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1. Introduction

First-principles study of d° magnetism in a Snl,
monolayer induced by P and As impurities

Pham Minh Tan,? Nguyen Thanh Son,® Duy Khanh Nguyen, (2<% J. Guerrero-
Sanchez® and D. M. Hoat (2 *™

Searching for d° magnetism in two-dimensional materials has attracted great attention because of its
importance for next-generation spintronics. In this work, doping with pnictogen (X = P and As) atoms is
proposed for engineering the magnetic properties of a Snl, monolayer. The pristine monolayer is
a nonmagnetic semiconductor with a band gap of 2.03 eV. Magnetic states are induced by doping with
a single pnictogen atom, where an overall magnetic moment of 2.00 pg is produced primarily by the
impurity. In addition, the emergence of magnetic semiconducting behavior and in-plane magnetic
anisotropy (IMA) is also confirmed. The study of spin coupling in pnictogen-doped Snl, systems
demonstrates the effectiveness of X—X separation for controlling the electronic and magnetic properties.
Specifically, an antiferromagnetic semiconducting nature is found to be stable with a small interatomic
distance, while increasing the separation between the impurities induces a transition in the electronic
behavior, resulting in ferromagnetic half-metallicity or ferromagnetic semiconducting character. In the
latter case, large Curie temperatures of 282.20 and 462.66 K are obtained by P and As doping,
respectively, indicating the robustness of the ferromagnetism. In addition, the X-X separation also
significantly influences the magnetic anisotropy of the doped system. Specifically, perpendicular
magnetic anisotropy (PMA) is obtained when two impurities are close to each other, whereas increasing
the distance between them induces a PMA-to-IMA transition. Our findings provide insights into the
electronic and magnetic properties of the Snl, monolayer upon doping with pnictogen atoms,
suggesting that these efficient doping approaches can induce d° magnetism and enable promising
applications in magnetic-field sensing and magnetoresistive random-access memory (MRAM) fabrication.

unique properties including high carrier mobility, half-integer
quantum effects, high thermal conductivity, high mechanical

Despite being investigated since the earliest decades of 20th
century, two-dimensional (2D) materials have only been
attracting continuously increasing interest since the successful
isolation of graphene.* The graphene lattice is formed by carbon
atoms situated in a planar honeycomb arrangement, which are
bound to each other through sp® hybridization. Consequently,
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stability, large specific surface area, and high chemical reac-
tivity are originated.»® However, one of the most important
features of graphene is its zero energy gap, which represents
a drawback for its electronic applications such as field-effect
transistors because of its low ON/OFF ratio. A similar feature
has been found for other well-known elemental 2D materials,
such as silicene* and germanene.® Therefore, band-gap opening
has been investigated, which can be achieved through edge
engineering,*” thickness engineering and heterostructure
formation,®® or chemical functionalization.'®'* Moreover, the
field of 2D materials has grown vastly with the discovery of new
members beyond graphene; notable examples include transi-
tion metal dichalcogenides (TMDs),">** hexagonal boron nitride
(h-BN),**** transition metal carbides/nitrides (MXenes),'*"” and
metal oxides,'®' among others. In addition, novel properties
can be obtained by varying the thickness,”*** strain engi-
neering,*»* defect engineering,”** impurity doping,>**” and
stacking two or more different 2D materials to form hetero-
structures.”®*® Unique properties, superior to those of their bulk
counterparts, have enabled 2D materials to show promise in
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diverse applications, including optoelectronics, photonics, and
electronics,**** photovoltaics,**** catalysis,**** energy produc-
tion and storage,*** and emergent spintronics,***° among
others.

Spintronics, or spin-based electronics, is an emerging form
of electronics, which explores electron spin as an additional
degree of freedom. Despite their promise for conventional
electronic devices, the use of 2D materials for spintronics is
greatly limited because most of them are intrinsically
nonmagnetic (for examples, TMDs, hBN, and group-IV-based
materials). Therefore, the ability to tune and manipulate spin
states in 2D materials is of great importance from both funda-
mental scientific and technological point of views. In this
regard, impurity doping is a well-accepted and widely employed
method because of its simplicity, easy realization, and effec-
tiveness in adjusting the intrinsic physical and chemical prop-
erties of 2D materials. For instance, doping with nonmetal
atoms has been demonstrated to induce magnetic states in 2D
nonmagnetic semiconductors. For example, first-principles
calculations performed by Hernandez-Tecorralco et al.*® have
confirmed magnetic moments of up to 1.0 up in graphene
doped with pnictogen atoms.*® Theoretically, ferromagnetic
half-metallicity has also been reported in a ZnO monolayer by B
or C substitution, whereas doping with N, Si, and P atoms leads
to ferromagnetic semiconducting behavior*' Likewise, various
nonmetal impurities have been predicted to induce magnetic
states in TMD monolayers.*>** Therefore, nonmetal doping can
be introduced as an effective method for engineering magne-
tism in 2D materials without the need for unpaired d or f
electrons.

On the other hand, Zhong et al.** have successfully realized
the physical vapour deposition (PVD) of a large-scale Pbl,
monolayer with high crystallinity. Photoluminescence charac-
terization and first-principles calculations reveal that it is an
indirect-gap semiconductor. This experimental work has
aroused significant interest in 2D group-IV di-iodides.**™** In
particular, a semiconductor SnI, monolayer has been success-
fully fabricated by Yuan et al.*® using molecular beam epitaxy.
Scanning tunneling microscopy/spectroscopy characterization
indicates a band gap of =2.9 eV, which is also corroborated by
density functional theory calculations. The Snl, monolayer is
a promising candidate for optoelectronic devices because of its
excellent light absorption in the visible and ultraviolet
regimes.*>** Moreover, its ultralow lattice thermal conductivity
also makes this 2D material promising for thermoelectric
applications.”>** However, the exploration of the Snl, mono-
layer as a 2D platform for spintronic applications is still lacking.

To the best of our knowledge, changing the physical prop-
erties of the SnI, monolayer by doping with nonmetal atoms has
not been investigated. In this work, we propose pnictogen (X =
P and As) doping to functionalize the SnI, monolayer in order to
introduce new functionalities to this 2D material. This choice
originates from the different valence electronic configurations
of P/As atoms and I atom, which may create hole (p-doping) in
the Snl, monolayer. Our first-principles calculations confirm
that the bare Snl, monolayer is nonmagnetic, while P and As
substitution induces magnetic states in this monolayer, along
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with either half-metallic or magnetic semiconductor charac-
teristics suitable for spintronic applications. In addition, we
also investigate the magnetic coupling and magnetic anisotropy
that will be useful for recommending the doped SnI, systems
for practical applications, including magnetoresistive random-
access memory (MRAM) fabrication, magnetic-field sensing,
and spin-current generation.

2. Computational details

Within the framework of density functional theory (DFT),** the
projector augmented wave (PAW) method and the Perdew-
Burke-Ernzerhof-parameterised generalized gradient approxi-
mation (GGA-PBE)* are adopted to investigate the electronic
and magnetic properties of pristine and doped SnI, mono-
layers. It is important to mention that the GGA-PBE functional
generally underestimates the material band gap. To overcome
this limitation, hybrid functionals incorporating a fraction of
the exact Hartree exchange potential have been proposed to
provide accurate band-gap predictions—for example, the
HSEO06 functional with a 25% fraction of the Hartree exchange
potential.’® However, the PBE functional is employed in this
work because it describes very well the band structure profile,
providing reliable results for the variation of electronic and
magnetic properties upon doping. Weak van der Waals inter-
actions are treated using the DFT-D3 method with the zero-
damping function proposed by Grimme et al.®” All calcula-
tions are performed using the Vienna ab initio simulations
(VASP) package.?®*® The valence electronic configurations of the
constituent elements are as follows: Sn-5s°5p®, I-5s>5p°, P-
3s°3p®, and As-4s”4p>. The wave functions are expanded using
a plane-wave basis set with a cutoff energy of 500 eV. The
criterion of energy convergence for the self-consistent calcula-
tions is set to 1 x 10~ ° eV. The structures are relaxed until the
residual force is less than 1 x 1072 eV A™* to obtain the optimal
geometry. The Brillouin zones are sampled using Monkhorst-
Pack k-point grids.* Specifically, a 20 x 20 x 1 mesh is applied
to the SnI, monolayer unit cell. In all cases, the structural
models are built with a vacuum thickness greater than 15 A
along the perpendicular (z-axis) direction to minimize the
spurious interactions between neighboring image layers.

To simulate the doping, a 4 x 4 x 1 supercell is generated,
in which P/As atoms substitute the host I atoms. This supercell
is large enough to minimize the interactions between the
impurities and their periodic images. In these cases, the Bril-
louin zone is integrated with a Monkhorst-Pack k-point grid of 4
x 4 x 1. To estimate the energy required to realize the doping
processes, the formation energy Er is computed using the
following expression:

EmnX@S12) — E(SI2) 4+ nu; — nux
n )

Ep = (1)
where E(nX@SI2) and E(SI2) are the total energies of the nX-
doped and bare SnI, monolayers (X = P and As), respectively;
n is the number of impurities; and u; and ux denote the
chemical potentials of the I and X atoms, respectively. To
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examine the stability of the doped SnlI, systems, their cohesive
energy E. is determined as follows:

E(nX@SI2) — 16E(Sn) — (32 — n)E(I) — nE(X)

E = 48 ’ (2)

where E(Sn), E(I), and E(X) refer to the energies of isolated Sn, I,
and X atoms, respectively.

In order to suggest practical applications, the magnetic
anisotropy should be determined, as it is essential for the
storage of magnetic information. For such a goal, the magnetic
anisotropy energy (MAE) is calculated as

MAE = E[100] — E[001]. 3)

E[100] and E[001] are the total energies calculated using
a two-step approach: (1) self-consistent calculations without
spin-orbit coupling (SOC) to obtain the charge density, followed
by (2) non-self-consistent calculations with SOC, with the
magnetization constrained along the [100] and [001] crystallo-
graphic directions, respectively. The MAE provides information
into the preferred magnetization direction. Specifically,

(a)

Fig. 1 Atomic structure of the Snl, monolayer visualized in (a) a unit
cell, (b) a4 x 4 x 1 supercell at equilibrium, and (c) a 4 x 4 x 1
supercell after 10 ps of AIMD simulations (grey spheres: Sn atoms;
violet spheres: | atoms).
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negative MAE values indicate in-plane magnetic anisotropy
(IMA) since the monolayer systems are expanded in the xy-
plane, while positive MAE values correspond to perpendicular
magnetic anisotropy (PMA).

3. Results and discussion

3.1. Structural and electronic properties of the Snl,
monolayer

Fig. 1a shows the optimized atomic structure of the SnlI,
monolayer in a unit cell, while its 4 x 4 x 1 supercell is di-
splayed in Fig. 1b. The atomic stacking follows an I-Sn-I
sequence. The structure belongs to the P3m1 space group
(no. 164). Each unit cell contains one Snl, formula unit, con-
sisting of one Sn atom and two I atoms, with the following
structural parameters: (1) lattice constant a = 4.58 A; (2)
chemical bond length dg,; = 3.22 A; (3) interatomic angles
/SnISn = 90.70° and ZISnl = 89.30° and (4) monolayer
thickness 4 = 2 X Ag,; = 2 x 1.84 = 3.68 A. These structural
parameters are in good agreement with previous studies,”
where a negligible deviation of only 0.22% in the lattice
constant is presented. Once optimized, we analyze the stability
of the Snl, monolayer using the following criteria:

e The dynamical stability is determined by calculating
phonon dispersive spectra using the PHONOPY code.* A 4 x 4
x 1 supercell is considered, and the finite displacement method
is adopted. Fig. 2a shows the calculated phonon spectra of the
Snl, monolayer, which consist of nine phonon modes
(including three acoustic modes and six optical modes. Our
calculations assert that there are no nonphysical imaginary
frequencies in the whole Brillouin zone. This means that the
Snl, monolayer is dynamically stable.

e Ab initio molecular dynamics (AIMD) simulations in the
canonical ensemble (constant number, volume, and tempera-
ture) are carried out, lasting for 10 ps with a time step of 2 fs
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Fig. 2 (a) Phonon dispersion spectra and (b) fluctuations of temper-
ature and energy during the AIMD simulations of the Snl, monolayer.
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(5000 simulation steps). The Nosé-Hoover thermostat®®® is
employed. A 4 x 4 x 1 supercell is constructed to minimize the
effects of periodic boundary conditions. From Fig. 1b, it can be
seen that the Snl, monolayer maintains its structural integrity
after heating to 300 K; no chemical bonds are broken since the
constituent atoms only exhibit small movements from their
equilibrium sites. In addition, temperature and energy slightly
fluctuate around their equilibrium values during the simulation
period, as observed in Fig. 2b, where the fluctuations remain
within a small range of +5%. From these results, it is safe to
confirm that the SnI, monolayer is thermally stable.

e Mechanical stability is further assessed using two inde-
pendent elastic constants Cy; and Cy,, which should satisfy the
Born criteria for the stability of 2D hexagonal symmetry:** C;, >
0 and C;; > |Cy,|. In our case, the calculated values of C,; and
C1, are 16.029 and 3.893 N m ', respectively. Since the Born
criteria are satisfied, it can be concluded that the SnI, mono-
layer is mechanically stable. In addition, Young’s modulus Y
and Poisson’s ratio vy are derived from elastic constants as

2 2
Cu® —Copp

C
follows:** Y = andy = C_u For the SnI, monolayer,
11 11

Young’s modulus is calculated to be 15.08 N m™*

, which is
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much smaller than that of graphene (335 N m ™ '),* h-BN (331 N
m™"),*” and MoS, (119 N m™").*® These results indicate that the
Snl, monolayer possesses low mechanical strength, which
should be considered when designing potential applications.
Moreover, the Poisson’s ratio of this monolayer is 0.24, which is
comparable to those of graphene, h-BN, and MoS,.

The orbital-decomposed band structure of the Snl, mono-
layer is shown in Fig. 3a. The calculated band structure
confirms the indirect-gap semiconducting nature of the SnI,
monolayer, in which the highest point of the valence band is
located along the I''K path and the lowest point of the
conduction band appears at the I'" point. According to our
calculations, this 2D material has a band gap of 2.03 eV, which
is consistent with previous reports.®® By including spin-orbit
coupling (SOC), an energy gap of 1.88 eV is obtained at the
PBE+SOC theoretical level (see Fig. S3 of the SI file). Our results
are smaller than the experimental band gap (~2.9 eV)* as
a consequence of the band gap underestimation of the GGA-
PBE functional. Note that hybridized Sn-s and I-p,,. states
form the upper valence band, while the lower conduction band
part is formed mainly by the Sn-p, state. In the considered
energy range, I-p,, . and Sn-p,,, , states also construct the lower
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Fig. 3 (a) Orbital-decomposed band structure (the Fermi level is set to 0 eV) and (b) electron localization function (iso-surface value: 0.8 e A=)

of the Snl, monolayer.
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valence band and upper conduction band, respectively. The Sn-
s/I-py,y,. hybridization may produce the covalent character of the
Sn-1bond, which is further confirmed by the charge distributed
in the interatomic regions (see Fig. 3b). However, the difference
in electronegativity between Sn and I atoms also leads to charge
transfer, which is further studied quantitatively using Bader
charge analysis. It is found that each Sn atom transfers 0.90 e to
of charge to the I atoms (each I atom attracts 0.45 e). The same
feature has been found in a PbI, monolayer, in which each I
atom attracts 0.4 e from a Pb atom.” These results demonstrate
that the Sn-I chemical bond has both covalent and ionic
character.

3.2. Effects of single pnictogen impurity

In this section, the effects of pnictogen impurities on the SnI,
monolayer’s electronic and magnetic properties are investi-
gated, where one pnictogen (X = P and As) atom substitutes one
I atom in a 4 x 4 x 1 supercell. The single-atom-doped Snl,
systems are denoted as 1X@SI2. Our calculated formation
energies indicate energy costs of 3.15 and 2.87 eV per atom to
realize the P and As doping processes, respectively. Moreover,
the 1P@SI2 and 1As@SI2 systems exhibit negative E. values of
—2.57 eV per atom, which suggests their good structural and
chemical stability. It is worth noting that the cohesive energy of
the SnI, monolayer (calculated to be —2.59 eV per atom) varies
insignificantly upon doping, indicating negligible effects on the
structural and chemical stability of this 2D material. The opti-
mized atomic structures of the 1P@SI2 and 1As@SI2 systems
are given in Fig. S1 of the SI file. From the structural relaxation,
the chemical bond lengths dp_sn/das-sn and buckling heights
Ap_snldpssn are calculated to be 2.65/2.77 and 1.35/1.51 A,
respectively. Note that these values are smaller than those of the
pristine monolayer (dig, and 4;g,), indicating a local
contraction of the Snl, monolayer caused by pnictogen impu-
rities. This structural distortion can be attributed to the smaller
atomic sizes of P/As atoms in comparison with that of an I atom.

The ionic interactions between pnictogen impurities and
their neighboring atoms in SnI, monolayer are analyzed
through charge density difference Ap calculated as

Ap = p(IX@SI2) — p(S12) — p(1X), @

where p(1X@8SI2), p(SI2), and p(1X) are the charge densities of
the 1X@SI2 system, the bare SnI, monolayer, and a single X
atom, respectively, and are computed using self-consistent
calculations. As illustrated in Fig. 4a and c, charge accumula-
tion at the P and As sites is visualized by yellow iso-surfaces,
while their nearest neighboring Sn atoms exhibit charge
depletion that is visualized by aqua iso-surfaces. This feature
originates from the ability of pnictogen atoms to attract charge
due to their greater electronegativity compared with Sn atoms.
The ionic interactions originating from this charge transfer are
quantitatively studied using Bader charge analysis. It is found
that P and As impurities attract charge amounts of 0.63 and 0.45
e from the host Snl, monolayer, respectively. Note that the P
atom gains a larger quantity because it is more electronegative
than the As atom. The charge density in 1X-doped SnlI,

12632 | RSC Adv, 2026, 16, 12628-12638
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Fig. 4 Charge density difference (iso-surface value: 0.002 e A~3;
yellow iso-surface: charge enrichment; aqua iso-surface: charge
depletion) and spin density (iso-surface value: 0.005 e A=3) of (a and b)
1P- and (c and d) 1As-doped Snl, monolayers.

monolayer systems is visualized in Fig. S4 of the SI file, which
shows significant redistribution around the doping sites.

Our spin-polarized calculations confirm the presence of
magnetic states in the 1P@SI2 and 1As@SI2 systems, with each
exhibiting an overall magnetic moment of 2.00 pg. The spin
density is further evaluated to analyze the atomic contributions
to the magnetic moment. From the results visualized in Fig. 4b
and d, one can see large spin iso-surfaces centered mainly at the
doping sites, indicating the key role of the pnictogen (X)
impurities in generating the magnetic properties of the 1X@SI2
systems. Moreover, a small contribution from the near-
est-neighbor Sn atoms is also observed. In addition, the
magnetic anisotropy energy of the 1P@SI2 and 1As@SI2
systems is calculated to be —2482.23 and —934.4 peV per
supercell. Negative MAE values indicate the IMA of both
systems, suggesting their potential for magnetic-field-sensing
applications. Note that the 1P@SI2 monolayer exhibits
stronger in-plane magnetic anisotropy considering its

© 2026 The Author(s). Published by the Royal Society of Chemistry
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significantly more negative MAE value compared to the
1As@SI2 monolayer. This difference can be attributed to the
strong orbital hybridization and mixing of the in-plane py,
states of the P-Sn interactions.

The doping-induced magnetic states in the Snl, monolayer
are also reflected in the calculated spin-resolved band struc-
tures and projected density of states (PDOS) of the pnictogen
impurities and their nearest neighboring Sn atoms in the
1X@SI2 systems, as shown in Fig. 5. From the figure, strong
spin polarization can be observed, generated by new mid-gap
energy subbands in the vicinity of the Fermi level, whose flat
form indicates their origin from the localized states. The spin-
up state of the 1P@SI2 and 1As@SI2 systems has indirect
gaps of 1.81 and 1.74 eV, respectively. Note that these values are
determined by the separation between the flat energy band
below the Fermi level—originating mainly from P/As-p,,,, and
Sn-s states—and the lower conduction band, which is formed
mainly by Sn-p,, . states. Meanwhile, very small band gaps of
0.09 and 0.05 eV are obtained for the spin-down state of the
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1P@SI2 and 1As@SI2 systems, respectively. These small values
can be attributed to the mid-gap flat subbands located close to
each other: one below the Fermi level, formed mainly by P/As-p,
states, and the other above the Fermi level, built primarily from
P/As-p,, states. This analysis demonstrates the importance of P-
3p and As-4p orbitals in regulating the magnetic semiconductor
nature of 1P@SI2 and 1As@SI2 systems, respectively. It is worth
noting that the spin-down state could be metallized under the
effects of external factors, such as thermal fluctuations, because
of its very small band gap. Consequently, the 1P@SI2 and
1As@SI2 systems could become half-metallic, offering potential
for additional functionality.

3.3. Study of spin coupling

Now, the magnetic phase of the P- and As-doped SnI, mono-
layers is determined by examining the spin coupling between
pnictogen impurities. For such a goal, two pnictogen X impu-
rities replace two I atoms in a 4 x 4 x 1 supercell. For each
impurity type, two doping configurations are considered, and
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Fig.5 Spin-resolved band structure and projected density of states (pnictogen impurities and their nearest neighboring Sn atoms) of (a) 1P- and

(b) 1As-doped Snl, monolayers (the Fermi level is set to 0 eV).
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the doped systems are denoted as 2X-1@SI2 and 2X-2@SI2,
where the separation between the X atoms increases from 2X-
1 to 2X-2 doping configurations (see the optimized atomic
structure visualized in Fig. S2 of the SI file). Specifically, the
inter-dopant separation is 4.52 and 4.74 A in 2P-1@SI2 and 2As-
1@SI12 systems, respectively. In the cases of 2P-2@SI2 and 2As-
2@SI2 systems, the separation is 9.16 A. In the previous
subsection, it was confirmed that the system magnetism is
mainly produced by the pnictogen impurities. Therefore, the
constrained local magnetic moments of the X atoms are initially
set to be parallel to simulate the ferromagnetic (FM) phase,
while the antiferromagnetic (AFM) phased is modeled with an
antiparallel configuration. Fig. 6 shows the spin densities of the
2X-1@S12 and 2X-2@SI2 systems, as well as the energy of the
magnetic phase transitions. According to our calculations,
a small X-X separation induces the AFM phase, which exhibits
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a smaller energy than the FM phase. In these cases, the energy
difference for the 2P-1@SI2 and 2As-1@SI2 systems is 32.41 and
34.74 meV, respectively. The AFM-to-FM phase transition is
induced by further separating the pnictogen impurities, such
that parallel spin coupling is energetically favorable in the 2P-
2@SI2 and 2As-2@SI2 systems with energy differences of
72.92 and 119.55 meV, respectively. For these ferromagnetic
systems, the Curie temperature T is computed using the mean-
field approximation as follows:

—2AE

TC = 3NkB ) (5)

where AE refers to the energy difference between the FM and
AFM states; kg is the Boltzmann constant; and N = 2 is the
number of pnictogen impurities in the supercell. According to
our calculations, T¢ values of 282.20 and 462.66 K are obtained

Fig. 6 Spin density and magnetic-phase transition energies of (a) 2P-1-, (b) 2P-2-, (c) 2As-1-, and (d) 2As-2-doped Snl, monolayers (iso-surface
value: 0.005 e A~3; red iso-surface: positive spin value; green iso-surface: negative spin value; top row: parallel spin coupling was initially set;

bottom row: antiparallel spin coupling was initially set).
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for the 2P-2@SI2 and 2As-2@SI2 systems, respectively. Large
Curie temperatures suggest good robustness of the ferromag-
netism in the Snl, monolayer induced by pnictogen impurities.
In addition, the X-X separation also induces the PMA-to-IMA
switching of the magnetic anisotropy. Specifically, the
magnetic anisotropy energy of the 2P-1@SI2 and 2As-1@SI2
systems is calculated to be 257.7 and 10 539.21 peV per super-
cell, respectively, indicating perpendicular magnetic anisot-
ropy. Note that the PMA of the 2As-1@SI2 system is quite strong,
as suggested by its large MAE value. A large X-X interatomic
distance induces in-plane magnetic anisotropy in the 2P-2@SI2
and 2As-2@SI2 systems with negative MAE values of —2393.20
and —1278.22 peV per supercell, respectively. These results
suggest an efficient approach to selectively design applications
for the pnictogen-doped SnI, monolayer, such as for MRAM
fabrication (with PMA required) and magnetic field sensing
(with IMA required).

Fig. 7 shows the spin-resolved band structures of the 2X-
1@SI2 systems in the AFM phase and the 2X-2@SI2 systems
in the FM phase, whose electronic nature is determined by the
flat mid-gap energy states. It can be noted that the 2P-1@SI2

and 2As-1@SI2 systems exhibit an antiferromagnetic
—— Spin-up —— Spin-down
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Fig. 7 Spin-resolved band structure of (a) 2P-1-, (b) 2P-2-, (c) 2As-1-,
and (d) 2As-2-doped Snl, monolayers (the Fermi level is set to 0 eV).
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semiconducting nature with energy gaps of 0.27 and 0.26 eV,
respectively, where no spin polarization is observed since spin
states are symmetric. In contrast, the 2P-2@SI2 and 2As-2@SI2
systems exhibit strong spin polarization around the Fermi level.
The semiconductor spin-up state with an indirect energy gap of
1.68 eV and the metallic spin-down state give rise to the
formation of ferromagnetic half-metallicity in the 2P-2@SI2
system. Conversely, the 2As-2@SI2 system shows
conducting behavior for both the spin-up and spin-down states,
with indirect gaps of 1.65 and 0.11 eV, respectively, confirming
the emergence of the ferromagnetic semiconducting nature
that can be attributed to the orbital overlap and hybridization
between As impurities and their neighboring atoms as a result
of the larger atomic radius of the As atom compared to the P
atom.

semi-

4. Conclusions

In summary, first-principles calculations have been performed
to systematically investigate the effects of pnictogen (X = P and
As) doping on the electronic and magnetic properties of the Snl,
monolayer. Good stability is confirmed for the pristine SnI,
monolayer, which is a 2D indirect-gap semiconductor whose
band gap originates mainly from the hybridization between Sn-
s and I-py,, , states. This electronic hybridization gives rise to the
covalent character of the Sn-I chemical bond, while the ionic
character is a result of the charge transfer from the less elec-
tronegative Sn atom to the more electronegative I atom. Once
incorporated into the Snl, monolayer lattice, P and As impuri-
ties attract charge from the host monolayer. Interestingly, spin
states with in-plane magnetic anisotropy are also induced by
pnictogen doping, primarily generated by the impurities. The
interactions between X-p,, . and Sn-s states form new mid-gap
subbands that give rise to magnetic semiconducting behavior.
Our study also reveals interesting electronic and magnetic
properties controlled by the X-X separation. An antiferromag-
netic semiconducting nature with perpendicular magnetic
anisotropy is obtained when the X impurities are close to each
other. Increasing their separation leads to the formation of new
2D materials that are ferromagnetic half-metals (for P doping)
or ferromagnetic semiconductors (for As doping). Moreover, the
magnetic anisotropy is switches from PMA to IMA. High Curie
temperatures of 282.20 and 462.66 K are obtained by P and As
doping, respectively. Thus, controlling the inter-dopant sepa-
ration can be employed to regulate the electronic and magnetic
properties of doped SnI, monolayer systems when designing
new functional 2D materials. Our results demonstrate that
pnictogen doping is an effective functionalization method for
inducing d° magnetism in the nonmagnetic Snl, monolayer,
which exhibits feature-rich electronic and magnetic properties
suitable for selective spintronic applications.
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