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A meta-structure (MS) that can realize a conversion between electromagnetically induced transparency (EIT) and
electromagnetically induced absorption (EIA) in the Terahertz (THz) range by utilizing phase-transition vana-
dium dioxide (VO,) has been reported. This work is controlled by temperature to change the conductivity of VO,
to achieve the switching function. When the VO, is in the insulator state, the MS is designed to achieve EIT based
on the principle of bright mode near-field coupling bright mode. The EIT behavior owns a peak of 0.8 at 0.430
THz with a maximum group delay of up to 6.5 ps. The MS behaves the function of EIA accompanied by the
maximum absorption rate of 93.8 % at 0.432 THz while the VO, film is tuned to the metallic state. The reason for
the EIA phenomenon is the magnetic effect of the magnetic dipole generated by the MS in the coupling process.
The observed EIT and EIA effects are both theoretically explained by the classic two-oscillator model. In addition,
the air columns of the dielectric substrate are utilized for the purpose of frequency approaching. This proposed
MS provides a new idea for the design of non-contact regulation and reconfigurable and highly absorbent MSs.

1. Introduction

Terahertz (THz) waves are EM waves with frequencies in the range of
0.1-10 THz which occupy an extraordinarily particular position in the
electromagnetic spectrum, coinciding with millimeter waves in the long
wavelength band and infrared waves in the short wavelength band.
Located in the transition zone from electronics to photonics, THz tech-
nology has exhibited abundant applications, such as THz shielding [1],
DNA detection [2], THz imaging [3,4], THz communication [5], radar
[6], and so on. However, it is difficult to devise THz devices based on
conventional methods, which greatly limits the further development and
actual application of THz technology. MSs [7] are new artificial mate-
rials with unusual EM properties [8], which include metamaterials and
metasurfaces. The electrical permittivity and magnetic permeability of
MSs can be negative instead of usual natural materials. Consequently, as
novel materials made up of subwavelength unit cell arrays, MSs have
access to realize functions that cannot be realized by natural materials.
They can be employed for manipulating electromagnetic waves, which
provides a new idea and way for the design of terahertz devices.

Electromagnetically induced transparency (EIT) is a quantum inter-
ference phenomenon observed in atomic or molecular systems based on
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destructive interference, which enables the original wide absorption
band of the medium to present a steep narrow transmission peak [9]. EIT
produces strong dispersion within the transparency window, which
brings about slow light effects and enhanced nonlinear magnetization,
thus it has broad application prospects in quantum memory [10],
quantum information processing [11], quantum precision measurement
[12], etc. The successful realization of the EIT effect requires exceed-
ingly demanding experimental conditions with low temperature and
high-intensity laser, which is not easy to achieve. The researchers started
to be committed to studying the EIT phenomenon in MSs until Zhang
et al. [13] first achieved plasmon-induced transparency which is similar
to the EIT effect in MSs without strict experimental conditions in 2008.
Some people use miscellaneous structures and materials to realize the
phenomenon of EIT. For instance, Wang et al. [14] presented a planar
plasmonic metamaterial consisting of nanoring and nanorod compound
structures for EIT and slow light characteristics in 2013. Li et al. [15] in
2015 designed a metamaterial EIT structure composed of cut wire and
asymmetric split-ring resonators. Also, Loke et al. [16] proposed a
high-performance optical modulator with a double-layer graphe-
ne-based metasurface that can support a high-quality factor resonance
based on the EIT in 2022. So far, the studies that the EIT is combined

Received 1 September 2023; Received in revised form 6 October 2023; Accepted 23 October 2023

Available online 23 October 2023
0921-4526/© 2023 Elsevier B.V. All rights reserved.


mailto:hanlor@163.com
mailto:hanlor@njupt.edu.cn
www.sciencedirect.com/science/journal/09214526
https://www.elsevier.com/locate/physb
https://doi.org/10.1016/j.physb.2023.415454
https://doi.org/10.1016/j.physb.2023.415454
https://doi.org/10.1016/j.physb.2023.415454
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physb.2023.415454&domain=pdf

R.-J. Cao et al.

with others such as graphene MSs [17,18], MSs sensors [19], polariza-
tion conversions [20], etc, have arisen widespread interest at home and
abroad.

Similar to EIT, electromagnetically induced absorption (EIA) is also
an interference phenomenon of a four-level atomic system which is
antagonistic to EIT for its name. The constructive interference of
different excitation pathways results in EIA. EIA has a wide range of
practical applications in narrowband filters [21], absorbers [22], and
optical modulators [23]. Recently, several groups [24-26] have
observed EIA behavior based on MSs. Since EIT and EIA are similar in
terms of implementation, combining them in the same device can save
material costs to achieve multifunctional device functions. In 2018, Cao
et al. [23] proposed a graphene-based tunable EIA that used a pair of
nanorods coupled to a ring resonator to obtain the EIT phenomenon.
Simultaneously, they applied Babinet’s principle to transform the EIT
into EIA. In 2022, Lu et al. [27] designed an EIT based on circularly
polarized waves to achieve the transition from EIT to EIA by changing
the conductivity of the phase change material vanadium dioxide (VO3).
Nevertheless, the EIA absorption rates of the above studies are insuffi-
cient and it is not convenient to operate the regulation function of the
EIT-EIA conversion process.

MS-based designs are mostly static and always have a single function.
Nowadays, integrated multifunctional devices are emerging, which have
attracted attention for they concentrate a variety of functions to opti-
mize the system as a whole and have multiple functions as well as system
flexibility. So the design and research of multifunctional MSs are crucial.
In 2012, Liu et al. [28] first reported meta-material based on VO, in THz
field. VO3 is a metal oxide with phase transition properties. The phase
transition of VO5 from the insulator state to the metallic state can be
achieved by heat [29], electricity [30], and light [31]. The conductivity
of VO can change by four to five orders of magnitude during its tran-
sition from the insulating to the metallic state [32], making it extremely
attractive for the implementation of switchable and tunable multifunc-
tional THz devices. VO, offers the advantages of easy manufacturing and
low cost. Controlled by temperature, the VO, is usually utilized in MS for
the implementation and control of the EIT. For example, Chen et al. [33]
obtained a low-loss polarization-insensitive EIT MS with VO3 in 2020.
The EIT windows and slow-light effect can be manipulated dynamically
by varying the conductivity of VO,. Furthermore, multi-functional THz
MSs that can achieve EIT and other functions by adjusting the state of
VO, are obtainable [34-36]. In 2022, the frequency and amplitude
tunable meta-surfaces based on VO, were realized [37], which helps to
realize active meta devices for THz domain. Not least because the VO,
can be dominated by temperature, this means that just changing the
temperature of the environment to regulate the conductivity of VO, can
achieve a state transition. This non-contact regulation can simplify
experimental complexity, enhance operability, improve safety, and
provide the possibility for future artificial intelligence to replace re-
searchers in experimental operations. However, there are many short-
comings in the current structural design of MSs, such as complex
structure, single function, insufficient absorption rate, and complicated
regulation methods.

Herein, a THz MS based on VO, with EIT and EIA is presented. The
MS is made up of an H-shaped resonator, square ring resonator, VO,
film, and silicon dioxide dielectric substrate with air columns. When the
VO, film is in the insulating phase at a room temperature of 25 °C, an EIT
window with maximum transmittance reaching 80 % at 0.430 THz can
be observed. The group delay of the EIT is up to 370 ps. The H-shaped
resonator, and the square ring resonator are both bright modes, the
coupling of which arises the EIT. When VO, transforms into its fully
metallic phase, the EIT functionality will be switched off and instead, the
MS has the function of absorbing with a max absorption exceeding 93.8
% at 0.432 THz. The magnetic effect that the VO, film, the H-shaped
resonator and the square ring resonator caused gives rise to the EIA
effect. By regulating the conductivity of VO, through varying the tem-
perature, EIT and EIA can be switched freely. The classic “dual harmonic

Physica B: Condensed Matter 671 (2023) 415454

oscillator” coupling model explains the EIT and EIA phenomena.
Moreover, the current and electric field distribution diagrams are pro-
vided for further analysis. The difference between EIT and EIA resonant
frequencies is reduced by placing air columns in the dielectric substrate.
This work shows good prospects for multifunctional switching devices,
absorption filters, non-contact modulation devices, and slow-light
devices.

2. Structural design and simulated results
2.1. MS unit design

As observed in Fig. 1la, the schematic diagram of the periodic
arrangement of the design MS is demonstrated. The MS is periodically
placed along the x-axis and the y-axis. The waves where the electro-
magnetic field is parallel to the y-axis are vertically incident on the
surface of the MS from the -z-axis. The structure consists of three por-
tions with dissimilar materials in Fig. 1b. The top layer as shown in
Fig. 1c is composed of an H-shaped structure and a square ring structure
whose outer frame length is a; and width is b;. The square ring structure
and H-shaped resonator are both made of gold with a conductivity of
4.561 x 107 S-m-1 [38] and its thickness D; is 0.02 pm and are set on a
silicon substrate (loss-free) with a permittivity of 11.9 [39]. Fig. 1d
displays the structure of the silicon substrate, which takes P = 160 pm as
the side length with a thickness D, = 35 pm. Air column structures are
combined into a silicon substrate just as revealed in Fig. 1d. The diam-
eter of the inner circle air column is designed as R; = 8.7 pm and the
outer circle air column is Ry = 9.5 pm. It can be seen that the VO,
structure is designed into a meander line structure which is vertically
curved in the right half part of the VO, film from the top view and its
thickness D3 = 2 pm in Fig. 1e. The parameters m and n can be obtained
from the equations m = ay/2 and n = x-2 x by. Moreover, other detailed
and comprehensive dimensional information has been given in Table 1.
When the VO, is set to the insulator state the conductivity of which is
200 S/m, which corresponds to the temperature of about 25 °C [40], the
MS enables the function of EIT. Once the external temperature is higher
than the critical temperature of 68 °C [27], the VO, will change from an
insulating state to a metallic state and its conductivity can reach 300,
000 S/m [41]. Simultaneously, the MS is capable of fulfilling the per-
formance of EIA.

2.2. The appearance of the EIT phenomenon

As mentioned above, EIT, a kind of phenomenon in quantum physics
and the result of energy level interference, is possible under strict
experimental conditions. Therefore, MSs are employed for EIT behavior.
Generally, there are three coupling mechanisms for simulating EIT in
MSs. The first one is that the EIT effect can be induced by the coupling of
bright modes and dark modes [42]. The second one is that it can be
achieved by the coupling between bright modes [43], and the another
one is the coupling of bright modes and quasi dark modes [44].
Compared to the bright mode, which has a large dipole moment, the
dark mode has an almost negligible dipole moment and cannot be
directly excited by the incident electromagnetic field. As a result, the
electromagnetic field can directly stimulate the bright mode but not the
dark mode. The EIT effect realized through the coupling of bright mode
and the bright mode was initially observed in the asymmetric open ring
periodic structure [45]. Under the excitation of the applied electro-
magnetic field, both the upper and lower splitting arcs of the open ring
can directly couple the energy of the electromagnetic field, forming two
bright modes. The coupling of the two bright modes can excite the
reverse current to contribute to an EIT with a high Q value.

In this paper, an H-shaped structure and square ring structure are
designed for EIT which is based on bright mode coupled with bright one.
The incident polarization waves can directly excite the square ring
structure, which is defined here as a bright resonator 1. Moreover, the H-
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Fig. 1. (a) Schematic diagram of periodic arrangement of the designed MS, (b) the stereoscopic view of the presented MS and three-layer structure, (c) the top view
of the module that can realize the EIT, (d) the top view of the design of the dielectric substrate, and (e) the top view of the module that can realize the EIA.

Table 1
The detailed geometric dimensions of the MS unit.

Parameters  Value Parameters  Value Parameters ~ Value

(pm) (nm) (pm)
D, 0.02 a 80 c 2
D, 35 b 7 d 2
Ds 2 a 138 g 5
P 160 by 25 x 35
Ry 17.4 ay 130 y 10
Ry 19.0 by 15

shaped structure can also be directly excited by the incident polarization
waves, which is bright resonator 2. It is the weak hybridization between
the bright resonators 1 and 2 with frequency detuning that gives birth to
the EIT in MSs [46]. When the VO, film is in the state of insulating, an
EIT window is observed in the range from 0.30 THz to 0.54 THz and the
transmission peak is up to 0.801 at 0.430 THz. Furthermore, it can be
seen from Fig. 2 that transmission dips frequencies are 0.345 THz and
0.512 THz, and the corresponding points are marked in the picture
below.

Concurrently, the resonators 1 and 2 are respectively simulated as
illustrated in Fig. 2, for a deep insight into the physical principle therein.
It can be observed from Fig. 2a and b that the two resonators are both
directly excited by the incident waves and behave transmission re-
sponses. The resonator 1 has a transmission dip at 0.357 THz (P’ point in
Fig. 2a) and the transmission dip of the resonator 2 is at 0.508 THz (Q’
point in Fig. 2b). When the two resonators are combined together as
displayed in Fig. 2c, the weak hybridization between the two bright
modes with frequency detuning contributes to the transmission
maximum peak of 0.801 at 0.430 THz (M point in Fig. 2c). The left
transmission dip P point at 0.45 THz in Fig. 2¢ is corresponding to the P/
point in Fig. 2a. The right transmission dip Q point at 0.512 THz in
Fig. 2c is in the corresponding way of the Q’ point in Fig. 2b.

Further, Fig. 3 shows the surface current distributions of the bright
mode resonator 1 and the bright mode resonator 2 at different fre-
quencies. It can be seen in Fig. 4a that at the left transmission dip of
0.345 THz, the resonator 1 can be excited via the incident waves where
the electric field is along the y-direction and the surface currents mainly
concentrate on the two sides of the resonator 1 which are parallel to the

y-axis. The dominant current direction is along the y-axis and the current
intensity inside the ring is stronger than that outside the ring. At the
right transmission of 0.512 THz in Fig. 4b, the resonator 2 can be excited
via the incident waves, the surface currents are concentrated and
distributed on the arms of the resonator 2 which are parallel to the y-
axis. The main current of the resonator is along the -y-axis. It is obvious
that the excited-dominated currents of the two resonators are in oppo-
site directions and the current intensity of the resonator 2 is much
stronger than the resonator 1. When the two resonators are combined,
the surface current distribution is illustrated in Fig. 3c. It can be
observed that the two resonators generate opposite currents at 0.430
THz and the two resonators’ main current directions are exchanged
compared to Fig. 3a and b. The destructive interference coupling be-
tween the two bright modes is the reason for the formation of EIT
behavior.

To have a deeper understanding of the EIT phenomenon based on
MSs, the classical three-level atomic system will be employed to explain
[27]. It can be seen from Fig. 4, there are three states in the three energy
level atomic system, which are ground state |0> and two excited states |
1> and |2>. Additionally, the ©Q; and Qj stand for the phases of two
transition channels, and the y; and y5 refer to the coupling coefficients
between energy levels. When a probing light is incident on a material
with a three-energy level atomic system, the atom will leap from the
ground state |0> to the excited state |1> (]0>—|1>) accompanied by
radiate under the condition that the frequency of the probing light and
the atomic leap is consistent. Consequently, the probing light is
completely absorbed and the transmittance is close to zero. Next, a
stronger coupling light is added to the system when keeping the in-
tensity of the probing light constant which will result in a change in the
energy level position, allowing another leap path |[0>—|1>—|2>-|1 >
for the particle to occur. The different paths of the transition produce
destructive interference, leading to a decrease in the ability to absorb
probing light. Thus, probing light turns into transparent at its original
absorption peak and that is what we called ‘EIT’. In this model, when
incident waves are vertically incident on the MS, the incident waves
interact with the resonator 1 to form a bright mode. The excitation
process |0>—|1> is called path 1. The resonator 2 can interact with the
incident wave too, thus forming excitation path 2 (|0>—|1>—|2>-|
1>). At the resonant frequency, when there is a phase difference of IT
between path 1 and path 2, the two paths will interfere with each other,
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Fig. 2. (a) The corresponding transmission response of the resonator 1, (b) the transmission spectrum of the resonator 2, (c) the transmission spectrum of the
combination of the two resonators when the conductivity of VO, is 200 S/m.
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Fig. 4. The comparison of the coupling mechanism between the classical three-
level atomic system and the EIT MS.

therefore generating the EIT phenomenon.

Within the EIT window, the transmission phase undergoes a phase
abrupt change at the frequency point corresponding to the transmission
peak accompanied by a strong dispersion phenomenon, which results in
the large group index (ng) in the transmission band and behaves the slow
light effect. The group delay is employed to show the slow light char-
acteristics of the EIT behavior, which is calculated as follows [27]:

d
tep = fﬁ )

Where ¢ represents the phase and o refers to the angular frequency.
Furthermore, the ng of EIT is also figured out using the following formula
[27]:

c
ng = ?tGD (2)

where c is the speed of light and t stands for the thickness of the cell
structure. Fig. 5a demonstrates the abrupt changes in the transmission
phase in the range of 0.30 THz to 0.540 THz. Besides, it can be noted that
the value of the maximal group delay for the EIT window is 6.5 ps and
the maximum ng is close to 523. This indicates that the design provides a
good slow light effect.

2.3. The appearance of the EIA phenomenon

The EIA phenomenon can be observed in the original EIT window
when the VO, is in a metallic state. As observed in Fig. 6a, b and ¢, VO,
films were designed as two symmetrically distributed split resonant
rings, which is defined as structure I. The two resonant rectangular rings
with opposite opens are in the middle of the silicon substrate. The spe-
cific parameters of structure I are as follows in Table 2. As can be seen
from Fig. 6d, when the VOs is in the insulator state, the transmission
peak of the EIT was 0.85 at 0.327 THz. While the VO, is in the metallic
state, an absorption peak that was up to 0.96 could be observed at 0.410
THz. Although the EIA phenomenon was obvious, the resonance
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frequencies of the EIT and EIA behavior of structure I as illustrated by
Fig. 6d do not correspond.

Nevertheless, it is crucial to tune EIT and EIA to the same frequency
so that the function selection at a certain frequency can be achieved for
more precise control. To improve the frequency difference between the
EIT peak and the EIA peak, some parameters related to the VO, were
changed in a reasonable range and the results are exhibited in Fig. 7. It
can be found from Fig. 7a that as the length of the rectangular ring e
increases, the frequency point of the EIA shifts to the direction in which
the frequency decreases. When the parameter e was 130 pm, the cor-
responding frequency is at about 0.410 THz. However, the change in the
width of the rectangular ring f has a large effect on the absorption
spectra. It is not hard to see in Fig. 7b that the larger the value of f, the
better effect of the EIA. Due to the size limitation of the silicon substrate,
the maximum value of f cannot exceed 70 pm. As f varies from 40 pm to
68 pm, the absorption gets higher and the peak frequency of the EIA
shifts to the direction in which the frequency decreases. Fig. 7c shows
the value of the opening size of the resonant rectangular ring i makes
little difference to frequency shift. When the parameter i changes from 1
pm to 15 pm, the peak frequency of the EIA changes about 0.01 THz. And
Fig. 7d displays that with the increase of h, the peak frequency will move
to the direction in which the frequency increases and the peak is
changed simultaneously. Ultimately, the parameters are selected as
follows: e = 126 pm, f = 68 pm, i = 10 pm, h = 20 pm. The difference
between the EIT peak and EIA peak frequencies remains unresolved.

In the primary stage of optimization, the resonant rings in structure I
were replaced by the meander line in structure II for the decrease of the
difference of frequency between EIT and EIA, which is displayed in
Fig. 8. The meander line is located in the left half part of the VO,
structure and the bend angle of it is 90°, as is exhibited in Fig. 8d. It can
be seen from Fig. 8f that the peak frequency of the EIT is 0.329 THz with
the maximum value of 0.8 when the VO, is in the insulating state. The
peak frequency of the EIA behavior is 0.370 THz with a maximum ab-
sorption of 0.96 while the VO, is in its metallic state. It can be found that
the frequency difference is reduced from 0.083 THz at the beginning to
0.041 THz by comparing Fig. 8e with Fig. 8f. It has to be noted that not
only the structure of the VO, film was changed, but other structural
parameters were also adjusted in the process of the model evolution.
Owing to the limitation of space, the intermediate process parameter
changes will not be repeated, only the final model parameters are given.

From the above, based on structure II, some air columns are punched
through the silicon dielectric substrate as shown in Fig. 9a and b and that
is structure III. Arranged around the substrate, the air columns have two
rows, inner and outer, with diameters R; and R,. And the number and
radius of the air columns can influence the resonant frequencies of both
EIT and EIA, which makes a difference in the frequency difference of the
EIT and EIA. When the parameters of the air column are adjusted to a
suitable value, the two frequencies can be achieved close to each other
as revealed in Fig. 9c. The R; and Ry are 17.4 pm and 19.0 pm. Other
parameters of the model are set as shown in Table 1. The EIT the
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Fig. 5. For the EIT: (a) the transmission phase, (b)the group delay, (c)the group index.
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spectra of structure I when the VO, film is in the insulator state and metallic state separately.

Table 2
The detailed geometric dimensions of structure I
Parameters ~ Value Parameters  Value Parameters ~ Value
(pm) (pm) (um)
P 140 a 70 b 5
Dy 0.02 a; 138 by 20
D, 35 e 126 f 68
D3 2 h 20 i 10
c 10 d 2
1.0- (a)
0.8
=
2
2 0.6
=
)
w
=
< 0.4

0.2 1

0.0 +— ' . . ; .
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resonant frequency of which is at 0.430 THz can be achieved when VO,
is insulated, and once the VO3 is metallic, the design can achieve EIA
with a peak of 0.938 at 0.432 THz. The frequency difference between the
EIT and the EIA is 0.002 THz, which meets the requirements for design.
The final EIA behavior is shown in Fig. 9c (the red curve A).

Additionally, the transmission and reflection spectra as well as the
absorption spectra for the resonator 1, the resonator 2, the combination
of the resonators 1 and 2, and the individual VO structure are given in
Fig. 10. The absorption of the proposed MS can be acquired through the
equation [47].

A=1- |T212| - |R212| - |T112| - |R112|

1.0
0.8 -
=
2
2 0.6
-
o
d
=
< 0.4
0.2 1
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Fig. 7. The absorption spectra as a function of (a) e, (b) f, (c) i and (d) h when VO, is in the metallic state.
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Where T;1 and To; refer to the transmission coefficients of the main
polarization and polarization conversion. And R;; and Ry refer to the
reflection coefficients of the main polarization and polarization con-
version. As shown in Fig. 10, the transmission coefficients of polariza-
tion conversion T5; and the reflection coefficients of polarization
conversion Ry are close to zero and can be neglected. Both the reso-
nators 1 and 2 can be strongly excited by the external field to generate
resonances, corresponding to their resonance valleys and resonance
peaks in the transmission spectrum T77 and the reflection spectrum Ry;.
In contrast, the VO, structure cannot be directly excited by incident
waves. Therefore, the resonators 1 and 2 are bright modes, and the VO,
structure is called a dark mode. We can see that the absorption spectra of
all these structures do not have strong absorption peaks as shown in
Fig. 10. This indicates that the EIA phenomenon in Fig. 10 is the result of
the combined effect of all the structures. Next, the coherent phase length
phenomenon of different excitation paths in the EIA structure will be

illustrated by the distribution of electric field distributions.

As demonstrated in Fig. 11a, it is clearly indicated that at 0.332 THz
for the EIA structure, a strong electric field can be observed on the
resonator 1. This means that the resonator 1 couples stronger energy
when the waves are incident on the model. However, it can be seen from
Fig. 11c that at 0.532 Thz the electric field is mainly concentrated on the
resonator 2 and the VO, structure. Therefore, it can be concluded that
the resonator 1, the resonator 2 and VO, structure can be effectively
coupled when they are concentrated together, which makes the original
destructive interference into the constructive interference, producing
the EIA phenomenon with the maximum absorption peak reaching
above 0.9 at 0.432 THz as shown in Fig. 11b. The deeper reason for the
EIA phenomenon is the magnetic effect of the magnetic dipole generated
by the MS in the coupling process [48].

In the process of model optimization, we improved the frequency
difference between EIT and EIA by adding air columns, reducing it from
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Fig. 10. The simulation of transmission, reflection and absorption spectra.(a) the resonator 1,(b) the resonator 2,(c) the combination of the resonator 1 and 2, (d) the
VO, structure.

0.041 THz in structure II to 0.002 THz in structure III. Fig. 12 exhibits significantly enhanced where the air column is added. Since the added
the electric field distribution of structure II and structure IIL. It is not air column can gather the energy and thus make the resonant frequency
difficult to find that in structure III, the electric field energy is change, which in turn changes the frequency difference between EIT and
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Fig. 11. Electric field distributions (EFDs) at (a) 0.332 THz,(b) 0.432 THz, and
(c) 0.532 THz when the VO, film is in metallic state.

EIA.

Similarly, a classical four-level atomic system is used to further
physically elaborate and explain the EIA behavior [7]. The four-energy
level system in Fig. 13 consists of simply merged ground state energy
levels |1> and |3>, and simply merged excited state energy levels |2 >
and |4>. In contrast to EIT, here not only coupling light and detection
light are needed for coupling and detection of EIA, but also additional
control light is needed to make the jump from energy level | 3> to energy
level |<4. Q1, Qp, and Qg3 in Fig. 13 are the Rabi frequencies (When an
atom is irradiated by a beam of coherent light, it will periodically absorb
photons and re-emit them by stimulated emission. Such a period is called
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the Rabi period, and its reciprocal is called the Rabi frequency.) of the
coupling, probing, and control light, respectively. y1, 2, and y3 represent
the rates at which the states of the three leap channels change, respec-
tively. When the Rabi frequencies of the coupling field, the control field,
and the decay rate of the fourth simplex energy level do not coincide, the
atomic coherence process of the four-energy atomic system has different
effects on the medium absorption so that the atomic coherence on the
absorption is converted from phase destructive interference to phase
constructive interference which is also known as EIT to EIA. The reso-
nator 1 in the designed MS corresponds to the jump from energy level |
1> to energy level |2> in Fig. 13, and the resonator 2 corresponds to the
jump from energy level | 2> to energy level |3>. The VO, structure in the
metallic state corresponds to the jump from energy level |3> to energy
level |4>. The constructive interference between different excitation
paths eventually contributes to the EIA phenomenon.

3. Physical mechanism and parameter discussion
3.1. The physical mechanism of the EIT and EIA phenomena

For a deep insight into the physical mechanism of the EIT behavior,
the classic “dual harmonic oscillator” coupling model was utilized to
explain. The interaction between the two oscillators and the incident
electric field E(t) = Eo(t)e 7 (the j means imaginary unit) can be
expressed by the following differential equations [49]:

X1 (0™ 471X (1) + 00"x (1) + Qs (1) = gE @

X2 ()" + 7% (1) + (00 + 8)x, (1) + Q2x, (1) =0 (2)

where y; and vyg, x; and xo represent the damping and resonance am-
plitudes of the two oscillators, respectively. wo and @y + § denote the
resonant frequencies of the two different resonators, where & is the
detuning factor, which represents the frequency difference between the
transparency frequency and the resonance frequency of the intrinsic
oscillators. Besides, £ refers to the coupling strength between the two
oscillators and g is the coupling strength of the bright resonator to the
external field. To solve the coupled equations, the displacements vectors

sasasaa T asaaaa
o wwww N ewwww

g

@)

Fig. 12. The top view(a) and the bottom view(b) of electric field distributions of the structure II at 0.432 THz when the VO, film is in metallic state. The top view (c)
and the bottom view(d) of electric field distributions of the structure III at 0.432 THz when the VO, film is in metallic state.
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Fig. 13. The classical four-level atomic system of the EIA phenomenon in this structure.

are expressed as x; = C,e ™ (n=1,2) and with the assistance of the
approximation of wp? — w? ~ — 2wo(® — ), the transmission can be
described as below:

Jjg* (@ — o — 5+ jry/2)

T=1-—Re - ; 2
(0 — 0o +j1,/2)(@ — 0y — 5+ jr,/2) —Q* /4

3)

“Re” means the real part. Using MATLABR2021b to fit the curve to
the EIT, the following fitting parameters were finally obtained: y; = 2.2,
y2=0.1,2=1,6=0.007, wp = 2.71, g = 1.05. From Fig. 14a, it can be
seen that the curve fitted by equation (3) matches well with the original
EIT curve.

Equally, the corresponding absorbance based on the coupled equa-
tions (1) and (2) can be gained as follows [50]:

j&0(a? + joy, — (0o + 6)°)

)
(0 + joy, — 02)(@? + joy, — (@ + §)°) — @

Alw)=
Next, with the approximation of wy? — @? = — 2wo(w — @), equa-
tion (4) can be written as:

Jjg' (@ — wo — 6+ jr,/2)
(0 — o +jr,/2) (@ — wo — 8+ jry/2) — Q* /4

A(w)=Re 5)

where “Re” stands for the real part. As with EIT, MATLAB was used for
curve fitting, and the EIA fitting parameters were acquired as follows: y;

@) 4

—a— Theroy
—— Si ati
08 Simulation
£ 0.6
z
2
Z
£ 0.4+
0.2
0.0+ T T

T T T T T
030 033 036 039 042 045 048 051 054

Frequency (THz)

=0.17,y2=0.15,5 = 0.002, wg = 2.72, g = 0.283. The results of the EIA
curve fitting are shown in Fig. 14b. It has to be noted that the fitted and
simulated curves will be slightly different due to some coupling losses.

3.2. Parameter discussions

3.2.1. The parameters r; and rz discussions

As mentioned above, the EIT and EIA frequency differences do
decrease after the addition of air columns arranged according to certain
rules around the silica substrate. Therefore, it is necessary to discuss the
parameters of the air columns for a deeper understanding. It is worth
noting that the number of air columns also has some influence on the
generation of the phenomenon. Only the radii of the inner and outer air
columns are discussed here, while the number and arrangement of the
air columns are not explained in detail here. Assume that the radii
corresponding to the diameters R; and Ry are r; and ry, respectively.
When the radius r; of the inner air column is varied in the range of 2175
nm-8700 nm and the radius of the outer air column r; is zero, it can be
seen from Fig. 15a and b that both EIA and EIT resonant frequency
points move in a pattern of right with the increase of r;. As r; increases
from 2175 nm to 8700 nm, the frequency difference between the two
decreases from 0.044 THz to 0.025 THz. Next, when changing the outer
column radius ry, it can be seen from Fig. 15¢ and d that when ry is
increased from 2375 nm to 9500 nm, both the EIA and EIT curves are
shifted to the left. The EIA resonant frequency point shifts from 0.430
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Fig. 14. The comparison of the analytically calculated values and the simulated transmission curves under the two harmonic oscillator model about (a) the EIT

behavior and (b) EIA phenomenon.
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Fig. 15. The EIT (a) and EIA (b) behavior of the structure with r; changing from 2175 to 8700 nm (r, = 0 nm). The EIT (c) and EIA (d) phenomenon of the model

with r, changing from 2375 to 9500 nm (r; = 8700 nm).

THz to 0.432 THz, while the EIT resonant frequency point shifts from
0.405 THz to 0.430 THz. During the increase of ry, the frequency dif-
ference between the resonance points of EIA and EIT is decreasing.
When ry increases to the maximum value of 9.500 pm, the frequency
difference between EIT and EIA is 0.02 THz, which is a better phe-
nomenon. Table 3 shows the variation of the peak frequency difference
between EIA and EIT when the parameters r; and ry are changed.

3.2.2. The effects of different incidence angles and polarization angles on
the MS

Last but not least, the EIT and EIA behaviors at different incidence
and polarization angles are studied. Fig. 16 shows the transmission and
absorption spectra when the incident electromagnetic wave is not inci-
dent perpendicular to the surface of the structure but at a certain angle

Table 3

The change of EIT and EIA frequency differences with the changed r; and r,.
r T2 The peak frequency of The peak frequency of Af
(nm) (nm) EIT (THz) EIA (THz) (THz)
0 0 0.329 0.370 0.041
2175 0 0.335 0.379 0.044
4350 0 0.349 0.392 0.043
6525 0 0.371 0.408 0.037
8700 0 0.404 0.429 0.025
8700 3375 0.405 0.430 0.025
8700 4750 0.412 0.430 0.018
8700 7125 0.421 0.432 0.011
8700 9500 0.430 0.432 0.002
0 9500 0.355 0.376 0.021

of 0 incidence. The angle of incidence 6 is defined as the angle between
the electromagnetic wave and the z-axis. From Fig. 16a, it can be
observed that when the incident angle 0 gradually increases from 0° to
60°, the peak of the EIT window decreases and the frequency point at the
peak moves towards the lower frequency. And the same is true for the
EIA behavior in Fig. 16b. It is evident that EIT and EIA exhibit instability
for different incidence angles, which indicates that the MS is sensitive to
the angle of incidence. The angle of polarization refers to the angle of
deflection of the electric field vector of the electromagnetic wave. In
Fig. 17a and b, it can be seen that while the polarization angle a changes
from 0° to 90°, the EIT and EIA phenomena eventually decay or even
disappear. That is to say, the EIT and EIA responses are strongly
dependent on the angle of polarization.

4. Conclusion

In summary, a multifunctional switchable THz MS based on phase-
transition VO, is designed in this work. The EIT behavior of the MS
can be achieved with the peak of 0.801 at 0.430 THz when VOy is in the
temperature of 25 °C corresponding to its insulating state. When the
temperature is raised from 25 °C to 68 °C, the conductivity of VO2 will
be sharply increased from 200 S/m to 300,000 S/m, which results in its
state transformed from the insulating state to the metallic state.
Consequently, the function of MS is converted from EIT into EIA with a
strong absorption peak of 93.8 % at 0.432 THz. Furthermore, atomic
energy level theory systems and classical spring oscillator model are
taken for the analysis and simulation of EIT and EIA. Air column addi-
tion was performed to improve the results. This design controls the VO,
conductivity by changing the temperature so as to realize the switching
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Fig. 16. (a)The EIT transmission responses with different incidence angle ¢ varying from 0° to 60° when the VO, is in the insulating state, (b)The EIA absorption
spectra with different incidence angle 0 varying from 0° to 60° when the VO, is in the metallic state.
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Fig. 17. (a) The EIT transmission responses with different polarization angle a varying from 0° to 90°, (b) The EIA absorption spectra with different polarization

angle a varying from 0° to 90°.

of MS functions, providing ideas for the implementation of non-contact
regulation technology and multi-functional reconfigurable technology.
This design will have good prospects for applications in the antenna
field, satellite communication technology, non-contact modulation
technology, and multifunctional THz devices.
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