked in
various structural shapes, and multi-mode behavior is
also possible. Our work provides a way to control and
manipulate THz waves and may achieve potential appli-
cations on integrated THz devices.
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dent light with different incident angles (θ) (a) simulated and
(b) experimental.
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