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In this paper, a Janus metastructure (JM) is given, which can realize the multi-function of different logic gates
and detection of multiple physical quantities such as magnetic field, angle, and refractive index on the positive
and negative scales. Furthermore, the multiscale sensing is also controlled by the logic gate. By varying the two
different magnetic fields applied to the specific medium layers, the sharp absorption peak (AP), which is
modulated by the external magnetic fields, is obtained in the terahertz (THz) range. The emergence of AP follows
NOR logic and AND logic gates, on the positive and negative scale respectively. The results demonstrate that the
frequency point (FP) of AP will fluctuate in response to the changes in the detection of physical quantities.
Consequently, it is possible to accomplish physical quantities sensing functionalities by determining the FP of AP.
The JM, proposed in this paper, provides a new research idea and has a more promising future. Its detection
ranges of refractive index, tiny angular changes and magnetic field are 0.61 ~ 0.65 T or 1.185~1.2T, 1.4 ~ 1.9
degrees or 2.9 ~ 3 degrees, and 1.05 ~ 1.45 or 2.1 ~ 2.5, which can be widely used in biomedical and physical

fields.

1. Introduction

The study of Janus metastructure (JM) in the fields of electromag-
netism, optics, and photonics is quite significant [1-6]. These materials
have a periodic structure of refractive index that allows them to
manipulate electromagnetic waves (EWs) in unique ways [7]. Similar to
how electronic band gaps exist in crystalline solids, the one-dimensional
(1-D) metastructures can exhibit photonic band gaps (PBGs), in which
EWs cannot propagate through the material [8,8]. However, many
studies have proved that the symmetry of JM will be destroyed when the
defect layer is introduced [9]. It changes the band structure of JM and
generates new electromagnetic patterns within the PBG so that EWs can
propagate in JM at specific frequency bands [10]. JM is useful for ap-
plications such as optical filtering [11], waveguiding [12], and logic
gates [13,14]. Especially, in the research field of sensing, many inno-
vative and prospective works have been proposed [15-18]. JMs also
have the potential for use in developing new types of optical devices and
technologies, including photonic circuits and quantum optics [19-21].

Indium Antimonide (InSb) is a semiconductor material with unique
properties that make it useful for a wide range of applications in
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electronics, optoelectronics, and thermoelectric devices [22,23]. It is a
high electron mobility semiconductor material. InSb can be used as the
defect layer in JM because of its dispersion and gyratory properties, as
well as the magneto-optical effect it displays when magnetic fields are
applied [24].

As the research continues to advance, metastructure devices that can
be used for logic gates and physical quantities detection are widely
studied. Parandin et al. [25] designed an all-optical JM with the func-
tions of NOR and AND logic gates. Ghorbani et al. [26] presented a new
metastructure biosensor based on numerical methods for glucose con-
centration monitoring in different samples. A magnetic field sensor ca-
pacity of 1-D JM was investigated by Atalay et al. [27]. In the field of the
development of computer logic calculation and physical detection, these
works are of great significance. But, these studies only have a single
function and did not integrate logic gates and physical quantities
detection. This will limit the research ideas in related fields. The JM
integrating logic gates and physical quantities detection has broad space
for development and can be adapted to various application scenarios,
including smart homes, industrial automation, medical devices, trans-
portation, and more [1,2].
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Fig. 1. Schematic diagram of the proposed JM which is made up of different dielectric layers. Two beams of EWs are incident from the positive and negative di-
rections. The directions of the applied magnetic fields are marked with the coordinate axis as the reference.

In this paper, a 1-D JM has been given. It incorporates the logic gate
and physical amount-detecting capabilities. To break the symmetry of
JM and create a sharp absorption peak (AP) with a high-quality factor
(Q), magnetized InSb is used as a defect layer. By controlling applied
magnetic fields, it is possible to identify whether an AP is present or
absent when its value is>0.9, accomplishing the logic gate function. The
frequency point (FP) corresponding to the AP will move when the
applied magnetic field and the refractive index (RI) of the medium layers
vary. And it possesses a strong linear fitting relationship (LFR), a high
figure of merit (FOM), and a high Q. The detection of slight changes in
the magnetic field or the RI is possible thanks to the position of the AP.
Moreover, because of the magneto-optical effect of InSb, with the
changes of EWs incidence angle 6, the FP corresponding to AP will also
change. So that the sensing of 6 also can be achieved.

2. Structure design and simulation

Fig. 1 depicts the 1-D JM that can be created using the etching
approach [28], which is made up of ordinary Titanium Dioxide (TiO5),
Zirconium Dioxide (ZrO2), and Magnesium Fluoride (MgF3) medium for
non-symmetrical arrangement. The JM has a periodic structure, and the
numbers of the period N are N = 6. Additionally, the magneto-optical
medium InSb layers are added as flaws to the initial structure, and its
entire construction is exposed to 300 K of air to adapt to the general
environment. Different mediums are filled here with various colors to
represent them. In this paper, the normalized thickness d; is used and its
value is 8 pm. The thicknesses of the ordinary medium TiOg, ZrO,, and
MgF, are severally replaced by dr, dz, and dy;, and the parameter values
of each other are 4d,, 6dy, and 8dy. The values of RI of these ordinary
media are respectively nt = 2.76, nz = 2.4, and ny = 1.38. Due to the
influence of the external magnetic field, the dielectric of InSb behaves as
an anisotropic tensor, and as a result, its RI fluctuates with the strength
of the magnetic field. The defect layers are made up of two semi-
conductors, InSb; and InSby, whose thicknesses respectively are d; = dy

and dy = do. By and By (B; = 0.65 T, By = 1.2 T) are the external mag-
netic field applied vertically on InSb; and InSb, along the y-axis. In
addition, the theoretical model is the main focus study. Conventional
mediums are unaffected by the external magnetic field, and in contrast
to regular dielectric layers, InSb layers are exceedingly thin. Since other
InSb layers are unaffected, the magnetic field area exerted on the
particular InSb layer is tiny.

Taking into account the experimental use, Xuan et al. [29] designed a
gradient magnetic field coil. A spatial linear magnetic field can be pro-
duced by applying current to it, which satisfies the demands of this work
that the magnetic field strengths on various InSb layers are different and
that the effects of nearby magnetic fields be isolated.

The dielectric constant of InSb can be calculate by the matrix of its
dielectric function [30,31]:

&, 0 e
Emsh = 0 e 0], (€9)
—&, 0 &

where [30,31]

(o + ive)

Ex =€ €0 5 v 2
ol(o + iv.)* — 0?]
“ ®)
& = o et )
020,
€ = €x ! (4)

Among them, i=(-1)2, £,=15.68 is the high-frequency limit
dielectric constant [32], wp = ne?/eym*is the plasma frequency, &g and e
respectively represent the dielectric constant, and electron charge in the
vacuum. m*is the effective mass of the carrier, which is related to the
mass of the electron m,. For InSb, m*=0.015m,. As Eq.(6) shows, n, the
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Fig. 2. Schematic diagrams of magnetically controlled logic gate operations and AP when EWs propagate. (a) The positive scale NOR logic operation and corre-
sponding AP under magnetic field. (b) The negative scale AND logic operation and corresponding AP under magnetic control.

intrinsic carrier density, plays a critical role in the dielectric properties
of InSb. v, is the collision frequency of the carrier and the value of the v,
of InSb; and InSby is 1 x 10'4wp [30,31]. The electron gyration fre-
quency, which is proportional to the intensity of the applied electric
field, is given by the formula @, = eB/m* [30,31].

n(m?) =5.76 x 10°°Ty exp[—0.26/(2 x 8.625 x 107° x T,)], (5)

the equation shows that the temperature T has a significant impact
on it.

When an external magnetic field is applied, the external magnetic
field primarily controls the TM polarization of the EWs while not
affecting the TE polarization. The findings demonstrate that the pa-
rameters of the 1-D JM based on InSb under magnetization are identical
to those under unmagnetization [33]. As a result, this work will exclu-
sively explore JM performance under TM polarization and use the
transfer matrix approach to analyze the overall structure [34,35]. For
TM polarization, the anisotropic material effective dielectric constant of
InSb is stated as [36]:

em = = > =, (6)
&

Moreover, the RI of InSb is nyy=(etm) /2. Under TM polarization, the
transfer matrix of InSb is expressed as [35]:

kicEsr . Kix€xz027 .
cos(kidy) + 2% sin (ki dy) —”i 1+ (kbe V2 )sin(ke.dy)
kz€x kz€x
M = ‘ ki€ )
—in,sin(ky.d;) cos(ki.di) — k’“ = sin(ky.dy)
kz€x

7

where ki, = w/cnqysindy is the component of the wave vector on the x-
axis, kx; = @/cnyycosty is the component of the wave vector in the z-
axis, representing the wave vectors of InSb; or InSb,, singly. And
qk:(eo/ﬂo)l/ 2TlT1v[/C059k is the light conductivity, k is denoted by 1 or 2.
Since ordinary mediums are not affected by applied magnetic fields,
their transfer matrix is indicated as [37]:

cos(k;d;) L sin(k;.d;)
Mj = rlj s (8)
7i’1f5in(k/z‘ij) COS(k_,-zd_/-)

where kj; = w/cnrycosé; is the component of the wave vector in the z-
axis, j can be indicated by T, Z, and M, signified by different dielectric
layer materials. For JM, EWs can propagate on positive and negative
scales, corresponding to different transmission matrices. This paper
makes Mp the positive propagation transfer matrix and My is homolo-
gous to the negative transfer matrix, and their complete transfer matrix
expressions follow, where M; (as shown in Eq.(8)) represents the transfer
matrices of medium TiOj, ZrO,, and SiO3, Mymk (as shown in Eq.(7))
indicates the materials of InSb; and InSb,.
The entire positive transfer matrix Mp is given as:

MP = MTMTMIMZ(MTMMMZ)GMTMTMZMZ7 (9)
and the entire negative transfer matrix My is given as:
My = MMy My (MMyMy) "M, My My, (10)

the results can be writen like this:

M, = , 11

where r can be indicated by P and N.

To obtain the absorptivity (A), the transmissivity (T) and the
reflectivity (R) of the JM should be obtained first, which are calculated
as [35]:

_ oMy + oM y2) — (M + ,M>,)

B 12)
no(Mu +nMi2) + (Mo + nyM)
21,
t= X (13)
No(M1y +noM12) + (Myy + nyM)
R=rf, 14)
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Table 1

The truth value table belongs to the NOR and AND logic gate (positive direction
and 0 = 0 degrees) and the parentheses indicate the present state of the electric
field and the value of A.

In, Iny Out

NOR 1 (B, exists) 1 (B exists) 0(A<0.1)
1 (B; exists) 0 (B, does not exist) 0(A<0.1)
0 (B; does not exists) 1 (B exists) 0(A<0.1)
0 (B, does not exists) 0 (B; does not exist) 1(A>0.9)

AND 1 (B; exists) 1 (B, exists) 1(A>0.9
1 (B; exists) 0 (B, does not exist) 0(A<0.1)
0 (B, does not exists) 1 (B exists) 0(A<0.1)
0 (B; does not exists) 0 (B, does not exists) 0A<0.1)

2
T =i, 15)

due to both sides of the JM being air, there is o = 'iN+1:(6’o//40)1/ 2no/
costp. And then the formula for calculating can be written as [35]:

A=1-R-T. (16)

3. Analysis and discussion
3.1. Two different logic gates

As can be seen in Fig. 1, EWs propagate along the positive z-axis. In
this paper, it is a positive scale for JM when EWs start propagating from
the TiOg layer. In contrast, when EWs start propagating from the ZrO, it
is a negative scale. With the two external magnetic fields, B; and By,
applied along the negative y-axis vertically on InSb; and InSby
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respectively and the value of 6 is 0 degrees, the A spectra of the positive
scale NOR logic gate and negative scale AND logic gate are displayed in
Fig. 2. When the magnetic field, applied vertically on InSb; or InSby, is
present, it is denoted by a logic level (LL) of “1”, and vice versa as “0”.
When a sharp AP exists and the value of absorption (A) is>0.9, it is
denoted by an LL of “1”, and vice versa as “0”. To make a more intuitive
embodiment, “In;” stands for the state of the magnetic field By, “Iny”
represents the state of By, and “Out” represents the presence of AP. Fig. 2
(a) illustrates this, under the condition that EWs propagate in the pos-
itive direction when both B; and B exist, do not form an AP, and A is
much smaller than 0.1 and the states are “In; = 17, “In, = 17, and “Out
= 07, related to the “1 NOR 1 = 0” of the NOR logic gate. Absent the
formation of an AP when B; exists but B, does not and A is substantially
smaller than 0.1, that is, the states are “In; = 17, “Iny = 07, and “Out =
07, related to the “1 NOR 0 = 0” of the NOR logic gate. The states are
“In; =07, “Iny = 17, and “Out = 0”, which are related to the “O NOR 1 =
0” of the NOR logic gate, and do not generate an AP when B; exists but
B; does not. When both B; and By are absent, form a sharp AP and A is
much>0.9, the value of it is 0.975, the frequency corresponding to AP is
about 7.622 THz, and the value of Q is 232376. The states are “In; = 07,
“Ing = 07, and “Out = 17, related to the “0 NOR 0 = 1” of the NOR logic
gate.

As can be seen from Fig. 2(b), for EWs propagating in the opposite
direction, appear a different logical relationship with the condition that
EWs propagate in the positive direction. When both B; and B are pre-
sent, form a sharp AP and A is much>0.9, the value of it is 0.903, the
frequency corresponding to AP is about 7.597 THz, and the value of Q is
205324. The states are “In; = 17, “Iny = 17, and “Out = 17, related to the
“1 AND 1 = 1" of the AND logic gate. The states are “In; = 17, “Inp = 07,

1.0 Positive detection 11.0
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Fig. 3. The simulation of the effects of the defect layers on AP. (a) The A and R spectra before introducing defects under the condition of By = 0 T and B, = 0 T when
EWs propagate positively. (b) The A and R spectra after introducing defects under the condition of B; = 0 T and B, = 0 T when EWs propagate positively. (c) The A
and R spectra before introducing defects under the condition of B; = 0.65 T and B, = 1.2 T when no defects are introduced in the structure and EWs propagate
negatively. (d) The A and R spectra after introducing defects under the condition of B; = 0.65 T and B, = 1.2 T when EWs propagate negatively.
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Fig. 4. The electric field distribution diagram. (a) EWs propagate positively at
about f = 7.622 THz under the condition of By = 0 T and B, = 0 T on the
positive scale. (b) EWs propagate negatively at about f = 7.597 THzunder the
condition of B; =1 T and B, = 1 T on the negative scale.

and “Out = 07, which are related to the “1 AND 0 = 0" of the AND logic
gate, and do not form an AP when B; exists but By does not. AP is not
generated and A is much smaller than 0.1, when B, exists but B; does
not, and the states are “In; = 07, “In, = 17, and “Out = 07, related to the
“0 AND 1 = 0” of the AND logic gate. If both B; and By are absent, there
is no AP and A is sizeably smaller than 0.1 and the states are “In; = 07,
“Ing = 07, and “Out = 07, related to the “0 AND 0 = 0’” of the NOR logic
gate. As can be observed, the NOR and AND logic gate functions are
strictly adhered to by the absorptivity spectra of the positive and
negative directions of the JM that were developed in this work. The
logical truth table is shown in Table 1.
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Fig. 5. The A spectra on the positive scale when B; =
defect layer.
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Because there are many cases of the AP generated on the positive and
negative scales of the JM designed in this paper. Among them, the
introduction of the in-defect layer is one of the causes of sharp AP. When
EWs propagate in the positive direction, choose the situation in which
neither By nor B exists (B; = 0 T and B, = 0 T) to elucidate the reason of
produce of AP. When an in-defect layer InSb is not added, the R and A
spectra in Fig. 3(a) reveal that a large PBG is created between 7.6219
THz and 7.622 THz when both B; and B, are absent at the positive scale.
Since the R is nearly “1” in this range, the JM is unable to absorb EWs in
this frequency range. But when InSb is introduced into the JM as the
defect layer, the original PBG finally formed an A-band, and its corre-
sponding A spectrum is shown in Fig. 3(b). Similarly, when EWs prop-
agate in the negative direction, choose the situation, both B; and B; exist
(B; = 0.65 T and By = 1.2 T), to discuss the cause of AP. From Fig. 3(c)
and (d), it is obvious that the PBG is broken by the introduction of the
in-defect layer, and a sharp AP is formed. To more clearly monitor the
TM polarization waves’ propagation in JM, as shown in Fig. 4, two
electric field intensity distribution maps are produced and thus illustrate
the formation principle of AP. In the case of 7.622 THz, the free electrons
on the surface of JM respond to the external electromagnetic field and
produce a high-frequency vibration. When EWs are perpendicular to the
surface of TiO,, surface plasmon resonance can form on the surface,
similar to metal surface plasmon [38,39]. Due to the existence of surface
plasmon resonance, the JM can produce a sharp AP [40]. When the EWs
propagate negatively at about f = 7.597 under the condition of By =1 T
and By = 1 T on the negative scale, the cause of producing a sharp AP is
the same so. But, as can be seen in Fig. 4, the electric field intensity when
EWs propagate positively is larger than the electric field intensity when
EWs propagate negatively. Therefore, the A of the JM with “In1 = 1” and
“In2 = 1” as the electromagnetic wave propagating in a positive direc-
tion larger than the JM with “Inl = 0” and “In2 = 0” as the electro-
magnetic wave propagating in a negative direction.

To explain the location and the material of the defect layer both play
important roles in the phenomenon of AP when both B; and B, are ab-
sent, Fig. 5 displays the A spectra of the JM positive scale before and
after changes in location and material of the defect layer. As can be seen
from Fig. 5(a), when the location of the defect layer is changed, the AP
disappears within the frequency range from 7.6217 THz to 7.6221 THz
where there would have been AP originally. Meanwhile, when the ma-
terial of the defect layer is changed from InSb to TiO,, where there
would have been AP before, between 7.6217 and 7.6221 THz, there is no
longer any AP. Therefore, it is clear that the location and make-up of the
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0.7 ] the defect layer changed
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0 T and B, = 0 T. (a) The change is the location of the defect layer. (b) The change is the material of the
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Fig. 6. The effect of the number of periods on the AP on the positive scale. (a) The A spectra about different N (the value of N is 4, 5, and 6) when both B; and B, do
not exist. (b) The A spectra about different N (the value of N is 6, 7, and 8) when both B; and B, do not exist or only B, exists.

defect layer are essential for the development of sharp AP, and the right improve the quality of the JM, and the value of A is 0.975. But as the

choice will promote efficient PBG breaking and passband formation. value of N increases, like N is 7 or 8, shown in Fig. 6(b), the AP, which is

Moreover, the number of dielectric layer periods (N) also plays an under the situation B, exists and B; does not, moves closer to the AP of

important role in the influencing factor of AP, which is exhibited in the situation neither B; nor B; exists. So, this will cause the logic gate,

Fig. 6. Compared with the case of N is 4 or 5, when the value of N is 6, as mentioned above, to lose efficacy and fail. The findings show that

can be seen in Fig. 6(a), JM can generate a higher AP, which can changing the period number significantly affects how well resonant AP
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Fig. 7. The top view of AP varies with the magnetic field and the frequency (a) When B, changes and B; exists, there is a sharp AP in the range of 1.184 ~ 1.2 T. (b)
When B, changes but B; does not exist, no sharp AP can be found in the range of 1.184 ~ 1.2 T. (c) When B; changes and B; exists, there is sharp AP in the range of
0.6 ~ 0.65 T. (d) When B; changes but B, does not exist, no sharp AP can be found in the range of 0.6 ~ 0.65 T.



J. Zou et al.

7.59715
LFR: £=-9.33x10~B,+7.6082
R-square: 0.999
= B, changes and B, exists
= 7.59710 ? !
=)
oy
=
@
=
>
£ 7.59705 -
=
a
7.59700 @) T

1.184 1.186 1.188 1.190 1.192 1.194 1.196 1.198 1.200
Magnetic filed strength B, (T)

Optics and Laser Technology 167 (2023) 109844

7.59705
LFR: f=-4.72x10*B,+7.5973
R- :0.991
7.59704 - satare
= B, changes and B, exists
=
£7.59703 -
z
5 \
£.7.59702 ~—_
E \
7.59701 - ~_
b
7.59700 (b) : . . . .
0.60  0.61 062 063  0.64  0.65

Magnetic filed strength B, (T)

Fig. 8. LFR between the external magnetic field and FP of AP on the negative scale. (a) When B, changes and B; exists. (b) When B; changes and B, exists.

performs. This is mostly because changing the period number will
change the location and strength of the local electric field, which will
change the frequency of AP and the value of A.

3.2. Multiple physical quantities detection

In the production of sensors, amplitude, phase, and frequency
modulation are frequently used. Frequency modulation is the most
popular among them due to its practicality in experimentation and
observation. It is possible to convert a signal that is difficult to observe
into an easily observable photoelectric signal by creating a special linear
relationship between the frequency and the variable to be measured
(this physical quantity is not convenient to measure directly). The
resonance frequency will move in a specific way if the value of the
physical quantity being measured changes. The precise value of the
physical amount to be measured can be determined by looking at the
location of the AP, which is also how the sensor works. Important
metrics to consider when evaluating a sensor include S, Q, FOM, and DL.
A good sensor has greater S, higher Q, higher FOM, and lower DL.
Corresponding definitions can be expressed as follows [41]:

Af

= 17
Ax a7
1.94x10° - 234
[ (a) B, changes and B, exists
—e— FOM (T) 1233
1.92x10° DL (T)
* * 232
1.90%10° 231
5 230
1.88x10°
+229
1.86x10° L22s
1.84x10° 227
- 1226
1.82x10°
1225
1.80x10° ;

T T T T T T T 224
1.184 1.186 1.188 1.190 1.192 1.194 1.196 1.198 1.200
Magnetic filed strength B, (T)

_fr
0= FWHM’ (18)
FOM = S 19)
~ FWHM’
_
T 208Q’ 20

where Af and Ax refer to the frequency and sensing physical quantity,
while fr symbolizes the frequency of AP and FWHM implies the half-
height width of the resonant peak.

When one of the external magnetic fields is fixed, the magnetized
InSb of the negative direction of the JM can detect the external magnetic
field and still maintain proper AND logic operation function in the range
of detection. In the work, the transfer matrix method can be used to
obtain the spatial distribution of A. Fig. 7 shows the magnetic flux
density detection on the negative scale when the value of the EWs 6 is
0 degrees. As can be known from Fig. 7(a) and (b), the FP of the sharp
AP can be changed when By varies and By exists (B; = 0.65 T), that is, the
input LL is “In; = 1” and “Iny = 1”. On the opposite, the input LL is “Iny
=0”and “Iny = 17, when the By is absent, there is no sharp AP within the
range of detection. Fig. 7(c) and (d) displayed that the sharp AP can be
changed under different frequencies when B; varies and By exists (By =
1.2 T), that is, the input LL is “In; = 1” and “Inp = 17, and when the B;

1.82x10°

0 (b) B, changes and B, exists
—o— FOM (T 11.24
DL (T)
1.81x10° [11.22
\
\ +11.20
1.80%x10°
11.18
11.16
1.79x10°1
F11.14
S
1.78x10° T T T T T 11.12
0.60 0.61 0.62 0.63 0.64 0.65

Magnetic filed strength B, (T)

Fig. 9. The values of Q, FOM, and DL under the different magnetic field strengths on the negative scale. (a) When B, changes and B, exists. (b)When B, changes and

B, exists.
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cy on the positive scale. (a) When both B; and B;, exist, A is smaller than 0.9 in the

range of 1.3 ~ 2 degrees. (b) When B, exists but B, does not, no sharp AP exist in the range of 1.3 ~ 2 degrees. (c) When B, exists but B; does not, no sharp AP exist in

the range of 1.3 ~ 2 degrees. (d) When neither B; nor B, exists, there is a sharp

does not exist, that is, the input LL is “In; = 17, “Iny = 07, there is not
sharp AP within the range of detection. Moreover, Fig. 7(a) indicates
that continuous AP exhibits a good linear fitting relationship (LFR) in
the range of the value of By from 1.185 T to 1.2 T and Fig. 7(c) indicates
that continuous AP exhibits a good LFR in the B; between 0.61 T and
0.65 T. In these ranges, the values of A are>0.9, which can ensure basic
detectability. Using the linear fitting method, equidistant locations
along the horizontal axis are chosen to produce the LFR. In addition, to
analyze the performance of LFR more clearly, the coefficient of deter-
mination R-square is used in this paper. It is an important index to
demonstrate the sensor’s dependability and the closer the value is to 1,
the better. Fig. 8 shows the LFR between the external magnetic field and
the FP of AP. Fig. 8(a) exhibits the LFR between By and the FP of the
sharp AP when B, varies and B; exists. Between the value of By from
1.185Tto 1.2 T, the LFRis f = -9.33 x 10°3B, + 7.6082 and the value of
S, which can be calculated through the Eq.(17), is 9.33 x 10" THz/T.
The R-square is 0.999, which can prove that the linearity is very good to
satisfy the requirement of making sensors. As well as, the LFR between
B and the FP of the sharp AP when B; varies and B, exists, displayed in
Fig. 8(b). In the range of B; from 0.61 T to 0.65 T, the LFR is f = -4.72 x
10'4B1 + 7.5973 and the value of R-square is 0.991, which demonstrates
the sensor’s dependability and ability of S can reach 4.72 x 10™ THz/T.
Fig. 10 shows the values of Q, FOM, and DL for negative detection under
the different magnetic field strengths. As shown in Fig. 10(a), when By

AP (A > 0.9).

changes and B exists, the scope of Q is from 1.84 x 10° to 1.89 x 10°,
FOM is from 266 T~! to 232 T™!, and the value of DL is 2.15 x 10™* ~
2.23 x 10"* T. When B, changes and B, exists, displayed by Fig. 10(b),
the value of Q is from 1.79 x 10° to 1.81 x 10°, FOM float directly in
11.14 ~ 11.24 T™}, and the range of DL is 4.45 x 10 ~ 4.50 x 10 T.
These data means that the performance parameters of the JM have a
certain competitive advantage.Fig. 9..

In addition, the JM, which is designed in this paper, also can detect
the change of the EWs incident angle 6. Fig. 10 shows the EWs incident
angle 0 detection in the range of 6 from 1.3 degrees to 2 degrees on the
positive scale. As can be seen from Fig. 10(a), when both By and B; are
absent, that is, the input LL is “In; = 0” and “Iny = 07, and the output LL
is “Out = 17, can get AP (A > 0.9) within the range of detection and AP
exhibits a good LFR in the range of the value. But in Fig. 10(b)-(d), in the
range of detection, AP does not exist. This means that the JM cannot
detect the EWs incident angle 6 when the output of the NOR logic gate is
not “1”. It proved that the detection of 0 is satisfied with the NOR logic.
The negative scale of the JM can also detect 6 and the range of detection
is from 2.9 degrees to 3 degrees, as can be seen in Fig. 11. In the case of
both B; and B, existing, the input LL is “In; = 1” and “Ing = 17, and the
output LL is “Out = 1”. The JM can produce AP (A > 0.9) within the
range of detection and a good LFR is built between FP and AP. But in
Fig. 11(b)-(d), when the output of the AND logic gate is not “1”, there is
no AP in the range of detection. It means the detection of § follows AND
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Fig. 11. The top view of AP varies with the EWs incidence angle 0 and the frequency on the negative scale. (a) When both B; and B, exist, there is a sharp AP (A >
0.9). (b) When B, exists but B, does not, no sharp AP exist in the range of 2.9 ~ 3 degrees. (c) When B exists but B; does not, no sharp AP exist in the range of 2.9 ~ 3
degrees. (d) When neither By nor B exists, no sharp AP exists in the range of 2.9 ~ 3 degrees.
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Fig. 12. LFR between the EWs incidence angle 6 and the FP of AP. (a) In the case of using the positive scale to sense. (b) In the case of using the negative scale

to sense.

logic gate. So that, not only the JM can sense the change of ¢, but also the
detection of @ can be controlled by the logic gate.

Similarly, the LFR depicted in Fig. 12 is created using the linear
fitting method by selecting equidistant points along the horizontal axis.

When both B; and B, are absent, Fig. 12(a) shows the LFR between the
FP of AP and 6 on the positive scale. The LFR is f= 8.7 x 1070 + 7.61252
in the range of 1.4 ~ 1.9 degrees, and the R-square value is 0.998,
demonstrating the sensor’s dependability and ability of S can attain 8.7
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Fig. 15. The top view of AP varies with the refractive index n, and the frequency on the negative scale. (a) When both B; and B, exist, there is a sharp AP (A > 0.9) in
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x 10 THz/degrees. In the case of both By and By, the LFR between FP of
AP on the negative scale is exhibited in Fig. 12(b). In the range of 2.9 ~ 3
degrees, the LFR is f = 1.724 x 10730 + 7.59468, R-square is 1, and S is
1.724 x 10°° THz/degrees.

The values of Q, FOM, and DL for positive and negative detection

under the different 6 can be found in Fig. 13. As shown in Fig. 13(a),
when the positive scale detects, the value of Q oscillates within the range
0f 2.09 x 10° ~ 2.12 x 10°, the value of FOM is from 23.85 degrees ™ to
24.85 degrees ™!, and the DL float between 2.07 x 10" degrees and 2.09
% 1072 degrees. Using the negative to detect, as seen from Fig. 13(b), Qs
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Fig. 16. LFR between the refractive index n, and the FP of AP. (a) The positive scale is used to detect. (b) The negative scale is used to detect.
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Fig. 17. The values of Q, FOM, and DL under the different refractive index n,. (a) The positive scale is used to detect. (b) The negative scale is used to detect.

from 1.84 x 10° to 1.89 x 10°, the scope of FOM is in the range of 41.7
~ 42.7 degrees™!, and the value of DL float between 1.165 x 10 de-
grees and 1.2 x 107 degrees. From these data of Q, FOM, and DL, what
can be known is that the JM has high accuracy for angle sensing. In
settings where the angle changes are too subtle to be noticed for the
human eye, it can be used. For example, the shape and surface roughness
of an object can be measured by detecting the EWs at a small angle.
Furthermore, in medical imaging, tiny angle detection can be used to
measure the changes in internal tissues or organs of the human body,
like sensing the tiny angular changes in the brain of epileptic patients
[42].

The identification of a substance’s RI is urgently needed in the fields
of biology, chemistry, physics, and others, hence there is a large selec-
tion of sensors made specifically for RI detection. The JM sensor,
designed in this paper, was developed to be able to measure and detect
RIin addition to the magnetic field and angle sensing detection. To study
the ability of JM to detect RI and the logic operation function, a new
layer, whose thickness is d, (d, = dp), was added in front of the EWs
incidence surface and its RI (n,) is changeable.

The four logical situations in which NOR logic operates when EWs
propagate positively are shown as x-y plan diagrams in Fig. 14. Fig. 14
(d) illustrates that in the absence of B; and B,, n, and the FP of AP create
a good LFR within the RI detection range of the JM, with the value of A
coinciding with 0.95 to 0.97 in several, which is significantly higher
than 0.9 and can guarantee the LL of output is “1”. When one of B; and B,
exists and the other is not present, as assumed in Fig. 14(b) and (c), no
sharp AP is generated. Moreover, in the case of B; and By, there is no
sharp AP too. This indicates that the JM for RI detection on the positive
scale is strictly followed by the NOR logical operations, that is “1 NOR 1
=0",“l NOR0O=0",“0ONOR 1 =0"and “ONOR 0 = 1”. Fig. 15 displays
the situation of AND logic application when EWs propagate negatively.
As can be seen in Fig. 15(a), when both B; and B; are present, the FP of
AP has an LFR with n, within the RI detection range and the values of A
are higher than 0.9, which can ensure the LL of output is ”1¢“. No sharp
AP develops, when one of B; and B, is absent or both B; and B, are
absent, as is assumed in Fig. 15(b)-(d). It proves that the RI detection on
the negative scale is strictly satisfied with the AND logic gate, which is “1
AND1=17,“1 AND O =0",“0AND 1 = 0” and “0 AND 0 = 0".

Fig. 16(a) demonstrates objectively that the detection range of the RI
of ny is from 1.05 to 1.45 under the condition of By =0 Tand B, =0T
when the positive scale is used to detect n,, and the corresponding LFR is
f=-12x 107n, + 7.62197. Furthermore, the values of S and R-square
are respectively 1.2 x 10”> THz and 0.998, which can prove that the FP
of AP has a strong LFR with n,. As can be seen from Fig. 16(b), when the
detected layer is in front of the negative scale, the detection range of n, is
2.1 ~ 2.5, when B; =0.65 T and B, = 1.2 T, the corresponding LFR is f =
-2.26 x 10°n, 4 7.59706, and the S and R-square values are 2.26 x 107
THz and 0.99, demonstrating the strong LFR of AP and n,.
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Table 2
The RI corresponds to the three kinds of SWB [43].

SWB Escherichia coli Shigella flexneri Vibrio cholera

Refractive Index 1.388 4 0.005 1.422 4+ 0.005 1.365 + 0.005

The Q, FOM, and DL values related to the above two cases are
demonstrated in Fig. 17. When using the positive scale to detect, as
displayed in Fig. 17(a), through calculation, the value of Q is between
2.09 x 10° and 2.12 x 10°, the FOM value ranges from 3.3 to 3.35 and
DL float from 0.15 and 0.152. Using the negative scale to sense the
change of n,, the Q, FOM, and DL values are shown in Fig. 17(b) and the
ranges of their values separately are 1.84 x 10° ~ 1.844 x 10°,5.4 ~ 5.6
and 0.09 ~ 0.092, which can meet the requirements of detection per-
formance. The results show that the designed JM has good RI detection
performance on both positive and negative detection.

Because when EWs incident forward, the RI detection range is 1.05
~ 1.45, which is the common detection range in the field of biology. So
for RI sensing, the JM, designed in this paper, can satisfy the need for
some specific RI detection in some biology studies. For example, the
sensing detection of the concentration of glucose aqueous solution (Cg)
can be realized. The RI change of glucose in aqueous solution is com-
parable to the fluctuation in blood glucose levels, therefore research into
the former can serve as a starting point for work on the latter. When
glucose is introduced into the sensing zone as an aqueous solution, the
Cg and the accompanying ng combine to generate LFR, which is repre-
sented as [26]:

ng = 1.33230545 + 0.00011889C. (21)

When the Cg is in the range of 0 ~ 500 g/L, the corresponding RI
range is 1.3323 ~ 1.3918, and accurate RI detection can be achieved
within the detection range of 1.05 ~ 1.45 on the positive scale. As can be
seen from Fig. 16(a), it can show good LFR and it is anticipated to offer a
novel method for microscopic monitoring of blood glucose levels in
medicine. Furthermore, the JM can also be used to measure the single
waterborne bacterium (SWB) [43]. Table 2 shows the RI corresponding
to the three kinds of SWB of Escherichia coli, Shigella flexneri, and Vibrio
cholera. Their values of RI respectively are 1.388, 1.422, and 1.365.
Because their RI is in the detection range on the positive scale, the JM
can also be used to discriminate the three kinds of bacteria and it is
expected to be more widely used in biological cell detection.

According to the research discussion above, the designed JM has
excellent performance, which can satisfy the needs of EWs incident
angle and RI sensing on the anteroposterior scales and magnetic field
sensing on the negative scale. Moreover, the associated detection fre-
quency varies significantly in the measurement range as EWs propagate
in the opposite direction. The S, Q, and FOM of JM on the positive and
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Table 3
The performance of the proposed JM compared with the published studies.
Reference Janus Multi-function Physical quantities detection Logic gate
Ref. [25] Yes No None Positive NOR
Negative AND
Ref. [26] Yes No Positive RI 1.33 ~1.35 None
Negative RI 1.35 ~ 2.09
Ref. [27] Yes No Positive Magnetic field (T) 0.14 ~ 0.22 None
Negative Magnetic field (T) 0.15 ~ 0.25
Ref. [44] No No Magnetic field (T) 0.1 ~0.2 None
Ref. [45] No No RI 1.33 ~ 1.41 None
Yes Yes Magnetic field (T) B; changes 0.61 ~ 0.65 Positive NOR
This work B, changes 1.185 ~ 1.2
Angle (degrees) Positive 1.4~1.9
Negative 29~3 Negative AND
RI Positive 1.05 ~ 1.45
Negative 21~25

negative scales are quite different, possess good anteroposterior detec-
tion selectivity, and can detect objects with varying degrees of precision
depending on the DL. As shown in Table 3, the NOR and AND logic
operation function serves as the foundation for the physical quantity
sensing function of the JM developed in this study. From the input LL
“In;”, “Iny” and the corresponding output LL “Out”, it can be found that
it strictly follows the NOR and AND logic operation functions. Addi-
tionally, it offers a new way to convert a signal that is difficult to observe
into an easily observable photoelectric signal and can be used in many
detection situations. Although this paper focus on the the theoretical
innovation and demonstrates the point of view of simulation-based. The
professional Lab and funding cannot be had in our university Under this
circumstance, our manuscript focus on theoretical innovation and
innovation in research methods. Furthermore, all the results are calcu-
lated based on the equations mentioned are based on the the works that
has been recognized before, and are calculated through the softwares
which are recognized by the industry. So, the results in this paper are
valid.

4. Conclusion

A 1-D JM, which has the functions of NOR logic gate, AND logic gate,
magnetic strength sensing, angle sensing, and RI sensing, is proposed in
this paper. To achieve high Q values, JM utilizes sharp AP (A > 0.9)
produced by localization defect mode resonances and utilizes magnetic
field regulation. The accurate physical quantity sensing function can be
achieved due to the measured quantity and FP of AP having a strong
linear fitting relationship and having high S, R-square, FOM, and low DL.
For magnetic field, incident angle, and RI sensing, on the positive scale,
their corresponding sensing ranges are 1.185 ~ 1.2 T, 1.4 ~ 1.9 degrees,
and 1.05 ~ 1.45. On the negative scale, their corresponding sensing
ranges are 0.61 ~ 0.65 T, 2.9 ~ 3 degrees, and 2.1 ~ 2.5 RIU in several.
In conclusion, the suggested 1-D JM includes a multi-function of
different logic gates and multiple physical quantities detection.
Compared with the JM, which only has a single function and single
scale, it provides a new research idea for the study and has a more
promising future for theoretical research.
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