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Electromagnetically induced transparency in all-dielectric metamaterials:
Coupling between magnetic Mie resonance and substrate resonance
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We theoretically and experimentally studied the coupling of the magnetic Mie resonance of a dielectric cuboid
and the guide mode resonance of an alumina slab in an all-dielectric metamaterial. It is found that the excitation
of the discrete guide mode resonance or substrate resonance of the alumina slab can be properly controlled by
designing the geometry of the dielectric cuboid. Moreover, it is found that the coupling of substrate resonance and
the Mie resonance of the cuboid can be tailored to achieve electromagnetically induced transparency (EIT)–like
spectrum. The tunability of the EIT-like spectrum based on the geometric parameters was also studied. Our
results utilizing the crucial contribution of substrate derive a realization of EIT in all-dielectric metamaterial and
thus pave a way for optical spectral control with all-dielectric coupled system.

DOI: 10.1103/PhysRevA.100.053804

I. INTRODUCTION

Metamaterial [1–8], or its two-dimensional counterpart
metasurface [9–12], is a class of artificial media composed of
subwavelength-sized resonant elements. The resonant micro-
and nanoelements, also called as meta-atoms, can be freely
designed for optical properties unattainable in nature, which
may play an important role in improving light-matter inter-
actions for fundamental physics and applications [13–15].
Recently, the subwavelength meta-atoms of the metamaterials
have been designed for the realization of exotic transport phe-
nomena appearing in quantum systems. The classical analo-
gies of quantum features in metamaterials can be employed
to dramatically reduce the extreme conditions for observing
quantum phenomena in experiments, which may stimulate the
practical application of characteristic transport properties of
quantum systems. Electromagnetically induced transparency
(EIT) [16,17] was suggested as a technique for eliminating
the effect of a medium on a propagating beam of electro-
magnetic radiation, which can be used to remove optical
self-focusing and defocusing and to improve transmission
through an opaque medium in a narrow window with low
absorption and steep dispersion. The steep dispersion of EIT
is promising for slow light and the enhanced light-matter
interactions. However, the extreme environment requirement
for quantum EIT obstructs it from practical applications. The
spectral characteristics of EIT have been reproduced in several
classical structures [18–28]. Zhang et al. demonstrated the
EIT spectrum and steep dispersion in a direct manner with
a plasmonic metamaterial composed of bright and dark meta-
atoms [18]. Later, all-dielectric metamaterials [29–40] with
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EIT-like spectra were fabricated for avoiding the Ohmic loss
in metallic metamaterials.

In this work, we demonstrate an EIT-like spectrum of an
all-dielectric metamaterial composed of a ceramic cuboid on
an alumina substrate. Unlike previous studies on EIT with
all-dielectric metamaterials, the dielectric substrate plays a
dominant role in the formation of the EIT-like effect. It
is found that the second-order bound state (TE2.0) of the
alumina substrate can be excited by the magnetic resonant
of ceramic cuboid normal to the substrate [41–43]. Then the
magnetic resonance of the ceramic particle can be tuned to
approach the resonant mode of the alumina substrate, and the
coupling between the magnetic Mie resonance and substrate
resonance will induce a transparent window. The tunability
of the EIT-like effect based on the geometric parameters was
also studied. Our study demonstrates the important influence
of the dielectric substrate on the electromagnetic properties of
all-dielectric metamaterials.

II. RESULTS AND DISCUSSION

The designed all-dielectric metamaterial is schematically
illustrated in Fig. 1(a). A dielectric cuboid is placed on top of
an alumina slab, and the cross section (width a = 22.86 mm,
height b = 10.16 mm) of the slab is the same as the waveguide
of standard the X band, which is employed for the study of
the all-dielectric metamaterial, and the position of the ceramic
cuboid away from the center of slab along the x direction is
p. We used a commercial electromagnetic solver based on
the finite-difference-time-domain (FDTD) method for all the
numerical simulations in our study.

The ceramic cuboid is made of calcium carbonate CaTiO3

doped by 1 wt% ZrO2 that processes with a relatively low
loss (with dielectric constant ε = 123 and loss tangent
tanδ = 0.001) [36], and the dimensions of the cuboid are
3.5 mm × 3.5 mm × 1.0 mm. The ceramic cuboid is placed
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FIG. 1. (a) Schematic diagram of the waveguide and alumina
slab. (b) The dispersion diagram of the TE(odd )

0 mode of alumina slab;
the blue dotted lines indicate different eigenmodes of alumina slab.
(c) Schematic diagram of the waveguide and all-dielectric metama-
terial made of CaTiO3 cuboid and alumina slab. (d) Transmission,
reflection, and absorption spectra of an all-dielectric metamaterial.

with its square cross section along the x direction to excite
its first-order Mie resonance within the working band of the
waveguide. First, we studied the electromagnetic behavior of a
single ceramic cuboid by placing it at the center of the alumina
slab, i.e., p = 0 mm. In the experiment, the transmission
through the sample was measured with a vector network
analyser (VNA, AV3629D) in the range of 8–12 GHz, and the
measured result agrees well with our FDTD simulations. The
measured transmission, reflection, and absorption spectrum
of the single ceramic cuboid are shown in Fig. 1(d), from
which we can see a sharp magnetic resonance around the
frequency of 8.9 GHz. Distributions of the electric field on the
cross sections of the ceramic cuboid are presented in Fig. 1(d)
for understanding the resonant mechanism. As can be seen
from the field distribution, the resonant mode of the ceramic
cuboid shows the same picture as the base mode of spheri-
cal resonator, which is a magnetic mode. The on-resonance
magnetic field of the mode is overlapped with the propagating
electromagnetic waves in the waveguide, suggesting that the
resonance is excited directly by the magnetic component of
the incident electromagnetic wave.

The substrate of metamaterial is commonly chosen as a
low-loss dielectric material for its insignificant influence on
the resonant quality of micro- and nano-structured layers.
Recently, the influence of the dielectric substrate on the over-
all properties of metamaterial has attracted more attention.
For example, the infrequently studied dielectric substrate was
exploited for sheet metamaterial with large quality factor [38].
The dielectric substrate supports a continuous dark bound
state with respect to the incident light, and then the dielectric
slab can be truncated in plane for a discrete dark state.
It was found that the discrete dark mode of the dielectric
substrate can be excited with an electric resonator made of
metallic structure for high-quality metamaterials. Later, the

FIG. 2. (a) Calculated and (b) measured transmission, reflection,
and absorption spectra for all-dielectric metamaterial with p = 2 mm.

high-quality metamaterial was demonstrated for lasing with
low threshold, radiation damping tunability, directionality,
and subwavelength integration. We investigate the interaction
between the magnetic Mie resonance of a ceramic cuboid and
the discrete dark mode of the dielectric substrate. The disper-
sion diagram of a uniform dielectric slab of thickness d (blue
curve) and quantized dispersion of the composite dielectric-
metal system (blue dots) is presented in Fig. 1(b). The E -field
distribution of TE2.0 mode is shown in Fig. 1(c). In Fig. 1(d),
it can be found that the dark mode of the substrate or substrate
mode can neither be excited by the incident wave nor be
excited by the local field generated by the ceramic cuboid
when it is placed in the center of the substrate. If we put the
ceramic cuboid away from the center of the alumina slab, its
magnetic mode will introduce asymmetry of the electric field
distribution on the cross section of the waveguide. Once the
magnetic resonance of the ceramic cuboid is excited directly
by the magnetic component of the incident electromagnetic
wave, the asymmetric distribution of electric field is no longer
orthogonal to the discrete dark bound state (TE2,0 mode) of
the dielectric substrate, and thus the dark bound state can be
excited with the magnetic dipole of the ceramic cuboid.

As discussed, the dark slab resonator can be excited by
placing the ceramic cuboid away from center of cross section
of the waveguide. We present in Fig. 2 the transmission,
reflection, and absorption spectra of an all-dielectric meta-
material with cuboid position p = 2 mm. A typical Fano-
shaped resonance [44–46] can be seen around 10.3 GHz. The
sharp resonance is similar to the high Q excited with electric
resonators [41]. The Q factor was extracted from the absorp-
tion spectrum as 356. To get a better understanding of the
excitation of the substrate resonator, we present the calculated
distribution of magnetic field at the resonant frequency (for
the metamaterial with p = 2 mm, corresponding to the excited
substrate resonance in Fig. 2) in Fig. 3. It can be seen that the
magnetic field on the dielectric slab shows two nodes, which
are close to the second discrete mode (TE2,0) marked as the
blue circle in Fig. 1(b). The magnetic field on the ceramic
cuboid shows the picture of the magnetic dipolar mode, which
induced the excitation of the substrate resonance. The H
field in Fig. 3(b) confirms that the Fano-shaped resonance
originates from the excitation of TE2,0 mode of the alumina
slab. The transmission and absorption spectra for different
parameters p are presented in Fig. 4, and we note that the
high-Q response of the substrate resonance can be further
optimized to 648 when p is 0.5 mm.
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FIG. 3. Calculated electric field and magnetic field distributions
on the cross section of the all-dielectric metamaterial (10.30 GHz,
corresponding to the substrate resonance in Fig. 2).

After we have demonstrated the excitation of the substrate
resonance with a typical Fano-shaped spectrum, we further
adjust the resonant frequency of the magnetic mode of the
dielectric cuboid to couple with the substrate resonance for
EIT-like spectrum which usually needs two structured res-
onators. Here, we take the substrate resonance to replace
another structured resonator and change the geometric pa-
rameters of the cuboid to 2.8 × 2.8 × 1.0 mm based on
numerical simulations. The measured absorption spectrum
of the redesigned ceramic cuboid (placed at p = 0 mm) is
shown in Fig. 5(a), the resonant frequency is 10.34 GHz, and
the absorption at the resonant frequency is 30% with a Q
factor of 87. Then we studied the electromagnetic properties
of all-dielectric metamaterials in the case of the ceramic
cuboid moved away from the center of the alumina slab,

FIG. 4. Measured transmission (a) and absorption (b) spectra of
dielectric cuboid with different positions.

FIG. 5. (a) Absorption spectra of an all-dielectric metamaterial
with ceramic cuboid size being 2.8 mm × 2.8 mm × 1.0 mm.
(b) Transmission, reflection, and absorption spectra of an all-
dielectric metamaterial with p = 0.5 mm.

when the position was set as p = 0.5 mm. Figure 5(b) shows
the measured transmission, reflection, and absorption spectra.
As can be seen, a transmission window appears within the
resonance of the Mie resonance of the ceramic cuboid, which
is just the picture of the EIT response.

The distributions of local electric field at the three typical
frequencies of the EIT spectrum (p = 0.5 mm) are presented
in Fig. 6 for exploring the underlying physics of all-dielectric
structure. For the two transmission dips, or absorption peaks,
we can see that the local fields are mainly concentrated
inside the ceramic cuboid. Strong field localization within the
ceramic cuboid induced absorption enhancement (peak) on
the spectrum. For the absorption dip, it is obvious that the
magnetic Mie resonator is weakly excited, which is due to
the destructive interference of the magnetic Mie resonance
and substrate resonance. The EIT-like spectrum originates
from the interference between the sharp substrate resonance
of alumina slab and the relatively broad Mie resonance of the
ceramic cuboid. The position of ceramic cuboid is a key factor
in the excitation substrate resonance and the formation of EIT
in our all-dielectric structure. Thus, we studied the influence
of the position p on the EIT response. Based on the above
study, we know that the two absorption peaks are due to the
Mie resonance of ceramic cuboid and the substrate resonance,
respectively. As can be seen from Fig. 5, the first absorption
peak is mainly owing to the Mie resonance of cuboid. The
frequency of magnetic Mie resonance of the cuboid originates
from the inhomogeneous field of the waveguide mode in
the experimental setup, which is similar to the results of
previous study [47]. The EIT behavior can be significantly
controlled by changing the position, as can be seen from

FIG. 6. Electric field distributions at the three typical frequencies
of the EIT spectrum: (a) f = 10.31 GHz, (b) f = 10.39 GHz, and
(c) f = 10.41 GHz; the size of the ceramic cuboid is 2.8 × 2.8 ×
1.0 mm.
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FIG. 7. Measured absorption spectra of all-dielectric metamate-
rials with ceramic cuboids of different position (the dimensions of
the ceramic cuboid are 2.8 × 2.8 × 1.0 mm.

the absorption spectra in Fig. 7. The absorption dip can be
improved from 20% to 0% by changing p = 0.5 mm to
p = 8 mm. In this process, the absorption peaks can also
be modulation for two band absorbers. We can effectively
regulate the absorption frequency and absorption intensity of
the EIT-like effect by controlling the coupling between the
magnetic Mie resonance and the substrate resonance. Based
on these characteristics, the proposed all-dielectric metama-
terial can be applied in microwave sensor and switching
devices.

III. CONCLUSION

In summary, we have demonstrated the excitation of dark
mode resonance of an alumina substrate or the substrate
resonance, with the assistance of magnetic Mie resonance of
a dielectric cuboid. Furthermore, the coupling between the
bright resonance of the cuboid and guide mode resonance of
the substrate was investigated for controllable EIT-like behav-
ior. It is found that the absorption dip can be improved from
20% to 0% by controlling the coupling between the magnetic
Mie resonance and the substrate resonance. Although our
experiments were implemented in a waveguide configuration,
the results can be extended to periodic metamaterial samples
in free space [42]. The EIT-like spectrum demonstrated here
can be simply tuned by changing only one dielectric resonator,
given that the substrate resonance has many other ways to
realize the transmission of waves, such as the Kerker effect
[48–50]. Our results on the control of spectral response with
dielectric structure coupled to the substrate resonance provide
a way to realize optical mode coupling or control with all-
dielectric metamaterials.
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