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Electronic Delocalization Engineering of 𝜷-AsP Enabled
High-Efficient Multisource Logic Nanodevices

Fangqi Liu, Tongtong Wang, Qiang Yu, Zixin Yang, Jingxian Xiong, Xiaolin Zhang,
Pengwei Gong, Hongzhen Lin, Jian Wang,* Sicong Zhu,* and Jian Wu*

Delocalized electron and phonon structures are directives for rationally tuning
the intrinsic physicochemical properties of 2D materials by redistributing
electronic density. However, it is still challenging to accurately manipulate the
delocalized electron and systematically study the relationships between
physiochemical properties and practical nanodevices. Herein, the effects of
delocalized electrons engineering on blue-arsenic-phosphorus (𝜷-AsP)-based
practical devices are systematically investigated via implementing vacancies
or heteroatom doping. A tendency of carrier conductivity property from
“half-metal” to “metal” is initially found when tuning the electronic structure
of 𝜷-AsP with adjustable vacancy concentrations below 2 at% or above 3 at%,
which can be ascribed to the introduction of delocalized electrons that cause
asymmetric contributions to the electronic states near the implementation
site. In optical logic device simulations, broadband response, triangular wave
circuit system signal, and reverse polarization anisotropy are achieved by
adjusting the vacancy concentration, while extinction ratios are as high as
1561. The electric and thermic-logic devices realize the highest available
reported giant magnetoresistance (MR) up to 1013% and 1039% at vacancy
concentrations of 1.67% and 0.89%, respectively, which is significantly
superior to the reports. The results shed light on the electronic delocalization
strategy of regulating internal structures to achieve highly efficient
nanodevices.
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1. Introduction

Nanoelectronics devices, magnetic random-
access memory (MRAM), photodetectors,
transistors, and others are in high demand
due to their relatively low energy consump-
tion and highly efficient data transmission,
which have been successfully fabricated and
widely applied in energy, medicine, and
communication science fields.[1–5] Thanks
to the outstanding tunability of electri-
cal, mechanical, chemical, optical, mag-
netic, and optoelectronic properties, 2D ma-
terials can reduce the short-channel ef-
fect of nanodevices while endowing them
with excellent mechanical and flexible
properties.[6–9] However, devices made up of
single pristine 2D materials cannot satisfy
multi-functional demands. Black phospho-
rus (BP), a 2D graphene successor, is widely
used in the development of various func-
tional devices in the laboratory due to its ex-
cellent and abundant physical and chemi-
cal properties.[10,11] But the BP fails to insta-
bility when exposed to the air atmosphere,
limiting its further development. Recently,
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as a derivative of BP, the successful fabrication of the binary al-
loy black arsenic phosphorus with ultimate stability [12–16] has in-
spired the study of another stable phase of blue arsenic phospho-
rus (𝛽-AsP).[17,18] 𝛽-AsP has demonstrated the succeeding mer-
its of extremely high carrier mobility (electron mobility of 10
000 cm2 V−1 s−1) and flexible electronic structure tunability.[19,20]

For example, the 𝛽-AsP-based heterojunctions endow high effi-
ciency in solar energy conversion or hydrolysis catalysis. How-
ever, the non-magnetic behavior and indirect band gap of 𝛽-AsP
hinder its application in optoelectronic and spintronic devices.
As expected, materials with easily tunable internal electrons and
phonons can easily change their intrinsic properties targeting
functional devices. Therefore, modifying and regulating 𝛽-AsP
is the key to further development and improvement.

Recently, electronic delocalization has been widely recognized
as an essential and valid strategy to tune the electronic states and
phonon structure.[13,21–23] Defect and doping engineering are cur-
rently available as an extremely effective tool for constructing de-
localized electrons. The introduction of a low concentration of
transition metal (TM) atoms and vacancies can bring a disorder
of electronic density in a limited local region and break the sym-
metry of electronic distribution in 2D materials, leading to a dra-
matic variation in physical and chemical properties.[24–27] In par-
ticular, rational construction of defects or implementing vacancy
engineering on 2D materials can endow the targeted transforma-
tions of material properties and increase the high-performance
output of their nanodevices, a long-sought golden standard in
materials science.[28–30] For example, the trapping rate and Auger
recombination rate of photo carriers are accelerated after ad-
justing the vacancy concentrations in a Bi2O2Se-based photon-
ics device, further achieving a high-performance mode-locked
laser.[31,32] Current understanding and strategies do not allow for
resolving waste heat generation during the operation of nanode-
vices. Moreover, thermoelectric materials enable the effect to of-
fer a direct way to transform heat energy into electric energy. In a
new-emerging spin caloritronic field, incorporating the benefits
of both thermoelectric and spintronics is attracting huge interest
owing to its promising future in green energy and information
science.[33–35] In terms of transformation efficiency, the conver-
sion sites in thermoelectric materials seem to be of significance
and provide opportunities to improve the efficiency of the recov-
ery of waste heat from thermoelectric devices.[36] Taking all into
consideration, developing a high electronic transfer and conver-
sion efficiency based on 2D materials becomes more urgent for
nanodevices, which have not been comprehensively studied.

In this work, the effects of delocalized electrons engineering
on 𝛽-AsP-based practical devices are systematically investigated
via introducing TM atom doping and vacancies inside 𝛽-AsP.
This electron delocalization engineering well-modulates the lo-
cal electronic density structure of 𝛽-AsP, especially the vacancy-
induced electron delocalization that can realize the directional
electrical property transition and displays a volcano tendency. The
detailed functions and involved mechanisms are further investi-
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gated when applied to devices. In the optic-logic devices based
on optimal 𝛽-AsP, the variation of vacancy concentration is capa-
ble of achieving regular modulation of polarization direction and
triangular wave photoelectric response signal output (also imple-
mented encode digital information as “1” and “0”) of optoelec-
tronic devices. Given the waste energy recovery during operations
of electrical devices, the logic devices based on 𝛽-AsP electroni-
cally and thermally controlled magnetic tunnel junctions (MTJ)
realize the highest available reported giant tunnel magnetoresis-
tance (TMR) up to and colossal heat-induced magnetoresistance
(HIMR) of 1039 at a vacancy concentration of 1.67% and 0.89%,
respectively, while the 100% spin-filtering effect (SFE) remains
unchanged with the vacancy concentration, significantly better
than previous reports, accomplishing waste energy recovery of
the nanodevice. Meanwhile, the thermal spin Hall effect is gener-
ated, realizing the concentration-controlled switching from pure
charge flow to pure spin flow. These results imply the bright fu-
ture of 𝛽-AsP with electronic delocalization in practical nanode-
vices for achieving high efficiency.

2. Results and Discussion

2.1. Model Designs of Delocalized Electron Engineering

All calculations of the electronic structure for materials and
transport properties for devices are based on first principles cal-
culations combining nonequilibrium Green’s function (NEGF)
by implementing in the Vienna ab initio simulation package
(VASP),[37,38] Nanodcal,[39] and the Quantum ATK [40] software
package (see details in Section S7, Supporting Information). De-
fects and heteroatom doping are two typical strategies employed
experimentally and theoretically to significantly modulate the
properties of materials. Herein, we implemented the substitu-
tion of TM elements on 𝛽-AsP in comparison with the vacancy
treatment as a regulation effect. Initially, the crystal structure
of 𝛽-AsP is constructed by substituting TM atoms for As and
P atoms (3.1%) and introducing different concentrations of As
and P atomic vacancies (1%–5.6%). For structures that are op-
timized for the implementation of vacancies, the structures im-
plemented in the P vacancy keep stable as well, indicating the
coexistence feasibility of the 𝛽-AsP with P vacancies (Figure S1a,
Supporting Information). Meanwhile, according to surrounding
molecular dynamics simulations, these 𝛽-AsP systems with va-
cancies were further assessed under different high temperatures
(300, 500, and 700 K) (Figure S1b, Supporting Information). The
potential energy in these systems remains stable at the ps-level,
proving the feasibility of vacancy engineering (see details in Sec-
tion S1, Supporting Information).

The electronic distribution structures of 𝛽-AsP with different
TM atom substitution and vacancy concentrations are shown in
Figure S2 (Supporting Information). The 𝛽-AsP can achieve var-
ious electronic property transitions under vacancy and substitu-
tion engineering. Surprisingly, a stable transition of 𝛽-AsP elec-
trical properties can be achieved when the vacancy concentration
is above or below a certain value (2.5%). The 𝛽-AsP exhibits con-
tinuously non-magnetic metallicity at high solubility vacancies
and yields a distinct Dirac cone energy band below the Fermi
energy level, which will significantly increase the carrier mobil-
ity. Whereas, the 𝛽-AsP shows consistently half-metallic at low
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Figure 1. Regularized modulation and mechanism. The modulation of the electronic structure for 𝛽-AsP under various P-atom vacancy concentration
engineering. MPSH of state A (spin up), state B (spin up), state A’ (spin down) and state B’ (spin down) at a) pristine, b) doped TM Ni atoms, c) 1%
P-atom vacancies concentration and d) 5.6% P-atom vacancies concentration for 𝛽-AsP. Electronic band structure for 𝛽-AsP at e) pristine, f-g) doped
TM Ni atoms, h-i) 1.4% and j) 5.6% P-atom vacancy concentrations. Intrinsic properties of 𝛽-AsP at different k) P(As) atomic vacancy concentrations
and l) different TM atomic doping. m) Schematic diagram of the shift in the electronic state of 𝛽-AsP at TM atom doping and vacancy engineering.

concentrations of vacancies, which act as an ideal material for
spintronic devices. As for the TM substitution, although the mod-
ulation of all-electrical properties can also be achieved, the modu-
lation and fabrication seem too hard, while only TM - Mn substi-
tution can modulate 𝛽-AsP into a half-metal. From the modula-
tion effect, it can also be seen that the implementation of doping
and defect engineering for both As and P atoms show the same
effect of modulation, so it can be inferred that 𝛽-AsP is an equiv-
alently isotropic material concerning As and P atoms (see details
in Section S2, Supporting Information).

To better understand the vacancy modulation on the electronic
structures of 𝛽-AsP, the wave function of the corresponding de-
fect state is carried out. It is evident from the molecular pro-
jected self-consistent Hamiltonian (MPSH) that the electronic
orbital contributions of A and B after the introduction of dop-
ing or vacancies mainly originate from the replacement atoms

and the three As atoms closest to the implementation site, and
an increase in the delocalization of the electrons can be observed
(Figure 1a–d). This delocalization also causes A and B to move
closer to the Fermi energy level in all modulation cases. The anal-
ysis of the band structure after defect engineering modulation
also reveals that the electronic structure change of 𝛽-AsP is re-
alized due to the shift and splitting of the conduction band (A)
and valence band (B) closest to the Fermi energy level, so the fol-
lowing mechanism analysis mainly focuses on these two bands.
The substitution of Ni atoms for P atoms makes 𝛽-AsP from a
nonmagnetic semiconductor to a magnetic metal (Figure 1e–g).
Both A and B split into a spin-up state (A′, B′) and a spin-down
state (A″, B″), yielding spin polarization. Similar phenomena oc-
cur in the low-concentration vacancy situation, but no splitting
takes place for A and B in the high-concentration vacancy engi-
neering (Figure 1h–j). It can be seen from the energy bands of
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the primordial 𝛽-AsP that A is farther away from the Fermi en-
ergy level, which is mainly contributed equally by the py orbitals
of As and P atoms. In comparison, B is closer to the Fermi en-
ergy level, dominated equally by the pz orbitals of As and P atoms.
Also consistent with our earlier speculation, 𝛽-AsP is a material
about the equivalence of As and P atoms. A deeper explanation in
terms of electron orbital contributions is required to further ex-
plain the mechanism of this phenomenon. It can be found that
the spin-up and spin-down states of 𝛽-AsP are subjected to dif-
ferent electronic orbital contributions for Ni doping and under
low concentration vacancies, which in turn leads to spin split-
ting of A and B. This is due to the poor symmetry of the crystal
structure when interacting with other atoms or constructing low
concentrations of vacancies, resulting in more electron delocal-
ization near the doping or vacancy sites. In addition, although
TM doping can significantly modulate the electronic structure of
AsP, the diversity of d orbitals of the TM may lead to an irregular
modulation (Figure 1k–m) (see details in Section S3, Supporting
Information).

2.2. Delocalized Electron Engineering of 𝜷-AsP in Logic
Nanodevices

Aiming to test further the boosting effect of this electron delocal-
ization on applications, we designed three types of multi-source
logic devices for applications varying from photodetectors, MTJ,
and waste energy recovery based on 𝛽-AsP with doping and defect
modulation. The photocurrent varies in a sinusoidal curve with
the angle of polarization for photon energies, as is typical of the
photogalvanic effect (PGE) (Figure S4a–c, Supporting Informa-
tion). First of all, the photodetectors based on 𝛽-AsP with Mn dop-
ing or different vacancy concentrations are constructed as shown
in Figure 2a. The previous electronic structure analysis shows
that Mn@𝛽-AsP exhibits a half-metallic property, with a spin-up
state crossing the Fermi energy level and a spin-down displaying
a low-energy-gap semiconductor property. As a result, the photo-
voltaic device exhibits a spin-up current in the low photon energy
interval, and the spin-up current does not conduct, which demon-
strates a perfect SFE. Compared to the pristine 𝛽-AsP devices
with maximum photonic response in the visible range (VIS),
the photonic response of the Mn@𝛽-AsP device is significantly
shifted towards the mid-infrared region (MIR) (Figure 2b). The
low-concentration vacancy-modulated electronic structure has a
similar effect to Mn-doping showing perfect spin efficiency at
low photon energies but exhibiting excellent logical circuit sys-
tem signals (Figure 2c). In contrast, the response of 𝛽-AsP devices
under high-concentration vacancy modulation is significantly en-
hanced and the response range is significantly broadened, with
strong responses in both the near- and far-infrared. The reason
lies in the fact that a Dirac cone is generated near the Fermi en-
ergy level under the high concentration of vacancies, and the elec-
tronic conductivity is enhanced. Another criterion for evaluating
photodetectors is polarization sensitivity. As the irradiation en-
ergy increases, the devices with pristine 𝛽-AsP structure exhibit
strong polarization in the Y direction; while under low vacancy
concentration, it is concentrated in the X direction. Increasing
the vacancy concentrations, the devices exhibit isotropic polar-
ization (Figure 2d–f), suggesting that vacancies can be employed

as an extremely promising strategy for effectively tuning the per-
formances of 𝛽-AsP -based optoelectronic devices. As well, the
extinction ratio is another important index to evaluate the polar-
ization sensitivity of photodetector devices. The extinction ratio
(ER) of photovoltaic devices based on perfect 𝛽-AsP can be as
high as 1561 when the photon energy is set as 1.8 eV (Figure
S4d, Supporting Information), which is extremely higher than
existing reports on 2D materials (Figure 4i). All these also indi-
cate that 𝛽-AsP is an extremely promising target that can be used
as a photodetector. For further information, see Section S4 of the
Supporting Information.

Layered materials with half-metal characteristics have been
considered key materials for future magnetoelectric storage de-
vices. Thus, 𝛽-AsP structures with 0%–2% at vacancy concentra-
tions (Half-metallic properties) are employed as electrode materi-
als. Meanwhile, 𝛽-AsP at different vacancy concentrations is em-
ployed in the central scattering region to evaluate the magnetic
storage performance of 𝛽-AsP as electro-logic devices (Figure S5,
Supporting Information). Comparing the SFE of different con-
figurations at all concentration vacancies, they are up to 100%
and can easily achieve perfect spin current filtering as shown in
Figure S6 (Supporting Information). The spin current is high in
one configuration while the current in the other configuration is
extremely low, and thus the giant TMR is achieved. In particular,
when the vacancy concentration is 1.67%, MR is as high as 10.13

Without vacancies, since the pristine 𝛽-AsP has a large
bandgap, the electrons are unable to tunnel through the barri-
ers and show high resistance in both parallel configuration (PC)
and antiparallel configuration (APC) states, which are not magne-
toresistive. Whereas, with the introduction of vacancies, the bar-
rier is lowered and the device produces high and low resistance
states under the control of the magnetic field, resulting in mag-
netoresistance. In particular, consistent with the previous elec-
tronic structure analysis, the device current is significantly higher
(by two orders of magnitude) at high concentrations of vacancies
than at low concentrations of vacancies, exhibiting better “0” to
“1” logic control (Figure 3a–d). Therefore, the electric control de-
vice also realizes the logic signal output of multiple resistance
states (5 resistance states) under the control of multiple vacancy
concentrations (Figure 3e). To illustrate the mechanism by which
𝛽-AsP-based magnetic memory devices achieve excellent logic
control (Perfect SFE and high TMR shown in Figure 3e–g), the
transport spectrum of the devices is further analyzed as shown in
Figure S7 (Supporting Information). At low concentrations of va-
cancies, the current is completely suppressed due to the absence
of transport channels. At high concentration vacancies, transport
channels appear within the transport window and thus current
flows through the device. Changing the magnetic field, the trans-
port channels move beyond the transport window, and thus the
current disappears. For further information, see Section S5 of the
Supporting Information.

A spin-caloritronic logic device based on vacant 𝛽-AsP is
designed considering nanodevice waste heat energy recovery
(Figure S8, Supporting Information). The device performance is
found to be significantly tuned by varying the electrode’s temper-
ature or temperature difference. Furthermore, the device exhibits
a pure charge current at low concentration vacancies, but at inter-
mediate concentration vacancies, it exhibits both spin and charge
currents, with just a specific direction of polarization current
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Figure 2. Simulation of optic-logic devices based on 𝛽-AsP at vacancies. a) Multi-source logic device model based on 𝛽-AsP under different vacancy
concentrations. b) Maximum photocurrent as a function of photon energy for 𝛽-AsP doped with transition metal Mn atoms. c) Maximum photocurrent
at different vacancy concentrations as a function of photon energies for 𝛽-AsP. d) Photocurrent as a function of polarization angle at different photon
energies for vacancy concentrations of 0%; e) 2.1%; f) 5.6%.
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Figure 3. Electro-logic devices based on 𝛽-AsP at vacancy. Upper: Schematic diagram of the logic modulation at a) no vacancy, b) low and c) high
concentrations in the PC and APC for 𝛽-AsP; Bottom: Current as a function of voltage at 0%, 1.06% and 1.27% in the PC and APC for 𝛽-AsP. d)
Electrically controlled multiconfiguration logic output using 𝛽-AsP at various vacancy concentrations. Variation of spin filtration efficiency with vacancy
concentration under 0–1 eV bias voltage in e) PC and f) APC for 𝛽-AsP. g) Variation of MR with vacancy concentration under 0–1 eV bias voltage for
𝛽-AsP.

going through. As a result, at vacancy concentrations of 1.06%
and 1.27%, both PC and APC achieve approximately 100% ther-
mal SFE at full temperature (Figure S9, Supporting Information).
When concentration increases, the device creates spin currents
in opposing directions, giving rise to the thermal spin Hall ef-
fect (Figure 4a–d), which can be explained by the fact that va-
cancies modulate A and B near the Fermi energy level. As the
vacancy concentration rises to 1.06%, the energy level spread be-
tween A and B expands significantly, increasing the energy range
accessible for electron jumps in a certain spin state and there-
fore strengthening the SFE. Increasing the vacancy concentra-
tion to 1.67% improves the coupling of spin-up and spin-down

states, making it easier to generate both spin-up and spin-down
currents (Figure 4e–g). By intentionally establishing a constant
temperature differential between the two electrodes, the maximal
value of MR is focused near a certain left electrode temperature,
which decreases with increasing vacancy concentration (Figure
S10, Supporting Information). On the one hand, the change of
the maximum magnetoresistance with component reveals that
the magnetoresistance may reach a stunning 1039 at low con-
centration vacancies (Figure 4h–i), which is the greatest HIMR
value recorded thus far (Figure 4j). However, it also suggests a
significant spin Seebeck effect for 𝛽-AsP in low-concentration va-
cancies. When the temperature differential is controlled by con-
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Figure 4. Thermic-logic devices using 𝛽-AsP at vacancy. a) Schematic illustration of charge current and spin current transitions in AsP thermally driven
logic circuits at various vacancy concentrations. Thermal current varies with left electrode temperature (TL) at b) low (0.89%), c) medium (1.27%) and
d) high concentrations (1.67%) for 𝛽-AsP at temperature variations (∆K) of 20, 30, and 40 K. e–g) The of electron band’s trend as vacancy concentration
increases. Maximum magnetoresistance versus components at h) fixed ∆T and i) TL. j) Results of ER, TMR and HIMR using nanodevices of diverse
materials.[41–58]
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trolling the left electrode temperature, a gigantic HIMR of 1034
is obtained at a vacancy of 0.87%. This innovative thermic-logic
gadget based on 𝛽-AsP under vacancy shows potential for future
MRAM. For more information, read Section S6 of the Supporting
Information.

3. Conclusion

In summary, electron delocalization engineering ranging from
local heteroatom doping to vacancy concentration is compre-
hensively studied for 𝛽-AsP to achieve high-performance out-
puts of multifunctional by first-principles calculations and non-
equilibrium Green’s function method. As revealed, the As and
P atomic vacancies as equivalent sites that can lead to the redis-
tribution of 𝛽-AsP all-electrical property transition, and the in-
terchange between the half-metallic and metallic property tran-
sitions is initially probed with varying vacancy concentrations,
which is attributed to that the electronic delocalization and asym-
metric electronic states contributed by the three nearest neigh-
boring atoms of the vacancy site cause the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO) to move closer to the Fermi level and undergo
spin polarization. Furthermore, the electronically controlled logic
device simulations exhibit a near 100% SFE at full concentration,
and 1013% TMR is obtained at high-concentration vacancies. Up
to 1039% HIMR is available by controlling the temperature differ-
ence and electrode temperature, achieving a conversion of pure
charge current to pure spin current, which is the highest records
to date. This work suggests that electronic delocalization is capa-
ble of encoding logical digital information with “0” and “1” cre-
ativity for satisfying future diversified logic nanodevices.
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