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Abstract

®

CrossMark

A one-dimensional magnetized InSb photonic crystals layered topology (PCLT) proposed in
this paper can realize the functions of logic OR operation and magnetic field sensing. In the
proposed PCLT, under the transverse magnetic polarization, the value and frequency of the
absorption peak (AP) can be controlled by the external magnetic fields and has a high-quality
factor (Q), thus OR logical operation can be achieved. Additionally, since InSb has a
magneto-optical effect under magnetic fields, the parity of the structure of the PCLT which adds
InSb as defect layers can be broken. Electromagnetic waves obtain nonreciprocity when
propagating in opposite directions within the PCLT, which means that logical operation and
magnetic field sensing based on AP can be obtained on the forward and backward scales. For
the detection, on the forward scale, optimum performances of Q, sensitivity (S), the figure of
merit, and detection limit are 62 372.09, 0.0169 (2wc/d)/T, 4225 T~!, 1.2 x 1073 T, and for the
backward detection, the corresponding values are 63 626.25, 0.0225 (2nc/d)/T, 5200 T,

1 x 107> T. The designed PCLT is innovative in multi-functional and multi-scale, having

certain research value and prospects.

Keywords: logical operation, photonic structure, detection, nonreciprocity

(Some figures may appear in colour only in the online journal)

1. Introduction

Logic gates based on the photonic crystals layered topo-
logy (PCLT) have been widely studied in recent years, it
is an important branch of the integrated optical path, and
there are many applications in the fields of optical sensing,
optical communications, such as optical signal processors
[1], photonic microprocessors [2] and optical instruments.
An important part of implementing logic gates is the PCLT.
PCLT is arranged periodically by different refractive index
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media, which can be divided into one-dimensional (1D), two-
dimensional (2-D) [3], and three-dimensional arrangements
[4]. In general, because 1D PCLT has photonic band gaps
(PBGs) [5], the electromagnetic waves (EWs) cannot propag-
ate in the PBGs under normal conditions [6]. But numerous
studies have shown that [7, 8], under the condition of intro-
ducing appropriate defect layers, a passband at a specific fre-
quency is created in the PBGs, in which EWs can propagate.
This feature provides ideas for the implementation of logical
operations.

It is known that InSb owns a magneto-optical effect under
the action of an applied magnetic field [9], and this effect can
make changes in the dielectric constants due to the free carriers
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of InSb [10]. Therefore, magnetic field sensing can be real-
ized via a magnetic field controlling the dielectric constants of
the PCLT. With the deepening of research, different types of
magnetic field sensors have been designed, such as eddy cur-
rent sensors [11], fluxgate magnetic sensors [12], and induc-
tion coil magnetic sensors [13]. They play a huge role in the
field of information science.

Nonreciprocity is widely served in sensors [14], optical
diodes [15], and isolators [16], and it refers to EWs propagat-
ing in opposite directions with different EWs loss and phase
shift [17]. The nonreciprocity of EWs propagation can be gen-
erated when EWSs propagate in the opposite direction within
the structure whose cosmology is broken [18, 19]. The 1D
PCLT proposed is asymmetrical, contributing to realizing the
nonreciprocity. Additionally, due to InSb owning the high
electron mobility, under relatively small magnetic fields, it will
show the gyrotropy property near the cyclotron frequency loc-
ated in the terahertz (THz) state [20] which can lead to non-
reciprocity. Furthermore, due to the introduction of the mag-
netic InSb, the magneto-optical effect which can break the
parity of the PCLT can also help to enhance the nonrecipro-
city [21]. Thus EWs can propagate nonreciprocally within the
PCLT. Here, we can use the strength of the nonreciprocity
EWs propagation to equip the 1D PCLT device with two meas-
urement scales.

With the rapid progress of research, devices that can
be used for magnetic field sensing and logical gates have
been extensively studied. Chen et al [22] proposed a
high-fidelity frequency-encoded deterministic two-photon
controlled-phase gate which could be achieved via exploit-
ing the strong photon—photon correlation enabled by photonic
dimers and the unique nonreciprocal photonic propagation in
chiral quantum nanophotonic systems. Yan et al [23] used
two large photonic crystals ring resonators, one small ring
resonator, and the photonic crystals branch waveguides to
design a 2D PCLT THz wave logic AND-XOR gate which
also owned small sizes and was simple to fabricate. Wu et al
[24] investigated optical logic gates with good S based on
the phase control which cloud be observed in photonic crys-
tals heterostructures and asymmetric defective photonic crys-
tals. These devices have very good performance paramet-
ers, but it exists a pity that the devices investigated only can
realize a single function such as sensing or logic gates. In
recent years, a device owning multi-function and multi-scale
forms a new direction of research. Zhuo et al [25] designed
a photodetector that integration of the monolayer graphene
onto the side-polished optical fiber, combining the functions
of photodetection and optical phase modulation. Badri er al
[26] proposed a reconfigurable optical bandpass filter based
on subwavelength grating (SWG), and could also be used
as a nonvolatile optical switch due to tuning the resonance
wavelength and transmission peak. Badri et al [27] demon-
strated an optical filter based on a silicon SWG waveguide
evanescently coupled to phase-change material loading seg-
ments arranged periodically around the SWG core. Moreover,
a switching functionality with an extinction ratio of 28.8 dB
was added to the structure due to employing the phase-change
material Ge,Sb,Tes. Youngblood et al [28] produced a single

graphene-based device that can simultaneously provide effi-
cient optical modulation and photodetection. These results
broaden the research ideas of related fields. Therefore, the
electromagnetic devices own the functions of both logic gates
and sensing detectors having great research potential.

In this paper, we study a 1D PCLT that can implement
both logic OR operations and magnetic field sensing functions,
which makes innovation and breakthrough in previous stud-
ies. Specifically, OR logic operations modulated by magnetic
fields are implemented. On this basis, by locating the absorp-
tion peak (AP), a detector with a high-quality factor (Q) value,
high S, high figure of merit (FOM) and low detection limit
(DL) for measuring weak magnetic field changes can be suc-
cessfully realized. In addition, the nonreciprocity created by
the introduction of magnetized InSb as defect layers means
logic operations and detection that can be done simultaneously
on both forward and backward scales. Furthermore, in several
cases of OR logical operations, the linear equations have dif-
ferent Q values, detection ranges, and S when EWs propagate
respectively forward and backward, which is the bright spot in
the paper. It should be stressed that this paper is mainly theor-
etical research, and experiments are not included in the scope
of this work.

2. Theoretical model and simulation

The 1D magnetized InSb PCLT we designed is shown in
figure 1(a), it is formed by a quasi-periodic asymmetric
arrangement of an ordinary dielectric. InSb is added as a defect
layer and its optical rotation effect under the external magnetic
fields increases the time inversion and spatial asymmetry of
the structure. For the universality of the structure, PCLT will
be exposed to air. Under the transverse electric (TE) mode,
distributed only on the transverse plane perpendicular to the
direction of propagation are the electric field components.
Conversely, the magnetic field components only exist in the
transverse plane perpendicular to the propagation direction in
the occurrence of the transverse magnetic (TM) polarization
[29]. Here, we only focus on the TM mode, and the external
magnetic fields are B; and B,, which are parallel to the —y axis
and are respectively applied to InSb; and InSb,. The angle of
incidence is 6 which refers to the angle between the EWs and
the z-axis, where the incidence of EWs are positive angles.
When EWs propagate in the 1D magnetized InSb PCLT, the
Lorentz force affects the EWs due to the TM polarization,
while the TE polarization does not. Therefore, the effects of
the TM polarization can be controlled by the external mag-
netic field [30]. The incidence paths of EWs during the for-
ward and backward propagation are indicated by blue and red
arrows, respectively. Given the universality of the results, the
normalized thickness is set as d. The common dielectrics are
indicated by A, B, C, D, E, F, G. And da, dg, dc, dp, dg,
dr, and dg are used to simplify the thickness of these dielec-
trics. By normalizing the thickness of the medium, the incid-
ent frequency of EWs can be normalized to w = 27c/d, and
here we set 2mc/d as . This structure defines the thickness
of each media layer as dy = 0.6d, dg = 0.4d, dc = 0.75d,
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Figure 1. (a) The schematic structure of magnetized InSb 1D PCLT. (b) The setup configuration of the experiment probes the absorption.

dp = 0.6d, dg = 0.8d, dr = 0.4d and dg = 0.6d. The thick-
nesses of the two semiconductors InSb; and InSb, are fixed
at d; = 0.069d and d, = 0.05d. Figure 1(a) shows the entire
structure, where the filter structure is the structure ‘GFG’. The
numbers of the omitted period are severally about N; = 10,
N, = 14, and N5 = 7. The refractive indexes of the dielectrics
are set to ny = 2.391, ng = 1.697, nc = 2.371, np = 2.86,
ng = 1.8, ng = 3.87, and ng = 3.97. In addition, the transfer
matrix method is used to analyze the entire structure [31, 32].

Under the condition of the external magnetic fields applied
to the layers of InSb, the dielectric of InSb exhibits an aniso-
tropic tensor, and its dielectric function is described as [33]:

Ex 0 ey
€Insb = 0 Ey 0 , (D
—€, 0 &
in which, the matrix elements as [33]:
W (w+iv,
Ex =€ — €00 P( 2 ) 5 (261)
w | (w+ive) —wg}
W
) = €00 —Eoo s 2b
& = o0~ ooy (2b)

2
p

wl(w+ive)? —w?]

W We

(20)

Exz = €

where the angular frequency is expressed in w and normalized
to . By using the appropriate unit thickness d, we can take d as
an appropriate cell thickness to gain the EWs in the THz. Here,
the high-frequency limit permittivity, collision frequency, and
plasma frequency of the carrier are respectively indicated by
€o0s Ve, and wyp. Here e, = 15.68 [34], wy, = Ne*/eom*, N is
the intrinsic carrier concentration, equation (3) list the expres-
sion, €y, and e respectively represent the dielectric constant
and electron charge in the vacuum, the effective mass of the
carrier is indicated by m*. The electron mass m, is related
to m*, m* = 0.015m, for InSb [33]. v.; and v, represent
the carrier collision frequencies in two different InSbs, where
ver = 0.000 06wy, and vy = 0.000 008wy, we = eB/m™ symbol-
izes the electron gyration frequency. Through magnetic fields
regulation, in order to accurately realize the logic OR function
on the forward and backward scales, and keep the sharp AP
generated by different OR logic conditions in the same scale
at the same frequency point, after parameter optimization, the
values of magnetic fields B and B; respectively corresponding
to forward and backward scales are different. For the forward
propagation, initially, B; = 1.36 T and B, = 1.14 T. Similarly,
By =1.411 T and B, = 1.407 T when the EWs propagate in
the opposite direction. What needs illustration is that our work
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studies the theoretical model, ordinary dielectrics are not influ-
enced by an external magnetic field, and the thicknesses of
InSb layers are very thin compared to ordinary dielectric lay-
ers, so the magnetic field applied to the particular InSb layer
is in a small area, other InSb layers not affected. If consider-
ing the experimental application, Xuan et al [35] designed a
gradient magnetic field coil. By applying current to it, a spa-
tial linear magnetic field can be generated, which meets the
requirements of this paper that the magnetic field sizes on dif-
ferent InSb layers are different and the influences of adjacent
magnetic fields can be isolated.

In addition, the effect of N on the dielectric properties of
InSb is crucial, which greatly depends on T. T is the temper-
ature, and it takes 270 K, which follows the equation as [33]:

N(m™%) =5.76 x 10°°T,'*
x exp [—0.26/(2 x 8.625 x 107> x Tp)].  (3)

The Effective permittivity for InSb materials under TM
polarization can be worked out as [36]:

e .
m “wy (wive)

accordlng to the Ex = €0 — EWW

and €,;, =

im*w;eB
changes, but ¢, will not. Therefore, the three tensors in the
dielectric function of InSb will have different values, becom-
ing asymmetric tensors. When InSb layers are introduced into
PCLT, the nonreciprocity will increase. The size of eqy is
influenced by the magnetic strength B. In addition, the refract-
ive index is nt™M = (ETM)]/Z.

To highlight the contribution of the three tensors in the InSb
dielectric function to anisotropy under TM polarization, the
dielectric function of InSb under TE wave propagation is given
here. since there is no magnetic field applied (B = 0 T) under
TE polarization, the matrix elements indicate that £, = ¢,
ex, = 0, so the dielectric constant of InSb is isotropic. The
effective dielectric function for InSb can be followed as:

ey and ¢,, change as the size of B

2

“b 5)

ETE :gx:€oo_€oom.

Obviously, its value is independent of the magnetic field
strength B. The refractive index under TE polarization is

) ntg = (e1p)"”.
ETM = Ex 725*‘2 ; 4) Under the TM polarization, the transfer matrix is expressed
€k as [35]:
|
cos(kinds) + B2 gin(kid) — |1+ ("—)2 sin(kid;)
Moy = izCi Ex izCi i ki-ex izCi ’ (6)
—in; sin(k;d;) cos (ki.d;) — == sin(ki.d;)
[

where k, and k, are the inverse components of the wave M, = (MAMgMrp, Mp(MAMg)Mc(MAMg)

vector on the x- and z-axes, respectively. InSb; and InSb, x Mc (MM )" My (MaM )™ (8)

are described by i denoting 1 or 2, respectively, where
k, = ntmsind;w/c-, k, = ntycos;wic, here c refers to the speed
of light in a vacuum. The optical admittance is indicated by
n; = (€o/ proynrm/cosh;, here 11 is the permeability of a vacuum.

In addition, with j to describe different materials, the dielec-
tric A, B, C, D, E, F, G can be indicated by j, the transfer matrix
of its dielectric is shown below [36], written as:

cos(kj.d;)
—injsin(kj.d;)

— TIL/ sin(kadj)

M=
! cos(kpdj) |’

)

where kj; = sinfjw/c. Due to the magneto-optical effect and
asymmetric arrangement, EWs correspond to different trans-
mission matrices in the forward and backward propagation,
respectively, realizing nonreciprocity. Making M; the forward
propagation and My the backward propagation. The entire
transfer matrix of the forward and backward propagation can
be represented as follows.

We dived the entire transfer matrix of the forward propaga-
tion into two parts. The front part M, as:

and the latter part M, expressed as:

Ms = Mc(MgMy)' MMy (MgM ) MMy (MgMa)MeMGMy,
9)

so the entire transfer matrix of the forward propagation Mf is
given as:

M; = M\ M,. (10)

Similarly, the front part of the entire backward transfer matrix
M3 shows as:

M3 = MeMcMp(MaMg)MovoMe(MaMg)MeMyg

x (MaMg)' M, an

and the second part M4 indicated as:

M, = (MM )" My (MaAMg)'°Mc (MM ) MpMry
X (MgM,), (12)
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so the enter transfer matrix of the backward propagation Mb
is gained as:

My, =M;M, (13)
where M1y and Mty are the transport matrices of InSb; and
InSb, materials, respectively, with the expression equation (6).
The transmission matrices of dielectrics A, B, C, D, E, F, G
are indicated by Ma, Mg, Mc, Mp, Mg, Mg and Mg with the
specific expression equation (7).

The reflection and transmission coefficients are calculated
as [29]:

(myy +mpnyy1)no — (miy +mianyg )

r= , (14)
(my1 +mianyg)no + (myy + miann+r)

2no

= s
(my1 4+ mpanys1)no + (M1 + mianytr)

5)

where 179 = 41 = (€0/ o) "> no/cosby, the calculation formu-

las for reflectance and transmittance are displayed as [36]:

R=r% (16)

T=|i. (17)
Many studies have shown that the absorption rate in exper-
iments is affected by many factors. For example, an exact
dissipation model applying to correlated photon transport in
waveguide QED systems is proposed and indicates that a
reduced Hamiltonian and a restricted eigen-state can explain
the photon leakages to the scattering channels, resulting in
atomic dissipation [37]. Moreover, the effects of reservoir-
induced dissipation for an arbitrary photonic Fock state trans-
port in waveguide quantum electrodynamic (WQED) are also
investigated [38]. However, our work is based on the ideal
model without considering the influence of these factors.
Hence, the formula for calculating the rate of absorption is
obtained as [34]:
A=1—-R-T. (18)
Figure 1(b) shows the experimental setup configuration
used to measure absorption. The configuration mainly consists
of an optical tunable source (OTS), designed PCLT structure,
optical spectrum analyzer (OSA), and computer. Between
OTS and the designed structure, and between the designed
structure and OTS, multimode optical fibers are used to con-
nect. OTS is connected to the computer by a data cable. When
the signal is input from left to PCLT and output from the right.
The specific signal transmission and absorption rate measure-
ment process are as follows: The signal is output from OTS,
transmits through a multimode fiber, and enters the PCLT
structure from the left end. After the structure, the signal is out-
put from the right end and input to the OSA through the mul-
timode fiber. At this point, the computer connected to the OSA
can obtain the corresponding spectrum, which can be analyzed
to measure the absorption rate in the optical band.

3. Analysis and discussion

The article below will carry out a more explicit functional ana-
lysis. Figure 2 shows the absorption spectra of the forward and
backward propagation magnetic control logic operation. We
can use target AP to detect different physical quantities.

The input logic level (LL) is represented by the different
strengths of the two external magnetic fields. The first input is
the external magnetic field strength B, and the second input
is the strength of B,. The input LL ‘1’ symbolizes that it exists
a magnetic field that is applied to InSb, otherwise the LL ‘0’
will display on the input. At the same time, the output is the
LL ‘I’ when the absorptance (A) is more than 0.9, and A under
0.2 symbolizes the output LL ‘0’, the precise magnetic field
modulation logic OR operation function is formed by these.

As shown in figure 2(a), when EW's propagate forward, A is
much less than 0.1 when neither the B; nor the B, is added to
the structure. Figures 2(b)—(d) present that, when EWs propag-
ate forward, only one magnetic field B; or B is present, both
B and B, exist, and sharp AP (A is more than 0.9) is gen-
erated, and the corresponding normalized angular frequency
(NAF) point of the AP is very close. Figures 2(e)—(h) demon-
strate that, when propagating in the backward direction, the
results produced by the AP are similar to those produced by the
forward propagation, except that the angular frequency points
corresponding to the AP produced by the forward and back-
ward propagation are significantly different. That is when any
input behaves as LL ‘1°, the LL of ‘1’ must display on the out-
put, as the same as the logic operations ‘1 OR 0 = 1’, ‘0 OR
1 =1"and ‘1 OR 1 = I’, respectively. Conversely, when all
inputs are represented as LL ‘0’, the output will be regarded as
the LL ‘0’, corresponding to the logic operation ‘O OR 0 =0’.
These phenomena clearly express logic OR operations. For
a more intuitive exhibition, ‘In;’ and ‘In,’ are used for the
first input and the second input, respectively, and ‘Ou;’ for
the output. The multi-layer topology structure designed in this
paper is arranged by precise calculation and parameter optim-
ization. It can form sharp AP after the InSb layer is intro-
duced, and maintain good nonreciprocity in the forward and
backward direction by using the optical rotation effect of InSb.
Figures 2(i) and (j) demonstrate that when the InSb layers are
removed, no sharp AP is formed in the forward and backward
range and the nonreciprocity is very poor. Table 1 shows the
truth value table of the OR logical operations.

In addition, for the forward logic operations, when B exists
and B, does not, f = 0.2495 « is the corresponding NAF point
of the AP, with a O value of 9242.04 and an absorption rate of
0.9538. When B, exists and B; does not, the frequency point
of the AP is f = 0.2495 «, and the corresponding values of Q
and A are respectively about 62 372.5 and 0.9317. When both
B and B, exist, the NAF point is f = 0.2495 «. 62 372 and
0.9538 are the values of Q and A. Similarly, for the backward
logic operations, f = 0.2546 o, Q = 7957.22 and A is 0.9638.
When B, exists and By does not, f = 0.2546 o, Q = 50 928.4
and A is 0.9471. Under the condition of both B; and B, exist,
f =0.2546 o, Q = 50 928.8 and A is 0.9529. This means
that the logic OR operations of different frequencies can be
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Table 1. Truth value table belongs to the OR logic operations (the
parentheses show the performance of input and output).

In; In, Ouy

0 0 0

1(B; exists) 0 1(A>0.9)
0 1(B; exists) 1(A>0.9)
1(B; exists) 1(B; exists) 1(A>0.9)

realized on the forward scale and backward scale, and different
Q values can be obtained. Additionally, weak fluctuations in
external magnetic fields can be detected by the device. When
only By or B; exists, both B; and B, exist, the LL displays
on the output as ‘1’ and sharp AP will generate. So, we can
position the target AP to realize the detection function of the
high Q value of the AP spectrum.

To explain the formation causes of the target resonant AP
with different positions of the PCLT when the EWs respect-
ively propagate forward and backward, figure 3 shows the sim-
ulation plot of the electric field energy distribution is given
when the frequency of EWs in the range of 7.48 THz to
7.64 THz. Here, we set d as 10 pm. It should be noted that
because there are too many layers of the PCLT and the elec-
tric field energy is concentrated in the first half of the incid-
ent light propagation direction, for the sake of the observa-
tion, we divide the PCLT into two parts and present one of
the parts when EWs propagate on both forward and back-
ward scales. Figures 3(a)—(c) are the left half part of the
PCLT. They illustrate that under forward propagation, only
B, or B, exists, both B; and B, exist, and the electric field
energy suddenly increases as EWs pass through the InSb,
layer. Figures 3(d)—(f) present the right half part of the PCLT.
Where figure 3(d) shows that, under the condition that only
B exists, the energy of the electric field is greatly enhanced
between the first layers of InSb, and the layer of InSb; when
EWs propagate in the backward direction. Figures 3(e) and
(f) display that under the backward propagation, as EWs pass
through the InSb, layer, the energy of the electric field is
sharply enhanced in the case of only B, exists, both B; and
B, exist. Because the layers of defect gather the energy of the
electric field, the electric field strength will increase dramatic-
ally in this layer. Forward EWs and reflected EWs work with
each other in the defect layer, resulting in a phase-canceling
interference effect, and the amplitude of the electric field is
thus enhanced. In addition, cavity resonance is formed due to
the introduction of defects, so that the energy is superimposed
in the defect layer, and the sharp resonance AP is thus gen-
erated. The result indicates that on the forward and backward
scales, due to magnetic structures and asymmetrical structures,
resonances can be excited at different positions of the PCLT,
showing nonreciprocity.

When we fix one of the external magnetic fields applied
to the layers of InSb, the other external magnetic field can be
detected by 1D magnetized InSb PCLT, and good logic OR
operation can be maintained within the detection range, in par-
ticular, this function can be kept at different linear intervals on
the forward and backward scales. Because the A of AP is much

less than 0.2 when neither B, nor B, exists, corresponding to
the logic OR operation ‘0 OR 0 = 0’, we can not realize mag-
netic field sensing via locating sharp AP (A > 0.9), here we do
not discuss this case.

Figure 4 indicates that when the strength of B; is fixed, the
target AP will move with the strength of B and the NAF point.
Figure 4(a) shows that for the forward detection, under the
condition of B, = 0 T, the continuous AP shows an excellent
linear relationship and the A is more than 0.9 in this range when
the B is in the range of 1.19 T to 1.4 T. Similarly, figure 4(b)
depicts that under backward detection, By within the scope of
1.403 T to 1.411 T indicates a fairly good linear relationship
when B, = 0 T, and A exceeds 0.9 in this range. The accurate
magnetic field detection based on the target sharp AP posi-
tion can be achieved. At the same time, B; exists and B, does
not, which symbolizes the corresponding LL of ‘In; = 1" and
‘In, = 0’ displayed on the input, and the LL of the output will
indicate ‘Ou; = 1’ as A is greater than 0.9.

Figures 5(a) and (b) appear the linear fitting relation-
ship (LFR) between the B; and the NAF to further ana-
lyze the performance of detection. For the forward detec-
tion, under the condition of B, = 0 T, the LFR of B; is
f=0.0115B; + 0.233 89 in which the B; ranges from 1.19 T
to 1.4 T. 0.0115 /T is the S which can also be calculated as
2.17 THz T~ (d is set to 10 um), and the range of 0.247 56 «
to 0.249 99 « is the NAF of B;. Linearity can be reflected by
the value of R-squared. The higher the R-squared value is, the
higher the fitting degree is and the higher the reliability of the
trend line is. Due to the R-square being 0.9995, the changes of
AP own superb linearity. Under the backward detection, when
B, =0T, the LFR is f = 0.0225B; + 0.222 94 from 1.403 T to
1.411 T, and the R-square is 0.9995 symbolizing good linear-
ity. The S of the LFR is 0.0225 /T which is also described as
4.24 THz T~ and the NAF of B; is in the range of 0.254 45 «
to 0.254 63 «, which is different from the forward detection.
FOM, Q, and DL are the critical parameters to evaluate the
performance of magnetic field detection. An excellent sensor
has high S, FOM, Q, and low DL. The S is higher means that
FOM is higher, and ultimately the wavelength resolution is
higher. The FOM is defined and evaluated for sensing, which
is calculated by equation (19):

S
FWHM’

FOM = (19)

where the half-height width (FWHM) implies the half-height
width of the resonant peak [39]. Figure 6 shows the val-
ues of Q and FOM for forward and backward sensing of B,
when the B> remains 0 T. Under the condition of the forward
sensing, the average values of FOM, Q, and DL are about
482.09 T~1, 10 425.24, 1.06 x 10~* T, respectively, and the
average value of the AP is 0.9514, exceeding 0.9, ensuring out-
put LL "O; = 1”. Reverse sensing average values are about
682.684 T—!, 7723.76, 0.76 x 10~* T. The average value of
the AP is 0.9422 during backward sensing, which is greater
than the absorption rate during forwarding sensing.

Figure 7 is the x-y plane view of the successive AP under
the condition of the B, existing and B changing. On the basis
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of A surpassing 0.9, figure 7(a) shows that when EW's propag-
ate on a forward scale, the B; changes in the interval of 1.358 T
to 1.37 T based on B, = 1.14 T. And for the backward detec-
tion, figure 7(b) indicates that B; is in the range of 1.405 T

to 1.411 T when the B, = 1.407 T. Figure 8(a) shows the
LFR severally belongs to forward and backward detection.
f = L.11 x 107*B; + 0.249 31 is the LFR under the for-
ward detection. The S is 1.11 x 10™* /T whose specific
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value is 2.09 x 10~2 THz T, and the NAF of B, is in the
range of 0.249 487 a to 0.249 489 «. The R-square of the
LFR is 0.9453, which means the linearity is relatively gen-
eral. For the backward detection, (see figure 8(b)) the LFR is
f=1.3x107*B; + 0.254 55, 8.33 x 107> o/T is the S, and
the range of NAF is from 0.254 643 « to 0.254 644 «. Hence,
the specific S is 2.45 x 1072 THz T~! and R-square is equal
to 0.9657. Figure 9(a) points out that for the forward detec-
tion when the B; is maintained at 1.14 T, the average sizes of
FOM, Q, and DL are respectively about 33.25 T~ 1.62372.09,
15.04 x 10~* T, and the average value of AP is 0.9518, more
than 0.9. Under the condition of B, remaining at 1.407 T, the
reverse detection average values presented in figure 9(b) are
about 26 T—!, 50 928.7, and 19.23 x 10~* T. The average A

is 0.9824 in the context of backward detection, ensuring the
output is LL ‘Ou; = 1’. Since the B; continuously changes
and B, always keeps a fixed value, so the LL ‘In; = 1" and LL
‘In, = 1 are displayed on the input.

In figures 10(a) and (b), in the case of By = 0 T, the
ranges of B, from 1 T to 1.2 T and 1.34 T to 1.46 T are
individually corresponding to forward and backward detec-
tion, and the values of AP keep more than 0.9. Therefore,
the precise detection based on the target AP position can be
achieved. Simultaneously, B; exists and B; does not, which
symbolizes the corresponding LL ‘In, = 1’ and LL ‘In; = 0’.
And the LL is ‘Ou; = 1’ displayed on the output as the A
exceeding 0.9. In order to gain the S of the detection, the
LFR between B, and the NAF is plotted in figure 11. On the
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basis of maintaining B; = 0 T, f = 0.0169B, + 0.23028 and
f = 0.0208B, + 0.225 47 are severally the LFR of B, when
detecting magnetic field on forward and backward scales.
From the LFR, for sensing forward, the S is 0.0169 /T and
the NAF of B, is in the interval of 0.247 18 « to 0.250 56 «.
Hence, the specific S can be calculated as 3.19 THz T~! when
the d is set to 10 pm and R-square is 0.9995 which symbol-
izes nice linearity. On the other hand, the S is 0.0208 «a/T
and 0.253 27 « to 0.255 76 « is the NAF, R-square of the
LFR is 0.9999. Average values of FOM, Q, and DL for for-
ward and backward sensing of B, when the B; remains at 0 T
are indicated in figure 12. Under the situation of forwarding

detection, 4225 T—!, 62 208.79, 0.12 x 10~* T are the top
values of FOM, Q, and DL, and 0.9501 is the mean value of
AP, ensuring output LL "Ou; = 1”. Under the negative direc-
tion of detection, optical values are about 5200 T~ 1 63626.25,
0.1 x 10* T Average A is 0.9643, which makes certain
output LL 1",

When taking B as a fixed strength, the proposed PCLT can
detect the magnetic field intensity of B;. The logic OR opera-
tion can also realize in the range of B, and satisfy ‘1 OR 1 =1".
To get the aim of simplification, shown in figure 13(a), for the
forward detection, the B, changes from 1 T to 1.14 T, and the
corresponding NAF is from 0.247 18 « to 0.249 49 o« when



J. Phys. D: Appl. Phys. 55 (2022) 415001

J Suietal

63000 4250 64000 . 5250
-u- Q -u— Q u
-+ FOM | 4240 - FOM _/
n 63800 /
62500 ./ =
e 4230 y -
B ] e B ..o 5 636001  @---@es0nes § .00, oo L5200
© / \ 8 < / Y E
u 4F4220 -
62000 ./ _____ - '/\ yd N4
[ ) N
/ 63400 /
u L4210 -
(a) (b)
61500 . . 4200 63200 T T T 5150
0.95 1.05 115 1.25 132 1.36 1.40 1.44 1.48

Magnetic field strength B, (T)

Magnetic field strength B, (T)

Figure 12. The Q and FOM at different B, under the condition of ‘0 OR 1 = 1. (a) The forward sensing. (b) The backward sensing.

A

Forward detection
1
0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Both B, and B, exist

(a)

A exceeds 0.9
Linear scope

Normalized frequency f (o)

1 1.05 1.1 1.15
Magnetic field strength B, (T)

Backward detection

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Both B, and B, exist

A exceeds 0.9
Linear scope

Normalized frequency f'(a)

1.42
Magnetic field strength B, (T)

1.44 1.46

Figure 13. The top view of A which varies with the magnetic field strength B, used for detection and the NAF, where both B and B; exist:
(a) changes in the A of forward propagation. (b) Changes in the A of backward propagation.

0.2498
%\ P Forward detection
=
=
o 0.2491
=
[}
=]
g
= 0.2484
=
[
N
3(—1'; 0.2477
E LFR: f=0.0165B,+0.23068
‘5 (a) R-square=0.9997
Z 0.2470 T T T T
0.95 1.00 1.05 1.10 1.15 1.20

Magnetic field strength B, (T)

0.2560 T T T
’8\ Backward detection
=
>
o 0.2555
=}
[}
=
g
= 0.2550
3 :
;c_-; 0.2545 - LFR: f=0.0212B,+0.22481
R-square=0.9998
g
5 (b)
Z 0.2540 ; ; ; . . .
140 141 142 143 144 145 146 147

Magnetic field strength B, (T)

Figure 14. LFR between NAF and magnetic field strength B, in the forward and backward sales when both B and B, exist. (a) The forward

scale. (b) The backward scale.

B; = 1.36 T. On the contrary, for the figure 10(b), under the
condition of By = 1.411 T, 1.407 T to 1.46 T are the range of B,
and 0.254 64 o t0 0.255 78 « is a scope of the NAF. The LFR
between B; and the NAF displays in figure 14 . For the forward
detection, under the condition that B = 1.36 T, the LFR of B,
and S are f = 0.0165B; + 0.23068 and 0.0165 o/T. R-square
is 0.9997, when detecting magnetic field strength on the back-
ward scale, under the condition of By = 1.411 T, the LFR is
f =0.0212B, 4 0.22481 and S is 0.0212 o/T. The R-square
of the LFR is 0.9998. The average values of FOM, Q, and DL
are indicated in figures 15(a) and (b). On the forward scale, the
relevant values are about 4125 T~!, 62 079, 0.12 x 104 T,
respectively, and the average A is 0.9767. Oppositely, on the

backward scale, 4240 T~!, 51 041.71, 0.12 x 10~* T are the
correlative values, and A is 0.9757, exceeding 0.9.

To sum up, S, FOM, Q, and DL are the important para-
meters to evaluate the performance of the detector device. An
excellent device owns a higher S, a higher Q, a higher FOM,
and a lower DL [33], table 2 indicates the comparison of relat-
ive parameters between reported logic gates or sensing detect-
ors and the work of this paper, it follows from this that val-
ues of performance gained from the above discussion com-
pletely enable to realize a multi-scale magnetic field strength
B, or B; detector. Additionally, the measurement ranges which
refer to both the magnetic flux intensity and the NAF exist a
large difference when EWs propagate respectively in opposite
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Table 2. The performance parameters of the proposed PCLT compare with the published studies.

Magnetic
References Parameter Performance induction Logic
[40] N 6.5nm T~ None None
0 7062
FOM 6.5nm T
[41] S None None OR logic
0 XOR logic
FOM
[42] S None 0.14T-022T None
0
FOM
This work Forward S 0.0169 o/T 1.19T-14T OR logic
0 62372.09
FOM 4225
Backward S 0.0225 o/T IT-12T
(0] 63626.25
FOM 5200

From the above, the logic OR operations ‘1 OR0=1",°00R 1 =1, 1 OR 1 =1°, ‘0 OR 0 = 0’ can be
obtained from the input LLs and APs which have different values (i.e. the determination of the LL displays on
the output). As a result, reliable OR logic operations and a large range of magnetic field strength sensing are

implemented on forwarding and backward scales.

directions, contributing to distinguishing forward and back-
ward detection. And it leads to significantly increasing the
detection range of the entire structure. In the same range, the
detection of the magnetic field strength with different preci-
sion can be achieved via different DLs.

4. Conclusion

This paper proposes a PCLT that combines two scales of mag-
netic control OR logic operation and magnetic field sensing.
Through the calculation of the transfer matrix method, the
A of the structure exceeds 0.9. The NAF position of AP can
be adjusted by altering the magnetic field. It follows that the
logic OR operation can be realized via changing the external
magnetic field strength. Additionally, magnetic field sensing
which always keeps the function of logic OR operation can
be validated by the target sharp AP, the maximum ranges of
detection are respectively about 1.19 T— 1.4 T and 1.407 T —
1.46 T on the forward and backward scales. In summary, the

1D magnetized InSb PCLT proposed in this paper has the func-
tions of magnetic control OR logic operation and two-scale
sensing, which means that the PCLT has a wide range of poten-
tial applications in the fields of biological detection, optical
communication, and optical computing.
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