RESEARCH ARTICLE

=z nhysik

www.ann-phys.org

Janus Metastructure Based on Magnetized Plasma Material
with and Logic Gate and Multiple Physical Quantity

Detection

Junyang Sui, Ruiyang Dong, Siyuan Liao, Zeyuan Zhao, Yubo Wang,

and Hai-Feng Zhang*

In this paper, a Janus metastructure (JMS) is proposed that can act both as

a logic gate and detect multiple physical quantities. By adjusting the incident
angle of electromagnetic waves, arranging the dielectrics asymmetrically, and
using the anisotropy of the plasma, the Janus function can be obtained, which
gives the metastructure a multiscale property. Sharp transmission peak (TP) is
generated by located defect mode resonance. The AND logic gate on the
positive and negative scales can be realized by judging the TP value. By
locking the point frequency of the TP, the refractive index, magnetic field
strength, incident angle, and plasma density can be detected simultaneously
on the two scales in the GHz range, which is rarely studied. Good sensing
performances are also owned, and the corresponding optimal sensitivities are
0.095 (27c/d)/RIU, 9.42 X 10~3 (27c/d)/T, 1.48 x 10~3 (2c/d)/°, and 0.035
(2zc/d) m3 /10", respectively. Compared with the traditional sensors, the
proposed JMS equipped with two scales not only can realize the logic gate but
also measure multiple physical quantities, which has a certain application

has been extended to quasiperiodic struc-
tures formed by artificially packed medi-
ums, known as metastructure (MS), by
breaking the symmetry of the structure
to gain controllability over the different
electromagnetic waves (EWs) propaga-
tion directions. The Janus metastructure
(JMS) with different positive and negative
transmissivity (T) has achieved dynamic
holograms in the visible and microwave
regions.1% In addition, JMSs have phys-
ical properties and functions not found in
natural structures, such as black holes, "]
wave absorption,'?”5] and stealth.[16-18]
Furthermore, since it can control the
propagation mode of EWs, including am-
plitude and phase,['2%] polarization,[?!-?2]
and angular momentum,?*! the JMS is
widely used in the manufacture of logic

potential.

1. Introduction

Janus is the god of beginnings in Roman mythology. He has
two faces, looking to the past and the future.l') Inspired by
this implication, scientists have named two-sided particles Janus
particles,!*] which possess different materials on opposite sides.
The anisotropy and directionality of the materials give Janus par-
ticles inconsistent forward and backward functions and addi-
tional controllability.l>-] More recently, a similar Janus function
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gates,[?*l isolators,1?*] and filters.2°]
In recent years, optical logic gate de-
vices have attracted wide attention due
to their important applications in optical computing and
ultrahigh-speed information processing, such as photonic
microprocessors,[?28] optical signal processors,[?32] and all-
optical processors.?3] Due to the features that the photonic
bandgap (PBG) of the JMS can control the propagation of EWs,
the optical logic gate can be realized by constructing multimode
interference waveguides to adjust the PBG of the JMS and the
phase of the input EWs.[** Therefore, the JMS is the best can-
didate material to achieve the optical logic function.?>! Logic
gates based on JMS have the properties of compact structure, fast
speed, and low power consumption.

With the rapid development of sensor research, it has become
the focus of discussion among researchers. Together with com-
puter technology and information exchange technology, it has be-
come the three key technologies in the information industry.*¢]
Optical sensors are considered a promising tool for physical
quantity detection due to their high sensitivity (S), no label, and
real-time monitoring. On account of the good demodulation fea-
ture of the Mach—Zehnder interferometer and the excellent res-
onance property of the liquid-crystal infiltrated photonic crystals
(PC) cavity, Zhao et al.’”] presented a miniaturized high S elec-
tric field sensor based on the PC cavity, whose S and detection
limit (DL) are 7 nW per V m™! and 0.143 V m™!, respectively.
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Table 1. The performance of the JMS on the positive and negative scales.

www.ann-phys.org

Table 2. The AND logic gate truth table (the corresponding input and out-
put states are in parentheses).

Physical Parameter Positive scale Negative scale

quantity In, In, Ou

RI Detection range ~2-2.75 ~1.9-3.5 1 (B, exists) 1 (B, exists) 1(T>0.9)
S 0.095 a RIU~! 0.086 « RIU™! 1 (B, exists) 0 (B, does not exist) 0(T<0.1)

B, Detection range ~2-2.15T ~196-2.16 T 0 (B, does not exist) 1 (B, exists) 0(T<0.1)
S 9.42x 1073 o T! 447 %1073 ¢ T 0 (B, does not exist) 0 (B, does not exist) 0(T<0.7)

B, Detection range ~1.55-1.65T ~1.51-1.71T
S 2.57%x 102 a T 7.88x 1073 a T!

[4 Detection range ~15°-35° ~22°-52° EWs EWs
S 1.08 x 1073 @ degree™’  1.48 x 1073 « degree™’ 7

n Detection range ~ ~0.75-1.1 (10" m~3 ~0.58-1.13 (10" m—3 A

e S - 0.035 arr(13 1071 ) 0.034 ozm(3 1071 ) Jegatise

Yang et al.l*®] designed a temperature-insensitive hydrogen sen-
sor on the strength of the polarization-maintained PC fiber, with
S =131 pm% in the range of ~1-4 % hydrogen concentration.
Sovizi et al.?! proposed to use the defect mode of 1D MS based
on the layers of silicon, analyte, and silica as the refractive index
(RI) sensor, and the S belonging to vertical and 45 incident angle
was severally greater than 450 and 600 nm RIU~'. The above re-
ports can realize the detection of physical quantities and possess
good sensing performance at the same time, but it exists a pity
that the realized function is single. Liu et al.**l designed a multi-
physical quantity sensor based on D-type high-birefringence PC
fiber surface plasmonic resonance effect, which could achieve ul-
trahigh S temperature and RI detection, and the corresponding
maximum detection range and S were ~36-86 °C, —16.875 nm
°C~! and ~1.43-1.5, 44850 nm RIU™!, respectively. The multi-
functional sensor provides a new idea for relative field research,
which has a certain research value.

In this paper, a 1D JMS based on magnetized plasma ma-
terial is designed, which can realize the multifunction of the
logic gate and multiphysical quantities detection on the positive
and negative scales. After adjusting the incident angle of EWs
and the asymmetrical arrangement of different dielectrics, the
Janus function is implemented, which gives the MS the multi-
scale property Table 1 (the performance of the JMS is shown in).
The plasma is introduced into the structure as a defect layer to
form a localized defect mode resonance (LDMR), resulting in a
sharp transmission peak (TP). The plasma layer is affected by
the magnetic field, which gives the device the ability of magnetic
field tuning. By tuning the magnetic field strength (MFS), the TP
can be utilized to realize the AND logic operation function on the
positive and negative scales. The study of the proposed JMS also
indicates that the resonant frequency corresponding to the TP
will change when the physical quantities of the structure change.
The RI, MFS, angle, and plasma density can be sensed by locking
the TP frequency, which is rarely studied. It is worth mentioning
that while carrying out multi-physical quantities detection, the
AND logic operation is also strictly followed, which is the high-
light of this paper. Such a JMS with multiscale, multifunction of
logic operation, and multiphysical quantities detection can meet
the application requirements in a variety of scenarios, which has
certain research value and prospects (See Table 2).
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Figure 1. The proposed JMS consists of an asymmetric arrangement of
dielectrics and plasma filled with different colors. Considering the univer-
sality of the results, d is selected as the normalized thickness, and d =
140 mm. The thicknesses of the dielectric and plasma layers are dy = 0.1d,
dg = 0.3d, dc =0.0001d, d; = 0.012d, and d, = 0.016d, respectively.

2. Design and Discussion
2.1. The Theoretical Model

The JMS in Figure 1 can be fabricated by the etching method.[*!]
The RI of dielectrics A, B, and C are n, = 2, ny = 2.3, and n.
=1, severally. It should be emphasized that Leiwin et al. derived
effective permittivity and permeability expressions for compos-
ites based on Mie resonance theory, and the desired RI can be
obtained in a wide range.[*”] This technology has been applied
in practice,[**) so the permittivity set in this paper is reasonable
and can be obtained in reality. The EWs are incident at an angle 6
= 30° from the positive and negative directions along the z-axis.
MES B, and B, paralleled to the y-axis are separately applied to
layers of plasma, and plasma,, and the initial values are set as B,
=2Tand B, =1.6 T. Since ordinary dielectrics are not affected by
the magnetic fields, the coverage area of external magnetic fields
is allowed to be larger than the thicknesses of the corresponding
plasma layers in practical conditions. Moreover, since the areas
where the layers of plasma, and plasma, locate in the JMS are far
away from each other, the applied B, and B, do not interfere with
each other. Considering the experimental application, Xuan et al.
designed a gradient magnetic field coil. By applying current to it,
a spatial linear magnetic field can be generated, which meets the
requirements that the MFS on different plasma layers are precise
and different.**) When EWs propagate in the 1D JMS, the EWs
under TM polarization are affected by Lorentz’s force. Neverthe-
less, under TE polarization, the propagating EWs in the structure
are unacted on the magnetic fields B, and B,. The results show
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that the 1D JMS based on plasma under magnetization has the
same properties as the one under unmagnetization,[*! so the sit-
uation under TM polarization is mainly considered. Depending
on the normalized thicknesses of the mediums, the angular fre-
quency at which EWs propagate can be normalized to w = 2cx/d,
denoted by a.

The plasma dielectric function under TM polarization exhibits
anisotropy, which can be expressed as follows!“?]

£ 0 g,
€plasma — 0 &3 0 (1)
—ig, 0 ¢

Each of the tensors is![*®

wf}(w +iv,)

&=1-— 2a
! ol(@ + i)’ - @?] (22)
icuf)a)C
&= 2b
g of(w + i\/c)2 - a)g] (20)
g,=1-— 60—; (2¢)
} (o +iv,)

where, ®,, o, v, and o are plasma frequency, electron cyclotron
frequency, plasma collision frequency, and normalized angular
frequency of incident EWs, respectively. w, = (e*n./¢,/m)'/*, o =
eB/m, v.=0.001w,. n, =1.1x 10°m=3,e=1.6x10"C,m=9.1
x 10731 Kg, €, = 8.8542 x 10712 F m~! severally represent plasma
density, electron charge, electron mass, and dielectric constant
in a vacuum. B is the strength of the magnetic field. The relative
permittivity of the plasma under TM polarization is written asl*!

1 2 (3)

Em =

So, the RI n, (k=1 or 2) of plasma, and plasma, can be ob-
tained from (e;)!/?. For ordinary dielectric, the transfer matrix is
given as(*/]

M. = cos(k,.d)) —i sin(k;,d;) @
] —in; sin(k;,d;) cos(k;,d)

where, j donated by A, B, and C symbolizes the corresponding
dielectric. Under the TM polarization, the wave vector and optical
admittance along the z-axis are represented by k;, = njw/c/cos0,
and ;= (eo/u)"/*n;/cosb;. c and p,, are the speed of light and the
permeability in a vacuum with values of 3 X 10® m s~! and 4z x
1077 N m™!. The transfer matrix belonging to the plasma layer is
shown asl*]

cos(ky,dy) +

kkxgxz . i kkx‘("xz g .
kkzgx sm(kkzdk) —”—k |:1 + (m) Sln(kkzdk)

Mk=

k
—in, sin(ky,dy) cos(ky,dy) — kkx—exz sin(ky,dy)

kzEx

®)
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where k=1 or 2 indicates plasma, and plasma,. The components
of the wave vector on the x-axis and z-axis are k,, = w/cn,sind,
and k,, = w/cn,cosb,, severally.

The entire transfer matrix M, on the positive scale is

MP = [MCMAMlMB(MIMC)Z(MAMB)4(MCM2)2MAMB]

my, m
- ( 11 1Z> (6)
My My
Similarly, when EWs propagate negatively, the entire transfer

matrix M, is gained as

Mn = [MBMA (MZI\/[C)2 (]'\lIBMA)4 (MCMl)ZMBMlMAMC]

_ <m11 ””12) )
My My,
Therefore, the reflection and transmission coefficients can be

obtained!*®]

_(my + mypny )i — (Mg + Mypiiyg)

(M1 + Myann )i + (Mg + Myptiy)

®)

21,
b= 9)
(M1 + Myt + (Mg + Myphiyy)

in which, 5, = (€o/po)"?/cos@. Since the backgrounds on both
sides of the JMS are the same, #,,; = 7,. The relevant reflectivity
and T is*!

R=|r (10)

T = |t)? (11)

2.2. Analysis and Discussion of Performances

The functions achieved by the designed JMS are analyzed more
clearly below. Figure 2 shows the TP used for logic operation and
physical quantities detection under magnetic control. The initial
values of MSF B, and B, are set as 2 and 1.6 T and make B, and
B, the first input “In,” and the second input “In,” respectively.
When B, exists (B; = 2 T), the input level is “1,” that is, “In, =
1,” otherwise, the input level is “0.” Similarly, “In, = 1” and “In,
= 0” correspond to the input levels in the presence and absence
of B,. “Ou” is used to represent the output. Judging the TP value
generated under different conditions of B; and B,, if T > 0.9,
the output level is “1,” and “Ou = 0” symbolizes the output level
when T < 0.1. Table 1 shows the truth table under the AND logic
operation. The transmission spectra of EWs when propagating
positively and negatively are severally indicated in Figure 2a,b.
Since the 1D MS is tuned by MFS, the transmission spectra are
significantly different under diverse applied MFS. When both B,
and B, exist, thatis, “In; = 1” and “In, = 1,” sharp TPs are gen-
erated on the positive and negative scales, and the corresponding
T'is 0.902 and 0.92, which is greater than 0.9. At this moment,
the output level is “Ou = 1,” which satisfies the AND logic oper-
ation “1 AND 1 = 1.” When only one magnetic induction density
B, and B, exists or neither exists, as displayed in Figure 2a,b, the
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Figure 2. The transmission spectra formed under the modulation of mag-
netic fields By and B,, realizing the AND logic function. a) When EW's are
incident from the positive direction, and b) when EWs are incident from
the negative direction.

values of TPs are less than 0.1, representing the output level of
“Ou = 0,” which strictly follows the AND logic operation of “1
AND 0=0,”“0OAND 1=0,” and “0 and 0 = 0.” When “1 AND 1
= 1,” the quality factor (Q) of TP on the positive scale is 350.59,
and the negative one is 295.56. f= 0.8379 « and f= 0.8394 « are
frequency points belonging to the TPs, the frequency difference
is Af=0.0015 a, under the condition of d = 140 mm, Af= 3.21
x 10° Hz, easy to distinguish, which is the embodiment of the
Janus property of the MS. This also means that the two scales
can achieve the AND logical operation with the TPs owning dif-
ferent frequency points, T and Q. In addition, using the sharp
TP generated by “1 AND 1 = 1,” the JMS can be taken advan-
tage to detect weak fluctuations in RI, MFS, angle and plasma
density.

To explain the cause of sharp TP, when the plasma layers of
the JMS are absent, Figure 3a exhibits the value curves of reflec-
tivity and T between normalized frequencies 0.825 « and 0.855 «
in the case of positive incidence of EWs and the presence of both
B, and B,. Obviously, the T'is less than 0.1 in this range, and the
reflectivity is greater than 0.9. PBG is obviously formed, and EWs
are forbidden to propagate in the JMS. When the plasma layers
are introduced into the structure as defect layers, the bandgap is
adjusted, as indicated in Figure 3b, and a passband with T up to
0.902 is formed at f = 0.8379 a. To observe the propagation of
EWs in the structure more directly, and explain the reason why
TP is generated. Figure 4 shows the electric field energy distribu-
tion under the same case as Figure 3b. When the EWs propagate
at 0.8379 « (f= 1.7955 GHz when d = 140 mm), at the surface
of the plasma layer, the electric field is obviously localized and
enhanced, which excites the LDMR, resulting in a sharp TP.
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Figure 3. The diagram when EWs propagate positively under the presence
of both By and B,. a) The value curves of reflectivity and T under the ab-
sence of plasma layers, and b) The value curve of T under the introduction
of plasma defect layers.
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Figure 4. The simulation diagram of electric field energy distribution when
EWs propagate positively at 1.7955 GHz.

Positive propagation

Considering that the thicknesses of the dielectric layers change
due to the perceived alteration or processing errors, Figure 5
shows the forward and backward transmission spectrum under
the presence of both B, and B, when the values of normalized
thickness d are 130,140, and 150 mm, respectively. When d =
130 mm, positive and negative TPs are indicated in Figure 5a,
and their corresponding frequency points are f= 0.8355 a and f
= 0.8372 . 210.46 and 176.61 as their Q. In Figure 5b, the pos-
itive and negative TPs corresponding to d = 140 mm severally
have 0.8379 a, 0.9394 @, and 350.69, 295.56 as their frequency
points and Q. Under the condition of d = 150 mm, 0.8399 a and
0.8413 a are the frequency points of TPs on the positive and neg-
ative scales in Figure 5c, with Q values of 437.46 and 391.32. It is
not difficult to conclude that with the increase of d, the frequency
corresponding to TP increases, T decreases, and Q also increases
gradually. The main reason is that the increase of d leads to the
defect layer being thicker, which enhances the LDMR, produces
the blueshift, and makes TP sharper. At the same time, the fre-
quency differences Af of positive and negative TPs corresponds
to d =130, 140, and 150 mm are 1.62 X 1073 @, 1.5 X 10~ a, and
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Figure 5. The transmission spectrum of positive and negative TPs under different d when both B, and B, exist. a) d = 130 mm, b) d = 140 mm, and c)

d =150 mm.

1.4 x 107 @, respectively. It indicates that with the increase of d,
the frequency difference Afof anteroposterior TP decreases, and
the Janus performance of metastructure weakens.

To select the appropriate incident angle to achieve the opti-
mal Janus function, when B, and B, are both present, Figure 6
shows the TPs when EWs incident vertically, 10°, 20°, 30°, and
40° in the positive and negative directions, respectively. It can be
seen that with the increase of incident angle, the positive and
negative TPs generate blueshift. In addition, the frequency differ-
ence Afbetween TPs corresponding to the forward and backward
scales gradually increases, indicating that Janus performance is
enhanced step by step. Nevertheless, Figure 6 shows the T of pos-
itive and negative TP under various angles. The positive TP value
of incident angle 40°, which embodies the best performance of
Janus, is less than 0.9, which dissatisfies the requirements of the
T required for AND logic gate and physical quantities detection.
In conclusion, considering that the property of Janus can be im-
proved as far as possible under the condition that the TP value is
greater than 0.9°, 30° is selected as the suitable incident angle of
EWs.

To study the ability and logic operation of the JMS to detect
the RI, the dielectric A is used as the sensing region in the 1D
JMS. The AND logic operation is analyzed. (Supporting Infor-
mation Part 1 gives the 3D overhead maps of RI detection when
EWs propagate from positive and negative directions). Keeping
logical operations within the RI detection range can undoubt-
edly be applied to many more situations, providing quite con-
structive suggestions for the implementation of logical operation
gates with simple structures that are easy to manufacture and an-
alyze. To evaluate the RI detection performance of the JMS, im-
portant parameters such as S, Q, the figure of merit (FOM), and
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DL are introduced for evaluation. The relevant expressions are as
follows!*®]

A
S= A—i (12a)
__k
= Fwrm (120)
FOM= —5 (12¢)
FWHM
__k
DL= 7050 (124d)

where Ax and Af, respectively, represent the increment of the
physical quantities to be measured and the related increment
change of TP frequency. The frequency and half-height width of
the transmission resonant peak are severally represented by f;
and full width at half maximum (FWHM). An excellent sensor
has higher S, Q, FOM, and lower DL, which means that TP can
be more easily distinguished.

On the positive scale, when both B, and B, exist, the linear fit-
ting method is used to select the RI detection points along the
horizontal axis with equal spacing of n, = 0.15, and the linear fit-
ting relation (LFR) shown in Figure 7a is obtained. In the range
of n, =~2-2.75, LFRis f= —0.096n,+1.028, S = 0.096 « RIU™,
indicating that sensitive detection can be achieved. The linear
regression coefficient of determination R? is introduced to as-
sess the degree of the linear fit. The larger the goodness of fit
is, the higher the degree of explanation of the independent vari-
able to the dependent variable is, the closer the R? value is to 1,
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and the more dense the observation points are near the regres-
sion line. In Figure 7a, R* = 0.9995, indicating a considerable
linear relationship. When EWs propagate from the negative di-
rection, Figure 8a presents the LFR in the RI range of ~1.9-3.5,
f=—0.087n,+1.009. 0.087 « RIU~! and 0.9967 correspond to S
and R?, respectively, symbolizing the superiority of LFR. In the
following, the performance of the JMS is determined in detail by
calculating Q, FOM, and DL within the detection range. For posi-
tive detection, the range of parameters can be obtained by finding
the maximum and minimum values of parameters within the
linear range of ~2-2.75. As exhibited in Figure 7b, the ranges
of Q, FOM, and DL are ~157.73-350.59, ~19.55-39.75 RIU™,
and 1.26 x 1073-2.56 x 1073 RIU, respectively. Q decreases with
the increase of n,, as the reason why the correlative TP peak
shape gradually becomes blunt. In contrast, on the negative de-
tection scale, the relevant value ranges displayed in Figure 8b
are ~122.39-324, ~14.78-32.82 RIU™!, and ~1.52 X 1073-3.38 x
10~ RIU. The average can identify with the overall situation. The
average values of Q, FOM, and DL on the positive and negative
scales are 238.68,28.08 RIU™!, 1.89 x 103 RIU, and 160.93, 17.48
RIU™! and 2.16 x 10~® RIU. As a result, the JMS has good RI
detection performance in the forward and backward directions.
Additionally, the forward detection has a larger FOM and smaller
DL compared to the backward one, which means that the posi-
tive scale has a greater S in the same detection range. Further-
more, material A, which is nondispersive, possesses a constant
RI in any energy range. When the dielectric A layer is selected
as the sensing area, the analyte is identified by RI measurement.
A precise technique base on microinfiltration technology by hol-
low submicrometer-size pipettes can be taken to inject the analyte
into the sensing layers.[*>%] By detecting the frequency of the res-
onant TP and putting it into the corresponding linear equation,
the relevant RI of the analyte can be calculated, and thus the sub-
stance can be derived. It is worth emphasizing that for traditional
sensors, a single detection method often leads to poor accuracy
of physical quantities, which can be improved if there are mul-
tiple detection methods, such as the proposed multiscale RI de-
tection. On the positive and negative scales, the proposed JMS
has different LFR, S, and DL within the same RI detection range
of ~2-2.75, which can realize multiple detection methods for the
same substance to improve the accuracy. For instance, the crea-
tinine concentration is an important index for evaluating renal
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Table 3. Creatinine concentration (umol L™') with attributed RI.

Creatinine concentration [umol L™] RI

80.9 2.661
81.43 2.655
823 2.639
833 2,610
84.07 2.589
85.28 2.565

function. Table 3 shows the relationship between the creatinine
concentration (umol L) and RI.’Y An unknown concentration
of creatinine solution is injected into the dielectric layer A with a
precise technique based on microinfiltration technology by hol-
low submicron size pipettes,l®?] assuming that the resonant TP
frequency measured positively is 0.7747 a, the RI of the analyte
can be calculated as 2.639 according to the LFR. To improve the
detection accuracy, the measurement is carried out on a negative
scale. If the TP frequency measured is 0.7794 a, the RI is verified
to be the exact value of 2.639, and the analyte can be known as
the creatinine solution with a concentration of 82.3 umol L.
The proposed JMS can detect the magnetic induction intensity.
The following content discusses the measurement of magnetic
field strength B,. (Supporting information Part 2 shows the 3D
overhead maps of B; detection). As indicated in Figure 9a,c, f=
—9.42 X 1073 B,+0.857 and f= —4.47 X 1073 B,+0.848 are the pos-
itive and negative correspondence LFR in the B, range of forward
~2-2.15 T and backward ~1.96-2.16 T under the AND logic gate
“1 AND 1 = 1.” Among them, 9.42 x 1073 and 4.47x1073 ¢ T~!
are the S, which is considerable. In addition, the values of R* are
0.9999 and 0.9998, manifesting that LFR is very reliable. In the
measurement range of ~1.55-1.65 T, Figure 9b indicates that the
mean values of Q, FOM, and DL are 324.81, 3.66 T-!, and 1.37
x 1072 T. 280.87, 1.5 T~ and 3.37 x 1072 T correspond to the av-
erage values of Q, FOM, and DL in the B, range of ~1.96-2.16
T are shown in Figure 9d, which can meet the requirements of
sensors performance. In addition, under the condition that only
the applied MFS B is considered to affect the plasma-producing
magneto-optical effect, the plasma layer is the sensitive region,
so the JMS with these promising performance parameters can
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be used to accurately measure the drift of TPs at two scales, and
then evaluate the value of magnetic induction intensity.

When B, exists or does not exist, the TP simulation diagram
can be obtained through the change of B,, which intuitively
illustrates the relationship between the normalized frequency
of the target resonance peak and B, (Supporting Information
Part 2 indicates the 3D overhead maps of B, detection). When

Magnetic field strength B, (T)

The LFR between B, and normalized frequency, and b) The Q, FOM, and DL
malized frequency, and d) The Q, FOM, and DL under different B,.

both B, and B, exist, using the linear fitting method, in the
B, range of forward ~1.55-1.65 T and backward ~1.51-1.71 T,
the LER belonging to positive and negative B, detection is dis-
played in Figure 10a,c. LFR is f= —2.57 x 107 B,+0.842 and f =
—7.88x107*B,+0.852, and S is —2.57 x 1073 « T~! and —7.88 x
1073 a T}, respectively. 0.9989 and 1 are the relevant R?, which
is excellent. Figure 10b,d exhibits the Q, FOM, and DL values of
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each correspondence B, detection point. With the increase of B,,
Q, and FOM gradually decreased and severally reached the min-
imum values of 349.08, 1.07 T~!, and 262.03, 2.46 T~ when for-
ward B, = 1.65 T and backward B, = 1.71 T, which are still suffi-
cient values for detection. The average values of positive and neg-
ative DL are 4.54 X 1072 and 1.82 x 1072 T, respectively. MFS de-
tection with different precision can be achieved within the same
detection range.l>334]

The measurement of the rotation angle of the bridge supportis
an important standard to evaluate the state of the bridge. The ex-
isting tiltmeter does not have sufficient resolution and precision
to measure the weak angle change.[>*] The spacecraft docking and
pose adjustment have very harsh requirements on the angle.>®
A system utilizing cameras and image processing techniques has
been developed to measure weak angle change.[”] However, this
system is expensive and needs to carry very complex equipment.
Therefore, the high-precision angle detection realized by the pro-
posed JMS with compact structure, small size, and low manufac-
turing cost is urgently needed, which is convenient to carry and
apply to multiple scenarios. Moreover, because the GHz band is
used which owns a long transmission wavelength, the sensor can
easily avoid the obstacles in the way of EWs propagation, so it is
less affected by the application environment. The performance
of high-precision angle detection is discussed below. The change
in the incident angle has a significant effect on the transmission
wavelength shift according to the Bragg—Snell law!>8-6]

mA = 2d,,/n’, — sin’0 (13)

where m is the order of diffraction, d,, is the thickness of the
whole metastructure, 4 is the wavelength of the stopband, n
is the effective refractive index of the whole metastructure, 6 is
the incident angle. Therefore, when TP is generated, along with
the angle of EWs incident into the JMS varying, the TP frequency
is found to change accordingly, and high-precision angle sensing
with the accuracy of 0.01° is realized based on this (Supporting
Information Part 3 gives the simulated diagrams to prove that the
accuracy of the angle sensor is 0.01°). We combined the metas-
tructure with 6-20 motorized rotation stage (Sigma Koki) and a
two-axis stepping motor drive controller with 0.01° at each step
to form a test system, which can adjust the incidence angle.[®!]
The sensitive area is the surface of the first layer composed of di-
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electric C. When EWs are incident from the front, the four cases
correspond to the presence or absence of the two input levels fol-
lowing the AND logic gate (Supporting Information Part 4 ex-
hibits the 3D overhead maps of the angle detection when EWs
propagate positively). Under the condition that both B, and B,
exist, the discussion of the sensing performance is presented in
Figure 11. The incident angle detection points are selected with
equal spacing of 4°. After linear fitting, the LFR of angle detec-
tion in the range of ~15°-35° is displayed in Figure 11a, f=1.08
x 10730+0.8056, S = 1.08 X 10~* a degree™. When d is 140 mm,
the value of S is approximately equal to 1.45x107 degree™!, which
is ultrahigh. Hence, high-precision angle detection can be carried
out on the surface of the first dielectric layer. R? = 0.9922 repre-
sents the reliability of LFR. Figure 11b shows the Q, FOM, and
DL belonging to each detection point. The average values of Q,
FOM, and DL are 344.73, 0.447 degree™', and 0.111 degrees, re-
spectively, which meet the performance requirements of angle
sensing.

Due to the phenomenon that propagation frequency varies on
the negative scale caused by the adjustment of the incident an-
gle between 22° and 52° under the presence of both B; and B,,
the LFR belonging to the 3D overhead maps of negative angle
detection is indicated in Figure 12a. (The 3D overhead maps of
negative angle detection are gained from Part 4 in the Supporting
Information). In the range of 6 from 22° to 52°, f=1.48 x 1030
+ 0.7956, S = 1.48 x 10~ « degree™!, and when d = 140 mm,
1.99x107 degree™! is the corresponding S, which proves that
high-precision angle detection can be achieved. Measurement
points are concentrated near the regression line as demonstrated
by R? = 0.9965. Figure 12b exhibits the TP assessment for each
measurement point. The values of Q and FOM increased con-
tinuously, indicating that the peak deformation of TP is sharper
and the detection precision increased as the § moved in a bigger
direction. The average values of Q, FOM, and DL are 311.9, 0.54
degree™!, and 9.24 x 1072 degree, respectively, which can realize
the function of angle sensing.

Plasma processing plays a key role in the advancement of
modern semiconductor manufacturing processes, especially in
etching and deposition applications.[®?] For these plasmon-based
material processes, the plasma density is one of the most impor-
tant parameters to determine the plasma properties, which in
turn controls the processing results. Therefore, the development
of sensors for detecting plasma density has attracted a great deal
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Figure 13. The performance of the positive n, detection. a) The LFR between n, and normalized frequency, and b) The Q, FOM, and DL under different n,.

of attention.*%] The plasma layers in the metastructure are
controllable alternating-current discharge sealed containers, and
the variable discharge current controls the plasma density.[*¢]
By setting the plasma layer as the sensitive part, the JMS can be
utilized for plasma density detection. It should be emphasized
that in the JMS, although the magnetic field intensities applied to
plasma,; and plasma, layers are different, plasma, and plasma,
are strictly allowed to have the same plasma density, which is
convenient to change the overall one. Figures 13a and 14a show
the LFR of positive and negative plasma density detection when
satisfies the AND logic gate “1 AND 1=1,” f=0.035n, + 0.8 and

f=0.034n, + 0.8022 corresponding to the n, range of forward
~0.75-1.1 10" m— and backward ~0.58-1.13 10" m~3. Where
0.035 am?/10% and 0.034 am?/10'° are the correlative S, respec-
tively. The values of R? are 0.991 and 0.9921 indicating the high
reliability of the LFR. Detailed Q, FOM, and DL are presented
in Figures 13b and 14b. It can be seen that the numerical curve
of Q gradually rises with the increase of n,, which is consistent
with the change of peak shape of TP in 3D overhead maps of n,
under the presence of both B, and B, (Supporting Information
Part 5 gives the 3D overhead maps of n, detection on the positive
and negative scales). The average values of positive and negative
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Table 4. The performance of the published reports compared with such a JMS.

Refs. Janus Multifunction Physical quantities detection Logic gate
[67] No No None AND
[68] No No None AND
NOT
[69] No No MFS Range ~30-90 Oe None
S 0.817 nm Oe™!
[70] No No RI Range ~1.362-1.366 None
S 303376 nm
RIUT
[71] Yes No RI Positive Range ~1.35-2.09 None
S 132 MHz RIU™!
Negative Range ~1-1.57
S 40.7 MHz RIU™!
[72] No Yes RI Range ~1.455-1.469 None
S 56.815 dBm
RIUT
Temperature Range ~22-42 °C
S 0.0281dBm °C!
This work Yes Yes RI Positive Range ~2-2.75 AND
S 0.095 a RIU™!
Negative Range ~1.9-3.5
S 0.086 a RIU™!

MFS
Angle

Indicated in the article
Indicated in the article

Indicated in the article

scales sensing performance parameters Q, FOM, and DL are
179.9, 7.56 m?1071%, 9.06 x 10~* 10" m~3, and 132.95, 5.5 m?
107, 19.49 x 1072 10 m™3, respectively, which proves the
feasibility of n, sensing.

The means of simulation, the transmission spectrum, the 3D
overhead maps of TP, and the calculation of S, R?, Q, FOM, DL
and are simulated by MATLAB 2020. The electric field distribu-
tion diagram is simulated by the finite-difference time-domain
(FDTD) method. The method of searching for optimization is
used to gradually obtain more appropriate values by constantly
adjusting parameters (such as thickness and refractive index of
dielectric layers).

Finally, to provide a systematic and intuitive description of this
novel JMS, previously reported devices of related designs with
outstanding performance are summarized, which are listed in Ta-
ble 4 for comparison. In terms of multifunction, Janus property,
and physical quantities detection performance, it is concluded
that the 1D JMS which is proposed in this paper is advanced and
valuable, and is generally superior to those mentioned in the past.

3. Conclusions

In summary, the multifunction and physical detection perfor-
mance of the proposed 1D JMS based on magnetized plasma ma-
terial are theoretically investigated under TM polarization. The
Janus property is achieved through the asymmetric arrangement
of the different dielectric layers and the anisotropy of the plasma,
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which equips the MS with a multiscale feature. The introduction
of the plasma layer not only gives the structure a magnetic tuning
function but also acts as a defect layer to excite the LDMR, result-
ing in a sharp TP. The AND logic gate can be formed on the posi-
tive and negative scales by discriminating the TP values. By lock-
ing the TP normalized frequency, the RI, magnetic field, angle,
and plasma density can be detected in the GHz band by changing
the relevant physical quantities in different sensitive regions. On
the positive and negative scales, the measurement ranges of RI
correspond to ~2-2.75 and ~1.9-3.5, the ranges of magnetic field
strength B, are ~2-2.15 and ~1.96-2.16 T, the ranges of MFS B,
are ~1.55-1.65 and ~1.51-1.71 T, the ranges of angle are ~15°-
35° and ~22°-52°, the measuring ranges of the plasma density
are ~0.75-1.1 (10" m~3) and ~0.58-1.13 (10" m~3), respectively.
The positive and negative scales possess different measurement
ranges of physical quantities, and the corresponding S, Q, FOM,
and DL are intuitive representations of the Janus property be-
longing to the MS. This new multifunctional and multiscale JMS
has a broad prospect for logic devices, optical signal processors,
sensors, and is suitable for multiple application scenarios, which
provides a new way for the design of novel multifunctional de-
vices.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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