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ABSTRACT ARTICLE HISTORY

A graphene metastructure (GMST) with switching features from elec- Received 15 September 2022
tromagnetically induced transparency (EIT) and absorption (EIA) is ~ Accepted 13 February 2023
theoretically proposed in a three-resonator system by controlling the
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Electromagnetically induced

Ef = 0.9 eV, the graphene has less influence on the lower EIT metas- transparency;

tructure, and the EIT phenomenon of the three-resonator metastruc- electromagnetic induced
ture is realized. The EIT transmission window appears between 0.763 absorption; graphene;

and 0.965 THz, and at 0.803 THz, the transmission peak reaches 0.860. metastructure; two-oscillator

When Ef = 0.12 eV, graphene is weakly coupled to the substructure, ~ model
thus constructive interference between the three resonators gen-
erates a magnetic dipole that strongly traps the incident magnetic
energy, thus contributing to the EIA phenomenon. The absorption
window appears between 0.650 and 0.902 THz. The frequency point
of the absorption peak of the EIA phenomenon at this time coin-
cides perfectly with the frequency point of the transmission peak
of EIT at Ef = 0.9 eV, both at 0.803 THz. The working principle of
this GMST is explained through the surface current distribution. To
reproduce EIT and EIA, the two oscillator model is used and the sim-
ulation results are proved to be consistent and valid. The structural
parameters are also discussed and the properties of the GMST are
explored.

1. Introduction

Terahertz (THz) technology has abundant characteristics, such as broadband [1], low-
energy [2], high-resolution [3] and coherence [4]. Therefore, THz technology has become
a hot research topic nowadays [5]. In recent years, the rise of the so-called metastructures
[6], that is, metamaterials and metasurfaces, have unique and exotic physical properties
compared with natural materials, such as negative refraction, and negative permittivity
[7]. It has become the ‘favorite’ of numerous laboratories. Using its distinctive electro-
magnetic properties, metastructures can be controlled effectively and further the prop-
agation of electromagnetic waves can be controlled [8]. As the basis of wave-functional
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materials and fluctuation phenomena, electromagnetic resonance can make some peri-
odically arranged unitary structures manifest many exotic electromagnetic properties,
which are widely used in the research of electromagnetic induced transparency (EIT)
[9,10].

EIT originally refers to the emergence of a narrow band of transmissive frequency bands
in an atomic system [11] through the coherent action of a coupled beam in a medium that
is initially impermeable to waves. EIT is accompanied by important consequences, such as
a significant reduction in group velocity and enhanced nonlinear interactions [12]. These
properties lead to a wide range of applications for EIT in areas such as slow light, optical
signal processing, quantum switching, and four-wave mixing [13,14]. However, the gener-
ation of EIT requires harsh conditions such as ultra-low temperature, which greatly limit EIT
applications [15]. To realize miniaturized and multifunctional metastructure devices based
on EIT effects in practical applications, mimicking quantum phenomena in metastructure
by coupling classical resonators has attracted great interest from researchers. The ability
to overcome the harsh conditions of low temperature is required to realize EIT in atomic
systems. The first successful realization of EIT behavior through electromagnetic metas-
tructure was achieved by Zhang et al. in 2008 [16]. Since then, experimenting with EIT
using metastructure has become a common phenomenon. The first method is achieved
by frequency detuning and weak hybridization between two bright-mode resonators [17].
Under the action of incident light, both resonators are excited, resulting in a sharp trans-
mission window [18,19]. The second method is achieved by phase destructive interference
between bright-mode and dark-mode resonators [20,21], where the bright-mode is directly
excited by the resonance of the incident light to produce electrical resonance [22], while the
dark-mode cannot, and it needs to be coupled by the bright-mode resonator near-field to
produce magnetic resonance [23].

Distinguished from the phase destructive interference between coupled resonators that
realize EIT, the phase constructive interference of different excitation paths may resultin a
new magical effect, namely, electromagnetic induced absorption (EIA) [24]. Although EIT
has been fruitfully studied in metastructure systems, the study of EIA is still in the pro-
cess of development [25]. According to the prediction, EIA will open new paths in the
design of new photonic devices for narrowband filtering, absorption switching, and optical
modulators [24]. Several groups have reported that the transition from EIT to EIA can be
observed in two-resonator system metastructures by reducing the dissipation loss of the
bright mode [26,27], increasing the dissipation loss of the dark mode [28], or reducing the
coupling strength between the bright-mode and dark-mode(e.g. by increasing the cou-
pling distance)[29], as well as by different phases involved in the oblique incidence [30].
In addition, the EIA can be achieved in a three-resonator metastructure by adding a res-
onator in a way that generates interference between more than three excitation paths [25].
Ercaglar et al. in 2017 [31] utilized the VO, phase change property to realize bi-tunable
phonon-induced transparency and resonant absorption. The essence is the narrow-band
absorption formed by reducing electromagnetic wave transmission and increasing reflec-
tion through metallic VO,, rather than EIA. In practice, active manipulation of EIT resonances
is highly desired as it helps a lot in transferring additional dimensions of the design and
functionality of the metastructure. Lately, introducing active materials into the metastruc-
ture cells has been reported as a way to achieve dynamically controllable EIT resonance
[25]. Graphene is an electric control material that is increasingly becoming a ‘star material’
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in the field of metastructures by virtue of its conductivity that can be continuously adjusted
by controlling the Fermi energy(Es) level with an applied voltage. Graphene provides a
tremendous platform for active modulation of EIT [31]. The study of EIT and EIA is a hot
topic today. However, fewer integrate these two effects in a single metastructure. Let alone
the active modulation of the metastructure. Until now, numerous EIT/EIA metastructure
configurations are widely discussed, but fewer pour attention to the combination and
autoswitching of both in one device. EIT/EIA metastructure can generate an absorption
band in the original EIT transmission window, which opens a new way for advanced infor-
mation coding technology, decoding and decoding technology, and frequency selection
technology.

In this paper, a graphene metastructure(GMST) with switching features from EIT to EIA is
theoretically investigated in a three-resonator system by controlling the Ef of the graphene
in the terahertz (THz) regime. When E; = 0.9 eV, the graphene has less influence on the
lower EIT metastructure, and the EIT phenomenon of the triple-resonator metastructure
is realized. The EIT transmission window appears between 0.763 and 0.965 THz, and at
0.803 THz, the transmission peak reaches 0.860. The maximum group delay value is 447
ps, corresponding to a group index of 2410, showing a significant slow light effect. When
E; = 0.12 eV, graphene has a certain conductivity and is weakly coupled to the substruc-
ture, thus constructive interference between the three resonators generates a magnetic
dipole that strongly traps the incident magnetic energy, thus contributing to the EIA phe-
nomenon. The absorption window appears between 0.650 and 0.902 THz. The frequency
point of the absorption peak of the EIA phenomenon at this time coincides perfectly with
the frequency point of the transmission peak of EIT at £ = 0.9 eV, both at 0.803 THz. In
addition, the working principle of this GMST is explained through the surface current dis-
tribution. To reproduce EIT and EIA, the two-oscillator model is used and the simulation
results are proved to be consistent and valid. The structural parameters are also discussed
and the properties of the GMST are explored.

2. Unit design and discussion
2.1. GMST design

Figure 1(a) clearly shows the functions realized by this GMST, through which the incident
linearly polarized wave can produce two different states, one for EIT and one for EIA. A view
of the proposed GMST cell structure of the given metastructure is shown in Figure 1(b) and
(c). The proposed GMST consists of a three-layer dielectric substrate and three resonators.
The three layers of dielectric substrate are chosen from plexiglas, the dielectric constant
€ is 24 [32]. The thicknesses of the three media substrates respectively are H; = 15 pm,
H3z = 20 um, and Hs = 20 pm. The top view for EIT metastructure and a graphene square
patch (GSP) are shown in Figure 1(d) and (e). In EIT metastructure, two cut wires are placed
on a plexiglas dielectric substrate, the material selected gold, and the length and width are
Dg = 130.0 pm, We = 25.0 um. The middle one is made of two split ring resonators (SRRs),
with the same structure, opposite openings and mirror symmetry to each other, and the
material chosen is gold. The thicknesses of both resonators are 0.3 um. The conductivity is
4.1 x 107 S/m [14] for all the gold in the GMST. The GSP with side length Ls = Lg = 39.8
pum is placed on the second dielectric substrate, and the E¢ of graphene is changed by
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Figure 1. (a) The two modes of the proposed GMST, (b) Top view for EIT metastructure, (c) The stere-
ogram of the cell metastructure, (d) Top view for EIT metastructure, and (e) Top view for GSP.

Table 1. Detailed dimensions.

Parameters H, H, Hs Hy Hs D, D,
Value (pm) 15 0.1[33] 20 0.3 20 35.0 10.0
Parameters D3 Dy Ds D¢ Dy Dg W,
Value (um) 20.0 80.0 15.0 20.0 55.0 130.0 80.0
Parameters W, W3 Wy W5 W6 L4 Ly
Value (um) 20.0 20.0 41.0 14.0 25.0 240.0 240.0
Parameters L3 Ly Ls Le

Value (um) 100.0 102.2 39.8 39.8

controlling the external bias voltage to further change the conductivity as well as the dielec-
tric loss of graphene. The thickness of the GSP is designed as H> = 0.1 um [33]. Detailed
geometrical dimensions are shown in Table 1.

The dynamic surface conductivity o4 (w) of graphene in the low THz range can be cal-
culated using the Kubo formula [34]. o4 (w) of graphene consists of two components,
intra-band conductivity ointra (w) and inter-band conductivity ointer (w) [32]

Ug(a)) = Ointra 1 Ointer (1
Among them [32]:
in2
—je“kpT e s
i = =\ — 2| kT 1 2
Ointra(®) (@ + 2j7) <ka + 2In(e*e’ + )) ()
. 2 .
—je 2uc — (w+ 2T)h
i = I 3
Ointer(®) anh n <2Hc+ @+ 2% 3)

where w is the radian frequency of the incident THz wave, e is the charge of an electron, kg
is the Boltzmann constant, # is the reduced Planck’s constant and & = h/(2r). Moreover, I'
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and T are chosen to be 0.43 meV [35] and 300 K. On the other hand, the surface impedance
of graphene is calculated as Zg(w) = 1/04(w). In general, the interband conductivity of
graphene is negligible [36], so the surface conductivity of graphene can be simplified to
Drude’s model [32]:

e’puc J

22 wtjn @

og(w) ~

Therefore, the surface conductivity of graphene can be adjusted by changing its E;.
The relationship between E¢ of graphene and the applied bias voltage. The relationship
between E; of graphene and the applied bias voltage is as follows [37]

7T808,Vg

e & hVg (5)

et
where V¢ = 1.1 x 108 m/s is the Fermi velocity, t is the thickness of the dielectric layer, Vgis
the applied bias voltage, €p and ¢, are the dielectric constants of the vacuum and dielectric
layers, respectively.

It is worth emphasizing that this research work is theoretical and the experiments are
beyond the scope of our research. But our data are all guaranteed, the model was built and
the data results were obtained with the help of the commercial simulation software High
Frequency Simulation Software 15.0 (HFSS). The unit cell boundary condition is set along
the x- and y-axis directions, the open (add space) boundary condition is set along the z-
axis direction, and the electromagnetic wave with polarization direction along the x-axis
is incident on the super-surface along the z-axis direction. Use the default adaptive mesh
profiling settings. The proposed GMST is based on the TM waves incidence (electric field
direction along x-direction, magnetic field direction along y-direction, wave vector direc-
tion along z-direction). However, the proposed GMST can be fabricated, and the specific
processing can be found in Refs. [38-41].

2.2. EIT mechanism analysis

The metastructure that produces the EIT phenomenon is two cut wires and a resonator con-
sisting of two SRRs. The reason for using two SRRs is that the charge accumulationin a single
SRR will produce an electric dipole moment, which weakens the desired electromagnetic
moment. The electric dipole moments produced by two SRRs placed with opposite open-
ings will cancel each other out. When the direction of incident electric field is x-direction
(the same as the radial direction of the cut wire), it will make both sides of the cut wires
the bright mode directly excited to produce electric resonance. As shown in Figure 2(a),
this mode is stronger coupled with the free space, and the resulting radiation loss is rela-
tively large. Also known as the electric dipole mode, which shows a wider spectrum and a
smaller Q value [15] in the transmission spectrum. The energy of the electric resonance is
coupled to two SRRs that cannot be excited by the incident electric field, resulting in mag-
netic resonance, which is also called dark mode. Figure 2(b) shows the resonance curve of
the dark mode excited alone (the direction of the incident magnetic field is perpendicu-
lar to plane where dark mode is located). As seen in Figure 2(c), the bright and dark mode
resonators satisfy the conditions for EIT generation, namely, the Q difference between elec-
tric and magnetic resonance is large and the resonant frequency points are similar (0.976



6 (& D.D.ZHUETAL

( a) 1.0 (b)1-0
0.9 4
0.8 4
g %71
“
E05- % Z
- =
£ 04 - % Z
=034 @ Z
021 »” @ P
Q 9
0.1 1 a3
00 4+— " e ; 00 . .
0.7 08 0.9 1.0 1.1 0.9 1.0 1
Frequency(THz) Frequency(THz)
(c) 10 (d) 10
0.9 4 0.9 4
(0.997, 0.935)
0.8 0.8 4
= 0.7 4 0.7 4
o i = A
3 06 £ 06
£ 0.5 Z 0.5
@
- :
E 0.4+ s 0.4
4 -
0.3 = 0.3
0.2 4 0.2 36
the bright mode ; 0436)
01q_ _ the dack mode 0.1
0.0 T T T T 0.0+ T T T
0.8 0.9 1.0 1.1 0.7 0.8 0.9 1.0 1.1 1.2
Frequency(THz) Frequency(THz)

Figure 2. (a) The bright mode being separately excited, (b) The dark mode being separately excited,
(c) Bright and dark modes separately excited, and (d) The resulting EIT transmission curve.

and 1.047 THz, respectively). Therefore, When TM waves are incident, the phase destruc-
tive interference between electric and magnetic resonance leads to the EIT in Figure 2(d),
the metastructure produces transmission valleys at the frequencies of 0.936 and 1.120 THz.
and a transmission peak at the frequency of 0.991 THz. The resonant frequencies of the two
resonant units are very close to the two resonant frequencies of the complete metastruc-
ture, and the transmission peak of the complete structure is in between the two resonant
frequencies, which is formed by the weak coupling between the two modes excited by the
incident wave. It is shown that the transmission size can be changed by breaking the sym-
metry of the EIT structure. Therefore, after simulation comparison, the final light and dark
mold center offset is designed to be 40 um. At this point, the transmission peak reaches
0.935.

To illustrate this phenomenon, we start our analysis by discussing the GMST reso-
nants behavior at TM-incidence. In Figure 3, the transmission response of the GMST at
TM-incidence is simulated and plotted. As shown in Figure 3(a), the low transmission dip
(f1 = 0.936 THz), two cut wires are directly excited to form an electric resonance. The sur-
face current forms a dipole current symmetrical to the upper and lower directions about the
middle horizontal line, and the current intensity is strong, forming an electric dipole reso-
nance, which can form a strong coupling with the incident wave (electric direction), and
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Figure 3. Surface current and electric field diagram of the transmission response of a super-surface at
TM-incidence: (a) The low transmission dip (f; = 0.936 THz), (b) The transmission peak (f, = 0.991 THz),
and (c) The high transmission dip (f3 = 1.120 THz).

the electromagnetic wave loss is large and belongs to the bright mode. And there is almost
no current on the SRRs at this time. Figure 3(c) that the high transmission dip (f3 = 1.120
THz) is a symmetric mode. The upper cut wire (lower cut wire) and the current direction on
the upper surface of the SRRs (lower surface of the SRRs) coincide, further increasing the
electromagnetic radiation loss of the structure. That is, the bandwidth at the high trans-
mission dip is greater than that at the low transmission dip. Figure 3(b) depicts the current
distribution at the transmission peak (f, = 0.991 THz) of the metastructure. As shown, anti-
symmetric electric field appears on the upper cut wire (lower cut wire) and on the upper
surface of SRRs (lower surface of SRRs), and since the current distributions are essentially
the same in size and opposite in direction, their resulting radiated electromagnetic fields,
i.e. reflected fields, cancel each other out, and the radiation loss of the metastructure at
this point is significantly reduced, ultimately leading to the EIT phenomenon. This interest-
ing phenomenon can also be well explained by using the method of equipartition exciton
hybridization [38,39]. When the lengths of the uppercut wire (lower-cut wire) and the upper
surface of SRRs (lower surface of SRRs) are different, the coupling between them leads to
the formation of two plasma exciting modes: antisymmetric and symmetric plasma exciton
modes [42]. The antisymmetric and symmetric modes correspond to the currents in the
upper cut wire (lower cut wire) and the upper surface of SRRs (lower surface of SRRs), which
flow in opposite and the same direction, respectively, as shown in Figure 3(b).

2.3. The physical mechanism of the EIT behavior

To explain the formation of the EIT effect, we can represent it in the typical three-energy
A-type system [43] shown in the figure below, EIT behavior is realized by the interference
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Figure 4. The comparison of the coupling mechanism between: (a) The classical three-level atomic
system, and (b) The proposed EIT metastructure.

of two different stimulus paths in the three-level atomic system, which can be used to elabo-
rate the EIT effect. This is shown in Figure 4(a) where y 1 and y; are the coupling coefficients
between the energy levels, €21, and 2, are the transition phases,and | 1 > and | 2 > are
the ground state energy levels. These two energy levels are similar in energy and are sim-
plicial energy levels, | 3 > belongs to the excited state energy level, and the jump from
| 1 > energy level to | 2 > energy level is forbidden. First, the emission of weak-energy
electromagnetic waves to detect the absorption of light by the medium, the photon energy
of the detected electromagnetic waves and | 1 > jump to | 3 > energy approximation.
Another beam of electromagnetic waves incident on the medium is a very high energy
pump electromagnetic waves, able to couple | 2 > energy level and | 3 > energy level,
these two beams of electromagnetic waves to meet the resonance conditions, the detec-
tion of light will be able to ‘transparent’ through the medium without being absorbed.
In this process, there are two paths from energy level | 1 > to energy level | 3>:| 1>
—|3>and|1> —|3> —|2> —]|3>,and the magnitudes of the odds ratios of these
two paths are approximately equal, while the directions are opposite, so that interference
effects occur at energy level | 3>, making the atomic Bourget number at energy level
| 3 > closeto 0, and the detection light is no longer absorbed, resulting in electromagnetic-
induced transparency [40]. Accordingly, the transition from | 1 > to | 3 > is equivalent to
the cut wires in Figure 4(b). Meanwhile, the other transition from | 3 > to |2 > is similar to
the two SRRs in Figure 4(b). Thus, at TM incident, a high transmittance transparent window
is observed when the cut wires are combined with the two SRRs.

Furthermore, to more quantitatively clarify the mechanism of EIT generation, a two-
oscillator modelis applied to reproduce this EIT metastructure [33,44]. The model diagram is
shown in Figure 5(a), where two oscillators of masses m1 and m; are connected by springs
with elastic coefficients K and are connected to the wall on the side by two springs with
elastic coefficients k; and ky, respectively. Moreover, oscillator 1 is subjected to a simple
harmonic force E. Oscillator 1, due to the displacement change by the direct force, corre-
sponds to the bright-mode resonant element in the system with its resonant frequency w1,
and oscillator 2 equals the dark-mode resonant element with its resonant frequency w,.
The spring with an elasticity factor k between oscillators 1 and 2 corresponds to the applied
pump light in the atomic system, while the model for detecting light in the atomic system
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Figure 5. (a) Two-oscillator model, and (b) Comparison of the simulated and theoretical transmission
curves of the proposed EIT metastructure.

is the simple harmonic force acting on oscillator 1. To simplify the model, we assume that
the oscillators have the same mass and the elasticity coefficients of the springs on both
sides are equal, i.e.m; = my and k; = ky. When the electric field E = Ege/®! is incident, the
two oscillators can interact with the electric field, and the interaction can be quantitatively
described as follows [15]:

x1" () + yix () + wo’x1 (1) + 2% (1) = gE (6)
X" (1) + y2x2" (0 + (w0 + 8)2x2(0) + Q1 (1) = gE 7)
To solve the above coupling equations (6) and (7), the displacement vector x, = ¢,

et (n =1,2) and w1%2-w? ~ —2wi(w - w7) [44,45] are introduced. The corresponding
transmission can be written as a frequency function as [15]:

ig%(w — wo — 8 + iy2/2)
(@ — w0+ iv1/2) (@ — wo — 8 + iy2/2) — Q2 /4

T=1—Re (8)
Here, the scattering parameters of the current sheetand T = 1 — R are used [46]. We care-
fully fitted the simulated transmission curves, as shown in Figure 5(b). Finally, the following
key fitted parameters y1 = 1.18, y2 = 0.07, 2 = 1.111 and wp = 6.368 were obtained.
Figure 5(b) shows a plot of the simulated versus theoretical transmission curves. It is clearly
visible that the theoretical results agresses with the simulated results well, which confirms
the validity and reasonableness of the given two-oscillator model. In addition, we have to
admit that there is a slight mismatch between the two curves. This phenomenon appears
mainly due to certain losses and complex coupling generated in the design.

2.4. Mechanistic analysis of EIT to EIA model

The EIT phenomenon originates from the constructive interference of different excita-
tion paths. On the contrary, if these paths interact constructively with each other, the
enhanced absorption peak at the resonance frequency will replace the narrow absorp-
tion dip accordingly, which allows a perfect conversion of EIT to EIA. In four-energy atomic
systems, the conditions for conversion are more demanding and the regulation of each
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relevant parameter change is difficult. The first experimental demonstration of EIA occur-
ring in atomic systems was done by the Akulshin group [47]. However, the implementation
in the classical oscillator model seems to be much simpler: we can achieve whether they
are amplitude-strengthened or amplitude-diminished by simply adjusting the oscillator
phase to transform the phase destructive interference between them into a phase con-
structive interference. As for the design of the metastructure simulated EIT to EIA in this
paper, according to several sets of studies, in the dual resonator system metastructure,
by reducing the dissipation loss of the bright resonant and increasing the dissipation loss
of the dark resonant (e.g. the materials of the dual resonator are chosen to be metallic
and dielectric to increase the loss difference, respectively), or by reducing the coupling
strength between the bright and dark resonants (e.g. increasing the coupling distance),
and the oblique incidence involved different angles involved, a shift from EIT to EIA can be
observed[24,26-30]. However, the transition from EIT to EIA, which is generally achieved
in two-resonator systems, cannot be actively regulated and both phenomena cannot be
achieved in one metastructure. Therefore, graphene is introduced into the structure as
the third resonator in the original two-resonator EIT structure, and the property is used
that graphene can dynamically adjust the conductivity by changing the E¢ to realize the
switchable EIT and EIA functions in the GMST.

A dielectric substrate with a thickness of 20 um is added on top of the original two-
resonator EIT metastructure, which material is plexiglas, to place a GSP with an edge length
of 39.8 um as the third resonator layer and precisely set the optimal graphene position (as
can be seen in Figure 6(d)). And a layer of dielectric substrate with a thickness of 15 um is
placed at the top, which material is plexiglas. As shown in Figure 6(a) and (c), when two
layers of dielectric substrate were added on top of the original two-resonator EIT metas-
tructure, the transmission curve showed a red-shift phenomenon. Subsequently, the GSP
is added, and considering the property that the dielectric loss of graphene decreases with
the increase of E, Ef = 0.9 eV is set at this time, and compared with Figure 6(a) and (b),
although the conductivity of graphene is high at this time, because of its low dielectric loss,
small shape and small coupling with the lower two-resonator EIT metastructure, and the
precise setting of the interference position leads to the small effect of graphene on the EIT
phenomenon. The transmission curve is slightly red-shifted and the peak is slightly sacri-
ficed. Thus, since the newly introduced GSP does not work when E; = 0.9 eV, a perfect EIT
phenomenon can still be observed in the triple-resonator metastructure.

When E; = 0.12 eV, GSP has a certain permeability as well as a large dielectric loss, at this
time, due to the magnetic resonance generated by the near-field coupling of the three res-
onators, the enhanced absorption peak at the resonant frequency will replace the narrow
absorption dip accordingly, and a good absorption resonance is formed in the EIT window,
thus realizing the transition from phase destructive interference to phase length interfer-
ence. As shown in Figure 7(a) and (b), this EIT and EIA function switchable metastructure
forms EIT phenomenon at Es = 0.9 eV, the transmission interval lies between 0.763 and
0.965 THz, and when the transmission peak reaches 0.860, the transmission peak lies at
0.803 THz. The EIA phenomenon is formed when £ = 0.12 eV and a very clear absorption
peak at 0.803 THz can be seen in Figure 7(c) and (d), which coincides perfectly with the
EIT transmission peak. The absorption at this frequency is fully promoted by the incident
field and its absorption exceeds 52%, which means that the absorption is greatly promoted
at this frequency point. However, in the frequency range outside the absorption region,



WAVES IN RAN

DOM AND COMPLEX MEDIA (&) 11

1.0

1.0

0.9 S (0.991,0935) Loo
— ' \
0.8 1 (0.803,0.860) . \‘ (US17.0-911)/NN Lo.s
Sy 0
0.7 1! NG Dy 0.7
. o ; 5
2 0.6 0 \ 0.6
] ' \ '
£ 0.5 ' ey 'Los
£ ' 11 v [0
H ' o \ '
043 - 5 ) po4
* A
ﬁ i \ J 03—
] \ (> ey
E A

v

e

‘ F0.2

F0.1

e

1.0

(b) (d)

Graphene

Figure 6. Comparison of transmission curves in three modes, (a) Dual-resonator EIT structure plus two
layers of dielectric substrate, (b) Triple-resonator EIT structure (at this time the graphene £ is set to
0.9 eV), (c) Dual-resonator EIT metastructure, and (d) The view of the graphene.

the absorption is almost always close to 0. This means that the phase delay at this fre-
guency point is well-matched and therefore phase constructive interference is successfully
obtained, while the rest of the frequency range fails to obtain phase delay matching and
therefore the absorption is close to 0.

To elucidate the physical processes involved, the GMST surface current distribution is
calculated. Figure 7 shows the simulated surface current distribution with a phase differ-
ence in the GMST, and Figure 7(c) shows the case at peak absorption frequency when
¢ = 0.89 7. while Figure 7(d) shows the same frequency when ¢ = 1.89 7. A closer look
at Figure 7(c) and (d) yields that there is a w-phase difference between the GSP and the two
SRRs at TM-incidence, and the reverse current between the two resonators forms a mag-
netic dipole, the ring shape is indicated by the red line. From the right-hand rule, we can
tell that the magnetic dipole direction m is along the y-axis, which is the same direction
as the incident magnetic field polarization[25,48]. Therefore, it strongly captures the inci-
dent magnetic energy, which causes strong absorption[25]. Therefore, the coupling effect
(e.g. phase difference) between resonators is changed by adding a third resonator in such
a way that the interference path is increased to transform the phase destructive interfer-
ence between them into phase constructive interference. A deeper understanding of the
underlying coupling mechanism can not only provide remarkable insight into the design
and optimization of metastructures with the desired functionality but also lead to many
fascinating phenomena.

It can also be understood that the original two-resonator EIT metastructure achieves an
abnormal enhancement of the electric field, and then a GSP is placed above the metastruc-
ture to localize the energy. Due to the dielectric loss in graphene and the impedance match-
ing at resonance, a very strong absorption will occur at the electric field enhancement.
When a beam of electromagnetic waves comes into contact with a material, to effectively
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attenuate the electromagnetic wave energy, making as much of the electromagnetic wave
incident inside the material as possible and reducing the reflection of the electromagnetic
wave on the material surface are necessary. For this purpose, a good impedance matching
is required. For the conductivity loss, according to the free-electron theory [49], increasing
the conductivity can help to enhance the loss, but too high conductivity is not conducive
to impedance matching and will cause strong surface reflection.

In addition, absorption is a complex process, and in EIA metastructure, all constituent
materials are lossy. And in the high-frequency part, the loss is higher. Therefore all com-
ponents, i.e. GSP, metal cut wires, two SRRs, and dielectric substrates, all contribute to the
absorption of EIA, and its essence is also reflected in the change of the absorption curve.
The loss of this structure depends mostly on the GSP, and the conductivity is low when the
single-layer graphene E¢ is small, but here we set the GSP thickness to 0.1 um (the standard
thickness of single-layer graphene is 0.334 nm) to increase the conductivity at a fixed E; of
graphene. And we calculate the Re (o) and Imag (o) of the conductivity of the GSP (Ef = 0.9,
0.12eV) in both states by Kubo’s formula. As shown in Figure 8(a) and (b), in the operating
frequencyrange,at 0.12 eV, the conductivity of the GSP is close to 1 S/m. Compared with the
high Ef state GSP, the GSP carrier mobility at this time is low, the equivalent impedance is
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high, and the dielectric loss is large. The main sources of dielectric loss are as follows: under
the action of the electric field, due to the dielectric leakage phenomenon (the actual work-
ing dielectric always exists conductivity loss, some weakly connected charged particles in
the dielectric under the action of an external electric field can be made along the direc-
tion parallel to the electric field for the movement between the electrodes thus generating
leakage conductive flow so that the energy is directly lost. Especially at high temperatures
or strong electric field, this aspect has a great impact) and the hysteresis effect of dielectric
polarization (related to the scattering rate I' in Equation (3), and high-frequency effect), GSP
will consume a lot of energy. This can be understood more intuitively by the equation. The
electric field of electromagnetic waves in the GSP produces a conduction current density
Jc = oE, which causes a power loss that attenuates the amplitude of the electromagnetic
waves, and the average value of the power loss time per unit volume is:

1 1
p = SRelc- F*] = EaEmZ )

where Ep, is the magnitude of the electric field amplitude on the GSP, and Ex refers to the
conjugate complex of E. Since the higher the conductivity o, the lower the impedance
and the amplitude Ep, decreases, the higher the conductivity is not better, and optimal
value needs to be found by parameter optimization. The complex dielectric constant is
€c = € —je”. The displacement current density on the medium is Jg = jwe E+we”E, where
the displacement current component in phase with E also causes power loss, and the time
average of the polarization power loss per unit volume of the medium can be expressed as:

1 1
p= 5Re[JC, ] = Ews”Emz (10)

It can be seen that the polarization power loss and the imaginary part of the complex
dielectric constant make proportional, and the higher the frequency the more likely the
hysteresis effect of dielectric polarization, and the greater the polarization loss. The total
current on the GSP exceeds the voltage (90-0)°, o is the loss angle, and the loss angle tangent
of GSP is:

"
tano:|—/| an
I3

The magnitude of the loss angle tangent of GSP at a given frequency can be illustrated by
the magnitude of the loss of GSP at this frequency. Figure 8(c) shows the tano of graphenein
two states (s = 0.9,0.12 eV) and at 0.12 eV, the tano of the absorption peak frequency point
(0.803 THz) can reach 0.259. It can be seen that the polarization loss of graphene is larger
than the contribution of the field due to polarization. It is worth stating that the loss of GSP
contributes to EIA, but it is limited due to the small shape of GSP. The largest contribution to
trigger the transition from EIT to EIA is the magnetic dipole generated by the interference
of the triple resonator configuration, which strongly traps the incident magnetic energy
and increases the absorption (as shown in Figure 7), but the higher the conductivity is not
better, too high conductivity is not good forimpedance matching and causes strong surface
reflections. This is the main reason why the transmission peak is obtained at 0.9 eV and the
absorption peak at 0.12 eV. Even though the loss is finite, it does contribute to the EIT/EIA
conversion, and our original intention in writing this section was to elaborate as much as
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possible on the various physical mechanisms behind the formation of this phenomenon,
so we also discuss it from the loss point of view.

It is known that the change in graphene loss is also accompanied by a change in surface
impedance. Li et al. in 2020 [50] designed a polarization-sensitive switchable metamaterial
THz device with broadband absorption and modulation properties using the frequency-
dependent and surface impedance-related properties of graphene at different E¢. The work
is also explained using the impedance matching principle to justify the work. To further
verify the physical mechanism behind the EIT to EIA conversion, the impedance matching
principle is also introduced here. The equivalent impedance (2) of the proposed GMST is
assumed to be approximately equal to the equivalent impedance (Zp) in free space, thus
improving the absorption of EIA. The normalized complex impedance Zr = Z/Z; is also
introduced to reflect the degree of impedance matching between Z and Z (Zr is 1, when
perfect absorption is achieved). In addition, the equation to invert Zr by S-parameters is as
follows [3]:

(12)

\/ (1 + 511 (@)% — $21(@)?)
(1 = S11(@)? = S21(w)?)
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where S11(w) and 5,1 (w) refer to the scattering parameters of reflection and transmission,
respectively. the convergence of the real and imaginary parts of Zr to 1 and 0, respectively,
is one of the signs of complete absorption. As shown in Figure 9, the real part of the normal-
ized inputimpedance of Zris about 1 and the imaginary part is close to 0 in the EIA operating
band of 0.65 ~ 0.9 THz, which proves that the system achieves perfect impedance match-
ing with free space in this band and also indirectly verifies that the surface impedance of
GSP at 0.12 eV is the best point for forming EIA.

To explain the formation of the EIA effect, a typical four-energy atomic system shown in
Figure 10(a) is introduced, where the EIA phenomenon can be observed in an atomic sys-
tem driven by coherent coupling effects. Among them, | 1 > and | 3 > are simple merged
ground state energy levels without relaxation, and | 2 > and | 4 > are also simple merged
excited state energy levels [48]. Unlike the EIT, not only coupling light and detection light
are needed here for coupling and detection of EIA, but also additional control light is
needed to realize the jump from energy level | 3 > to| 4 > [51].In Figure 10(a), 221, 22, and
Q3 are the Rabi frequencies of coupling light, detection light, and control light respectively
(when an atom or other two-energy systemiis irradiated by coherent light, it will periodically
absorb photons and re-emit them by excited emission, and the inverse of such a period is
called the Rabi frequency), and y1, y2, y3 are the rates of the three leap channels when
the states change rate, respectively [52]. In different cases (e.g. the Rabi frequency of the
coupling field, the control field, and the decay rate of the fourth simple energy level are not
the same), the atomic coherence process of the four-energy atomic system has different
effects on the medium absorption, that is, the atomic coherence converts the absorption
from phase length interference to phase destructive interference, i.e. from EIT to EIA. As
shown in Figure 10(b), the metal cut wires in the metastructure unit structure designed in
this paper correspond to the energy level | 1 > to | 2 > leap, while the two SRRs repre-
sent the energy level | 2 > to | 3 > and the GSP corresponds to the energy level | 3 > to
| 4 > leap, and the GSP and the two SRRs can exchange energy with each other through
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(a)

Figure 10. The comparison of the coupling mechanism between: (a) Schematic diagram of electro-
magnetic induced absorption phenomenon in a four-energy atomic system, and (b) the presented
GMST.

near-field coupling, so the metastructure unit structure does not need to control the EIA
can be achieved without controlling the corresponding simulation of light.

In order to further analyze the formation mechanism of the transition between EIT and
EIA, a coupled two-oscillator model is introduced. Oscillator 1 is used to simulate the cut
wires that can be directly excited by the incident field E(t) with a response of x1(t) and a
large decay rate of y 1. Oscillator 2 is used to represent two SRRs with response x;(t) and
small decay rate y,, which can only be driven by oscillator 1 through near-field interactions.
If the coupling strength « is a constant, itis a simple EIT simulation system. Therefore, a com-
plex coupling parameter xexp(jp) needs to be introduced to fully describe the action of the
GSP and thus the complex EIT to EIA system, where the parameter ¢ expresses the spectral
transformation between EIA and EIT. Note that when ¢ = 0, the model is only suitable for
pure EIT resonances, while if ¢ = 7/2, it is only suitable for pure EIA resonances. To bet-
ter elucidate the mode interference between the bright and dark resonators, the following
coupled differential equations are proposed [53]

x1" (1) + yix1’ (©) + wo?x1 () + kexp(j p)xa (t) = gE(D) (13)
X2 () + v2x2' () + (wo + 8)2x2(t) + kexp(je)xi/(t) = 0 (14)

Where wg and (wo+3) are the resonant angular frequencies of oscillators 1 and 2, respec-
tively. To indicate the coupling efficiency of the dipole mode to the incident electromag-
netic field, g is introduced and it is a geometric parameter. Introducing the harmonic ansatz
Xx1(t) = ar1exp(— jwt), x2(t) = a,exp(— jwt) and E(t) = Eq (t)exp(— jwt)[53], the amplitudes
of the bright and dark modes are written as follows [52]:

—gEo(w? + joys — (wo + 8)%)
(@2 + joy1 — w?)(@? + joys — (wo + 8)?) — k2 exp(j2¢)
gEok exp(jo)
(@2 + jwyr — wo?)(w? + joys — (wo + 8)%) — k2 exp(j2¢)

ay(w) =

ax(w) =

The absorption rates obtained were as follows [53]:

jP?w (@? + joy: — (@0 + 8)%)
(@2 + jwyr — wo?)(w? + joys — (wo + 8)%) — k2 exp(j2¢)

Alw) =
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Figure 11. Comparison of the simulated and theoretical absorption curves of the proposed GMST.

With the approximation wo? —w? = —2wolw —wo), Equation (17) can be simplified into [53]

Jjg* (@ — (wo + 8) + j¥2/2)
(@ — wo + jy1/2) (@ — (wo + 8) + jy2/2) — K2 exp(j2¢) /4

A(w) = Re (18)

The parameters after fitting through Equation (18) are as follows: y1 = 0.4, y> = 0.01,
k = 0.004,g = 0.322in Figure 11. The simulated and theoretical absorbance curves can be
regarded as consistent. Some deviations may be due to some losses and complex coupling
generated in the design.

3. Results and discussion
3.1. The slow-light effect of the EIT effect

The EIT effect is usually accompanied by a slow light effect due to strong dispersion. In trans-
parent windows, drastic phase changes lead to high group delay (GD), fully demonstrating
the significant slow light effect. In addition, the corresponding group index (Gl) can describe
the slow-wave effect in the proposed GMST. The calculation is as follows [54]

0
TGD = __QO (19)
Jw
c
NGl = 176D (20)

Where w, ¢ ¢, and t denote the angular frequency, the transmission phase, the light speed
in a vacuum, and the total thickness of the proposed GMST, respectively. Therefore, the
phase of the incident wave in Figure 12(a) shows two abrupt changes on both sides of the
EIT transmission window, which is consistent with the typical EIT and facilitates the emer-
gence of the slow-wave effect. As shown in Figure 12(b), it is clear that when TM mode wave
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Figure 12. (a) The transmission phase, (b) the group delays, and (c) the group index of the proposed
GMST.

incident, the maximum GD value is 447 ps, and the corresponding Gl in Figure 12(c) is 2410,
showing a significant slow-light effect.

3.2. The adjustability of the EIT and EIA

In addition, the introduction of GSP improves the performance of the GMST, i.e. makes the
EIT transmission and EIA absorption adjustable without changing the structure. As shown
in Figure 13(a) and (b), when E¢ is gradually changed from 0.1 eV, as GSP is located at the
top layer of the original two-resonator EIT metastructure, it couples with the underlying
EIT metastructure to enhance the generation of strong currents as the GSP conductivity
gradually increases. The interaction between the two SRRs and the GSP generates a reverse
current, forming a magnetic dipole with the same polarization direction as the incident
magnetic field, which strongly traps the incident magnetic energy, thus causing a strong
absorption and realizing the conversion from EIT to EIA. At around 0.3 eV of E¢ in addi-
tion to a significant frequency shift of the transmission window, the EIT to EIA transition
reaches its strongest due to the superposition of the constructive interference between the
three resonators and good impedance matching. Thereafter, with the increase of E¢, the
EIT phenomenon starts to be obvious considering that the GSP carrier mobility becomes
higher, the equivalent impedance decreases, the dielectric loss decreases. Moreover, the
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Figure 14. The response of (a) the transmission, and (b) the absorption curves with E¢ from 0.1 to 0.3 eV.

impedance matching in space starts to detune and the surface reflection is enhanced. Thus
0.9and 0.12 eV are chosen as the proposed EIT to EIA GMST, because both the transmission
and absorption peaks are larger at this point and the frequencies coincide, both at 0.803
THz. To better visualize the role of GSP, the transmission curves are plotted at 0.1-0.3 eV,
as shown in Figure 14(a) and Figure 13(b), where the EIT transmission decreases and then
increases with increasing E¢, reaching a minimum at 0.25eV and a nonlinear frequency
shift occurs. And the EIA absorption peak increases with Ef, and both the absorption peak
and frequency shift change linearly with increasing E¢ in the 0.1-0.3 eV blank section of
Figure 14(b).

The absorption response of GMST at different polarization angles is also a noteworthy
issue. As shown in Figure 15, when o < 20°, the EIA phenomenon is stable, and as the inci-
dence angle increases, the original absorption peak decreases and another absorption peak
is formed at high frequencies.

3.3. The structural parameter discussion of the given GMST

Consistently, the use of GSP has been implemented to tune the performance of the GMST.
However, to further explore the effect of structural parameters on the performance, the
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critical thickness Hy of the last layer of the dielectric substrate through which the wave vec-
tor passes has been chosen for discussion. Clearly, with the expansion of H;, the entire EIT
and EIA windows are found to exhibit a redshift as shown in Figure 16(a) and (b), and there is
almost no change in the transmitted EIT peak. As a beam of electromagnetic waves passes
through the material, to effectively attenuate the electromagnetic wave energy, it is nec-
essary to first make as many electromagnetic waves as possible to be incident inside the
material and reduce the transmission. For this reason, the thickness of the last layer of the
dielectric substrate, Hq, is conducive to achieving good impedance matching. In addition,
the atomic system in the EIA is different, the role of ohmic loss needs to be additionally
considered, and in the high-frequency part, the greater the loss. The loss part also depends
on the thickness of the dielectric substrate, its essence is also reflected in the change of
the absorption curve. However, due to the high requirements of the EIT to EIA system for
frequency point alignment, here at the expense of EIA peak selected peak frequency point
alignment of H; of the parameter 15 um. In addition, the coupling distance H3 between the
GSP and EIT metastructure is also an important parameter. As shown in Figure 16(c) and
(d), Clearly, with the expansion of Hq, the entire EIT and EIA windows are found to exhibit a
redshift as shown in Figure 16(c) and (d), and there is almost no change in the transmitted
EIT peak. At the same time, the absorption peak increases. This is the result of the degree
of coupling, in order to meet the peak frequency requirements of the EIT to EIA system, EIA
peak was sacrificed and H3 = 15 um was selected.

Finally, to systematically and visually describe the novelty and impact of this work, we
summarize the relevant EIT/EIA devices with superior performance reported in the last three
years in Table 2. Multitasking metastructures facilitate the miniaturization of optoelectronic
devices for a wide range of applications and tunable devices have flexible applications. In
general, the EIT/EIA dual-function metastructures proposed in this work is advanced and
valuable compared with the listed research works.
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Figure 16. The calculated (a) Transmission curves at 0.9 eV, and (b) Absorption curves at 0.12 eV of the
GMST when H; varies from 0 pm to 30 pym. The results of (c) Transmission curves at 0.9 eV, and (d)
Absorption curves at 0.12 eV when Hj differs from 10 um to 30 um.

Table 2. Comparison of the proposed work with previous work with optical surface technologies.

External Active Adjustment Optimum performances
Ref. variables material object Functionality and frequencies
[8] None None None ultra-narrow EIT 0.331 THz: T,,, = 0.87;
[17] Voltage graphene frequency regions ~ multiband EIT 831um: Ty, = ~0.98
~ 8.37/8.44/8.62 um:
(Ef = 0.60 /0.58/0.56 eV)
Tm = ~0.95
[15] Voltage linear shapes PIN diode ultra- 297GHz: T, = ~0.90
narrowband (Ebias = 1.2V)
EIT
[4] Temperature  Vanadium Functionality EIT 1.08 THz: T, = ~043
Dioxide
polarization Relative bandwidth: 29%
conversion
[55] None None None Resonance 24GHz: A, = ~0.97
absorption
[56] None None None EIA 1537 ym: Ay, = ~0.76
This work  Voltage graphene Functionality EIT 0.803THz: T, = ~0.86
/Amplitude
EIA 0.803THz: Ay, = ~0.52
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4. Conclusion

In summary, by using the constructive interference between the three resonators and the
characteristics of the GSP conductivity and dielectric loss varying with the E;, it is possi-
ble to realize the GMST from EIT to EIA conversion characteristics in the three-resonator
metastructure. When E¢ = 0.9 eV, the graphene has less influence on the lower EIT metas-
tructure, and the EIT phenomenon of the triple-resonator metastructure is realized. The EIT
transmission window appears between 0.763 and 0.965 THz, and at 0.803 THz, the transmis-
sion peak reaches 0.860. When E; = 0.12 eV, GSP has a certain conductivity and is weakly
coupled to the substructure, thus constructive interference between the three resonators
generates a magnetic dipole that strongly traps the incident magnetic energy, thus con-
tributing to the EIA phenomenon. The absorption window appears between 0.650 and
0.902 THz. The frequency point of the absorption peak of the EIA phenomenon at this time
coincides perfectly with the frequency point of the transmission peak of EIT at £s = 0.9 eV,
both at 0.803 THz. The contribution of the dielectric loss of the GSP itself to the absorp-
tion is also qualitatively analyzed. In addition, the working principle of this metastructure
is explained through the surface current distribution. To reproduce EIT and EIA, the two-
oscillator model is used and the simulation results are proved to be consistent and valid.
The structural parameters are also discussed and the properties of the GMST are explored.
The GMST proposed in this paper can produce an absorption band in the original EIT trans-
mission window, which opens a new way for advanced information encoding technology,
decoding and decoding technology, group velocity modulation technology, and frequency
selection technology. We believe that graphene-dielectric metamaterials with hyperbolic
response [57] are promising and will work well for EIT to EIA in the future.
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