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Utilizing metasurface (MS), the transition between dual-peak electromagnetically induced transparency (EIT)
and dual-peak electromagnetically induced absorption (EIA) in four states has been proposed in the terahertz
(THz) band with the incidence of a circularly polarized (CP) wave. Additionally, the phase-change material
vanadium dioxide (VO3) and photosensitive material silicon (Si) have been adopted. The four state transitions
can be achieved by adjusting the pump light and the temperature which is not affected by incident CP waves.
With the incidence of the pump light, Si can transform from the insulating state to the metallic state. Similarly,
when the temperature exceeds 68 °C, VO, enters the metallic state. Two different dual-peak EIT (State 1 and
State 2) accompanied by slow light effect can be observed by modulating the state of VO, without the action of
Si. However, once Si is in metallic state, two different states of dual-peak EIA (State 3 and State 4) are achieved
by changing the state of VO,. Notably, the MS has the property of polarization insensitivity. The theoretical

oscillator model and equivalent RLC-circuit model verify the feasibility of dual-peak EIT and EIA.

1. Introduction

The metasurfaces (MSs) [1] have got extensive attention due to their
superior electromagnetic properties. Compared with 1D surfaces [2,3],
they embrace more controllable dimensions. With the development of
science and technology, MSs have good applications in photon decel-
eration and storage [4,5] and pulse regulation [6]. Terahertz (THz)
waves refer to electromagnetic waves with wavelengths varying from
30 pm to 3000 pm and frequencies ranging from 0.1 THz to 10 THz [7].
The THz band was only proposed in the last decade and has rapidly
developed as a global research hotspot due to its excellent electromag-
netic properties [8,9]. At present, THz technology is widespread in
spectroscopy [10-12], spin dynamics control [13,14], and
multi-channel communication [15].

Electromagnetically induced transparency (EIT) is a quantum inter-
ference phenomenon in a three-atom energy level system [16]. It is the
destructive interference between the transition channels of atoms due to
incident electromagnetic waves, resulting in a high transmission win-
dow in the originally opaque absorption spectrum with a strong slow
light effect and significant group delay. However, EIT phenomena in

atomic systems are often realized in the laboratory and are always
difficult to apply to devices. Fortunately, Zhang et al. successfully
introduced EIT into the metamaterials in 2008 [17], making EIT has
great potential value in nonlinearities [18], modulations, and slowing
light propagation [19,20]. In the field of MSs, EIT is primarily created by
the near-field interaction of bright and dark modes [21-23] and weak
hybridization between bright and bright modes [24,25]. For the former,
in contrast to the dark mode, which cannot directly couple the incident
field’s energy, the bright mode can be activated directly. However, the
bright mode transfers energy to the dark mode through near-field
coupling, thereby forming EIT [24,25]. For the latter, both bright
modes can directly generate resonance by the incident field. Two bright
modes form EIT by weak hybridization, which has been adopted in the
proposed MS. On this basis, adding a resonator tends to form a dual-peak
EIT. The resonator with the resonance frequency in the middle position
is coupled with the other two resonators to form two high transmission
windows, accompanied by two different group delays and slow light
effects, which has great application prospects in multifunctional optical
devices [26,27]. Owing to the rapid development of EIT, dual-band EIT
has been suggested. Zhang et al. realized dual-mode EIT metamaterial
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by using bright, quasi-dark, and dark mode resonators [28]. The
dual-peak EIT in this work is established by the interactions between
three metal resonators (demanding high requirements for suppressions
of mutual interference between coupling paths).

Electromagnetically induced absorption (EIA) was first discovered in
rubidium isotope atomic vapor by Lezama et al. in 1998 [29]. EIA is an
interference phenomenon based on four atomic energy levels, which is a
constructive interference phenomenon between the transition channels
of atoms under the action of electromagnetic waves. EIA can produce a
sharp absorption window in the otherwise transparent spectrum. In
2012, Sun et al. successfully realized EIA in the metamaterials with the
phenomenon of accelerated group velocity [30]. Based on realizing EIT,
EIA can be formed by reducing the dissipation loss of the bright mode,
enhancing the dissipation loss of the dark mode, or reducing the
coupling strength between the bright and dark modes by the formation
of three-resonator systems [31,32]. The EIA is formed by the vertical
coupling of three resonators [32]. Because of the narrow-band spectral
characteristics of EIA, EIA has a wide range of applications in atomic
clocks, atomic magnetometers, frequency stabilization of lasers, and the
manipulation of light pulse speed [33-36]. Furthermore, the circular
polarization (CP) wave has been considered in the paper. The CP waves
can be categorized into the left-handed polarization (LCP) waves and
right-handed polarization (RCP) waves. A large number of previous
research works used linear polarization (LP) waves to excite MS-based
EIT or EIA, so many devices and equipment related to EIT and EIA are
limited to LP waves [37,38]. Compared with LP waves, CP waves have
better stability and have been well used in invisibility cloaks [39-41],
various lenses [42,43], and super-resolution imaging [44].

Additionally, the phase-change material VO, has been widely
applied in the MS field [45-48]. Whenever the temperature is below
68 °C, VO3 is in an insulating state, and the conductivity is 10 S/m [49].
Once the temperature surpasses 68 °C, the VO, transforms into a
metallic state, and the conductivity can arrive at 300,000 S/m [49]. VO,
plays an important role in a large number of smart devices that imple-
ment switchable and adjustable functions. In recent years, based on the
phase-change properties of VO, from the insulating state to the metallic
state, many tunable functional devices [50-52] have been developed. In
addition to the phase change material VO,, another material with var-
iable properties, silicon (Si), is proposed in this paper [53,54]. The
photosensitive material Si can be excited by the pump light, making it
have metal-like properties with conductivity of 500,000 S/m [55].
When there is no pump light irradiation, Si is in an insulating state with
the conductivity of 0 S/m [55]. Therefore, Si finds great applications in
switchable reflectors/absorbers [56] and single-/single-band absorbers
[57]. In this work, we only consider VO, conductivity in two states (0
and 300000 S/m). As a theoretical study, 68 °C is taken as the jump
point between the two states while the introduction of external pump
light does not cause the temperature to reach 68 °C and it is emphasized
that VO2 and Si are two dielectric materials that do not affect each other.

In this paper, interconversion between dual-peak EIT and dual-peak
EIA in four states utilizing phase-change material VO3 and photosensi-
tive material Si based on CP waves has been proposed from 0.2 THz to
1.2 THz in polarization-insensitive MS. By regulating pump light and
temperature, dual-peak EIT and EIA can be switched in four states, and
electromagnetic waves at different frequency bands can be selected
according to demand. Separate dual-peak EIT and EIA effects have been
studied by previous authors, but there is almost no integration of dual-
peak EIT and EIA into a single device, let alone four states. This multi-
functional integrator has great potential applications in the field of op-
tical switching.

2. Modeling and design
2.1. Structure design

The overall structure’s stereoscopic perspective and each layer’s
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schematic diagram have been presented in Fig. 1d and e. It can be seen
from Fig. le that there are five layers in this structure, which are three
metal circular ring resonators and two Si resonators. The side length of
the cell structure is p = 150 pm. The three metal circular rings are made
of gold with a conductivity of 4.561 x 107 S/m [58]. The metal circular
rings are defined as CR1, CR2, and CR3 from small to large, and the
corresponding outer radii are r;, r3, and rs, and the corresponding inner
radii are ry, ry, and rg, respectively as exhibited in Fig. 1a. The thickness
of all gold resonators is 0.2 pm. Fig. 1b shows the parameters of four
small Si square rings (SSRs) and one large Si square ring (LSR). The
thicknesses of SSRs and LSRs are 0.7 pm and 0.5 pm respectively. Be-
sides, the thickness parameters of each dielectric plate are shown in
Fig. 1c. The lowermost dielectric substrate has a thickness of h = 10 pm
and is composed of quartz [59]. The angles between the branches of VO4
are 07 = 03 = 22.5° and 0, = 45°. ty, t3, t5 represent the widths of the
branches of VO, of CR1, CR2 and CR3, while ty, ty4, t5 are the lengths of
the branches of CR1, CR2 and CR3. h; (i = 1, 2, 3, 4, 5) means the
thickness of each layer of media from the bottom to the top as shown in
Fig. 1c. Besides, a and b refer to the outer edge lengths of LSR and SSR
respectively while w and w; express the difference between the inner
and outer edge lengths of LSR and SSR. All other dielectric spacers are
made of Polymethylmethacrylate (PMMA) [60] which is a transparent
organic glass with a dielectric constant of ¢ = 2.5. The stereoscopic view
of the arrangement of the presented MS has shown in Fig. 1f. The specific
parameters can be seen in Table 1. As is displayed in Fig. 2, when both
VO, and Si are in an insulating state, it is the first dual-peak EIT state
(State 1). A dual-peak EIT in another frequency band (State 2) can be
achieved with the metallic state of only VO,. The dual-peak EIT trans-
forms into the dual-peak EIA of the first state (State 3) under the sole
action of Si. Likewise, a second dual-peak EIA (State 4) is produced when
VO, and Si are in a metallic state simultaneously. The operation concrete
condition of different states has exhibited in Table 2. The proposed MS is
simulated in the software HFSS. Multilayer structures can be fabricated
by various techniques including the Langmuir-Blodgett method, sol-gel
synthesis, electrochemical deposition, and chemical vapor deposition
[61,62]. We can create heterolayered structures using the majority of
these methods and regulate the thickness of each layer.

2.2. The study of dual-peak EIT

Currently, Fig. 3 shows the transmission curves and electric field
distribution of CR3. When the temperature is lower than 68 °C, VO is in
an insulating state with the conductivity n = 10 S/m. CR3 can be
considered a bright mode because CR3 can be directly excited at 0.516
THz and generate resonance at this time. As exhibited in Fig. 3c, the
areas of the top left and lower right are where the electric field is most
dense. When the temperature exceeds 68 °C, VO branches change from
the original insulating state to the metallic state, resulting in a shift in
the geometry of CRs. And the resonance frequency of CR3 has a red-shift
to 0.474 THz, and the transmission response is shown in Fig. 3a. At this
time, the electric field distribution position of CR3 is not much different,
and VO; can localize a part of the energy. Figs. 4 and 5 also show the
distributions of the electric field and transmission responses of CR1 and
CR2. When n = 10 S/m (300,000 S/m), CR1 and CR2 generate reso-
nances at 1.201 (1.070) THz and 0.923 (0.757) THz. As shown in Fig. 4c,
d, 5¢, and 5d, the electric field distribution positions of CR1 and CR2 are
similar to those of CR3. Since these three CRs can be directly excited by
the incident field, they are all bright modes. As shown in Figs. 3b, 4b and
5b, different states of CRs can be freely adjusted by changing the outside
temperature.

To observe the dual-peak EIT phenomenon, three CRs are put
together. At this time, both LSR and SSRs are in this unit cell, but they do
not come to function. For the convenience of understanding, LSR and
SSRs are not shown in the following figures. CR2 and CR1, CR3 can be
coupled separately to form coherent cancellation, resulting in the
appearance of dual-peak EIT. The transmission response of State 1 is
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Fig. 1. (a) The top view of the CRs on the lower level, (b) the top view of Si resonators, (c) the side view of the proposed structure, (d) the stereoscopic view of the
proposed overall structure, (e) schematic diagram of each layer structure, and (f) the stereoscopic view of the arrangement of the presented MS.

Table 1

The detailed values of various parameters in the presented MS.
Parameters ~ Values Parameters ~ Values Parameters ~ Values

(pm) (pm) (pm)

hy 4 r 35 wy 13
hy 5 r2 32 t; 5
hs 6 rs 43 t 8.5
hy 2 rs 38 ts 12
h 10 s 65 ty 9
a 85 Te 60 ts 5
b 43 w 5 ts 5

shown in Fig. 6. Two transparent windows at 0.482 THz-0.840 THz and
0.840 THz-1.239 THz have formed in the MS. The corresponding
transmission dips are 0.029, 0.076, and 0.049, which are all below 0.1.
The two peaks of State 1 are 0.917 and 0.847, and the corresponding

State 1

Pump light

Sam

Pump light

With pump light
—_—
11/?,’1[ dwund mmoyny

Heating proc ess
C ooling process

State 3

frequencies are 0.622 THz and 0.964 THz. Besides, it can be seen in
Fig. 6 that two transparent windows of State 2 are formed between 0.414
THz and 0.686 THz and 0.686 THz-1.091 THz. The highest transmission
peaks at 0.482 THz and 0.835 THz are 0.728 and 0.760. The corre-
sponding three transmission dips are 0.080, 0.093, and 0.084, all below
0.1. It is obvious from Fig. 6 that two states can transform into each
other by heating and cooling process. When VO is in the metallic state,
all the branches of the circular resonator play a role. The parasitic
capacitance can be generated between the branches, increasing the

Table 2
The operation concrete condition of different states.
State 1 State 2 State 3 State 4
Pump light X X v v
Heating X v X v

State 2
Heating process
—_
L —
Cooling process

With pump light
1y 31 dwnd noyny

State 4

Fig. 2. The operational process of the proposed MS.
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Fig. 3. a) The transmission curves of CR3 with the incidence of the LCP waves when n = 10 S/m and 300,000 S/m, b) the transition methods between two states, c)
the electric field distribution of CR3 at 0.516 THz when n = 10 S/m, and d) at 0.474 THz when n = 300,000 S/m.
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Fig. 4. a) The transmission responses of CR2 for the LCP waves when n is 10 S/m and 300,000 S/m, b) the transition process between State 1 and State 2, c) the
electric field distribution at 0.923 THz when n = 10 S/m and d) at 0.757 THz when n = 300,000 S/m.
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Fig. 5. a) The transmission responses of CR1 with n = 10 S/m and 300,000 S/m, b) the process of the transformation of two states, c) the electric field distribution at
1.201 THz when n = 10 S/m, and d) the electric field distribution at 1.070 THz with n = 300,000 S/m.
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Fig. 6. Schematic diagram of the transition between the two states and the corresponding transmission curves.

equivalent capacitance of each resonator, while the equivalent induc-
tance is almost constant. The formula for calculating the resonant fre-
quency is as follows [63]:

1
2n\/LC
According to the formula, it can be concluded that the resonant

frequencies of circular resonators become smaller, and thus the red-shift
phenomenon of transmission dip occurs, forming the different states of

f= (€9)

dual-peak EIT.

To better understand the principle of dual-peak EIT, the analysis is
carried out from the perspective of surface current. When MS is in State
1, it can be seen from Fig. 7 that at f = 0.482 THz, the surface current of
CR3 is strong, which is mainly concentrated in the upper right and lower
left parts, while the surface current of CR1 and CR2 is extremely weak.
Therefore, it can be understood that when f = 0.482 THz, only CR3
produces a strong current response, leading to the appearance of the
transmission dip. The surface current of CR2 which is mainly focused in
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Fig. 7. The surface current distribution in State 1 at a) 0.482 THz, b) 0.622 THz, c) 0.840 THz, d) 0.964 THz, and e) 1,239 THz.

the upper left and lower right parts is significantly stronger than that of
CR1 and CR3 at 0.840 THz, resulting in the second transmission dip.
Similarly, when f = 1.239 THz, the third transmission dip occurs because
the current response of MS is mainly generated by CR1, which is
distributed at the upper left and lower right parts. As exhibited in
Fig. 7b, both CR3 and CR2 can form resonance by the incident CP waves.
Compared with f = 0.482 THz and f = 0.840 THz, the current distri-
bution in CR3 and CR2 has been remarkably shifted at 0.622 THz. The
current density has been enhanced and the current position has changed
to the left and right sides. Since both CR3 and CR2 have a strong current
response, they can be coupled with each other. As can be seen from
Fig. 7c, the current directions on CR3 and CR2 are opposite, which leads
to a stable phase difference between them. Therefore, there can be
coherent cancellation between CR3 and CR2, leading to the appearance
of destructive interference, thus forming EIT. When f = 0.964 THz, both
CR2 and CR1 have a strong current response, but the direction of their
surface current of them is opposite, resulting in the coherent cancella-
tion between CR2 and CR1. Because of this, destructive interference has
been generated, which can form EIT behavior. Hence, the dual-peak EIT
has been generated in State 1 due to the destructive interference be-
tween CR3 and CR2 and between CR2 and CR1. Besides, when the MS is
in State 2, the distribution of the current at different frequencies is
consistent with State 1, and will not be described here. The current
distributions at key frequencies are shown in Fig. 8. Therefore, the
destructive interference between CR3 and CR2 and between CR2 and
CR1 in State 2 has promoted the formation of the dual-peak EIT. Just as

£=0.686 THz

£=0.835 THz

Min

Fig. 6 displayed, States 1 and 2 can be adjusted by controlling the
temperature outside.

In the transparency window of EIT, dramatic changes in phase lead
to slow light effects with obvious group delay (GD). The slow light effect
describes the slowing of the propagation of light. the GD of EIT can be
reflected in MS. The corresponding calculation formula of GD are as
follows [64]:

dp

o (2)

T6p = —
where ¢ and o stand for the phase and the angular frequency, respec-
tively. It can be seen from Fig. 9a-d that three drastic phase change has
emerged in two transparency windows for dual-peak EIT in State 1 or
State 2, which provides the conditions for the emergence of the slow
light effect. As is revealed in Fig. 9b, in transparency windows of State 1,
the maximum values of GD are 2.59 ps and 3.16 ps. Similarly, Fig. 9d
have shown that the maximum values of GD are 4.13 ps and 2.52 ps in
transparency windows of State 2. Since the proposed structure has two
transparency states, there are four kinds of group velocities to choose
from, which means that the MS has a promising future in controlling
group velocities. It is a typical characteristic of EIT (the existence of GD),
which indicates that the slow light effect can be applied to tunable slow
light devices [65].

State 2

o 0482THz AR —— n=300000Sm

1.091THz 4"

04 05 06 07 08 09 10 L1 12

Frequency(THz)

Fig. 8. The distribution of surface current in State 2 at a) 0.414 THz, b) 0.482 THz, c) 0.686 THz, d) 0.835 THz, and e) 1.091 THz.
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Fig. 9. a) The phase diagram, b) the GD for State 1, and c) the phase diagram, d) the GD for State 2.

2.3. The study of dual-peak EIA

When the proposed MS is irradiated with pump light, the conduc-
tivity of Si k can gradually change from 0 S/m to 500,000 S/m [55].
When k = 0 S/m, both LSR and SSRs can be considered as not resonating
as exhibited in the red transmission curves in Figs. 10 and 11. Whereby,
the LSR and SSRs can be excited due to the existence of pump light. The
transmission response has been revealed in Fig. 10a (bule curve), which

—_
=
~

=
=

S
4™ T

=

\ == k=500000 S/m Vo
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Y

Transmission
E S k
A
N

N’
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0.2 013 0j4 015 0j6 0:7 0j8 0.'9 1fo ltl 1.2
Frequency(THz)

indicates that LSR resonates at 0.724 THz and the corresponding value is
0.450. Fig. 10b clearly shows the electric field distribution at 0.724 THz.
The upper left and lower right regions of LSR are heavily concentrated
the electric field. Similarly, the transmission responses of SSRs are given
in Fig. 11a (blue curve), where SSRs generate the resonance at 1.553
THz and the corresponding value is 0.346 THz. Besides, significant
electric field energy exists near the SSRs as shown in Fig. 11b.
Currently, to study the phenomenon of dual-peak EIA behavior, CRs,

Max

(b)

Min

Fig. 10. a) The transmission curve of LSR, and b) the electric distribution of LSR for LCP waves with k = 500,000 S/m.
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Fig. 11. a) The transmission response of SSRs, and b) the electric distribution of SSRs with the incidence of LCP waves with k = 500,000 S/m.

State 4

Heating process

Cooling process

9 — = 300000 S/m
n=10S/m g 0830 e

0.701 +—, "'743\ N

i 0.622+—2

6 ' .
0.5117T112 Heating process } - 0.764THz

Absorption

Cooling process 0.547T1y

>
«
0.952THz

03 04 05 06 07 08 09 1.0 11 ’ 03 04 05 06 07 08 09 1.0

. = . »
~/» 0.350THz 1.108THz & 0.350THz

Frequency(THz) Frequency(THz)

State 3

0.9

084 0.511THz n=10S/m
w
0.74 {?\ 0.910THz
A
/ vy
[\ N
[\

B

\
\

03 04 05 06 07 08 09

Frequency(THz)

f=0.511THz f=0.910 THz

| { Max

Fig. 13. Surface current distribution of metal resonators and displacement current distribution of Si resonators in State 3 at a) 0.511 THz, and b) 0.910 THz.
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LSR, and SSRs are put together in one unit cell. When illuminated by
pump light, the conductivity of Si k can turn to 500,000 S/m. Therefore,
the conversion of dual-peak EIT to dual-peak EIA can be realized just as
revealed in Fig. 12. For the convenience of understanding below, we
refer to the MS when Si is in the metallic state alone as State 3, and when
Si and VO, act simultaneously as State 4. As shown in Fig. 12, it can be
seen that two sharp absorption windows have formed in this MS at 0.350
THz-0.756 THz and 0.756 THz-1.108 THz in State 3, and the frequencies
corresponding to the absorption peaks are 0.511 THz and 0.910 THz.
The corresponding values of the three absorption dips are 0.022, 0.099,
and 0.132 respectively. Meanwhile, the absorption rates at 0.511 THz
and 0.910 THz can reach 0.701 and 0.622. When MS is in State 4, two
absorption windows are achieved at 0.350 THz-0.547 THz and 0.547
THz-0.952 THz, and the peak frequencies are 0.429 THz and 0.764 THz.
Similarly, the values of the three absorption dips are 0.048, 0.149, and
0.146. The absorption rates at the peak have reached 0.749 and 0.830.
Fig. 12 shows how the two absorption states are designed and switched.
LSR and SSRs can be successfully excited with the incidence of pump
lights, resulting in the transition between transparency states and ab-
sorption states. And States 3 and 4 can be converted to each other
through the heating process and cooling process.

Figs. 13 and 14 show the surface currents and displacement current
at the peak absorption of each resonator in different absorption states
with the incidence of pump light and LCP waves. LSRs and SSRs have
strong current effects. As displayed in Fig. 13a for State 3, when LSRs
and SSRs in the metallic state, the surface currents of CR3 and CR2 are
enhanced while that of CR1 is weak and were able to form magnetic
dipoles on the side. Similarly, under the action of LSRs and SSRs, CR3
and CR2 can also form magnetic dipoles at 0.429 THz as shown in
Fig. 14a. Analogously, the magnetic dipoles could be generated by CR3
and CR2 at 0.910 THz for State 3 and 0.764 THz for State 4 in
Figs. 13b-14b. The energy of the incident magnetic field can be effec-
tively captured by the magnetic dipole, producing strong absorption,
which leads to the transformation of the original destructive interfer-
ence into constructive interference. It is obvious from Fig. 15 that the
intrinsic absorption of the system is significantly stronger when VO, is in
the metallic state (n = 300,000 S/m) than when VO is in the insulating
state (n = 0 S/m). Although the surface current at 0.910 THz in state 3 is
stronger than 0.764 THz in state 4, the intrinsic absorption brought by
the system in state 4 cancels out some of the current effects, resulting in
absorption at 0.910 THz in state 3 weaker than the absorption effect at
0.764 THz in state 4. Hence, the original transparency window is con-
verted into the current absorption window, and the dual-peak EIT is thus
converted into another dual-peak EIA.

2.4. Atomic energy level theory

To better understand the formation principles of dual-peak EIT and
dual-peak EIA, Fig. 16 provides a description of the atomic theory
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Fig. 15. MS intrinsic absorption curves of VO, in the insulating and metallic
states, respectively, when Si is in the insulating state.

associated with EIT and EIA, where the &; (i = 1, 2, 3) refer to the
transition phases, and the C; denote the coupling coefficients between
energy levels. the three-level atomic transition model [66] is exhibited
in Fig. 16a, where atoms transit from the ground state |1> to the exci-
tation state |2> with the interaction of coupling light. With the inci-
dence of a probing light stronger than the coupling light, atoms in the
ground state |3> energy level leap, forming a |3>—|2> channel. Hence,
a transparent window is occurred in quantum mechanics. The channels
from |1> to |2> are occupied by CR1 and CR2 represents the process
from |3> to |2>. The transparent window is observed under the in-
duction electric field irradiation. Furthermore, with reference to
Fig. 16b, the generation principle of dual-peak EITs is sketched, where
an additional path from another energy level |4> to energy level |2> is
built up by attaching a CR3 to the MS. The phase extinction interference
induced by the interaction between the channels from |1> to state |2>
and state |4> to state |2> will cause another transparent window.
Therefore, dual-peak EIT can generate in atomic system.

For the purpose of realizing the self-modulation of the device, the Si
resonators have to be added. With the irradiation of pump light, LSR and
SSRs transform into a metallic state, which enhances the dissipation of
metal resonator. When LSRs and SSRs are involved in the coupling, the
damping factor of the circular resonator is thus changed, resulting in a
modification of the phase of coupling channels. Constructive interfer-
ence gradually overwhelms destructive interference and further gives
rise to the formation of the absorption windows in original transparency

State 4

9
0.429THz
ol o

—— 1= 300000 S/m

0.764THz

03 04 05 06 07 08 09 10 L1
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Frequency(THz)

f=0.764 THz

| { Max

Fig. 14. Surface current distribution of metal resonators and displacement current distribution of Si resonators in State 4 at a) 0.429 THz, and b) 0.764 THz.
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Fig. 16. The three-level system associated with EIT and EIA and its dual-peak extension, (a) classic three-level system in EIT and EIA MS, and (b) the expansion of EIT

and EIA effects in multi-frequency.

windows. Therefore, the transition between dual-peak EIT to dual-peak
EIA is achieved successfully.

3. Theoretical models of EIT and EIA effects
3.1. The analysis of RLC circuit model

Based on the theoretical discussion above, Fig. 17 demonstrates the

thorough investigation of dual-peak EIT and EIA. The five resonators can
be divided into two parts as displayed in Fig. 17a-b. The gold resonators
and VO branches are considered as Part 1. The equivalent circuit is
shown in Fig. 17a, where L; (i = 1, 2, 3) is the self-inductance of gold
resonators, C; represents the gap capacitance between gold resonators
and R; means the resistance of different metal resonators which makes
great differences in the ohmic and radiation loss [67]. Since different
resonators can be coupling with each other, the coupling capacitances

Fig. 17. a) The equivalent circuit model of dual-peak EIT, b) Si resonators, and c) the dual-peak EIA.
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Cpm1 and Cpyz are introduced into the circuit. By combining the three RLC
loops, two destructive interferences can be easily formed in different
frequencies resulting in the dual-peak EIT. Besides, two Si resonators can
be also described as two RLC loops as displayed in Fig. 17b. Similarly,
the self-inductance, gap capacitance, and resistance of LSR and SSRs are
denoted by Ly, C4, R4, and Ls, Cs, Rs, respectively. Two RLC loops of LSR
and SSRs can be equivalent to a new RLC loop which can be simplified
by Leg, Ceq, and Req. By gathering Part 1 and Part 2 together, the new
circuit has generated in Fig. 17¢c, where Cp,3 and Cp,4 are used to reflect
the coupling effect between metal resonators and Si resonators. Hence,
constructive interference can be formed and further give rise to the
dual-peak EIA in the circuit model in Fig. 17c.

Based on the discussion above, the corresponding circuit model [68]
is used to certify the mechanism of dual-peak EIT and EIA just as shown
in Fig. 18a. The EIT window in the multispectral response is a strong
interference effect with the resonance detuning due to the relative
spatial displacement of the positions of the open spectral bands.
Different RLC values can be applied to an existing configuration when a
new stub is introduced, corresponding to the three transmission dips of
the dual-peak EIT. The stub can be swapped out for lumped energy to
represent the detuning effect. Fig. 18a shows the equivalent RLC circuit
based on the structure of this paper. A RLC loop represents an interfer-
ence path or a resonator. Using the resonance between inductance and
capacitance, the position of the resonance frequency of each resonator
can be obtained, and the calculation formula is as shown in Equation
[1], while the resistance R mainly controls the current intensity in the
loop, indicating the values of the transmission dips. Whereby, the
interference effect between the three RLC resonators represents the
interference between the three resonators of the dual-peak EIT, resulting
in the formation of two destructive interferences in path 1 and path 2,
path 2 and path 3. Path 1, path 2, and path 3 can be equivalent to CR3,
CR2, and CR1 respectively as displayed in Fig. 18a. Z; and Z, represent
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Table 3
The values of specific parameters of dual-peak EIT in State 1.
Parameters ~ Values Parameters ~ Values Parameters ~ Values
() (pH) (fF)
R; 0.5 L; 15 C; 7.6
R» 1.8 Ly 15 Cy 2.35
Rs 1 Ls 4 Cs 4
Table 4
The values of specific parameters of dual-peak EIT in State 2.
Parameters ~ Values Parameters ~ Values Parameters ~ Values
(@) (pH) (fF)
Ry 2 L; 16 C; 9.5
Ry 2.39 Ly 8 Ca 6.8
R3 0.2 Ls 3 Cs 7

the source impedance of the two ports and their values are both 50 Q for
EIT. The specific R, L, and C values for different transparency states are
listed in Tables 3 and 4. It can be apparently seen from Figs. 18b—c that
there is a certain deviation between the simulated and analytically
calculated curves which are more likely to result from the ignorance of
the coupling capacitances between metal resonators. However, the
simulated and analytically calculated curves basically coincide, illus-
trating the correctness and feasibility of the circuit model.

Dual-peak EIA can be also understood as the near-field coupling
between multiple resonators with no detuning frequencies, which can be
analogies to the RLC resonant circuit in Fig. 19a. As the increasing of
RLC loops generated constructive interference gradually overwhelms
the remaining effects of the destructive interference and finally results in
the generation of two absorption windows in the original transparency

()

Three-resonator interference

g . :
> I
T
1 | —
—=a == =y ol
Zi Z %
e — - RT R R3
N = v
et > 5 s
1 ~ N E
i L: i L: " Ls o
Port 1 1 ! ! Port 2
I 1=
£ L il
_________________________ = = e e, ———————
(b) 10 - H(c)
=& Simulated | —9— Simulated
Analytically calculated | 0.8 Analytically calculated
0.8+ 1 jor
% 1 7%
*} 1 [+
IR T (AN ,
2% 3 12 i 3
E & 2 1 E
1z k. ) £ 0.4 4 |
Z04q ¢ ) e
= . ) =
B~ ° ) - { :
Q a | .1 ¢
o - { 4
024 9 Q7 1 0.2 ; W
it ¢ j | J
9 [® 1 v
0.0 +———F——T——T——T——T—T——1— 1 0.0 +— T T T T T T T
04 05 06 07 08 09 1.0 11 1.2 1 04 05 06 07 08 09 1.0 11
Frequency(THz) | Frequency(THz)

Fig. 18. (a) Equivalent circuit model with three connected RLC loops for dual-peak EIT, (b) the comparison of simulated and analytically calculated curves in State 1,

and (c) in State 2.
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windows. On basis of the RLC series resonant circuits in Fig. 19a, the
existence of coupling capacitances leads to the bias of the simulated
curves and analytically calculated curves in State 3 and State 4 as shown
in Fig. 19b-c. Nevertheless, the high coincidence of the two curves
confirms the correctness of the proposed MS. The values of the source
impedance Z; and Z, in State 3 (4) are 4 Q (4 Q) and 20 Q (19 Q). Ta-
bles 5 and 6 have displayed every loop of R;, Li, C; i = 1, 2, 3, 4, 5)
values.

3.2. The analysis of oscillator model
It is well known that both this type of dual-frequency EIT and EIA can

be analyzed numerically with a three-particle model. The system can be
represented by the following equation [69]:

£(0) 4 708 (0) + 0P (1) + Doxa(1) + Dos(1) = QUE / , ®

3 (1) + 7,52 (1) + 02xa () + Qx, (1) = O.E / M, 4)

Table 5
The values of specific parameters of dual-peak EIA in State 3.
Parameters ~ Values Parameters ~ Values Parameters ~ Values
((®)] (pH) (fF)
Ry 7 Ly 13 C 7
R, 5 Ly 15 Cy 2.05
Rs 1 Ls 4 Cs 1
Ry 1 Ly 20 Cy 5.4
Rs 1 Ls 10 Cs 3
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Table 6
The values of specific parameters of dual-peak EIA in State 4.
Parameters ~ Values Parameters ~ Values Parameters ~ Values
(@) (pH) (fF)
Ry 30 L; 50 C; 2.6
R» 15 Ly 40 Cs 4
R3 20 Ly 50 Cs 0.84
Ry 10 Ly 20 Cq 7
Rs 5 Ls 14 Cs 3

55(0) + pis(t) + @2 (1) + Qi (1) = QS / M, ®)

Let labels 1, 2 and 3 represent the CR1, CR2 and CR3 resonators,
respectively. In this case, x; i = 1, 2, 3), w;, and y; are the respective
displacements (having the complex form x; = x;e /"), the damping factor
and the resonant frequency of the oscillator. the coupling strengths of
CR2 to CR1 and CR2 to CR1 are denoted by the symbols 2; and 3,
respectively. M; and Q; denote the effective charge and mass, respec-
tively. E = Eg¢/" is the incident electric field.

However, this three-oscillator coupling process is complex and
tedious. It should be noted that a specific physical model is intended to
numerically validate the resonance patterns and correlations we obtain
in the simulations. In fact, the three-oscillator model can be further
simplified. Suppose that the coupling between CR1 (oscillator 1) and
CR2 (oscillator 2) is first generated, also giving rise to the typical EIT
response. In this case, a new oscillator is defined to represent the state
synthesis of oscillator 1 and oscillator 2, which then couples with CR3
(oscillator 3) to further generate the EIT response. Thus, the three-
oscillator model can be condensed to a two-oscillator model, and the
essence of generating EIT is unchanged, and different models are used to
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find coupling correlations. In the two-oscillator model, the kinetic dif-
ferential equation is expressed as [70,71]:

X1(0) +y,% (1) + a)gxl () + Kx, (1) = g1E (6)

% () 4 725 (1) + (@0 + 8)x,(2) + K2x, (1) = g 7)
where wy and wg + § stand for the resonance frequencies of the two
modes. k and § indicate the coupling coefficient and detuning factor
between the two modes, while g; and g2 represent the coupling strength
between the resonator and the incident field. However, to better
simplify the calculation, g, is usually considered to be zero due to the
larger value of the Q-factor and less interaction with the incident field.
The approximate relationship w-wp « o can be transformed into wﬁ-wz
~ -2w¢ (w-wp), which can be combined with Egs. (7) and (8) to give the
following formula [70,71]:

igi2(0 — wo — 8 — iy,)

T=1—Re
(0 —wo + iy, /2) (0 — wy — 8+ iy, /2) — ik /4

(€))

For state 1, the deduced fitting parameters are: @y = 4.25, k = 0.03,
y1 = 2.06, y2 = 1.00 in the first window and wg = 6.60, k = 0.037, y; =
5.10, y2 = 2.00 in the second window. For state 2, the deduced fitting
parameters are: wg = 3.50, k = 0.022, y; = 2.01, y2 = 2.00 in the first
window and wg = 5.70, k = 0.036, y; = 5.10, y2 = 2.00 in the second
window. Fig. 20 illustrates the comparison between simulated curves
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and analytically calculated curves of oscillator models.

Additionally, if the coupling strength k between two oscillators is
treated as a real number like EIT, the model may violate the spectral
characteristics of EIA. Therefore, a complex coupling parameter ke has
been implemented to accurately illustrate the EIA system, where the
parameter ¢ is the phase shift between the two oscillators caused by the
delay effect of the coupling distance in the direction of propagation. It
can be found that the model is only suitable for describing the EIT
phenomenon when ¢ = 0, while when ¢ = n/2, it is only applicable for
EIA resonance. Hence, by altering the value of ¢, EIT to EIA conversion is
possible. Other parameters have the same meaning as in EIT. The spe-
cific formula is as follows [70,71]:

F1(8) + 7,51 (1) + 0x:1 (2) + ke'x2 (1) = g1E(t) ()]

£ (1) + 7% (1) + (w0 + 8)° x5 (1) + ke x, (1) = g, E(t) (10)
here using x;(8) = x7¢™, x2() = x2¢™" and Eo(t) = Epe™" can get the
absorption rate formula [70,71]:

igi?(w — wo — 8 +iy,/2)

Alw) =R
@) =0+ in/2) (@ — w0 — 6+ ira)2) — K2 J4

an

hence, for state 3, the parameter values are: wg = 3,24, k = 0.104, y; =
0.90, y2 = 0.60 in the first window and wp = 5.74, k = 0.004, y; = 0.70,
y2 = 0.60 in the second window. For state 4, the deduced fitting
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Fig. 20. The comparison of the simulated and analytically calculated curves of oscillator model of a) the first window in state 1, b) the second window in state 1, c)

the first window in state 2 and d) the window peak in state 2.
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Fig. 21. The comparisons between the EIA absorption curves by simulation analysis (the purple traces) and analytical calculations (the orange traces) (a) for the first
peak in state 3, (b) for the second peak in state 3, (c) for the first peak in state 4 and (d) for the second peak in state 4.

parameters are: wg = 2.70, k = 0.104, y; = 0.61, y2 = 0.60 in the first
window and @y = 4.80, k = 0.104, y; = 0.70, y2 = 0.60 in the second
window. The analytically derived transmission traces are depicted in
Fig. 21, compared with the simulation results.

Tolerable errors can be attributed to the transmission loss and the
iteration numbers with taking approximations. Overall, the established
dual-vibrators system reproduces the EITs and EIAs validly, elaborating
inside physical mechanisms equivalent to the role of a three-oscillator
model and verifying the feasibility of the system in a more convenient
way.

4. The discussion of crucial parameters in MS

To further investigate the influences of the parameters of the MS on
the dual-peak EIT and EIA, the length of the VO5 branches of CR2 and
the radius of CR2 are selected for discussion and analysis in Figs. 22-23.
Fig. 22 clearly shows the absorption curves under the incidence of CP
waves in State 4 when t3 varies equidistantly from 2 pm to 17 pm. It is
strongly distinct that the first peak of EIA in State 4 is red-shifted and the
second peak becomes stable as the values of t3 increase. When t3 = 2 pm,
although the absorption dips are below 0.15, the peak frequency of State
3 and the valley frequency of State 4 have a large deviation at this time,
which has an impact on the amplitude encoding effect in absorption
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Fig. 22. The absorption curves of dual-peak EIA in State 4 under the discussion
of the length of branches of CR2 t3 ranging from 2 pm to 17 pm.
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Fig. 23. The effects of the key parameters r3 ranging from 37 pm to 46 pm a) in State 1, b) in State 2, c) in State 3 and d) in State 4.

states. When t3 = 7 pm, the peak on the left side of the absorption curve
cannot reach the optimum, while the peak and valley work very well at
ts = 12 pm. However, once t3 reaches 17 pm, although the peak value is
good, the values of absorption dips in the middle exceed 0.15, so it is not
selected. As a result, we chose the case of t3 = 12 pm.

Fig. 23 shows the transparency and absorption curves under different
values of r3 in four states. As the increasing of rs3, the curves have un-
dergone a significant red-shift whether in transparency states or ab-
sorption states. Once rs reaches 43 pum, the curves become stable. It is
obvious from Fig. 23 that the transmission dips are all higher than 0.2
and the dual-peak EIAs are not well-formed when rs = 37 pm and 40 pm.
Whereby, it is not available when rs < 40 pm. Furthermore, the effects of
transmission response and absorption response are both worthy of
adoption with rs = 43 pm and 46 pm. Nevertheless, when rg = 43 pm, the
peak frequencies in one transparency/absorption state can be well
aligned with the dip frequencies in the other state. So, to sum up, r3 = 43
pm is the best choice.

5. Conclusion

In conclusion, the proposed polarization-insensitive MS is formed by
combining three metal ring resonators with VO, branches and Si reso-
nators. It is theoretically demonstrated that four states can be achieved
by switching the metallic and insulating states of the phase change
material VO, and the photosensitive material Si. When no pump light is
irradiated, Si is insulating, indicating that the structure is in a trans-
parent state. When VO, is insulating, the given MS is in State 1, which
reveals that two transparent windows can be realized in the frequency
band of 0.482-1.239 THz and the peaks at 0.622 THz and 0.964 THz can

reach 0.917 and 0.847, respectively. Once n = 300,000 S/m (State 2),
VO, branches will transform into a metallic state, which changes the
resonance position of the original resonators. Hence, State 2 can be
achieved in the range of 0.414-1.091 THz and the peaks at 0.482 THz
and 0.835 THz can reach 0.728 and 0.760. Once the pump light is
irradiated, k has arrived at 500,000 S/m. Two transparency states can be
successfully transformed into corresponding absorption states. When n
= 10 S/m, two absorption windows can be formed between 0.35 THz
and 1.11 THz accompanied by the peaks coming to 0.701 at 0.511 THz
and 0.622 at 0.910 THz. Similarly, the absorption peaks are 0.749 and
0.830 at 0.429 THz and 0.764 THz in the frequency band between 0.35
THz and 0.96 THz. Besides, the four EIT windows of the two trans-
parency states correspond to the four GDs: 2.59 ps, 3.16 ps, 4.13 ps, and
2.52 ps. Due to the variable nature of the group velocity, the proposed
MS has broad application in the field of slow-light devices. Additionally,
the oscillator model and the circuit model of EIT and EIA are utilized to
theoretically fit the results to verify the correctness and feasibility of the

MS.
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