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We report a classical electromagnetically induced transparency (EIT) analog based on magnetic plasmonic
artificial molecules consisting of magnetic localized surface plasmons and split ring resonators. The key to
achieve EIT-like transparency are the excited symmetric and antisymmetric states based on bright-dark mode
coupling, where the bright mode of the split ring resonator excited by incident waves is coupled to the dark mode
of the neighbor spoof magnetic localized surface plasmons resonator. We conduct experiments, simulations,
and analysis based on the Lorentz oscillator model. In addition, we numerically demonstrate that the EIT-like
transparency can be employed to permittivity sensing applications.
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Electromagnetically induced transparency (EIT) is a de-
structive interference that causes a sharp transmission window
within the absorption band in a coherently driven atomic
system [1,2]. The high-Q transparency peak, as well as the
drastic change of dispersion, has many practical applications,
such as quantum memory [3,4], nonlinearity enhancement
[5], and sensors [6]. Recently, researchers have found that
the EIT-like phenomena can occur in many classical coupled
Lorentz oscillator systems, such as coupled microcavities
[7], waveguide resonators [8], and optomechanical systems
[9]. Particularly, artificial materials, named as metamaterials
(MMs), can be configured to obtain EIT-like spectra ranging
from optical band to acoustic band [10–17]. Mode coupling
is the key to obtain EIT analog in MMs. A bright mode,
usually a low-Q-factor mode, is a mode which can be excited
by incident wave directly. In contrast, the dark mode, usually
a high-Q-factor mode, cannot be excited by incident wave
directly, it can be near-field coupled to the bright mode.
Two approaches can be utilized to generate an EIT analog:
bright-dark mode coupling [12,13,17–21] and bright-bright
mode coupling [22–24]. At least one bright mode is necessary
to couple energy from external incident waves. Then, other
resonators, whether bright or dark, are involved to establish a
coupled Lorentz oscillator model, which is the core of an EIT
analog in MMs. Among these EIT-analog systems, plasmonic
structures are widely utilized because of the strong response
of metal at the optical band [25–27]. However, it seemed
difficult to realize surface-plasmonlike behavior on metal at
a low-frequency band for a long time, until the proposal of
spoof surface plasmons (SSPs), which extend the study of
surface plasmons to terahertz and microwave band [28–31].
Recently, a simple SSP structure was successfully proposed to
realize an EIT analog [32]. The interesting structure consists
of prism-coupled double-layer arrays with symmetric and
antisymmetric resonances, leading to a transparency window.
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Inspired by the pioneering work [32], we report an EIT
analog based on bright-dark mode coupling between split
ring resonators (SRRs) and spoof magnetic localized sur-
face plasmons (S-MLSPs). Note that S-MLSPs were recently
proposed [33] as a counterpart to spoof electric localized sur-
face plasmons [34], making it possible to investigate magnetic
plasmonic excitations. In this paper, artificial “molecules”
consist of SRRs and S-MLSPs, which can be regarded as
bright “atom” and dark “atom,” respectively. Only the SRR,
the bright atom, can be excited by the external field, and it in-
teracts with neighbor S-MLSPs, the dark atom, via near-field
coupling. In/out-of-phase retardations are involved to estab-
lish symmetric and antisymmetric states of the molecules. Be-
tween the two states exists the EIT-like sharp transparency. We
treat the structure as a coupled Lorentz oscillator model, and
theory, simulations, and experiments match well. Moreover,
we numerically demonstrate the potential sensing applications
of the presented EIT analog for permittivity of the surrounding
environment.

Figure 1 shows the proposed structure schematically. In
the topology, a 35-um-thick metallic layer is etched on the
top layer of the 0.6-mm-thick FR-4 dielectric substrate. Each
unit, artificial molecule, consists of paired SRR and S-MLSP.
Only SRR, the bright atom, is excited by a normally incident
plane wave with y-axis polarized electric field and x-axis
polarized magnetic field. Figure 2 shows the formation of
the proposed EIT-analog system. Due to the external electric
field parallel to the split, SRR can be excited to a magnetic-
dipole resonance where circular current flow exists on the
SRR without any contribution to an electric-dipole moment
[35], which makes SRR an ideal magnetic bright atom. From
Ref. [33], it is known that a spiral-like resonator can support
both electric- and magnetic-dipole modes, and the resonant
frequencies depend on the geometric parameters of the res-
onator. In the proposed schematic, the incident waves cannot
excite the magnetic resonance, and near-field coupling is
the only way to excite S-MLSP whose magnetic resonant
frequency is designed the same as the magnetic-resonant
frequency of SRR, making S-MLSP an ideal magnetic dark
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FIG. 1. Schematic of the proposed EIT analog based on magnetic
plasmonic structures, where the detailed view of a single molecule is
also presented. 0.035-mm-thick copper is etched on the top layer of
0.6-mm-thick FR-4 substrate. The distance of the center of paired
magnetic atom is G. Outside radius, inside radius, and split width
of SRR are represented as rout, rin, and s, respectively. Radius, the
width of the four wrapped copper arms, and the gap width of the S-
MLSP are represented as r2, w, and s2. The geometric dimensions of
the presented model are rout = 1.9 mm, rin = 1.6 mm, s = 0.2 mm,
r2 = 2.9 mm, w = 0.4 mm, and s2 = 0.2 mm

atom. Similar to what happens in planar SRR arrays [36–38],
magnetoinductive waves play tricks behind the excitation of
S-MLSP. When SRR is excited by external waves, its energy
is transferred to the S-MLSP by magnetoinductive waves.
The transverse coupling between the pair of atoms gives
birth to antisymmetric and symmetric states, which can be
regarded as an analog of atoms at two reversed orbitals. Two
atoms oscillate out/in-phase whose magnetic moments are
hybridized antiparallel and parallel, respectively.

To vindicate the proposed EIT-analog system, we conduct
simulations, experiments, and theoretical analysis. The fab-
ricated sample and experimental environment are shown in
Fig. 3(a). The sample, shown in Fig. 3(b), is fabricated in the
anechoic chamber. A pair of tapered slot antennas for shot-
pulse applications working from 3 to 20 GHz [39] is placed on

both sides of the sample and linked to a vector network ana-
lyzer (Keysight PNA N5224A) by phase-compensated cables.
Transmission and group delay curves are shown in Figs. 3(c)
and 3(d), where we select both sides of the sample as two
reference planes [40]. Experimental and numerical results
obtained from COMSOL MULTIPHYSICS match well, and it is
evident to observe the sharp EIT-like transparency along with
the slow-light characteristic. Two resonant stop bands appear
in the spectra, centered on 8.6 GHz (ω−/2π ) and 9.15 GHz
(ω+/2π ), respectively, which correspond to antisymmetric
and symmetric states of the artificial magnetic molecule dis-
cussed above. Distributions of magnetic and electric along the
z axis are shown in Fig. 2.

Then, we analyze the structure in detail. The energy-level
scheme of the model is shown in Fig. 4. Similar to the recent
process-coupled systems [12,17,19,22,41,42], the theoretical
analysis of the proposed EIT-analog system is based on the
coupled Lorentz oscillator model of bright and dark atoms
with the same resonant frequency ω0 under harmonic exci-
tation Ein(t ) = Ein(ω)e−iωt

∂2Sb(t )

∂t2
+ γb

∂Sb(t )

∂t
+ ω0

2Sb(t ) = qb

mb

Ein(t ) − κ2Sd (t ),

(1)

∂2Sd (t )

∂t2
+ γd

∂Sd (t )

∂t
+ ω0

2Sd (t ) = −κ2Sb(t ). (2)

Si , γi , qi , mi , κ (i = b or d ) are the effective displacement,
loss factor, effective charge, effective mass, and coupling
strength of the bright (b) and dark (d) atoms. The effective
polarization χeff is obtained where C is the coefficient deter-
mined by effective charge and effective mass.

χeff = qbSb + qdSd

ε0Ein

, (3)

χeff = C
ω2 − ω0

2 + iωγd

κ4 − (
ω2 − ω0

2 + iωγd

)(
ω2 − ω0

2 + iωγb

) . (4)

FIG. 2. Scheme of the artificial magnetic plasmonic molecule with antisymmetric and symmetric states. Inset picture shows corresponding
magnetic and electric field along z axis.
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FIG. 3. (a) Experimental setup of the fabrication sample. (b) Photograph of the sample. (c) Numerical, experimental, and theoretical
transmission curves. (d) Numerical and experimental group delay curves.

The transmission can be presented as

T =
∣∣∣
∣∣

4
√

χeff + 1

(
√

χeff + 1 + 1)
2
ej (2πd/λ)

√
χeff +1 − (

√
χeff + 1 − 1)

2
e−j (2πd/λ)

√
χeff +1

∣∣∣
∣∣
. (5)

In the proposed model, the transparency frequency ω0 is
5.56 × 1010 rad/s (around 8.85 GHz), d is the thickness of the
substrate (0.6 mm), and then we can estimate κ around 1.3 ×
1010 rad/s using relationships among resonant transparency
frequency and frequencies of antisymmetric and symmetric
states mentioned before (ω0

2 – ω–
2 =κ2 and ω+2 – ω0

2 = κ2).

FIG. 4. Level scheme according to Lorentz oscillator model.

When we consider a lossless model, the width of the trans-
parency window � can be written as

� = κ2

ω0
. (6)

We fit the numerical transmission curve in Fig. 3(c) where
two sides of the metasurface are chosen as two reference ports.
As pioneering researchers did recently [12,17,22], we obtain
parameters for the proposed model by fitting the simulated
results. Note that we have obtained thickness of the substrate
d, coupling strength κ , and the transparency frequency ω0.
The remaining three unsolved parameters are coefficient C
and loss factors γb and γd . Next, substituting the simulated
transmission value for the proposed model at ω0, ω+, and ω–

into Eq. (5) leads to three equations listed below,

T (ω−) = 0.101

T (ω0) = 0.655 (7)

T (ω+) = 0.102.

Finally, combining and solving Eqs. (4)–(7), we can obtain
the last three fitting parameters as follows: C = 8.2 × 1021,
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FIG. 5. Numerical transparency shift of the EIT-analog struc-
ture with respect to changes of the permittivity of the surrounding
environment.

γb = 3.15 × 108 rad/s, γd = 4.35 × 108 rad/s. The experi-
mental, simulated, and theoretical results match well in
Fig. 3(c).

Due to the sharp EIT-like spectra and the ability of confined
electromagnetic field, the proposed structure can be employed
as a permittivity sensor at free space. It is foreseeable that the
transparency frequency depends on the dielectric properties
of the surrounding environment. The sensing ability of the

proposed EIT-analog structure is demonstrated in Fig. 5. A
clear shift of the transparency peak can be observed when
increasing the permittivity ε of the surrounding environment
from 1.0 to 1.2. The sensitivity can be defined as the shift
of resonant peak per unit change of refractive index [43],
amounting to about 12 mm/RIU.

In conclusion, we designed, fabricated, and analyzed a type
of EIT analog working at microwave band, which consists of
paired magnetic plasmonic resonators. We demonstrated that
bright-dark mode coupling enables the formation of antisym-
metric and symmetric states of the artificial molecule. The
reported utilization of S-MLSP provides deep insights into the
study of magnetic surface plasmons. The sharp transparency
window and the large group delay of the EIT analog are useful
for various practical applications, including slow-wave delay
structures and sensors. As an example, we numerically present
a permittivity sensing application based on the structure. Fu-
ture work includes investigating bright-dark mode coupling in
three-dimensional topology and designing stacked EIT-analog
systems of magnetic plasmonic atoms.
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[1] K.-J. Boller, A. Imamoğlu, and S. E. Harris, Phys. Rev. Lett. 66,
2593 (1991).

[2] S. E. Harris, Phys. Today 50(7), 36 (1997).
[3] A. I. Lvovsky, B. C. Sanders, and W. Tittel, Nat. Photonics 3,

706 (2009).
[4] K. M. Birnbaum, A. Boca, R. Miller, A. D. Boozer, T. E.

Northup, and H. J. Kimble, Nature (London) 436, 87 (2005).
[5] H. Tanji-Suzuki, W. Chen, R. Landig, J. Simon, and V. Vuletić,
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