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Janus Device Based on Liquid Crystal Regulation with a
Large Incidence Angle: Analogous Quantum Optical Effect

and Absorption

Si-yuan Liao, Jun-yang Sui, Qi Chen, Hai-Feng Zhang,* and Bing-Xiang Li*

In this paper, a Janus metastructure device (JMD) is proposed. The JMD
design introduces asymmetric structures, which leads to the generation of
analogous quantum optical effects when light is incident at large angles.
Specifically, forward electromagnetic-induced transparency (EIT) and
backward narrowband absorption (NA) are achieved when light is incident
along different directions, displaying Janus characteristics in the forward and
backward directions. Additionally, the operating frequency of JMD can be
controlled through the use of liquid crystal. Such features hold promising
potential for various applications in photonic and optoelectronic fields. When
the axial direction of the liquid crystal is oriented along the x-direction, the

mythology, are called Janus metastruc-
ture devices (JMD), which has non-
reciprocal characteristics in the forward
and backward directions.”#! It is worth
mentioning that in some cases, Janus
properties are more significant at a large
incidence angle, and such a phenomenon
makes JMD devices well-suited for appli-
cations such as solar energy harvesting,
signal processing, etc. For example,
Zhang et al. used Janus hybrid materials
to combine hydrophilic and solar energy

JMD achieves a transparent window over 90% within 0.46-0.51 THz at
forward incidence, and an absorption peak of 84.1% appears at 0.331 THz at
backward incidence. When the axial direction is oriented along the y-direction,
the JMD achieves EIT in the range of 0.51-0.575 THz at forward incidence,
and a backward absorption peak of 93.3% occurs at 0.305 THz. In addition,
the performance changes at different polarization and incidence angles are
presented. The mechanism of absorption generation, the method of
suppressing excess absorption, and the parametric inversion of the

electromagnetic characteristics of JMD are also discussed.

1. Introduction

As an artificially manufactured periodic subwavelength struc-
ture, metastructure possesses many excellent properties that can-
not be replaced by traditional materials, and can also show anal-
ogous quantum optical effects or interesting features, such as
electromagnetic-induced transparency (EIT),["?] narrowband ab-
sorption (NA),[>*] metalens,”) and frequency selective surfaces.!®]
Therefore, metastructure has gradually demonstrated unique
advantages in functional integration and multifunctional con-
trol fields. Metastructures that integrate different functionali-
ties in the forward and backward directions, inspired by Roman
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harvesting for efficient solar desalination
at large angular incidence.®! Picardi et
al. achieved the Janus dipole to further
modulate the spin momentum through
techniques such as the quantum spin-
Hall effect.') McPolin et al. realized
Janus dipolar sources that can be used
in quantum technology through spe-
cific arrangements of mnanostructures
coupled to waveguide structures.!!]

To achieve multifunctional integra-
tion, a common method is to use ex-
ternal conditions, such as sonic wave,*?]
light,[3] temperature,'* pressure,>] voltage,'®! etc., to change
the physical properties of the material, thus achieving functional
switching under different environmental conditions. In the field
of electronic control, liquid crystal, as an emerging popular mate-
rial, can be used to control the phase and polarization of electro-
magnetic waves due to its anisotropy. Anisotropic materials refer
to materials whose physical or chemical properties exhibit spatial
asymmetry, such as the refractive index of biaxial crystals show-
ing anisotropy. Compared with other electronic control materials,
liquid crystal has the characteristics of wide working bandwidth,
low insertion loss, and stable electromagnetic properties.l'’] In
addition, due to its unique liquid characteristics, it has advan-
tages that traditional electronic control materials do not possess.

One of the typical phenomena of the analogous quantum
optical effects callled EIT was first observed in a three-level
atomic system by Boyle et al. in 1991.["®] The characteristic of
this phenomenon is the appearance of a sharp transmission
window in the continuous reflection or absorption spectrum,/'’!
which has important applications in the fields of sensing,?!
signal processing,/*!l slow light,[??] and other fields. Most EITs
require harsh experimental conditions, such as ultralow temper-
atures and strong laser irradiation. Compared with traditional
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Figure 1. Perspective view of the structure, a) cross structure, b) four resonant rings, c) single-layer structure, d) four-layer structure and schematic of
its forward incidence, €) schematic of its backward incidence, f) The front and back views of Layers 1-4, and side view of Layer 1, with the materials of

each part indicated.

materials, metastructure has the advantages of simple structure,
small size, and easy implementation of external conditions in
achieving EIT. The main method to achieve EIT with metastruc-
tures is mode coupling, where the structure that can be directly
excited by electromagnetic waves (EMWs) is called bright mode,
and the structure that cannot be directly excited but can transfer
energy through near-field coupling with bright mode is called
dark mode. Classical coupling methods include bright-dark
mode coupling and bright-bright mode coupling.[23-2]

NA also has many applications in the fields of sensing and de-
tection. If the external environment can affect the frequency of
the absorption peak, the external environment can be determined
from the absorption peak. Commonly detected physical quanti-
ties include dielectric constant,?’] voltage,?®] refractive index,!?’!
etc.

According to the existing research results, due to the trend of
integration, multifunctional devices are getting more and more
attention. Therefore, this paper proposes a liquid crystal-based
JMD, which achieves Janus properties through large-angle inci-
dence, and realizes bidirectional EIT at an incident angle of 50°,
while also incorporating backward NA characteristics, with the
working frequency band controlled by the liquid crystal. The spe-
cific performance is: when EMW is incident, the transmission
at 0.46-0.51 THz and 0.51-0.575 THz is achieved depending on
the direction of the liquid crystal optical axis, with a group delay
(GD) 0f2.75 ps. When EMW is incident backward, the absorption
peaks are located at either 0.331 or 0.305 THz, with absorption
rates of 84.1% and 93.3%, respectively. This JMD combines EIT
and NA to provide an idea for combining sensing and frequency
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selection functions, which can be used in the fields of communi-
cation, frequency selection, slow light, and other areas.

2. Theory and Design

2.1. Theoretical Analysis

As shown in Figure 1, the JMD has a four-layer stacked structure,
with similar topology between each layer, but there are scaling dif-
ferences in size and some details. The single-layer structure can
be divided into two parts, namely, the cross structure shown in
Figure 1a and the resonant rings shown in Figure 1b. These two
structures are coupled to each other to form the EIT. As shown in
Figure 1c, the single-layer pattern consists of resonant rings and
crosses, and glass in the same layer is used to encapsulate and
separate different layers of liquid crystals, as indicated in blue in
the figure.

Figure 1d,e show the hierarchical structure of the final J]MD
and the direction of wave incidence, with a distance between
layers to facilitate understanding. In addition, for ease of de-
scription, the four layers from top to bottom are named Layer
1-4 along the z-axis. It can be observed that the size of Layers
1-4 gradually decreases, but the overall patterns remain the
same, with the only difference being that the four resonant
rings are replaced with four squares. It should be noted that
a set of copper cylinders is embedded in the liquid crystal
between Layers 1 and 2 so that the crosses of Layers 1 and 2 are
connected in the final device. The effect of this operation is to
suppress interlayer resonances not mediated by liquid crystals.
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Figure 2. Parameter diagram of a) pattern of Layer 1, b) resonance ring, c) copper cylinder in Layer 1, d) pattern of Layer 2, e) thickness of different

layers, and definition of g) incident angle 0, f) polarization angle ¢.

On the other hand, for the resonant rings in Layer 1 and the
squares in Layers 2-3, their centers coincide on the x—y plane,
which means that the upper layer can effectively block the lower
layers.

The definitions of the EMW incident direction and single-layer
size parameters during the work are presented in Figure 2. Here-
after, unless otherwise specified, all data are obtained under the
conditions of the incident angle =50° and the incident wave po-
larized along the y direction. Parameters of the Layer 1 top view
are shown in Figure 2a,b, while the embedding positions of the
Layer 1 backside cylinder are given in Figure 2c. The top view and
related parameters of Layer 2—4 are displayed in Figure 2d. The
side view of the four-layer structure is illustrated in Figure 2e,
and only the thickness of the first layer is labeled for brevity. The
relevant parameters of the remaining layers are expressed in the
subsequent text. As an example, the subscript of parameter L),
denotes the parameter L, in Layer 1, and the parameters L,, and
L,; in Layers 2 and 3 are expressed as L, parameters. It should be
noted that Layer 4 parameters are not given separately since they
have the same size as Layer 3. Figure 2f,g indicate the definitions
of 6 and ¢, respectively.

The material parameters are selected as follows: the dielectric
constant of the glass is e,=4,1*") and the electrical conductivity of
copper is 6=5.8x107 S m~1.31] As the selected liquid crystal is a
uniaxial crystal, its dielectric constant is expressed as follows:

g, 0 O €,0 0
e=|0¢, 0 eg=10¢ 0 (1)
0 0¢, 0 0¢,
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) -1
ey = (coszﬁ L sin ﬂ) )

1=n E//

where ¢, represents the dielectric constant in the direction of the
optical axis, and €, represents the dielectric constant perpendicu-
lar to the optical axis. The orientation of the axis can be controlled
by an external electric field, as shown in Figure 3. When no elec-
tric field is applied, the long axis of the liquid crystal is along the
horizontal direction, i.e., the matrix indicated by €. And when
an electric field is applied externally, the long axis of the liquid
crystal is gradually deflected with the enhancement of the elec-
tric field until the fully biased state, as shown in the lower part of
Figure 3. When the liquid crystal is deflected to the intermediate
state, the equivalent dielectric constant is used to express the elec-
tromagnetic properties of the material, as in Equation (2), where
p represents the deflection angle. The dielectric constant in the
fully biased state is represented by the matrix €. The value of the
voltage at a fully biased state varies with the liquid crystal model,
boundary conditions, etc. These effects are not considered in this
paper, and only the orientation of the liquid crystal optical axis is
used to characterize the transition between the two states. The
liquid crystal constant selected for this device is €, =3.7, ¢/,=8.5,
with reference to the liquid crystal model HNG736600-000.

In order to accurately measure the device performance, the rel-
evant parameters of the incident wave composed of x-polarized
wave and y-polarized wave are introduced:

B = [r"" r"y] [g] 3)
Yy

ryx rYY
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Figure 3. Schematic diagram of regulation effect of voltage on liquid crystal.

t.t E
E = xx Uxy X 4
=Ll E] @
A=1-R-T (5)

In the above equation, taking the x-polarized incident EMW as
an example, r,, and r,, represent co-polarized and cross-polarized
reflection coefficients, while ¢, and t, represent co-polarized
and cross-polarized transmission coefficients. A represents ab-
sorption, R=r,,*+r, * represents reflection, and T=t, *+t,* rep-
resents transmission.

The EMW polarization direction can be defined as demon-
strated in Figure 2f. The polarization direction along the x-axis
is E,, and along the y-axis is E,. For the case of EMW incidence,
usually only one polarization direction is considered. In the fol-
lowing discussion, E,=0 and the default EMW is polarized along
the y direction.

For EIT, GD is an important indicator, and the calculation
method is as follows:[32]

oY
== ©

T

where W represents the phase and w is the angular frequency.

2.2. Single Layer Structure

All simulations in this paper were performed using HFSS and
solved by the finite element method. The default background ma-
terial is selected as vacuum. The xy plane is a periodic boundary,
and the Z direction is selected as open space. The grid division
density needs to ensure the number of grids on the longest side
in each unit period is not less than 12.

For the analysis of the single-layer structure, the calculations
were performed using the dimensions of Layer 1, but without the
copper cylinders embedded in the liquid crystal of Layer 1, as dis-
played in Figure 1c. The initial direction of the liquid crystal op-
tical axis is chosen to be along the y-axis (¢,=8.5, €,=3.7), 0=50°,
and the incident EWM is y-polarized (E,). As shown in Figure 4,
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a single cross structure exhibited a transmission zero at 0.335
THz, and the square structure showed a transmission minimum
at 0.625 THz. When the two were coupled, a transparent window
is generated in the range of 0.337-0.692 THz, and the transmis-
sion rate exceeded 90% in the range of 0.537-0.612 THz, with a
relative bandwidth (RB) of 13%. Figure 4d shows the curve of the
GD, which indicates that the GD is ~2.75 ps at a transmission
rate >90%, leading to the emergence of EIT phenomena. From
the transmission curves, it can be seen that since both structures
can be excited individually, they belong to the bright-bright mode
coupling. Figure 4e depicts the loss of the monolayer structure,
where the monolayer structure has no absorbing capacity. The
single-layer structure does not yet have Janus characteristics,
and when the EMW is incident along the forward and backward
directions, the transmission curve and absorption curve are the
same.

2.3. Multilayer Structure

A four-layer structure was obtained by stacking single-layer struc-
ture from top to bottom and gradually reducing the size, with a
copper cylinder embedded in the liquid crystal of the first layer
to optimize performance, as demonstrated in Figure 1d,f. After
stacking, as shown in Figure 5a, a transparent window is pro-
duced when the EMW is incident at a forward angle of 50°, and
an absorption peak can be generated when the EMW is incident
backward, as illustrated in Figure 5b. When the optical axis of
the liquid crystal is oriented in the y direction, the transparent
window ranges from 0.356 to 0.66 THz, the transmittance ex-
ceeds 90% in the range of 0.51-0.575 THz, the RB is 11.98%,
and the absorption peak reaches 93.3% at 0.305 THz. When the
optical axis is oriented along the x direction, the transparent win-
dow ranges from 0.36 to 0.63 THz, the transmittance exceeds
90% in the range of 0.46-0.51 THz, the RB is 10.3%, and the
absorption peak reaches 84.1% at 0.331 THz. The GD of EIT is
shown in Figure 5c. In Figure 5d, a comparison of the transmis-
sivity curves of single layer and multilayer under the same bias
state is provided. Due to the multilayer stack structure, the peak
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Figure 4. The transmissivity of a) cross structure, b) resonance rings, c) single layer structure. d) GD of single layer. €) Loss of single layer.

transmittance shifts to lower frequencies, the bandwidth is
slightly reduced, and the overall effect is not great. This change
in bandwidth is perfectly acceptable given the absorption char-
acteristics obtained. On the other hand, considering possible po-
larization conversion, the reflection coefficient r,, and transmis-
sion coefficient toy of co-polarization, and the reflection coeffi-
cient r,, and transmission coefficient t,; of cross-polarization are
presented in Figure 5e,f (backward incident, €,=8.5, ¢,=3.7). It is
easy to see that the cross-polarization coefficient can be treated
as 0 for both reflection and transmission. In Figure 5Se, it is evi-
dent thatr,, exhibits a minimum 0.3 THz, which corresponds to
the absorption peak, and another minimum in the interval from
0.5 to 0.6 THz, which corresponds to EIT. The size parameters
of JMD are shown in Table 1. The performance achieved by the
JMD is listed in Table 2. The range of EIT in the table is selected
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as the area with transmittance >0.9, and the NA frequency is the
frequency point where the absorption peak is located.

3. Results and Discussion

3.1. Mechanism Analysis

Further analysis of the energy distribution of the single-layer
structure, as shown in Figure 6, can determine the formation
conditions of the transmission valley bottoms of the two indi-
vidual structures. A comparison of Figure 6 with Figure 4a,b
reveals that: the transmission valley bottom of the cross-structure
results from the structure being mismatched with the incident
frequency, resulting in weak energy at 0.336 THz, while the
transmission minimum at the resonant ring results from the

© 2023 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.ann-phys.org

ADVANCED
SCIENCE NEWS

annalen
der

physik

www.advancedsciencenews.com

www.ann-phys.org

1.0 , 1.0
046y ™\ |/ a 0575 ¢
——F-85§-37 0.933"
0.84—v—g-3.7 §-8.5 0.8 it o841
z = 3
ErYys =
2 06 Z 067 0.305 1110331
= & !
£ 2 o
£ 0.4 20.4 4
& < / L
—o— =8.5 §=3.7 °
0.2 0.51 0.2 B35 J of b
—o— {=3.7§=85 J); ( )
(a) - %,
0.0 =" : : : : . 0.0 : : :
035 040 045 050 055 0.60 0.65 0.20 0.25 0.30 0.3 0.40
Frequency(THz) Frequency(THz)
5 (I 77N
4+ .
_ 0.537 0.612 . \\
& &
237 Z 0.6 \
< (]
s Z
A g 8.5 3.7
2, | H ] &85 g=3.
§ 2 4 0.4 —a—multilayer
€] = —e— single layer
11 0.2
¢ (c) (d)
0 ’ . . . . . . 0.0- T T T T T T
0.35 0.40 045 0.50 0.55 0.60 0.65 0.70 035 040 045 050 055 0.60 0.65
Frequency (THz) Frequency(THz)
1.0 o, m 1.0 VaaN
= 0.8+ 5 0.8
-y g
£ 064 ——r, £ 0.6+
=
< =
g 2
4
£ 0.4+ 0.51 0.575 E 0.4+ 0.575
3
S £
& 0.2+ © Z 0.2
(§]
0.0 Um— i s 0.0 — ; : . ; ; -—*-'/
0.2 0.3 0.4 0.5 0.6 035 040 045 050 0.55 0.60 0.65
Frequency(THz) Frequency(THz)

Figure 5. When 6=50° and EMW is y-polarized, a) EIT, b) absorption regulated by liquid crystal, c) GD of multilayer, d) comparison of transmissivity of

single layer and multi-layer in the same bias state.

Table 1. Size parameters of JMD.

ay [um] a; [um] az [um] Lyy [um] Ly [um] Ly [um] Loy [um] Ly, [um]
250 190 190 240 180 180 46 33
Lys [um] L3y [um] R [um] tyy [um] tyy [um] ty3 [um] tyy [um] tyy [um]
25 30 10 8 7 6 8 2
ty3 [um] Wyq [um] Wy [um] Wy [um] Wy [um] W3 [um] Xy [um] X, [um]
2 40 30 6 30 15 40 25

resonance at 0.625 THz and stronger absorption leading to the
minimum. The following graphs were obtained when ¢,=8.5 and
€,=3.7. As can be seen, the transmittance minimal value at lower
frequency is due to the inability of the EMWs to excite structural

responses, leading to a substantial amount of reflection. This
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is the reason for the weaker energy observed in Figure 6a.
In the higher frequency range, as shown in Figure 6D, the
energy density is stronger, and consequently, the transmittance
increases. A comparison between Figure 6¢,d reveals the cause
of the transmittance minimal value at higher frequency: at the
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bias state incident direction

Forward

Backward

€,=8.5,¢,=3.7 EIT: 0.51-0.575 THz EIT: 0.51-0.575 THz
NA: 0.305 THz

6=3.7,¢,=8.5 EIT: 0.46-0.51 THz EIT: 0.46-0.51 THz
NA:0.331 THz

M_ax

/=031 THz (¢) f=0.625THz (d)

Figure 6. Energy density diagrams of cross structure a) 0.336 THz, b) 0.5 THz and resonance rings c) 0.31, d) 0.625 THz when €,=8.5 and ¢,=3.7.

frequency point, the resonant rings generate strong resonance,
concentrating a significant amount of energy on the rings. The
absorption caused by resonance is the reason for the decrease
in transmittance. At lower frequencies, the energy on the res-
onant rings noticeably decreases, resulting in an increase in
transmittance.

According to the origin of EIT, it can be explained using atomic
energy level theory. In the theoretical analysis, there is no require-
ment for the orientation of the liquid crystal, and both bias states
are permitted. In a three-level system, level |1> is the ground
state, and levels |2> and |3> are excited states corresponding
to the cross structure and resonant ring structure, respectively.
When the EMW is incident, the coupling process between the
energy and cross structure is the process of the atom being ex-
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cited from |2>. When the cross structure is excited, the energy
is coupled to the resonant ring structure, i.e., the transition of
|3> to |2>. Under the combined effect of these two transitions,
the transition path is split into two channels with similar mag-
nitude and opposite direction, ultimately resulting in destructive
interference, preventing the system from absorbing, thus lead-
ing to the formation of EIT. This process is displayed in Figure 7.
It should be noted that the structure shown in Figure 7 is a four-
layer structure. Due to the size relationship between the front and
back, the back layer is completely blocked by the first layer, and
only the first layer can be seen.

By analyzing the energy distribution diagram of the back in-
cident, it can be found that the generation of the absorption
peak mainly depends on the interlayer resonance. As displayed
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Figure 7. Atomic energy Level Explanation of JMD.

in Figure 8b, the energy at the absorption frequency is mainly
concentrated in Layers 2—4.

During JMD’s design process, a set of cylinders was embed-
ded in the liquid crystal on Layer 1. The purpose of this is to
suppress resonances that are not controlled by the liquid crystal.
Figure 9a,b show the difference with and without cylinders. Com-
paring Figure 9¢,d, it can be found that after adding the cylinder,
the energy between Layers 1 and 2 at 0.3 THz is obviously
weakened, while the energy between the next few layers remains
unchanged. This energy diagram is obtained with the optical
axis of the liquid crystal oriented in the y direction. Figure 9e,f
compare the absorption curves before and after adding the cylin-
ders. The only difference between the two is that without the
addition of the cylinder there is an additional absorption peak at
0.3 THz.

As shown in Figure 10, when the cross structure between Layer
1 and Layer 2 is not connected, there will be an absorption peak
at 0.3 THz that is not controlled by the liquid crystal axis. This
will affect the use of the JMD NA characteristics. When the opti-
cal axis is oriented in the x-direction, the two absorption peaks

=0.305 THz

are separated. By separately observing the energy distribution,
it can be found that the uncontrolled absorption at 0.3 THz is
generated from the resonance between Layers 1 and 2. This con-
clusion corroborates with the results in Figure 9, again proving
that the copper cylinders in Layer 1 can eliminate the absorption
peaks caused by the unmodulated interlayer resonance of liquid
crystals.

3.2. Parameters Discussion

The following data is obtained with the optical axis of the liquid
crystal oriented in the y-direction (e,=8.5, €,=3.7).

Due to the large number of parameters involved in the design
process, only a few parameters that have a significant impact on
performance are listed, including parameters that affect EIT: pe-
riodic length a, and parameters that affect NA: periodic length a,
and width of cross-structure w;.

Performance curves are given with the optical axis in the y
direction. Figure 11 shows the impact of these parameters on

£=0.25 THz

<

Min

Figure 8. Energy density diagram at a) 0.305 THz, b) 0.25 THz when 6=50°, ¢,=8.5 and ¢,=3.7.
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Figure 9. Structure, energy density diagram and absorption a) with copper cylinder, c) at 0.3 THz, e) absorption curve, and b) without copper cylinder,

d) at 0.3 THz, f) absorption curve, when §=50°, ¢,=8.5 and ¢,=3.7.

transmission or absorption. The transmission curve is presented
in a contour plot, while the absorption peak is presented in
a waterfall plot due to its narrow width. As can be seen from
Figure 11a, the transparent window gradually increases as the
parameter a increases, but a comparison with Figure 11b shows
that when a is >250 pm, the absorption peak starts to gradually
decrease. Therefore, in order to take both EIT and NA into
consideration, the value of 250 pm was selected as a suitable
value of a. The remaining parameters have no significant effect
on the EIT transmission window within a large variation range,

or the effect on the curve is not within the working band, so
they will not be discussed here. Changes in a, affect the peak
value and frequency of the absorption peak, as illustrated in
Figure 1lc. As a, reduces, the value of the absorption peak
decreases, while the frequency band gradually shifts to higher
frequencies. From the perspective of device use, the minimum
value before the peak is significantly reduced, that is, a, is equal
to 190 pm, so that the frequencies of EIT and NA are as close as
possible. In Figure 11d, when w,, is changed, a slight absorption
peak appears to the right of the absorption peak, which is not

-:i

1.0
0.3

0.8+
. i
Z 0.6 5
2 3
St |
) 1
2 0.4 ?
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Figure 10. a) Absorptivity of structure with cylinder and without cylinder. And energy density diagram of structure without cylinder at b) 0.3, ) 0.331

THz.
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required for an ideal device. Therefore, only the interval from
6 to 8 um is feasible and the final value was chosen to be
thinner.

In addition, angle stability is also an important parameter.
Since there is no essential change in the performance of liquid
crystals under the two bias states, the changing trends of the
performance curves are similar, and the performances discussed
below are given when the optical axis is along the y direction.
Figure 12 shows the parameters corresponding to different 6 and
polar angles when #=50°. Figure 12a,b give the EIT and NA for
different incident angles. The width of the transparent window
decreases with increasing 6, but the transmission zero point
on the right reduces below 0.2 only for § = 50°. On the other
hand, the peak absorption decreases at an angle of incidence
until it drops below 90% after § = 60°. Taking the two into
consideration, the incident angle of 50° is the most suitable.
Figure 12c,d show the EIT and NA performance at different
@. Due to the anisotropic material and oblique incidence, the
polarization characteristics are not symmetrical over a 90° range
of variation. As ¢ increases, a depression appears at the center
of the transmission peak, while the absorption peak drops below
0.9 after 10° and below 0.8 after 20°. It can therefore be con-
cluded that this JMD can accept a polarization angle deviation of
~10°.

The performance when the optical axis is along the x direction
is as follows. F It can be seen from Figure 13 that the variation
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trend of various parameters is similar to Figure 11, except that
the operating frequency of EIT moves to lower frequency, while
the absorption peak moves to higher frequency. In Figure 13d,
the small absorption peak on the right side of the absorption
peak is more obvious. In Figure 14a,b, the trend is also similar,
except that the absorption peak value is slightly lower, which is
consistent with the aforementioned simulation results. Interest-
ingly, the spectra in Figure 14c,d are exactly opposite to those in
Figure 12¢,d, i.e., the 90° in Figure 14c is the same as the 0° in
Figure 12c. This phenomenon is consistent with the mechanism
of liquid crystal adjustment, that is, the relative position changes
when the polarization angle is equal to 90°, which is the same
as the optical axis of liquid crystal rotates 90° through external
voltage control. Therefore, it is reasonable to obtain the same re-
sultif the polarization direction of electromagnetic waves rotated
accordingly.

3.3. Parametric Inversion

By parametric inversion, the effective impedance Z, equivalent
permeability e, and equivalent permittivity u of the device can
be obtained. Considering that the NA and EIT functions can
be achieved simultaneously in the backward incidence, the in-
version results of the parameters in the backward incidence are
given.
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For the two control states of the liquid crystal, Figure 15a,b
show the € and Figure 15¢,d display the u. Considering the device
as a whole, its performance is influenced by both the € and g,
therefore, both parameters need to be analyzed simultaneously.
Obviously, the index Z is jointly determined by e and u, and
can reflect the influence of both. In Figure 15e/f, it can be
observed that Z is relatively small near the transmission band
of the EIT, while as the transmittance decreases, Z rises and
appears almost as a maximum near the transmission zero point.
This phenomenon indicates that the larger Z is, the lower the
transmittance is, which is consistent with the existing theory.
Therefore, from the point of view of equivalent impedance, the
generation of EIT is related to impedance matching. However, it
is worth noting that although the Z value of the circled part in the
figures is not large, strong absorption or transmission occurs.
This is because, in the ideal absorption state, both transmission
and reflection are 0. Substituting the values into the formula
for Z shows that the real part of Z is 1 and the imaginary part
is 0. Therefore, Z at the absorption peak position is too close
to this requirement, resulting in strong absorption rather than
transmission. Comparing this result with the values within the
passband range, it is not difficult to find that the values within
this range also meet the requirements for strong absorption,
but what appears is the transmission. This confirms the mech-
anism of EIT from another aspect. As mentioned earlier, it is
destructive interference caused by resonance between differ-

ent modes, rather than simple impedance matching causing
transmission.

4, Conclusion

Aliquid crystal-controlled JMD with large incidence angle, which
achieves both bidirectional EIT and backward NA is proposed in
this paper. When the liquid crystal optical axis is oriented in dif-
ferent directions, the EIT ranges with transmission rate over 90%
are 0.46-0.51 THz and 0.51-0.575 THz, respectively, and the ab-
sorption peaks of NA are located at 0.305 and 0.331 THz, with
peaks 0f 93.3% and 84.1%, respectively. In addition to this, a para-
metric discussion is carried out to explore the performance at dif-
ferent 0 and ¢, and a parametric inversion is carried out at the end
to analyze the dielectric constant, permeability, and impedance
of JMD from a theoretical perspective. Furthermore, the stacking
structure is combined with Janus functionality and liquid crys-
tal control is considered innovative. The proposed JMD can be
applied in fields such as communication and signal modulation.
Specifically, the properties of EIT are expected to be applied to
the design of slow optical devices or electromagnetic filters. And
the backward absorption properties are expected to be used in the
design of detection devices, or shielding for specific frequencies.
In addition, it is also possible to combine this technology with
quasi-BICI3*-3] for functions such as optical field modulation.
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