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ABSTRACT

In this work, simultaneous implementation of electromagnetically
induced transparency (EIT), electromagnetic induced absorption
(EIA), and linear-to-circular polarization conversion (LTCPC) in the
terahertz band is proposed in a metasturcture (MS) associated with
tailoring the polarization angle (6). The linear polarization (LP) waves
with different 6 can trigger different phenomena. EIT can be achieved
with the incidence of transverse electric (TE) waves (§ = 0°), trans-
verse magnetic (TM) waves (6 = 90°) cause the appearance of EIA,
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while a LP wave with 6 = 45° induces the appearance of the LTCPC
polarization conversion

phenomenon. For TE waves, the EIT transparent window accompa-
nied by the slow light effect has emerged from 0.288 to 0.797 THz,
where the maximum group delay has arrived at 2.51 ps. For TM
waves, an absorption peak of EIA is observed at 0.497 THz. The LTCPC
phenomenon is well obtained with 6 = 45° at 0.399 and 0.634 THz,
where the transmission coefficient highly reaches 0.571 and 0.650.
The optimal axis ratios (ARs) of LTCPC are 2.08 dB at 0.389 THz and
2.18 dB at 0.634 THz, respectively. Noteworthy, the two-oscillator and
circuit models are adopted for the theoretical analysis of the EIT and
EIA, and the conclusions obtained are in general agreement with the
simulation results.

1. Introduction

Metastructure (MS), which can be acted as multifunctional metamaterials, has attracted a lot
of attention due to its ability to generate electromagnetic responses that are unattainable
in nature [1]. Electromagnetically induced transparency (EIT), arising from the destructive
interference between different atomic leap channels, is an inherent quantum interference
in three-atom systems [2]. In recent years, EIT has been extensively researched, enabling
opaque media to be narrowly transparent and accompanied by intense dispersion and
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strong slow light effects [3,4]. EIT in most quantum systems requires incredibly demand-
ing experimental circumstances, including extremely low temperatures and super-bumps
of laser light, which basically cannot be implemented and applied to physical devices.
However, in 2008, Zhang et al. successfully introduced the EIT effect to electromagnetic
MSs [5]. Since then, due to its unique properties, EIT has been greatly exploited in slow-
light devices [3,4], optical switches [6,7], photon storage, and nonlinear self-enhancement
[8-101. EIT is mainly generated by [11-13] bright-dark mode coupling alternately, bright-
bright mode coupling [14,15]. The former is mainly formed by destructive interference,
while the formation is due to the influence of weak hybridization on bright modes.

Electromagnetically induced absorption (EIA), which arises from atomic interference in
guantum systems and is a complimentary effect to EIT, resulting in a sharp absorption win-
dow in a section of the transparent spectrum [16]. Unlike EIT, EIA is due to constructive
interference rather than destructive interference. EIA was first experimentally studied in
MSs by Sun et al. [17]. Tassin et al. [18] introduced a radiative two oscillator model to explain
the absorption and scattering characteristics, and systematically showed that the transi-
tion from EIT to EIA (and vice versa) is accomplished by reducing the dissipative damping
of the radiative state and increasing the dissipative damping of the dark mode [19]. And
constructive interference is achieved by weakening the coupling. In addition, phase-shift
modulation is a wonderful pathway for EIA in MSs, and A triple-coupling method for asym-
metric MS was also discovered by Xu et al. [20], allowing for coherence augmentation. This
mechanism is comparable to the temporal coupling principle outlined for ring bus archi-
tectures and triple resonators, and this narrow absorption EIA peak can also be explored
in optical fields. Although both EIT and EIA are atomic level interference, and there have
been previous works to integrate EIT and EIA into one device, most of these works were
done with vanadium dioxide, graphene, or photosensitive materials in MSs [21,22], which is
quite difficult to realize in practice. It is worth mentioning that the present work has a strong
polarization-selective feature, showing two completely opposite properties for two differ-
entlinearly polarized (LP) waves. for the transverse electric (TE) wave, which is defined as the
LP waves with polarization angle (PA) (6 = 0°), the MS associated with 6 = 0° exhibits EIT
characteristics, while EIA behaviors can be observed easily with the incidence of transverse
magnetic (TM) waves (0 = 90°).

Furthermore, since the unique electromagnetic properties of MSs, many polarization
converters have also been reported [23-26], where the remarkable adaptability of the
circular polarization (CP) wave in signal transmission and reception, the linear-to-circular
polarization conversion (LTCPC) behaviors [27,28] have been studied in depth. Although
polarization conversion achieved using MSs can well solve the thickness problem caused
by the electrically thin size of MSs, most polarization systems of MSs still suffer from large
transmission losses [29]. Sun et al. [30] exploited unusual optical transmission and tunnel-
ing effects to control the polarization state of electromagnetic waves using anisotropic
transparent MSs. However, the proposed structure consisting of a three-layer MS is quite
complex and hinders the integration with photonic systems. Recently, a plasmonic MS is
designed to achieve polarization conversion [23], which can effectively reduce the loss of
polarization conversion and enhance the performance. Nevertheless, it is rarely possible to
change the electromagnetic wave polarization state in a balanced way in EIT and EIA MSs.
Additionally, there are relatively few studies based on the ability of EIT and EIA to obtain
LTCPC better. Herein, the conversion of three different phenomena (EIT, EIA, and LTCPC)
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can be achieved by changing the PA of the incident LP waves, achieving a breakthrough in
the PA control of multitasking devices.

In this paper, a MS based on EIT and EIA is proposed and also enables a LTCPC phe-
nomenon with different 6, where EIT (§ = 0°), EIA (§ = 90°), and LTCPC (9 = 45°) can be
controlled by incident LP waves. Compared with the conventional transmissive LTCPC, the
destructive interference of EIT creates a highly transparent window that can considerably
increase transmission efficiency and provide an operable platform for the integration of
other functions. Moreover, considering the possible energy loss of overmastering elec-
tromagnetic wave polarization, polarization tunability is crucial in practical applications,
particularly for modulators or selectors. Additionally, channel multiplexing, radome, and
other frequency modulation settings are more commonplace with dual-band polarization.
Additionally, channel multiplexing, radome, and other frequency modulation settings are
more commonplace with dual-band polarization. Therefore, a dual-band polarization phe-
nomenon incorporating efficient EIT and EIA effects has promising applications in MS. In this
work, itis demonstrated that this implementation of polarization conversion phenomenon
with frequencies and transmission coefficients located at 0.389 THz and 0.571, 0.634 THz,
and 0.650, respectively. In the terahertz (THz) region, the EIT transparent window accom-
panied by the slow light effect has emerged from 0.288 THz to 0.797 THz with a relative
bandwidth of 18.5% with significant group delay (GD) close to 144 ps and high transmis-
sion coefficients for TE waves, and the sharp absorption peak of EIA at 0.497 THz has reached
90.5% for TM waves.

2. Structure design and simulation
2.1. Structure design

It is schematically explained how the MS array periodogram and the final integrated con-
figuration work in Figure 1(a), and the operating mode of the MS can also be observed in
Figure 1(a). The proposed MS consists of a gold (conductivity o = 4.561 x 107 S/m) [31]
double-split ring (DSR), a four-split ring (FSR), and a barbell-shaped patch (BSP), which are
all etched on both sides of the silicon (relative dielectric constant e, = 11.7) [32] substrate as
displayed in Figure 1(b). Gold patches can be fixed to the surface of the dielectric substrate
by E-beam evaporation deposition [33,34]. Figure 1(c) illustrates the relationship between
the incident angle (8) and PA (0) and the coordinate axes. The incident waves presented in
this paper are all incident vertically (8 = 0°), unless specifically discussed. For TE waves, the
electric and magnetic fields are oriented in the x- and y-axis directions, respectively, while
for TM waves, in contrast to TE waves, the electric and magnetic fields are oriented in the y-
and x-axis directions. The edge length of the cell structure of MS is p = 150 um. The spe-
cific structural parameters will be shown in Table 1. The proposed MS is simulated in CST
STUDIO SUITE and the unit cell boundary constraint has been adopted for the x-axis and
y-axis, while the z-axis is open (add space) (Figure 2).

2.2. The analysis of EIT phenomenon

Figure 3 provides preliminary individual stimulation and surface current distribution of
DSR and FSR irradiated by TE waves. The transmission response (see Figure 3(a,c)) and the
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Figure 1. (a) Array periodogram and final integration configuration for MS, (b) diagrams of DSR, FSR and
BSP, (c) the plot of PA and incident angle versus coordinates.

Table 1. Detailed geometric parameters for the MS.

Parameters Value (um) Parameters Value (um)
h 10 g 10
h1 0.2 g1 15
hy 0.2 w 10
r 68 w1 5
n 49 a 50
r 40 b 10

surface currents (see Figure 3(b,d)) jointly specified that DSR and FSR can be directly excited
by incident TE waves, demonstrating that both DSR and FSR are bright modes. For DSR,
a significant response can be captured at 0.292 THz and the corresponding transmission
amplitude is 0.012 with a smaller Q value of 1.16 (the quality factor of the fundamental res-
onance modes Q = f/Af, where f is the resonance frequency, Af means the half-maximum
bandwidth) [35] as exhibited in Figure 3(a). In Figure 3(b), most of the energy is distributed
on both sides of the DSR, inducing the formation of two electric dipoles, and the current is
flowing in the positive direction of the y-axis. It is clearly revealed in Figure 3(c) that FSR pro-
duces a strong resonance at 0.841 THz with a transmission amplitude of 0.024 with a larger
Qvalue of 3.73. Besides, the dispersion of the relevant surface currents amply demonstrated
the energy is focused on four-quarter circles of FSR, and the current flows are in the nega-
tive direction of the y-axis. However, it is obvious from Figure 4(a) that the BSP is basically
unable to couple the incident TE waves in the range from 0.2 THz to 0.9 THz. It is clearly
obtained from Figure 4(b,c) that both bright modes (DSR and FSR) cannot couple the BSP
under TE wave, so the BSP is not considered a dark mode either.

To facilitate the understanding of EIT, the formation process of EIT is shown in Figure 5.
The resonance results of DSR and FSR with BSP are given in stages 1 and 2, and the final
results of EIT where DSR, FSR and BSP have been concentrated in one unit cell are given in
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Figure 2. (a) The unit cell of the MS, (b) schematic diagrams of DSR and FSR, (c) the front view of MS,
and (d) the stereoscopic view of the BSP.
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Figure 3. With the incidence of TE waves, the transmission response of DSRin (a) and FSRin (c), and the
corresponding surface currents of DSR in (c) and FSRin (d).
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Figure 4. (a) The transmission and absorption curve of BSP between 0.2 and 0.9 THz for the TE waves,
(b) the transmission response of DSR and BSP together under TE wave incidence, and (c) the transmission
response of FSR and BSP.

stage 3. The resonant frequencies of DSR and FSR are similar and there is a certain difference
in Q values, indicating that the EIT phenomenon can be formed theoretically. Hence, with
theincidence of TE waves, the EIT phenomenon emerges naturally. As is displayed in Figure
6(a), a high transparency window (transmission amplitude above 0.9) between 0.441 THz
and 0.531 THz is produced with a relative bandwidth of 18.5% arising from the destructive
interference of DSR and FSR.

To better illustrate the potential principle of the EIT behavior, the surface current and
electric field distributions at 0.288 THz, 0.480 THz, and 0.797 THz are analyzed and elabo-
rated on (see Figure 6). It is easily observed from Figure 6(b) that the distribution of the MS
surface currents at 0.288 THz is attributed to the fact that the DSR can be directly coupled to
the incident field, triggering the generation of electric dipoles, while the current effects of
FSR and BSP are much weaker. Similarly, at 0.797 THz, the majority of the energy is localized
to the FSRin Figure 6(c), while the DSR and BSP barely interact with the incident field just as
exhibited in Figure 6(d). However, the current flow on the DSR and FSR is completely oppo-
site at 0.480 THz and the current on the FSRis significantly weaker compared to that at 0.797
THz, which means the energy on the FSR largely suppressed by the DSR, thus generating
destructive interference similar to the triple atomic level. It is worth noting that the surface
currents of the BSP at these three frequency points are extremely weak, proving that the
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Figure 5. The forming process of EIT behavior for the TE waves.

BSP is unable to produce a resonant response in this frequency band for TE waves. There-
fore, a broad and high transparency window over 0.9 is produced, spanning from 0.441 THz
to 0.531 THz with a relative bandwidth of 18.5% as exhibited in Figure 6(a).

Figure 6 also displays the electric field distribution at different frequencies, and it is evi-
dent that the accumulation of the electric field is essentially along the y-axis direction of
the DSR resulting from self-coupling with the incident electric field, which leads to a trans-
mission dip at 0.288 THz (see Figure 6(e)). As opposed to that, it is not difficult to see that
another transmission dip at 0.797 THz is caused by the electric field aggregation on the FSR
(exhibited in Figure 6(g)). For the transmission peak at 0.480 THz at the transparency peak
in Figure 6(f), the near-field coupling significantly suppresses the induced electric fields on
the DSR and FSR, which suggests the generation of destructive interference akin to the clas-
sical three-energy atomic system and is essential for the formation of the broadband EIT,
supporting the principle of EIT formation once more.

Besides, the EIT phenomenon is accompanied by a more pronounced slow light effect,
which refers to the phenomenon wherein dispersion causes the group speed of light to
be lower than the speed of light in a vacuum. GD and group index (Gl) are calculated
from the phase transition at the corresponding transmission dips as shown in Figure 7(a),
which is considered to be the key to measuring the EIT characteristics. The corresponding
calculations of GD and Gl are presented in Equations (1) and (2) [36,37].

tsp = —— 1
GD o (1
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Figure 6. (a) The transmission response of EIT behavior for the TE waves, the surface current response of
the EIT behavior (b) at 0.288 THz, (c) at 0.480 THz and (d) at 0.797 THz, and the electric field distribution
results (z = 10.4um) of the EIT behavior (e) at 0.288 THz, (f) at 0.480 THz and (g) at 0.797 THz.

c
ng = EtGD

()

Here, ¢ and w are defined as the transmission phase and angular frequency, respectively. ¢
and h mean the light speed and the thickness of the MS. tgp and ng; stand for the concrete
values of GD and Gl. According to the calculation results in Figure 7(b,c), the maximum GD
and Gl are 2.51 ps and 72.5, respectively, which can be applied in optical communication

[38] and tunable slow light devices [13].
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Figure 7. For TE waves, (a) the transmission phase of MS (b) the curve of GD, (c) the Gl of EIT, and (d)
simulation of a typically propagated Gaussian pulse’s time development around a given MS at 0.430 THz
with maximum GD.

To better verify the validity of the group time delay, a Gaussian-shaped pulse centered
at 0.430 THz can be simulated on the basis of the finite difference time domain method
(FDTD) simulation, as shown in Figure 7(d). The transmitted pulse’s peak occurs at 358.0
ps, which is close to 0.430 THz, whereas the incident pulse’s peak appears at 355.9 ps. as a
result, the transmitted pulse is delayed by 2.1 ps. In addition, the GD in Figure 7(b) is about
2.51 ps near 0.430 THz and the corresponding Gi is 72.5. since the group time delay in Figure
7(b), the GD is built on a frequency domain algorithm, and the time domain algorithm is the
basis of the GD in Figure 7(b), that is why an algorithmic difference occurs in the calculation.
The slow light effect of the EIT phenomenaiis still reflected in the GD despite the differences.
More significantly, the dispersion features of the EIT behavior result in the transmitted pulse
through the EIT MS becoming wider than the incident pulse. Overall, the results demon-
strate that the proposed EIT MS supports slow light propagation. In addition, the proposed
EIT structure has many potential applications in the field of slow light.

In addition, to further understand the transmission response of the EIA comprehensively,
we introduced various multipoles of scattering power by integrating the scattering current
density distribution. The multipole moments are obtained by partial integration of the cell
directions («, 8, y) = (x, ¥, 2) [39]:

1
P=— [ Jdr 3)

iw

M= i / Ir x Nid3r 4)
2c
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To= / (r-DHr—2r20d>r (5)
10c
Qe—Lfr' rgj Z(rJ)aPr 6)
of = g | | T B 3
1
= 3 ( / [(r- DrgldPr+{a < ﬂ}> )

where P, M, TO, Q¢, and Q™ denote electric dipole, magnetic dipole, and toroidal dipole,
electric quadrupole, and magnetic quadrupole, respectively, and J, w, and c denote current
density, angular frequency, and speed of light, respectively.

Besides, the scattered power of various multipoles in the far field can be calculated from
the polar moments, as shown in Equations (8)-(12) [39]:

2%
Iy = =—|P? 8
20
Iy = =—|M|? 9
m=3zIM (9)
2%
lto = =—|TOJ? 10
TO 3C3I | (10)
e w6 e |2
/Q=—3CSZIOQ,3| (11)
6
w 2
Ig = 2055 Z Qg (12)

where Ip, I, IT, I§, and I} stand for the scattering power of electric dipole, magnetic dipole,
toroidal dipole, electric quadrupole and magnetic quadrupole, respectively.

Figure 8 gives the multipole curves for the case of TE waves. The largest contribution is
made by the electric dipole P, followed by the toroidal dipole TO. It can be found that at
close to 0.6 THz, at which the scattered power of the toroidal dipole is greater than that of
the electric dipole, and the scattered power of all other dipoles is much smaller than that
of Pand TO.

2.3. The analysis of EIA phenomenon

When the TM wave (6 = 90°) is incident perpendicularly to the MS, the energies of DSR,
FSP, and BSP are rearranged. Since the FSR itself has a high symmetry, the sensitivity and
response are essentially the same for the TE and TM waves (see Figure 3(c) and Figure 9(c)),
and the current flow is still in the direction of the electric field as displayed in Figure 9(d).
However, the transmission curves obtained for DSR and BSP are completely different from
those for TE waves. In addition, the surface current distribution at 0.615 THz (as shown by
the black vector arrow in Figure 9(b)) reveals the electrical resonance triggered by the cur-
rent in the DSR with a transmission amplitude of 0.028 (particulars shown via Figure 9(a)),
indicating the transmission resonant Q-value of 2.06. Moreover, compared with the trans-
mission response for TE waves, it is apparent from Figure 10(a) for TM waves that a strong
resonant response can be directly trapped by the incident magnetic field at 0.558 THz with
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Figure 11. The diagrams of the formation process of EIA with the incidence of TM waves.

atransmission amplitude of 0.041, demonstrating that two magnetic dipoles can be formed
in the black arrows presented in Figure 10(b).

The MS proposed can achieve the EIA phenomenon for TM waves, which is mainly
divided into three main stages as displayed in Figure 11. In stage 1, the DSR can cause a
strong phase mutation response. In stage 2, the destructive interference can generate along
with the role of FSR due to the near-field coupling. In stage 3, BSP is introduced to pro-
duce interlayer magnetic dipoles with significant capture of incident magnetic field energy
using three resonant cavities coupled near fields, transforming phase-disrupting interfer-
ence into phase-constructing interference. Figure 12(a) shows the absorption response of
the EIA phenomenon, resulting in the generation of a strong absorption peak at 0.497 THz
with an absorption rate of 90.5%. Figure 12(c,d) shows the localization of the energy, reflect-
ing the formation of the absorption peak at 0.497 THz. The surface current distributions (as
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Figure 12. (a) The absorption curve of the MS under the action of TM waves, (b) the surface current
distribution of the EIA behavior at 0.497 THz, and the electric field distribution (c) for z = 10.4 ;um and
(d)z = 0 um at 0.497 THz.

exhibited by the black vector arrows in Figure 12(b)) illustrate the appearance of interlayer
magnetic dipoles, arising from the phase-constructing interference, thus forming EIA. In
addition, the energy states of various dipoles of the EIA have been calculated in this paper
through Equations (3)-(12). As can be seen in Figure 13, with a peak near 0.497 THz, the
electric dipole scattering dominates the total term of this specific spectrum, where the
absorption is the largest. This is mostly caused by the induced electric field that the hor-
izontal oscillator picked up, which produces a strong electrical resonance. It is reassuring
to note that the effect of the toroidal dipole TO ranks second, while the effect of the other
dipoles is weaker. Therefore, the absorption peak is attributed to P and TO.

2.4. The analysis of LTCPC phenomenon

Since the actual coordinates shift when & = 45°, we no longer use x and y to represent the
electric and magnetic field directions of the LP wave but use u and v instead (see Figure
14(a)). Based on the above derivation, the performance analysis is performed for the given
MS. Figure 14(b) depicts the reflection coefficients (main polarized reflection R, and cross-
polarized reflection R,,) and the amplitude variation of the absorbance A. It can be observed
that for the cross-polarized reflected waves, the infinity is close to zero, which is quite sub-
stantial for transmitting the LTCPC phenomenon, indicating that most of the LP waves are
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Figure 13. The scattered power for different multipoles in MS.

successfully transmitted to the other port. From Figure 14(d), the main polarization trans-
mission (Ty,) and cross-polarization transmission (Tyy,) curves are given separately, and it
can be observed that the ground amplitudes at 0.399 and 0.634 THz are nearly equal, sat-
isfying the amplitude condition for LTCPC. In addition, Figure 14(c,e) provides information
on the phase and phase difference, the phase differences of —97° and 87.9° are very close
to the perfect phase condition of the LTCPC. It must be emphasized that the equations are
based on ideal lossless conditions; the materials used in the actual design are lossy.

Based on the feasibility study and derivation, the LTCPC phenomenon is investigated
with incident 45° LP waves, where the mathematical criterion for LTCPC can be obtained
through Equations (13) and (14) [40].

Tuu = Ty (13)
T
A(Pz(ﬂuu_(Puv:Eﬂ:nn(nGZ) (14)

where Ag stands for the phase difference. As mentioned in Figure 14, the transmission
coefficients at 0.389 THz and 0.634 THz are equal and the corresponding phase differ-
ences are nearly +77/2 for both, satisfying the basic conditions for the occurrence of LTCPC
phenomenon.

To determine the performance of the device at different frequencies and polarization
states, the transmission axial ratio (AR) of the incident wave LTCPC phenomenon was
calculated using the following Equations (15) and (16) [41]:

g Tl® +1Tw|* + vm
|Tuul® + T |? — v/m
m = [Tul* + [T |* + 2|Tuul? - [T |? - cos(Ap) (16)

(15)

the formation condition of the linear-to-circular polarization transformation and proves the
feasibility and correctness of the MS-based LTCPC phenomenon. The circularly polarized
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Figure 14. When the incident LP wave with 6 = 45°: (a) Coordinate change demonstration diagram,
(b) the corresponding reflective, cross-polarization and absorption curves, (c) the transmission phase of
transmissive and transmissive cross-polarization response, (d) interaction points of transmission ampli-
tudes in two polarization modes (0.399 and 0.634 THz) and (e) the calculated phase difference and
fluctuation range of the corresponding frequency points.

(CP) waves can be measured by the associated AR less than 3dB (0.372 THz~ 0.409 THz
and 0.625 THz~ 0.638 THz). As a result, the 3 dB AR band is calculated as shown in Figure
15(b). The calculated formula of ohm insertion loss (OIL) has shown below [42]:

OIL =1 — |Tyul® = ITw|* — |Ruul® — |Rw|? (17)

where the curve of OIL has given in Figure 15(a), demonstrating the low loss of the LTCPC
phenomenon (the loss of both 0.399 and 0.634 THz below 0.1). It is worth pointing out that
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Figure 15. (a) Ohm insertion loss and (b) the schematic diagram of the AR of the transmitted LTCPC.

the transmitted light at 0.399 and 0.634 THz can be considered ed as CP behavior with the
transmission amplitude of 0.574 and 0.646, demonstrating the results of low loss. Moreover,
the nature of the system is similar to that of a polarizer based on frequency-selective sur-
faces, while the introduction of EIT and EIA contrasts can successfully achieve the function
of phase modulation [43].

Figure 16(a) shows the surface current distribution of the polarization converter
designed in this paper at 0.399 THz, and the incident LP wave which it can interact with
is & = 45° relative to both x- and y-axis directions, whose electric field vector is Ej,. Assum-
ing that the currents generated on the DSR are Ip1 and Ip;, and on the BSP is /g, the current
synthesis of these three can induce the electric field E;, and E; can vector decomposition
into an electric field E with a phase difference of 90° from the incident electric field and
equal amplitude, satisfying the formation condition of LTCPC. A similar principle of the
LTCPC phenomenon can be formed at 0.634 THz. As can be seen in Figure 16(b), the DSR

(a) (b)

@0.399 THz @0.634 THz

Max N Min

Figure 16. The surface current distribution of MS at (a) 0.399 THz and at (b) 0.634 THz.



WAVES IN RANDOM AND COMPLEX MEDIA @ 17

and FSR currents flow in opposite directions and both appear strongly coupled to the inci-
dent wave. However, the opposite flow direction indirectly leads to the fact that most of
the energy can cancel each other in the z-axis. Since the electric field energy on the DSR is
larger than that on the FSR, the DSR retains the energy and forms the induced electric field
E together with the current Iz on the BSP, which can still form the LTCPC condition with
equal amplitude and 90° phase difference with the incident electric field by vector decom-
position. Although somewhat more complicated to handle, can be applied to radomes and
information encryption devices and channel multiplexing [44,45], also greatly avoiding the
limitations of reflection geometry and interference [46].

2.5. Quantum system theory of EIT and EIA

For further understanding of the mechanism of EIT and EIA behaviors in this MS, as demon-
strated in Figure 17, since interference between two different stimulus paths can achieve
both EIT and EIA behavior, a three-energy atomic system has been introduced here [35],
where y1 and y, are the coupling coefficients between energy levels, and Q1 and Q;
denote the transition phase. p is the coupling coefficient between levels |1 > and |3 >. It
is obvious from Figure 17 that two energy transition channels are created from the ground
state energy level |1 > to the excited state energy level |2 > and from the excited state
energy level |2 > to the other ground state energy level |3 >. The excitement can almost
entirely absorb the probing light. The transmission channel between |1 > and |3 > is dis-
abled. Furthermore, when the external electromagnetic field can guide the atoms in |1 >
to leap to |2 >, and the atoms in the |2 > energy level are in an excited unstable state, the
atoms automatically leap to |3 >, and with the addition of the coupling light, the atoms in
the |3 > energy level are excited back to |2 > again, thus forming two channels (|1 > —
2> and |1 >— |2 >— |3 >— |2 >). Thanks to the destructive interference in the transi-
tion channel, a significant EIT window is obtained. The EIT behavior can be produced in the
proposed MS by the destructive interference of two bright resonant cavities, which can be
analogous to the EIT phenomenon of a MS for TE waves.

Figure 17. Theoretical analysis of the three atomic levels of EIT and EIA.
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A three-atomic level system with characteristics similar to that of the EIT can also be used
to elucidate the coupling mechanism of the EIA system. EIA or EIT effects can be formed
between two different channels characterizing two modes. The EIT behavior (BSP does not
couple with TE waves) can evolve into EIA behavior (BSP couples with TM waves) if the
form of interference between the two paths changes from destructive to constructive. In
the radiation resonant oscillator model, the coupling between the attenuated radiation
modes can convert the EIT behavior into EIA behavior effectively (can be seen as the role of
the BSP in the MS), which is equivalent to the introduction of coupled phase detuning (i.e.
plp) = pe’?). To advance the self-modulation properties of this MS system, a polarization-
sensitive system is on the agenda, where the excitation of the BSP for TM waves offers the
energy localization of the dual bright-mode system a coupling channel, boosting the BSP
dissipation to the bright mode. The generated constructive interference overwhelms the
residual coherent dissipation effect, further causing the high absorption in the frequency
band of original transparent window, indirectly weakening the destructive interference
effect.

3. Theoretical models of EIT and EIA effects
3.1. Two-oscillator model

Under the EIT behavior, the BSP can be ignored because it cannot couple with the incident
TE waves. The two-oscillator model can be used to quantitatively describe the interaction
of the double bright modes, which can be expressed by the following equation [47,48]:

X1(8) + y1x1(0) + wdxa () + c2xa(t) = g1E(t) (18)
%2(8) 4 yaX2 () + (w0 + 8)2x2(t) + ¢x1(t) = g2E(t) (19)

where x4 (t) and x;(t) denote the displacements of the two bright oscillators (DSP and FSR)
irradiated by the induced electric field E(t) = Eoel®t, respectively, interacting directly with
the two bright oscillators (x;(t) and x,(t)) through the coupling coefficient g; and g,. The
detuning coefficient between the oscillator transparent frequency and the intrinsic fre-
quency is represented by §. y1, 2, and ¢ correspond to the oscillation damping and the
coupling strength between the two oscillators, respectively. To facilitate the calculation,
the value of g is set to 0. Supposing x; (t) = x; %, x5 (t) = X2/, w12-w? ~ 2w1(w1-w), the
transmission formula can be obtained [47,48]:

T=1-Re ig*@ —wo =0~y : (20)

(0 —wo +iy1/2)(w — wo — 8 +iy2/2) —is? /4

T is the transmissibility and the key fitted parameters are: y1 = 2.06, 2 = 1, wg = 3.8 with
theincidence of TE waves. Re() donates taking the real part. The corresponding transmission
curves of simulation and calculation have exhibited in Figure 18(a). y1 > >y, (TE waves)
shows the large radiation loss of the directly excited DSR here. The errors in the approx-
imation and number of iterations of the calculated equations and transmission losses in
Figure 18(a) and the neglect of the minor role of BSP in the theoretical simulations make the
theoretical results inevitably show tolerable differences compared to the simulated results.
Nevertheless, the physical mechanism of the EIT can still be reflected quite graphically in
the mechanical two-oscillator model.
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Figure 18. Comparison of theoretical transmission curves and simulation curves of (a) EIT and (b) EIA.

When the TM wave irradiating the MS induces the BSP to function, the transmitted light
energy is captured by the magnetic dipole between the layers, producing an energy local-
ization effect and a violent enhancement of the current on the resonator. The two-oscillator
model of EIA is based on EIT, the DSR, and FSR are considered together as one oscillator and
the BSP as the other oscillator in the simulation of EIA. Since the change from destructive
to constructive interference involves a phase difference of 7/2, the interference term of the
coupling strength is of the complex form ¢ (®) = ¢e/®. The two-oscillator model expression
of quantitative analysis is changed into formulas as shown below [47,48]:

%1(6) 4+ y1x1 () + wdxa (t) + s&Pxa(t) = g1E(t) 1)
%2(8) 4 yaXa(8) 4 (wo + 8)2xa(t) + c€®x1 () = 0 (22)

The constructive interference in the coupling process triggers the EIA, which is manifested
by the absorption A [47,48]:

Re ig12(w — wo — 8 + iy2/2)
(w0 —wo +iy1/2)(w — wo — 8 + iy2/2) — c%e2® /4

The key parameters for theoretical fitting of EIA for TM waves are: y; = 2.2, y2 = 0.1,
wo = 3.12. Because BSP has a strong ability to capture the magnetic field and produces
a high absorption effect, the fitting trend shift can be observed in the case of dual-mode
incidence (more obvious in Figure 18(b)). Comparing the key physical quantity (EIA effect)
with the physical quantity in the EIT state, the dissipation loss of EIA (y1) is far greater than
the dissipation loss of radiation mode. The increase of y1 corresponds to DSR resonance
in EIA. However, the relationship under EIA status y1 and y, (compared with the y1 and
y2). The change in coupling strength modulus value indicates that there is residual failure
coupling, which is equivalent to the linear low transmission of residual EIT. The dominant
absorption is obtained from the structural inference, and the EIA effect is obtained. The rea-
son for the difference between the theoretical absorption curve and the simulation curve
can be attributed to the local energy of the surface magnetic dipole that may be formed
between BSP and FSR, resulting in the appearance of a small peak in the absorption curve
as shown in Figure 18(b), but has no impact on the overall performance.

A= (23)
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Port 2

Figure 19. (a) Circuit equivalence diagram of DSP, FSR and BSP, (b) Circuit equivalents of EIT and EIA.

3.2. Equivalent RLC circuit model

Here, the equivalent circuit of the MS will be analyzed qualitatively [49,50]. It can be found
that the DSR and FSR in the proposed MS can be represented by two resonant circuits
respectively (as shown in Figure 19(a)), where L is the self-inductance of FSR, C; is the gap
capacitance of FSR, and Ry is the resistance (the resistance is the loss, including ohmic loss
and radiation loss). Similarly, the self-inductance, gap capacitance, and resistance of DSR
(BSP) are expressed by Ly(L3), C; (C3), and Ry (R3), respectively [51]. Since the BSP structure
only works under TM irradiation and the BSP structure is mainly used to enhance DSR and
FSR losses, the formation mechanism of EIT and EIA is still determined by the coupling path
between DSR and FSR, so the third resonant loop which stands for BSP uses the switch k to
characterize the conversion of EIT and EIA for TE and TM waves. The source impedance Z
on port 1 and port 2 can be changed to enhance the losses to achieve the transition from
destructive interference to constructive interference (and vice versa). In addition, the cou-
pling capacitances C1 and Cppare used to reflect the coupling effect between DSR, FSR,
and BSP. The equivalent circuit of the MS is shown in Figure 19(b). Under TE wave irradia-
tion, the BSP does not play a role and the switch s is disconnected, while the DSR and FSR
actions represent two coupling paths (path 1 and 2), respectively.

As exhibited in Figure 20(a), once the two paths are combined (s is unconnected), they
can open a transparent window in an opaque section of the spectrum, forming a destructive
interference phenomenon with slow light effects (EIT). The theoretical and simulated curves
of the EIT phenomenon basically coincide, but there is a small error, which can be attributed
to the neglect of the small interference of the BSP for the TE wave and the refraction of the
most incident waves from the dielectric substrate during the circuit simulation. The com-
parison plots of the final theoretical and simulated curves are given in Figure 20(b). Similarly,
when the source impedance Z between the ports is changed and the switch s is connected,
the loss can be enhanced between the interference paths, which can greatly offset the



WAVES IN RANDOM AND COMPLEX MEDIA 21

a b
( ) 1.0 ( )1.0
0.8 4
s
Z 0.6 4
g .
£ 044 —0— Simulated
; - —&— Calculated

e
N~
L

T T r 0.0 T T T
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

Frequency (THz) Frequency (THz)

0.0

Figure 20. (a) Theoretical process of circuit fitting, (b) comparison of theoretical and simulated curves
of EIT for TE waves.

1.0
0.8
—a— Simulated
—— Cs b
.g 0.6 Calculated
2
)
z
= 0.4
0.2 1
0.0 . . . 933930 |
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Frequency (THz)

Figure 21. The comparison diagram of simulated and calculated curves in EIA for TM waves.

effect of destructive interference and induce the appearance of constructive interference,
thus forming the EIA phenomenon (see Figure 21). A certain discrepancy between the theo-
retical and actual EIA curvesiis attributed to the ability of the DSR and FSR to form a magnetic
dipole between them, and the energy of the local magnetic field, making a small peak of
absorption on the right side, which has a negligible impact on the overall MS performance
and can therefore be ignored. Besides, neglecting the coupling capacitance and inductance
effect between each series loop in the circuit simulation is also the main reason for the error
between the simulation and the theoretical curve. The individual key parameters for the
actual EIT and EIA circuit simulations will be given in Tables 2 and 3.
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Table 2. The key parameters of EIT phenomenon.

Parameters Value Parameters Value
R, 0.5Q Ry 1.8Q2
L 18 pH Ly 7pH
< 16.7 fF @) 5.65 fF
Z; 50 Q 7 50 Q

Table 3. The key parameters of EIA phenomenon.

Parameters Value Parameters Value
Ry 2Q R3 1Q

Ly 18pH L3 6.3 pH
G 4.5 fF G 13 fF
Ry 05Q Z; 10Q
L2 7 pH Zz 300 2
G 18 fF

4. The parameters discussion

To further investigate the effect of MS geometrical parameters on the performance of EIT,
EIA, and LTCPC, the difference between the inner and outer diameters w; of DSR and the
arm length a of BSP are specifically selected for discussion. Figure 22 clearly shows the EIT
and EIA behaviors of wy for TEand TM waves in the isometric range between 3and 7 um and
the LTCPC phenomenon when 6 = 45°, As w, increases, the coordinates of the peaks corre-
sponding to EIT are (0.444 THz, 0.950), (0.480 THz, 0.961), (0.477 THz, 0.948), and (0.491 THz,
0.939), while the coordinates of the peaks corresponding to EIA are (0.472 THz, 0.871), (0.497
THz, 0.905), (0.472 THz, 0.887) and (0.471 THz, 0.897). Since w greatly affects the energy
distribution of DSR, it is very obvious that EIT, EIA, and LTCPC behaviors exhibit offset phe-
nomena for different PAs. As wy increases, the coordinates of the two AR nadir points are:
(0.357 THz, 1.92 dB), (0.399 THz, 2.08 dB), (0.401 THz, 3.27 dB), (0.411 THz, 3.90 dB) and (0.601
THz, 2.25dB), (0.634 THz, 2.18 dB), (0.620 THz, 2.19 dB), (0.630 THz, 3.04 dB), respectively.
However, it can be observed in Figure 22(c) that the AR of LTCPC phenomenon satisfies the
requirement of less than 3 dB when the values of wy are 3 and 5 um. Not only that, as shown
in Figure 22(a), only when wy is at 5 um, the two transmission valleys of EIT can reach the
minimum (less than 0.1). For the EIA phenomenon, the absorption peak reaches its highest
at wy of 5 um, and the incident magnetic energy in the interlayer magnetic dipole is the
strongest, and can best reduce the energy of the incident magnetic field energy in the local
area of the surface magnetic dipole formed between DSR and FSR. The absorption response
curve (see Figure 22(b)) shows well thatat w; = 5 um, the right absorption peak is the low-
estand the EIA peak is the highest. Therefore, for the geometrical parameter wq, 5 umis the
best choice.

Additionally, we have selected the arm length a (48 um ~ 52 um) of the geometric
parameter BSP in Figure 23 for discussion. For the EIT phenomenon (see Figure 23(a)), it is
found that the variation of a in this interval does not change the EIT performance much.
Only when a = 50 um, the EIT transmission response undergoes a more pronounced blue
shift, and the second transmission valley of the EIT reaches the lowest and best perfor-
mance. Similarly, for the AR of LTCPC, the reason for choosing 50 um is to sacrifice the tiny
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Figure 22. The discussion of the key parameter wqranging from 3 to 7 um for (a) EIT, (b) EIA and (c)
LTCPC phenomenon.
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Figure 24. The transmission (a), the absorption (b) and the ARs (c) at different incident angle (3 varies
from 0° to 75°).

AR of the right polarization conversion frequency point to achieve better polarization con-
version on the left side, as shown in Figure 23(c). With the increment of g, the coordinates
of the two AR nadir points are: (0.376 THz, 2.55 dB), (0.375 THz, 2.58 dB), (0.399 THz, 2.08 dB),
(0.373 THz, 2.64 dB), (0.372 THz, 2.70 dB) and (0.612 THz, 2.12 dB), (0.6 12 THz, 2.08 dB), (0.634
THz, 2.18 dB), (0.612 THz, 1.87 dB), (0.612 THz, 1.75 dB), respectively. The change of param-
eter a has a large impact on the performance of the EIA for TM waves as exhibited in Figure
23(b). It can be found that, except for a = 50 um, the absorption curve undergoes a more
pronounced red shift with increasing a and the peakincreases gradually. Once the value of a
reaches 50 um, the whole absorption curve undergoes a larger blue shift and can effectively
reduce the effect of the small peak point of the right absorption, which can be attributed to
thefactthat the energy localization of the interlayer magnetic dipole at a at 50 um indirectly
enhances the energy loss of the DSR, thus enhancing the EIA and weakening the magnetic
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Table 4. Functional overview of polarization-angle-related MS.

PA Phenomenon Performance

0° EIT 0.441THz ~0.531 THz (T > 0.9)

45° LTCPC 0.372 THz ~ 0.409 and 0.625 THz ~ 0.638 THz (AR < 3dB)
90° EIA 0.497 THz (A > 0.9)

Table 5. The comparison of previous work.

Reference Frequency regime EIT EIA LTCPC PA controlled

[52] 0.4-1.8 THz NO NO YES NO
[22] 0.5-0.9 THz YES YES NO NO
[31] 0.7-1.5THz YES NO YES YES
[35] 1.2-1.5THz YES YES YES NO
This paper 0.2-0.9 THz YES YES YES YES

energy of the small magnetic dipole between the DSR and FSR. As a increases, the coor-
dinates of the peaks corresponding to EIT are (0.462 THz, 0.951), (0.462 THz, 0.951), (0.480
THz,0.961), (0.459 THz, 0.950) and (0.457 THz, 0.950), while the coordinates of the peaks cor-
responding to EIA are (0.482 THz, 0.803), (0.477 THz, 0.848), (0.497 THz, 0.905), (0.467 THz,
0.892) and (0.463 THz, 0.899).

In summary, w; = 5 um and a = 50 um are optimal. The MS based on LTCPC proposed
in this paper opens up possibilities for applications in the field of PA control and antennas.

In addition to the discussion of the geometric parameters, the incident angle (8) is also
analyzed in this paper. The variation of transmission (6 = 0°), absorption (¢ = 90°), and
AR (0 = 45°) with the incidence angle is given in Figure 24. From Figure 24(a), it can be
obtained that the overall performance of the EIT has little effect as the incidence angle
increases, but the bandwidth decreases accordingly. Figure 24(b) provides the absorption
near the EIA absorption peak frequency point of 0.497 THzwhen 8 = 90°. The absorption at
0.497 THz is still in a strong state until 8 = 30°, but once 8 > 30°, the absorption amplitude
decreases considerably. The coordinates of a; ~ f; in Figure 24(c) are (0.399 THz, 2.08 dB),
(0.389 THz, 2.09dB), (0.391 THz, 2.09 dB), (0.392 THz, 2.10dB), (0.400 THz, 2.06 dB), (0.416
THz, 2.05 dB) and a1 ~ f; are: (0.634 THz, 2.18 dB), (0.635 THz, 2.20 dB), (0.636 THz, 1.78 dB),
(0.636 THz, 1.05 dB), (0.637 THz, 0.18 dB), (0.640 THz, 0.41 dB), respectively. It is worth noting
that the angle of incidence has very little effect on the overall performance of the LTCPC
phenomenon, and can even be improved to a certain extent, with the AR at 60° and 75°
already below 0.5 dB as exhibited in Figure 24(c), allowing for a more perfect CP wave. In
conclusion, the functionality of the proposed device is stable within an incidence angle of
45°, which has great potential applications in the fields of sensors, antennas, etc.

5. Conclusion

In this paper, a multitasking MS related to PA has been proposed in the THz range (See
Table 4). Different PAs of LP waves can trigger different functions. The incidence of TE
waves (@ = 0°) enables EIT, while EIA can be induced for TM waves (8 = 90°). Under the
incidence of TE waves, the transparency window of EIT can be obtained from 0.288 THz to
0.797 THz accompanied by a slow light effect with a relative bandwidth of 18.5%, satisfy-
ing the requirement of broadband EIT. The maximum GD reaches 2.51 ps, corresponding
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to a Gl of 72.5. For TM waves, the EIA can be obtained which has an absorption peak of
0.497 THz. When 6 = 45°, the LTCPC phenomenon is obtained at 0.389 THz and 0.634 THz,
where the transmission coefficients are as high as 0.571 and 0.650 with less loss. the low-
est ARs of LTCPC are 2.08 dB at 0.389 THz and 2.18 dB at 0.634 THz, respectively. It is worth
noting that the two-oscillator and circuit models analyze EIT and EIA theoretically, and the
conclusions obtained were in general agreement with the simulation results. More impor-
tantly, the proposed MS has a large polarization selectivity for electromagnetic waves. Thus,
the multitasking MS proposed goes beyond the conventional MSs, and possesses all three
properties simultaneously controlled by PA, which provides a new way to manipulate the
properties of electromagnetic waves, and can be applied to PA control devices, antenna
fields, and wave plate integration. To better illustrate the novelty of the paper, we have
compared previous works with the paper as displayed in Table 5.
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