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vestigation of the ferromagnetism
in TM-doped arsenenemonolayer (TM=Mn and Fe)

Pham Minh Tan,a Nguyen Thanh Son,b R. Ponce-Pérez,c Duy Khanh Nguyen, de

J. Guerrero-Sanchezc and D. M. Hoat *fg

Because of lacking intrinsic magnetism, developing efficient methods for the magnetism engineering in

two-dimensional (2D) materials is necessary in order to make new spintronic materials. In this work,

doping and codoping with transition metals (TMs = Mn and Fe) is proposed to modify the arsenene

monolayer electronic and magnetic properties. Bare monolayer is intrinsically nonmagnetic, exhibiting

semiconductor character with an indirect gap of 1.60 eV. Mn and Fe substitution induces significant

magnetism, giving place to overall magnetic moments of 4.00 and 5.00 mB, respectively, being produced

primarily by TM impurities. Moreover, Mn impurity induces the half-metallicity with perfect spin

polarization at the Fermi level, while the magnetic semiconductor nature is obtained by Fe substitution.

In both cases, perpendicular magnetic anisotropy (PMA) is confirmed through calculating magnetic

anisotropy energy. In addition, the ferromagnetic (FM) phase is energetically stable, exhibiting smaller

energy than antiferromagnetic (AFM) and ferrimagnetic (FiM) phases. Robust ferromagnetism is achieved

by small TM–TM interatomic distance with high Curie temperature up to 1192.19 K. Further separating

transition metal impurities will weaken the ferromagnetism, decreasing significantly Curie temperature.

Moreover, it is demonstrated also that Mn–Mn separation switches the electronic nature from magnetic

semiconductor to half-metallic, meanwhile the half-metallicity is obtained in the cases of Fe doping and

Mn/Fe codoping regardless TM–TM separation. Controlling TM–TM separation is also predicted to

effectively regulate the system magnetic anisotropy, inducing the PMA-to-IMA (in-plane magnetic

anisotropy) switching and vice verse. Our findings may introduce efficient doping approaches to get

ferromagnetism in arsenene monolayer, which can form promising 2D candidates for selective spintronic

applications.
1 Introduction

Because of their unique physical and chemical properties
related to the atomic thickness, two-dimensional (2D) materials
play key role in the development of nanoscience and nano-
technology. Special attention has been paid to 2D materials
since the successful isolation of graphene from layered
graphite.1 Graphene is one of the most investigated 2D
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materials due to its promise for diverse applications including
electronics and optoelectronics,2,3 photonics,4 photovoltaics,5

catalysis,6 energy production and storage,7 biomedicine,8

among others. However, its energy gap lacking demands
developing efficient functionalizationmethods for the band gap
opening. This goal has been successfully achieved by edge
engineering9,10 and surface functionalization.11,12 Beyond gra-
phene, new 2D semiconductors have been also discovered by
forming compounds as transition metal dichalcogenides,13,14

IV–IV compounds,15,16 III–V compounds,17,18 IV–VI
compounds,19,20 among others. In addition, semiconductor
nature has been also conrmed by 2D elemental materials with
phosphorene (2D conformation of phosphorus) as a represen-
tative. Orthorhombic black phosphorene (BP) has high carrier
mobility and thickness-tunable band gap,21,22 giving place to
efficient light absorption from invisible up the near-infrared
regime.23 BP-based eld effect transistors (FETs) has large ON/
OFF ratio up to 105 and high mobility up to 1000 cm2 V−1 s−1.
Blue phosphorene (BlueP) with hexagonal structure also is
conrmed as a 2D semiconductor promising for electronic and
optoelectronic devices.24,25 Stimulated by the success of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Atomic structure of arsenene monolayer in a 4 × 4 × 1
supercell: (a) at equilibrium and (b) after 5 ps of AIMD simulations.

Fig. 2 (a) Phonon dispersion curves and (b) fluctuation of temperature
(T) and energy (E) from AIMD simulations of arsenene monolayer.
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View Article Online
phosphorene, group-V elemental monolayers have been
attracting great interests as novel 2D materials with exceptional
semiconductor electronic properties.26,27

On the other hand, the accelerated global development of
spintronic devices has motivated huge scientic effort devoted
to the discovery of new spintronic materials.28,29 In this regard,
the involvement of magnetism in 2D materials becomes one of
the most promising solutions.30,31 It is important mentioning
that spintronic applications of most of 2D materials are
considerably limited because of their intrinsic nonmagnetic
nature, lacking inherent spin polarization. Therefore, it would
be desirable developing novel 2D materials exhibiting feature-
rich electronic and magnetic properties, using different
methods, including defect engineering,32–35 substitutional
doping,36–39 and surface functionalization.40–43 Between them,
doping with transition metals (TMs) has been widely investi-
gated experimentally and theoretically as a conventional and
simply method, along with its effectiveness in originating
magnetic characteristics.44–47 In general, magnetic properties
are inuenced by the electronic interactions between unpaired
TM-d orbital and their environment. Experimentally,
researchers have successfully employed chemical vapor depo-
sition44,48 or ion implantation (lling the vacancies created
previously in 2D materials by transition metal atoms)49 to
realize the controllable transition metal doping in 2Dmaterials,
which may open the door to make new 2D magnetic systems
towards diverse applications.

2D counterpart of arsenic, namely arsenene, has been pre-
dicted by Zhang et al.,50 using rst-principles calculations.
Results demonstrate the semimetal-to-semiconductor trans-
formation when thinning arsenic structure, consequently an
indirect gap of 2.49 eV is obtained for one atomic layer. More-
over, the strain-tunable electronic properties also pave solid way
for transistors with high ON/OFF ratio, optoelectronic devices,
and mechanical sensors.51,52 Wang et al.53 have found the non-
trivially topological state in arsenene monolayer at tensile strain
larger than 11.14%, which is derived from the s–p band inver-
sion. Point defects in arsenene monolayer have been also
studied by Liang et al.,54 which can tune the monolayer band
gap or introduce strongly local magnetic moments. Arsenene
monolayer has been also predicted as outstanding 2D anode
material for metal-ion batteries.55,56 Experimental evidence of
arsenene monolayer has been obtained by Shah et al.,57 where
characterizations provide a lattice constant of 3.6 Å that is in
good agreement with theoretical predictions. Various groups
has proposed doping with atomic impurities and organic
molecules to modulate the physical properties of arsenene
monolayer.58,59

In this work, we investigate systematically the effects of
transition metal (TM =Mn and Fe) impurities on the electronic
and magnetic properties of arsenene monolayer. It is antici-
pated that the proposed doping approaches can overcome the
magnetism lacking of arsenene monolayer. Specically, transi-
tion metal impurities lead to the emergence of the ferromag-
netism, in which TM atoms exhibit the parallel spin coupling.
Moreover, feature-rich half-metallic and magnetic semi-
conductor natures are selectively obtained depending on the
© 2026 The Author(s). Published by the Royal Society of Chemistry
doping conguration. Our ndings contribute to the research
effort in searching for novel 2D spintronic materials.
2 Computational details

Within the framework of density functional theory (DFT),60 our
rst-principles calculations are based on the projector
augmented wave (PAW) method as implemented in Vienna ab
initio simulation package (VASP).61,62 Perdew–Burke–Ernzerhof
Nanoscale Adv., 2026, 8, 2246–2256 | 2247
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functional within the generalized gradient approximation
(GGA-PBE) is used in our research for the treatment of
exchange–correlation potential.63 For 3d electrons of transition
metals, it will be awed not considering their high correlation
effects that may play important role on the system magnetism.
Therefore, DFT + U method is adopted,64 using an effective
Hubbard parameter Ueff = 4 eV for both transition metals,
which has been applied successfully in previous studied.65,66 In
all calculations, cutoff energy of 500 eV is set to truncate plane-
wave basis set. For self-consistent iterations, energy conver-
gence is achieved aer satisfying the criterion of 1× 10−6 eV. All
the structure models are relaxed employing the conjugate
gradient method, where residual forces are set to be less than 1
× 10−2 eV Å−1. Monkhorst–Pack special k-point grids are
generated to sample Brillouin zone.67 Specically, 20 × 20 × 1
size is generated for arsenene unit cell, while 4 × 4 × 1 grid is
applied for the doped arsenene systems. The monolayer
systems considered in this work are modeled through keeping
the interactions between adjacent slabs negligible, which is
reached by inserting a vacuum gap more than 15 Å.

To simulate the transition metals doping in arsenene
monolayer, a 4 × 4 × 1 supercell is generated. Formation
energy Ef of the doped arsenene systems is calculated using
following expression:

Ef ¼ EðnTM@amÞ � EðamÞ þ nmAs � nmTM

n
(1)

where E(nTM@am) and E(am) are total energy of the nTM-
doped and pristine arsenene monolayer; n is number of tran-
sition metal impurities; mAs and mTM denote chemical potential
of As and TM atoms, respectively. Then, their cohesive energy Ec
is also computed as follows:

Ec ¼ EðnTM@amÞ � ð32� nÞEðAsÞ � nEðTMÞ
32

(2)
Fig. 3 (a) Orbital-decomposed band structure (the Fermi level is set to
Å−3).

2248 | Nanoscale Adv., 2026, 8, 2246–2256
herein E(As) and E(TM) are total energy of an isolated As and TM
atom, respectively.

Since transition metal impurities leads to the emergence of
magnetism in arsenene monolayer, it is important studying
magnetic anisotropy that allows designing new magnetic 2D
materials for specic applications. Herein, the magnetic
anisotropy energy (MAE) is determined by considering the
system energy with in-plane x – and perpendicular z – easy
magnetization directions as follows:

MAE = Ex − Ez (3)

In addition, Curie temperature of the ferromagnetic systems
is estimated using mean-eld approximation as follows:

TC ¼ �2DE
3NkB

(4)

where DE denotes the difference in energy of FM and AFM
states; kB is Boltzmann constant; and N refers to number of TM
atoms in the supercell.
3 Results and discussion
3.1 Structural and electronic properties of arsenene
monolayer

Before investigating the effects of doping, the structural and
electronic properties of arsenene monolayer are studied. Fig. 1a
shows the optimized atomic structure of arsenene monolayer in
4 × 4 × 1 supercell with 32 As atoms. Note that arsenene adopts
the silicene-like structure, in which As atoms are situated in
a buckled honeycomb-like lattice. A unit cell of this 2D material
contains 2 As atoms, whose equilibrium state is characterized
by following parameters: (1) lattice constant a = 3.61 Å; (2)
chemical bond length dAs–As = 2.51 Å; (3) interatomic angle
:AsAsAs = 91.96°; and (4) buckling height DAs–As = 1.40 Å.
0 eV) and (b) electron localization function (iso-surface value: 0.666 e

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Charge density difference (iso-surface value: 0.005 e Å−3;
yellow iso-surfaces: charge accumulation; aqua iso-surfaces: charge
depletion) and spin density (iso-surface value: 0.02 e Å−3) in (a and b)
1Mn- and (c and d) 1Fe-doped arsenene monolayer.

Table 1 Difference of energy between FM and AFM states DE (meV),
total magnetic moment Mt (mB), magnetic anisotropy energy MAE
(meV), and spin-dependent energy gap (eV; spin-up/spin-down
gaps; M = metallic) of different doped arsenene monolayer systems
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These results are validated by being in good agreement with
previous studies.68 Then, the dynamical, thermal, and
mechanical stability of arsenene monolayer structure is exam-
ined as follow:

� Phonon dispersive spectra are calculated using density
functional perturbation theory (DFPT) method as implemented
in PHONOPY code,69 which examines the response of system
(modeled by a 5 × 5 × 1 supercell) to small perturbation.
Results are plotted in Fig. 2a, which show no nonphysical
imaginary frequency in entire spectra. This absence indicates
that arsenene monolayer is dynamically stable.

� Ab initiomolecular dynamic (AIMD) simulations are carried
out to verify thermal stability of arsenene monolayer, using
Nose–Hoover thermostat70,71 and canonical ensemble at 300 K.
Final atomic structure is displayed in Fig. 1b, which shows
small displacements of As atoms from their equilibrium sites.
Importantly, initial atomic arrangement is well preserved
without signicant distortions aer 5 ps of AIMD simulations.
In addition, temperature and total energy exhibit small recov-
ering uctuations as displayed in Fig. 2b. Therefore, it is safe to
conclude that arsenene monolayer is thermally stable.

� Using energy-strain analysis, elastic constants C11 and C12

of arsenene mnoolayer are calculated to be 53.155 and 9.525 N
m−1, respectively. Previously, it has been established that 2D
systems with hexagonal symmetry are stable if and only if their
elastic constants satisfy following criteria:72 C11 > 0 and C11 >
jC12j. Therefore, it can be concluded that arsenene monolayer is
mechanically stable considering that its elastic constants follow
the stability criteria.

Fig. 3a shows the calculated orbital-decomposed band
structure of arsenene monolayer. From the gure, one can see
the highest valence band energy point at G point and lowest
conduction band energy point along M – G path, asserting the
indirect-gap semiconductor nature of arsenene monolayer.
According to our calculations, a band gap of 1.60 eV is obtained,
which consists well with previous studies.73 The forbidden
energy region is found between upper valence band part formed
by As-px,y states and lower conduction band part originated
mainly from As-s – px – pz states. In the considered energy range,
As-s and As-p orbitals show signicant hybridization that
determines the electronic properties of arsenene monolayer.
The electronic hybridization generates covalent character of As–
As bond. Covalent bond is also conrmed by the electron
localization function of arsenene monolayer illustrated in
Fig. 3b, where electrons are concentratedmainly at As–As bridge
regions without clear directionality.
DE Mt MAE Eg

1Mn@am 4.00 351.47 M/1.56
1Fe@am 5.00 557.46 1.02/0.99
2Mn-1@am −308.06 8.00 117.38 0.18/1.03
2Mn-2@am −38.48 8.00 −2769.48 M/1.49
2Fe-1@am −120.18 6.00 −416.71 M/0.95
2Fe-2@am −71.04 7.90 1389.5 M/0.88
MnFe-1@am −222.46 7.00 −407.84 M/1.00
MnFe-2@am −52.38 9.00 1528.28 M/0.62
3.2 Effects of doping with single transition metal

In this part, we investigate the effects of single transition metal
impurities (1TM = 1Mn and 1Fe) on the arsenene monolayer
electronic and magnetic properties. 1TM-doped arsenene
systems are denoted by 1TM@am. Our results provide
formation energies of 0.68 and 1.89 eV per atom for 1Mn@am
and 1Fe@am systems, respectively. Note that Mn doping in
arsenene monolayer is energetically more favorable than Fe
doping, requiring less additional energy. Moreover, these
© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2026, 8, 2246–2256 | 2249
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systems have negative cohesive energies of−2.99 and−3.03 eV
per atom, respectively, which suggest good structural-
chemical stability of the doped arsenene systems. To investi-
gate the interactions between TM atoms and their neighboring
As atoms, charge density difference Dr in 1TM@am systems is
calculated using following expression: Dr = r(1TM@am) −
r(am) − r(TM), where r(1TM@am), r(am), and r(TM) denote
charge density of the doped arsenene system, bare arsenene
system, and single TM atom, respectively, which are calculated
from self-consistent iterations. Dr results are illustrated in
Fig. 4a and c, in which yellow and aqua iso-surfaces are
employed to display the charge enrichment and charge
depletion, respectively. From the gures, it can be seen that
TM impurities deplete charge, meanwhile charge accumula-
tion of their nearest neighboring As atoms is conrmed.
Further, Bader charge analysis asserts the charge transfer of
0.81 and 0.51e fromMn and Fe impurities to the host arsenene
monolayer, respectively. This feature is a result of the more
electronegative nature of As atom that attracts charge of TM
atoms.
Fig. 5 Spin-resolved band structure and projected density of states (tran
1Mn- and (b-1–3) 1Fe-doped arsenene monlayer (the Fermi level is set t

2250 | Nanoscale Adv., 2026, 8, 2246–2256
The results of electronic and magnetic properties are
summarized in Table 1. The incorporation of Mn and Fe atoms
into arsenene monolayer lattice induces spin polarization,
producing signicant magnetism. It is found that the
nonmagnetic state is less favorable in both 1Mn@am and
1Fe@am systems, exhibiting energy differences of 3.56 and
1.86 eV larger than the magnetic state, respectively, conrming
the emergence of magnetism. From our spin-polarized calcu-
lations, overall magnetic moments of 4.00 and 5.00 mB are ob-
tained for 1Mn@am and 1Fe@am systems, respectively. Further
analyzing local magnetic moments, it is found that magnetic
moments are originated primarily from TM atoms with large
local values of 4.33 and 3.52 mB of Mn and Fe atoms, respec-
tively, meanwhile the contribution from the host As atoms is
negligible. The atomic contribution is also demonstrated by
spin density illustrated in Fig. 4b and d, which show that spin
polarization is produced mainly at doping sites as conrmed by
large iso-surfaces. In addition, positive MAE values of 351.47
and 557.46 meV are obtained for 1Mn@am and 1Fe@am
systems, respectively, conrming their perpendicular magnetic
sition metal impurity and its nearest neighboring As atoms) of (a-1–3)
o 0 eV).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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anisotropy (PMA) that is desirable for Magnetoresistive
Random-Access Memory (MRAM) fabrication because of great
density and thermal stability.

Fig. 5 shows the calculated spin-polarized band structures
(BSs) and projected density of states of 1TM@am systems
(PDOS spectra of TM impurities and their nearest neighboring
As atoms). The gure shows new mid-gap subbands in both
spin states with strong spin polarization in the upper valence
band part and lower conduction band part. BSs proles assert
the half-metallicity of 1Mn@am system with perfect spin
polarization at the Fermi level, in which semiconductor spin
state has an energy gap of 1.56 eV. In this case, Mn-3d and As-4p
orbitals determine the electronic properties by forming the
energy subbands around the Fermi level. Specically, spin-up
Fig. 6 Spin density (iso-surface value: 0.02 e Å−3) and energy of magnet
doped arsenene monolayer.

© 2026 The Author(s). Published by the Royal Society of Chemistry
metallic character can be attributed to the interactions of As-
px,y,z and Mn-dxy − dyz − dxz − dx2−y2 states. Similarly, new mid-
gap subbands are also generated by Fe doping to regulate the
1Fe@am system electronic properties. Unlike previous case,
there is no overlapping between mid-gap subbands and the
Fermi level in both spin states, such that 1Fe@am system can
be classied as a 2D magnetic semiconductor material. This
difference can be attributed to the dissimilar valence electronic
conguration of TM atoms (Fe atom has one more valence
electron compared to Mn atom) and their electronic interac-
tions (p–d exchange) with neighboring atoms. In 1Fe@am
system, spin-up and spin-down energy gaps of 1.02 and 0.99 eV
are obtained, respectively. PDOS spectra demonstrate that these
values are determined by As-px,y,z and Fe-dxy − dyz − dxz − dx2−y2
ic phase transition in (a) 2Mn-1-, (b) 2Mn-2-, (c) 2Fe-1-, and (d) 2Fe-2-

Nanoscale Adv., 2026, 8, 2246–2256 | 2251
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states that produce mainly the mid-gap subbands in both spin
congurations.
3.3 Spin alignment in arsenene monolayer doped transition
metal

Now, we determine the magnetic phase in TM-doped arsenene
monolayer by assessing the spin coupling between TM impu-
rities that have been proven to produce mainly the system
magnetism. Specically, parallel spin and antiparallel spin
congurations are considered, which represent the ferromag-
netic (FM) and antiferromagnetic (AFM) phases, respectively.
Total system energy is calculated for each case, lower energy
indicates the phase stability. Two doping congurations,
namely 2TM-1 and 2TM-2 (by increasing the distance between
TM impurities), are set in the supercell. The doped systems are
denoted by 2TM-1@am and 2TM-2@am, respectively. Fig. 6
illustrates the spin density and energy of magnetic phase tran-
sition. Our calculations assert the stability of FM state in all four
cases, which has lower energy than AFM state with difference of
308.06 meV for 2Mn-1@am system, 38.48 meV for 2Mn-2@am
system, 120.18 meV for 2Fe-1@am system, and 71.04 meV for
2Fe-2@am system. Applying eqn (4), Curie temperatures of
Fig. 7 Spin-resolved band structure of (a) 2Mn-1-, (b) 2Mn-2-, (c) 2Fe-
1-, and (d) 2Fe-2-doped arsenene monolayer (the Fermi level is set to
0 eV).

2252 | Nanoscale Adv., 2026, 8, 2246–2256
1192.19, 148.92, 465.10, and 274.92 K are obtained for 2Mn-
1@am, 2Mn-2@am, 2Fe-1@am, and 2Fe-2@am systems,
respectively. Since the mean-eld approximation (MFA) gener-
ally overestimates Curie temperature because of the inaccurate
description of the percolation effects, an empirical relation has
been proposed to calculate reliably the lower limit of this
parameter, which is dened by: Tempirical

C = 0.51 ×

TMFA
C .74 According to this relation, the mentioned doped ars-

enene systems may have TC larger than 608.02, 75.95, 237.201,
and 140.21 K, respectively. Note that the ferromagnetism
becomes weaker according to increase the interatomic distance
between TM atoms. In previous subsection, it was seen strong
interaction between As-4p and TM-3d orbitals. Therefore, it is
Fig. 8 Spin density (iso-surface value: 0.02 e Å−3) and energy of
magnetic phase transition in (a) MnFe-1- and (b) MnFe-2-doped ars-
enene monolayer.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Spin-resolved band structure of (a) MnFe-1- and (b) MnFe-2-
doped arsenene monolayer (the Fermi level is set to 0 eV).
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safe concluding that the ferromagnetism is derived from p–
d exchange interactions that are weakened with large TM–TM
separation, reducing the FM stability. It is worth mentioning
that the considered doped arsenene systems show higher Curie
temperature compared to experimental values of the well-
known transition-metal-containing VI3 (46 K)75 and CrI3 (45
K)76 monolayers, suggesting promise of the ferromagnetism for
practical applications. The magnetic anisotropy energy of 2Mn-
1@am, 2Mn-2@am, 2Fe-1@am, and 2Fe-2@am systems is
calculated to be 117.38, −2769.48, −416.71, and 1389.5 meV,
respectively. Note that small Mn–Mn separation induces the
PMA, further separating the interatomic distance will induce
the PMA-to-IMA switching, opposite effects are obtained for the
cases of Fe doping. Therefore, effective control of doping
congurations will be useful to selectively functionalize ars-
enene monolayer for MRAM fabrication and magnetic eld
sensing (with IMA needed). Results also assert that stronger
magnetic anisotropy is obtained by large TM–TM separation as
suggested by large MAE values.

Fig. 7 shows the spin-resolved band structures of 2TM-1@am
and 2TM-2@am systems in FM phase. It can be noted multiple
mid-gap energy subbands that determine the electronic nature.
Specically, 2Mn-1@am system exhibits the ferromagnetic semi-
conductor nature with spin-up and spin-down energy gaps of 0.18
and 1.03 eV, respectively. Further separating Mn–Mn atoms will
switch the electronic nature to half-metallic of 2Mn-2@am system,
considering the metallization of spin-up state. In latter case, spin-
down state has an energy gap of 1.49 eV. Meanwhile, the ferro-
magnetic half-metallicity is obtained by Fe doping regardless Fe–
Fe separation, where spin-down energy gap of 2Fe-1@am and 2Fe-
2@am systems is calculated to be 0.95 and 0.88 eV, respectively.
3.4 Effects of Mn and Fe codoping

Now, effects of Mn and Fe codoping in arsenene monolayer are
investigated. We denote the doped systems by MnFe-1@am and
MnFe-2@am with increasing the interatomic distance between
transition metals. FM state with parallel Mn/Fe spin coupling
and FiM (ferrimagnetic) state with antiparallel Mn/Fe spin
coupling are considered. Fig. 8 illustrates spin density along
with difference in energy of FM and FiM phases. Our calcula-
tions assert the stability of FM phase that has smaller energy
than FiM phase with difference of 222.46 meV for MnFe-1@am
and 52.38 meV for MnFe-2@am systems. These values allow
deriving Curie temperatures of 860.92 and 202.71 K from the
mean-eld approximation, respectively. In addition, lower TC
limits of 439.07 and 103.38 K are obtained from the empirical
relation, respectively. Similar to previous cases of doping, the
decrease of Curie temperature suggests the reduction of FM
phase stability according to further separating transition metal
impurities. Moreover, Mn–Fe distance also inuences consid-
erably on the system magnetic anisotropy. Specically, MAE
values of −407.84 and 1528.28 meV are obtained for MnFe-
1@am and MnFe-2@am systems, respectively, conrming the
IMA-to-PMA switching induced by controlling the doping con-
guration.The spin-resolved band structures of MnFe-1@am
and MnFe-2@am systems are displayed in Fig. 9. Regardless
© 2026 The Author(s). Published by the Royal Society of Chemistry
Mn–Fe distance, the ferromagnetic half-metallicity is obtained,
giving place to 100% spin polarization at the Fermi level. In
these cases, energy gaps of semiconductor spin-down state are
1.00 and 0.62 eV, respectively. These feature-rich electronic and
magnetic properties also suggest the prospect of the codoped
arsenene systems for selective spintronic applications.
4 Conclusions

In summary, effects of transitionmetals doping on the arsenene
monolayer electronic and magnetic properties have been
systematically investigated using rst-principles calculations.
Pristine arsenene monolayer has good stability, exhibiting
indirect-gap semiconductor nature without intrinsic magne-
tism. Strong electronic hybridization gives place to covalent As–
As chemical bond. Signicant magnetism is induced by TM
doping, where impurities transfer charge to the host monolayer
and produce primarily the magnetism of the doped systems.
Moreover, the interactions between As-px,y,z and TM-dxy − dyz −
dxz − dx2−y2 states states produce multiple mid-gap subbands in
both spin congurations, originating the feature-rich electronic
and magnetic properties. p–d exchange interactions also origi-
nate robust ferromagnetism with high Curie temperature
between 465.10 and 1192.19 K. However, this parameter is
reduced signicantly by further increasing TM–TM separation,
suggesting the ferromagnetism weakening. Depending on TM–

TM distance, either half-metallic nature with perfect spin
polarization at the Fermi level or magnetic semiconductor
nature with both semiconductor spin states is obtained.
Moreover, the magnetic anisotropy can be also switched by
varying TM–TM separation, which is crucial to design arsenene
monolayer for either MRAM fabrication or magnetic eld
sensing. It has been found also that large TM–TM distance is
favorable for the stability of magnetic anisotropy, which is
suggested by large MAE values. The obtained results provide
important insights into the effects of TMs impurities in ars-
enene monolayer, paving solid way to functionalize this 2D
Nanoscale Adv., 2026, 8, 2246–2256 | 2253
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material towards selective spintronic applications by effectively
controlling TM–TM separation.
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9 M. Y. Han, B. Özyilmaz, Y. Zhang and P. Kim, Energy band-
gap engineering of graphene nanoribbons, Phys. Rev. Lett.,
2007, 98(20), 206805.

10 Y.-W. Son, M. L. Cohen and S. G. Louie, Energy gaps in
graphene nanoribbons, Phys. Rev. Lett., 2006, 97(21), 216803.

11 J. E. Johns and M. C. Hersam, Atomic covalent
functionalization of graphene, Acc. Chem. Res., 2013, 46(1),
77–86.

12 H. Zhang, E. Bekyarova, J.-W. Huang, Z. Zhao, W. Bao,
F. Wang, R. C. Haddon and C. N. Lau, Aryl
functionalization as a route to band gap engineering in
single layer graphene devices, Nano Lett., 2011, 11(10),
4047–4051.
2254 | Nanoscale Adv., 2026, 8, 2246–2256
13 K. F. Mak and J. Shan, Photonics and optoelectronics of 2D
semiconductor transition metal dichalcogenides, Nat.
Photonics, 2016, 10(4), 216–226.

14 S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev and
A. Kis, 2D transition metal dichalcogenides, Nat. Rev.
Mater., 2017, 2(8), 1–15.

15 T.-Y. Lü, X.-X. Liao, H.-Q. Wang and J.-C. Zheng, Tuning the
indirect–direct band gap transition of SiC, GeC and SnC
monolayer in a graphene-like honeycomb structure by
strain engineering: a quasiparticle GW study, J. Mater.
Chem., 2012, 22(19), 10062–10068.

16 C. V. Ha, L. Ha, D. K. Nguyen, D. T. Anh, J. Guerrero-Sanchez,
D. Hoat, et al., First-principles study of SiC and GeC
monolayers with adsorbed non-metal atoms, RSC Adv.,
2023, 13(22), 14879–14886.

17 Y. Chen, J. Liu, M. Zeng, F. Lu, T. Lv, Y. Chang, H. Lan,
B. Wei, R. Sun, J. Gao, et al., Universal growth of ultra-thin
III–V semiconductor single crystals, Nat. Commun., 2020,
11(1), 3979.

18 T. Suzuki, Theoretical discovery of stable structures of group
III-V monolayers: The materials for semiconductor devices,
Appl. Phys. Lett., 2015, 107(21), 213105.

19 C. Kamal, A. Chakrabarti and M. Ezawa, Direct band gaps in
group IV-VI monolayer materials: Binary counterparts of
phosphorene, Phys. Rev. B, 2016, 93(12), 125428.

20 K. Ren, X. Ma, X. Liu, Y. Xu, W. Huo, W. Li and G. Zhang,
Prediction of 2D IV–VI semiconductors: auxetic materials
with direct bandgap and strong optical absorption,
Nanoscale, 2022, 14(23), 8463–8473.

21 L. Li, Y. Yu, G. J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X. H. Chen
and Y. Zhang, Black phosphorus eld-effect transistors, Nat.
Nanotechnol., 2014, 9(5), 372–377.

22 H. Guo, W. Chu, O. V. Prezhdo, Q. Zheng and J. Zhao, Strong
modulation of band gap, carrier mobility and lifetime in
two-dimensional black phosphorene through acoustic
phonon excitation, J. Phys. Chem. Lett., 2021, 12(16), 3960–
3967.

23 M. Zhang, G. M. Biesold and Z. Lin, A multifunctional 2D
black phosphorene-based platform for improved
photovoltaics, Chem. Soc. Rev., 2021, 50(23), 13346–13371.

24 W. Zhang, H. Enriquez, Y. Tong, A. Bendounan, A. Kara,
A. P. Seitsonen, A. J. Mayne, G. Dujardin and
H. Oughaddou, Epitaxial synthesis of blue phosphorene,
Small, 2018, 14(51), 1804066.

25 B. Ghosh, S. Nahas, S. Bhowmick and A. Agarwal, Electric
eld induced gap modication in ultrathin blue
phosphorus, Phys. Rev. B, 2015, 91(11), 115433.

26 J. Lee, W.-C. Tian, W.-L. Wang and D.-X. Yao, Two-
dimensional pnictogen honeycomb lattice: structure, on-
site spin-orbit coupling and spin polarization, Sci. Rep.,
2015, 5(1), 11512.

27 P. K. Roy, J. Luxa and Z. Sofer, Emerging pnictogen-based 2D
semiconductors: sensing and electronic devices, Nanoscale,
2020, 12(19), 10430–10446.

28 X. Li and J. Yang, First-principles design of spintronics
materials, Natl. Sci. Rev., 2016, 3(3), 365–381.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na01113b


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/2
2/

20
26

 1
1:

12
:1

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
29 V. Ivanov, T. Aminov, V. Novotortsev and V. Kalinnikov,
Spintronics and spintronics materials, Russ. Chem. Bull.,
2004, 53(11), 2357–2405.

30 E. C. Ahn, 2D materials for spintronic devices, npj 2D Mater.
Appl., 2020, 4(1), 17.

31 Y. P. Feng, L. Shen, M. Yang, A. Wang, M. Zeng, Q. Wu,
S. Chintalapati and C.-R. Chang, Prospects of spintronics
based on 2D materials, Wiley Interdiscip. Rev.: Comput. Mol.
Sci., 2017, 7(5), e1313.

32 R. Sanikop and C. Sudakar, Tailoring magnetically active
defect sites in MoS2 nanosheets for spintronics
applications, ACS Appl. Nano Mater., 2019, 3(1), 576–587.

33 R. Babar and M. Kabir, Transition metal and vacancy defect
complexes in phosphorene: a spintronic perspective, J. Phys.
Chem. C, 2016, 120(27), 14991–15000.

34 M. Y. Khan, T. Usman, A. Ilyas, A. Hassan, U. Younis,
A. Ullah, S. A. Ahmad and A. Al Souwaileh, Electronic,
optical, and magnetic properties of defect-engineered 1T-
PdS2 monolayer: A rst-principles investigation, Mater. Sci.
Semicond. Process., 2025, 187, 109144.

35 S. Chakraborty, M. Ramesh and M. K. Niranjan, Defect-
engineered magnetism in conventional and Janus 2D vdW
semiconducting monolayers: Benchmark insights from
rst-principles investigation, J. Magn. Magn. Mater., 2025,
173714.

36 Y. Wang and J. Yi, Ferromagnetism in two-dimensional
materials via doping and defect engineering, in. Spintronic
2D Materials, Elsevier, 2020, pp. 95–124.

37 S. Feng, Z. Lin, X. Gan, R. Lv and M. Terrones, Doping two-
dimensional materials: ultra-sensitive sensors, band gap
tuning and ferromagnetic monolayers, Nanoscale Horiz.,
2017, 2(2), 72–80.

38 M. S. Pervez, M. F. Hossain, M. Jubair, M. A. H. Shah,
M. Nuruzzaman and M. Nahid, The electronic and
magnetic properties of Cr-doped ZnO monolayer at higher
percentage by rst principles calculations, Mater. Sci.
Semicond. Process., 2025, 186, 108999.

39 W. Ma, D. Deng, P. Wang, L. Lin and D. Wang, Magnetic and
optical properties of (Mn, Tc) co-doped HfS2 monolayer: A
rst-principles study, Mater. Sci. Eng. B, 2026, 323, 118815.

40 K. Ren, K. Wang and G. Zhang, Atomic adsorption-
controlled magnetic properties of a two-dimensional (2D)
janus monolayer, ACS Appl. Electron. Mater., 2022, 4(9),
4507–4513.

41 D. K. Nguyen, T. V. Vu and D. Hoat, Antiferromagnetic
ordering in the TM-adsorbed AlN monolayer (TM= V and
Cr), RSC Adv., 2022, 12(26), 16677–16683.

42 B. Xu, W. Zhao, Y. Yan, C. Qian, M. Yang, Q. Yang, L. Shi,
Y. Wang, Z. Cao and L. Yi, Prediction of electronic
structure and magnetic properties of monolayer MoTeSe
adsorbing transition metal elements, J. Appl. Phys., 2025,
138(8), 084301.

43 W. Zhao, B. Xu, C. Qian, M. Yang, D. Zhou, Y. Wang, Z. Cao
and L. Yi, Magnetic properties of transition elements
adsorbed B2S2 monolayers, Chem. Phys., 2025, 112769.

44 D. Shen, B. Zhao, Z. Zhang, H. Zhang, X. Yang, Z. Huang,
B. Li, R. Song, Y. Jin, R. Wu, et al., Synthesis of group VIII
© 2026 The Author(s). Published by the Royal Society of Chemistry
magnetic transition-metal-doped monolayer MoSe2, ACS
Nano, 2022, 16(7), 10623–10631.

45 X.-L. Fan, Y.-R. An and W.-J. Guo, Ferromagnetism in
transitional metal-doped MoS2 monolayer, Nanoscale Res.
Lett., 2016, 11(1), 154.

46 A. A. Tedstone, D. J. Lewis and P. O'Brien, Synthesis,
properties, and applications of transition metal-doped
layered transition metal dichalcogenides, Chem. Mater.,
2016, 28(7), 1965–1974.

47 J. Gao, Y. D. Kim, L. Liang, J. C. Idrobo, P. Chow, J. Tan, B. Li,
L. Li, B. G. Sumpter, T.-M. Lu, et al., Transition-metal
substitution doping in synthetic atomically thin
semiconductors, Adv. Mater., 2016, 28(44), 9735–9743.

48 J. Zhou, J. Lin, H. Sims, C. Jiang, C. Cong, J. A. Brehm,
Z. Zhang, L. Niu, Y. Chen, Y. Zhou, et al., Synthesis of co-
doped MoS2 monolayers with enhanced valley splitting,
Adv. Mater., 2020, 32(11), 1906536.
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