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In recent years, two-dimensional (2D) Janus structures have attracted great research attention because of
their promise for practical applications. In this work, Janus monolayer AlLSO under the effects of vacancy
and doping is systematically investigated. The pristine AlL,SO monolayer exhibits a direct-gap
semiconductor nature with a band gap of 152 eV. The chemical bonds All-O and Al2-S are
predominantly ionic, meanwhile the covalent character dominates the All-Al2 bond. A single Al2
vacancy induces a half-metallic nature with a total magnetic moment of 1.00 ug, meanwhile no
magnetism is obtained by creating a single All vacancy that metallizes the monolayer. The nonmagnetic
semiconductor nature is preserved with single O and S vacancies, which tune the band gap to 1.41 and
1.70 eV, respectively. Significant magnetism with an overall magnetic moment of 5.00 ug is induced by
doping with a single Fe atom. Our simulations assert the antiferromagnetic semiconductor nature of the
Fe-doped AlLLSO monolayer, where antiferromagnetism is more stable in the case of pair-Fe-atom
substitution with an energy difference of 309.3 meV compared to ferromagnetism. Beyond
monoelement doping, the substitution of small clusters of FeNs and FeFs is also investigated. These
clusters induce a feature-rich electronic nature with total magnetic moments of 2.00 and 2.11 ug,

Received 10th June 2025 respectively. In all cases, Fe atoms mainly induce the magnetic moment in the system. Small cluster
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doping also generates multiple mid-gap energy states around the Fermi level, which is crucial to control
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. Introduction

The successful exfoliation of graphene in 2004 * marked the
starting point for the important field of investigations on two-
dimensional (2D) materials. Undoubtedly, graphene is of
special interest and it is one of the most investigated 2D
materials not only for fundamental research but also for tech-
nological applications.>* However, the lack of an intrinsic band
gap presents a limitation of graphene that can be overcome by
some approaches such as edge cutting®® and surface function-
alization.*” Moreover, research efforts have also been made to
achieve significant progress in the exploration and discovery of
new post-graphene 2D materials, resulting in a large variety of
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the electronic nature of the system. Our study provides new insights into the functionalization of the
Janus monolayer Al,SO that could be employed to make new promising 2D spintronic materials.

new exciting structures with intriguing physical properties
including metallic,*® semiconducting,'®" insulating,">** and
superconducting properties."*** In this regard, 2D semi-
conductors are widely explored for the development of dimin-
utive and flexible optoelectronic and electronic devices.'®"”
Among them, 2D materials based on III-VI groups have been
successfully prepared in experiments, exhibiting promising
optoelectronic performances with high on-off current ratios,
high electron mobility, and broad-band spectral response.’®>"
Besides the experimental investigations, great theoretical
endeavor has revealed the mechanical flexibility**** and tunable
band gap of these materials through thickness engineering>*
and the application of external electric field/strain.>>*
Following the great progress of 2D compounds, researchers
have paid increasing attention to the development of ternary
Janus monolayers. The first theoretical prediction of Janus
transition metal dichalcogenides (MXY; M = Mo and W; X, Y =
S, Se, and Te) was realized by Cheng et al* Later, the first
successful fabrication of the Janus structure MoSSe monolayer
with intrinsic vertical piezoresponse highlighted significant
advancement in the field of 2D materials.”®* These achieve-
ments have been followed by the successful experimental
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realization of other Janus structures including WSSe** and
PtSSe,** among others. The formation of Janus structures breaks
the out-of-plane symmetry, showing promise for advanced
applications in diverse areas such as electronics and optoelec-
tronics,** piezoelectrics,>** and photocatalysis.***” These
experimental achievements have motivated researchers to
design a vast array of Janus materials considering the flexible
chemical compositions and structures. Particularly, the
stability, electronic, optical, piezoelectric, and thermoelectric
properties of those based on III-group have been investigated,
including Al, XY, Ga,XY, and In,XY.***° Recently, the concept of
oxygen-containing Janus structures with oxygen as a third
component element has been proposed,*** however deep
insights into this material group are still needed since they have
not been extensively investigated yet.

On the other hand, chemical modification has been exten-
sively exploited to achieve efficient magnetism engineering in
2D materials in order to add new functionalities. In this regard,
substitutional doping may be the most employed route because
of its effectiveness and simplicity using transition metals, rare
earth metals, and even nonmetals as dopant atoms.***” The
investigations are not only limited to monoelement doping, but
also doping with multielemental impurities has been consid-
ered.*** It has been found that dopant atoms can form small
clusters due to strong thermodynamic driving forces. For
example, FeN, and FeC, complexes have been found to be
thermodynamically stable in the graphene monolayer.*>** Then,
several research groups have proposed doping with small
clusters in 2D materials for tailoring their electronic properties
and magnetic states including FeXs and TMO; (TM = Mn, Fe,
Co, and Ni) in the MoS, monolayer,*>** TMO; and TMO, (TM =
3d transition metals) in the BN monolayer,** and TMO,, (TM =
V, Cr, Mn, and Fe; n = 3 and 6) in the PtS, monolayer,”® among
others. Results have demonstrated the emergence of feature-
rich electronic and magnetic properties induced by cluster
doping.

In this work, we investigate systematically the structural
stability and electronic properties of the Al,SO monolayer. The
presence of vacancy defects could induce magnetism in this 2D
material or effectively tune its electronic structure. Further-
more, we propose doping with the transition metal Fe and small
FeZ; (Z =N and F) clusters to achieve magnetism engineering of
the Al,SO monolayer in order to add new functionalities.

. Computational details

Our calculations are based on the density functional theory
(DFT),** as embedded in Vienna ab initio simulation package
(VASP) that makes use of the projector augmented wave (PAW)
potential to treat ion-electron interactions.*”*® The generalized
gradient approximation (GGA) describes the exchange-correla-
tion functionals, where the PBE version (Perdew-Burke-Ern-
zerhof) is adopted.* The on-site Coulomb interactions of the Fe-
3d orbital are properly described by employing the GGA+U
method,* where an effective Hubbard parameter of 5.40 eV is
set in accordance with previous reports.®** A plane-wave cutoff
energy of 500 eV is set for the expansion of the valence-electron
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wave functions (Al: 3s*3p"; S: 3s*3p?; O: 2s*2p”; Fe: 3d°4s”; N:
2s”2p% F: 2s%2p°). Structures are relaxed until Hellmann-
Feynman residual forces on the atoms are smaller than 0.01 eV
A, The Brillouin zone sampling is realized using a 20 x 20 x 1
k-point grid for the Al,SO monolayer unit cell, which is gener-
ated within the Monkhorst-Pack (MP) scheme.** A vacuum gap
more than 17 A is used to eliminate the spurious interactions of
the perpendicularly periodic image monolayers.

Phonon dispersion curves of the Al,SO monolayer are
calculated using the density functional perturbation theory
(DFPT) implemented in PHONOPY code.** In the NVT
ensemble, ab initio molecular dynamics (AIMD) simulations are
carried out using a Nose-Hoover thermostat®>®® to evaluate the
thermal stability of the studied 2D systems at 300 K for 6 ps with
a time step of 2 fs (corresponding to 3000 simulation steps).

In order to investigate the impact of vacancy defects and
doping, a 4 x 4 x 1 supercell is generated, which contains 64
atoms (32 Al atoms, 16 S atoms, and 16 O atoms). The Brillouin
zone of defected/doped systems is integrated using an MP k-
point mesh of 4 x 4 x 1. In the case of doping, Fe atoms are
doped at Al sublattices due to their metallic nature, while F and
N atoms are doped at O sublattices because of their similar
atomic size.

[ll.  Results and discussion
A. Stability and electronic properties of the Al,SO monolayer

Fig. 1a shows the atomic structure of the Al,SO monolayer in
a unit cell that contains one formula unit. It can be seen that
two vertically aligned Al atoms are located between O and S
atoms. Herein Al atoms linked to O and S atoms are labeled
“Al1” and “Al2”, respectively. From the structural relaxation, an
optimal lattice constant of 3.25 A is obtained for the Al,SO
monolayer. Moreover, chemical bond lengths daj1-0, daii-al2,
and dup,_s are calculated to be 1.95, 2.61, and 2.24 A, respec-
tively. The structural parameters of the Al,SO monolayer are in
good agreement with previous reports.®”*® To check the stability
of the Al,SO monolayer, phonon calculations and AIMD simu-
lations are performed. It is found that there is no nonphysical
imaginary mode in the calculated phonon spectra displayed in
Fig. 1b, confirming that the Al,SO monolayer is dynamically
stable. During the AIMD simulations, temperature and energy
exhibit stable fluctuation in a small range as observed in Fig. 1c.
Moreover, the visualized final structure asserts that there is
neither significant reconstruction nor a broken bond,
preserving the initial configuration. The results confirm that the
Al,SO monolayer is thermally stable.

In order to clarify the electronic properties of the Al,SO
monolayer, we calculated its atom-decomposed band structure
and projected density of states. Fig. 2a asserts the I'-I" direct-
gap semiconductor nature of the Al,SO monolayer with an
energy gap of 1.52 eV. In the considered energy range, O and S
atoms make major contributions to the band structure forma-
tion, meanwhile Al atoms make little contribution. Specifically,
the upper part of the valence band originates primarily from O-
Px,y and S-p,, states, while the Al-s state builds mainly the lower
part of the conduction band (see Fig. 2b). To further understand

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Atomic structure in a unit cell, (b) phonon dispersion curves,
and (c) AIMD simulation at 300 K of the Janus Al,SO monolayer.

the chemical bonds, the electron localization function (ELF) is
visualized in Fig. 2c, which shows the electron enrichment at
the O site, S site, and in the Al1-Al2 region. These results
suggest that Al atoms transfer charge to O and S atoms because
of the difference in their electronegativity. From Bader charge
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analysis, it is found that the transferred charge quantities from
All and Al2 atoms are 1.75 and 1.44 e, respectively. Meanwhile,
O and S atoms attract charges of 1.69 and 1.50 e, respectively.
The ELF illustration also demonstrates the covalent character of
the Al1-Al2 bond that is generated by the s and p, hybridization
as observed in Fig. 2b.

B. Effects of vacancies

In this part, vacancy (Vauom) effects on the electronic and
magnetic properties of the Janus Al,SO monolayer are investi-
gated (denoted as Va,om@mo). Fig. 3 shows the calculated spin-
polarized band structures, where different characteristics are
observed depending on the type of vacancy. Specifically, spin-up
and spin-down distributions are symmetric upon creating
single Va,1, Vao, and Vag vacancies. Note that the upper valence
subband of the Va,;; @mo system overlaps with the Fermi level,
suggesting the monolayer metallization induced by a single
Va,; vacancy. Meanwhile, the semiconductor nature with band
gaps of 1.41 and 1.70 eV are obtained for Vap@mo and Vag@mo
systems, respectively. These results assert that single Vap and
Vag vacancies induce band gap reduction of 7.24% and band
gap increase of 11.84% in the Al,SO Janus monolayer, respec-
tively. In contrast, the single vacancy Va,), induces the asym-
metric character of spin-up and spin-down channels, mostly
around the Fermi level to confirm the half-metallic nature of the
Va,,@mo system. In this case, an energy gap of 0.72 eV is ob-
tained for the semiconductor spin-up state, meanwhile the
spin-down state shows the metallic character.

To get more details on the electronic modification, PDOS
spectra of constituent atoms closest to the defect sites are given
in Fig. 4. Note that the O-p, state mainly contributes to the
metallic nature of the Va,;;@mo system, where the flat band
above the Fermi level is formed mainly from the Al2-p, state.
The single Al1 vacancy leads to the reduced occupancy of O-p

(c)

1 s L s s
K M 0.0 0.2 0.4 0.6 0.0 0.2 0.4

Fig. 2
surface value: 0.6 e A=) of the Janus ALSO monolayer.

© 2025 The Author(s). Published by the Royal Society of Chemistry

060 1 2 3 4 5
Density of states (States/eV)

(a) Electronic band structure, (b) projected density of states (the Fermi level is set to 0 eV), and (c) 3D electron localization function (iso-
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Fig.3 Spin-polarized band structure of (a) Vays@mo, (b) Vay,@mo, (c)
Vao@mo, and (d) Vas@mo systems (the Fermi level is set to 0 eV).

orbital, making the valence band shift towards the Fermi level
to induce the monolayer metallization. The sub-bands around
the Fermi level of the Va,,@mo system are built primarily from
S-Px,y,- States that cause the spin-down metallic character, where
the Al1-s state forms the sub-band above the Fermi level in both
spin configurations. It is worth mentioning that strong spin
polarization in PDOS spectra of the S atom also indicates its key
role in generating the magnetism of the system. It is also found
that the Al1-p, state gives rise to a flat band in the upper part of
the valence band of the Vap@mo system, where little contri-
bution from Al1-p,, is all observed. Similarly, Al2-p,, . states
also give rise to a new mid-gap sub-band below the Fermi level
of the Vag@mo system, which are mainly responsible for the
band gap reduction.

The asymmetric character of spin-up and spin-down bands
indicates the magnetic features of the Va,,@mo system. The
overall magnetic moment of the Va,,-defected system is
calculated to be 1.00 ug. The spin density illustrated in Fig. 5
demonstrates that the three nearest neighboring S atoms from
the defect site contribute mainly to the magnetic moment.
Specifically, PDOS spectra in Fig. 4b imply that the S-p orbital
contributes primarily to the magnetism of the system, which
can be attributed to the absence of a charge losing atom (Al2
vacancy) that causes reduced occupancy of the S-p orbital
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Fig.4 Spin-polarized projected density of states of constituent atoms
closest to the vacancy site in (a) Vaa1@mo, (b) Vaa@mo, (c) Vac@mo,
and (d) Vas@mo systems.

around the vacancy site. Consequently, the charge distribution
is unbalanced between spin channels to cause spin polariza-
tion. Therefore, it can be concluded that the presence of Va,y,
Vao, and Vag does not induce magnetism in the Janus Al,SO
monolayer. Meanwhile, significant magnetism with half-meta-
llicity is achieved by creating Va,, single vacancy. Furthermore,
these features are confirmed by computing the difference in
energy of the magnetic state (MS) and nonmagnetic state (NMS):
AE = Eyqs — Ensm- Positive AE values of 0.02, 0.66, and 0.84 eV
are obtained for Va,;@mo, Vap@mo, and Vag@mo systems,
confirming their nonmagnetic nature since the MS has higher
energy than the NMS. In contrast, the MS is found to be

b 4
roy

Fig. 5 Spin density (iso-surface value: 0.005 e A~3) of the Vaso@mo
system.
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Fig.6 Spin-polarized band structure of (a) Feay@mo and (b) Feao@mo
systems (the Fermi level is set to 0 eV).

energetically more favorable than the NMS for the Va,,@mo
system as confirmed by a negative AE value of —0.04 eV.

C. Effects of doping with Fe atom

Herein, doping with Fe atoms is proposed to modify the Al,SO
monolayer's electronic and magnetic properties. Fe;@mo and
Fejyp,@mo denote the doped systems with Fe doping at All
sublattice and Al2 sublattice, respectively. Fig. 6 shows the
calculated spin-polarized band structures of Fe,;@mo and
Fea,@mo systems. Note that the spin polarization is produced
in both cases by the appearance of new mid-gap sub-bands.
Importantly, both spin states of Fe-doped Al,SO monolayers
show the semiconductor nature. Specifically, spin-up/spin-
down band gaps of 1.62/0.52 and 1.43/1.23 eV are obtained
when realizing the Fe substitution at Al1 and Al2 sites, respec-
tively, which are determined mainly by the mid-gap sub-bands.
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Fig. 7 Spin-polarized projected density of states of Fe impurity and its
nearest neighboring atoms in (a) Feay@mo and (b) Feap@mo systems.
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To further investigate the origin of these band structure parts,
projected density of states (PDOS) spectra of Fe impurity and its
nearest neighboring Al and O/S atoms are given in Fig. 7. Note
that the flat mid-gap sub-bands are formed primarily from Fe-
d,~d,;~d,>~, Al-s—p;, and O/S-p,, states.

The spin-asymmetric characters suggest the doping-induced
magnetization of the Al,SO monolayer, which is confirmed by
the overall magnetic moment of 5.00 ug for both Fe,;;@mo and
Feap,@mo systems. Our simulations also provide local magnetic
moments of 3.95 and 3.73 up for Fe impurity in these doped
systems, respectively. The spin density in Fe,;@mo and
Feap,@mo monolayers is illustrated in Fig. 8a and c, respec-
tively. From the figures, one can see that spin surfaces are
produced mainly at Fe atoms. The calculated magnetic
moments and illustrated spin density indicate the key role of Fe
impurity in generating magnetism in the Janus AL,SO

Fig. 8 Spin density (iso-surface value: 0.02 e A=) and charge density
difference (iso-surface value: 0.003 e A~3; yellow and aqua surfaces
represent the charge accumulation and depletion, respectively) of (a)
and (b) Feau@mo and (c) and (d) Feap@mo systems.

Nanoscale Adv., 2025, 7, 7171-7181 | 7175
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Fig. 9 Energy of the magnetic phase transition of the doped systems: From left to right 2Feay@mo, 2Feap@mo, and pFea,@mo (iso-surface
value: 0.02 e A=3; blue and pink surfaces represent the positive and negative spin values, respectively).

monolayer. In order to understand the interactions between Fe
impurity and the host Al,SO monolayer, the charge density
difference Ap is calculated as: Ap = p(ds) — p(mo) — p(Fe), where
p(ds), p(mo), and p(Fe) denote the charge densities of the doped
system, pristine monolayer, and single Fe atom, respectively.
Results displayed in Fig. 8b and d assert the charge depletion
from Fe atoms and charge enrichment at their nearest neigh-
boring O/S atoms. In addition, the performed Bader charge
analysis confirms the transfer of 1.07 and 0.48 e from Fe to the
host monolayer in Fe,;@mo and Fe,,@mo systems, respec-
tively. Undoubtedly, this difference is derived from the more
electronegative nature of O atoms compared to S atom, which
leads to higher capability to attract charge from the Fe atom.
In order to study the spin ordering in the Fe-doped Janus
Al,SO monolayer, two-Fe-atom doping approach is applied,
where three cases are considered: (1) two Fe atoms are doped at

7176 | Nanoscale Adv., 2025, 7, 7171-7181

Al1 sites (2Fe,;@mo system); (2) two Fe atoms are doped at Al2
sites (2Fe,@mo system); and (3) two Fe atoms are doped at two
vertically aligned pair of Al atoms (pFeai;, Systems). For each
system, the total energy of the ferromagnetic (FM) and antifer-
romagnetic (AFM) states is computed. From Fig. 9, one can see
that the AFM state has lower energy than the FM state in all
three systems, implying its stability. The difference in energy in
2Fe,11@mo, 2Fe,,@mo, and pFe,,@mo systems is calculated
to be 0.6, 20.8, and 309.3 meV, respectively. Note that the Fe-
atom pair substitution results in highly stable antiferromag-
netism in the Janus Al,SO monolayer.

The spin-polarized band structures of the antiferromagnetic
2Fe-doped Al,SO monolayers are given in Fig. 10, where one can
see the development of new flat mid-gap sub-bands. The anti-
ferromagnetic semiconducting nature is found in 2Fe,;;@mo,
2Fes,@mo, and pFea;,@mo systems. Specifically, spin-up/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Spin-polarized band structure of (a) 2Feau@mo, (b) 2Fesp@-
mo, and (c) pFea2@mo systems (the Fermi level is set to 0 eV).

spin-down energy gaps of 0.70/0.80, 0.50/0.48, and 0.35/0.64 eV
are obtained for these systems, respectively. Results suggest the
prospective spintronic applications of the antiferromagnetic
semiconducting 2Fe-doped Janus Al,SO monolayers.**"*

D. Effects of doping with small FeX; (X = N and F) clusters

Beyond monoelement doping, the substitution of small clusters
of FeX; (X = N and F) in the Janus Al,SO monolayer is proposed.
The doped systems are denoted as FeX;@mo. The diverse
feature-rich electronic nature induced by cluster doping is
confirmed by the calculated spin-polarized band structures di-
splayed in Fig. 11. Specifically, the FeN;@mo system can be
classified as a 2D magnetic semiconductor material, whose
semiconductor spin-up and spin-down states have energy gaps
of 0.22 and 1.58 eV, respectively. Meanwhile, the spin-up state of
the FeF;@mo system exhibits metallic character, giving place to
the formation of the half-metallicity. In this case, the semi-
conductor spin-down state has a band gap of 0.11 eV. Note that
the semiconductor nature of the FeN;@mo system and half-
metallic nature of the FeF;@mo system are regulated by the
mid-gap sub-bands, which suggest effective functionalization
towards spintronic applications.””® To further investigate their
origin, PDOS spectra are given in Fig. 12. Note that the sub-
bands around the Fermi level are developed mainly by Fe-d,—

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

Energy (eV)

N \\
t
X

2
\

AN

!

W

)
)

[\ .\
2
N

q

NN AT U

KM I' KM

Fig. 11 Spin-polarized band structure of (a) FeNz@mo and (b)
FeFs@mo systems (the Fermi level is set to 0 eV).

dy~d,2_y>~d,;, N/F-p,~p,, and Al-s-p, states. PDOS profiles also
confirm the important role of Fe and N/F atoms of the incor-
porated small clusters in building the band structure around
the Fermi level.

The asymmetry between the spin configurations of
FeX;@mo systems suggests that doping with both small clus-
ters of FeX; induces magnetism in the Janus Al,SO monolayer.
Our calculations provide overall magnetic moments of 2.00 and
2.11 ugp for FeN;@mo and FeF;@mo systems, respectively. In
these cases, the major contribution comes from Fe atoms with
local atomic values of 3.68 and 2.91 ug, respectively. These
contributions are further visualized by calculating the spin
density. From the results given in Fig. 13a and c, one can see
spin surfaces centered at Fe sites to confirm their contribution
to the system's magnetic moment. From the Bader charge
analysis, it is found that the atom in the FeNj; cluster loses
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Fig. 12 Spin-polarized projected density of states of Fe impurity and
its nearest neighboring atoms in (a) FeNs@mo and (b) FeFz@mo
systems.
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Fig. 13  Spin density (iso-surface value: 0.02 e A=) and charge density
difference (iso-surface value: 0.003 e A=3; yellow and aqua surfaces
represent the charge accumulation and depletion, respectively) of (a)
and (b) FeNz@mo and (c) and (d) FeFz@mo systems.

a charge quantity of 0.82 e, meanwhile the Fe atom in the FeF;
cluster gains 0.29 e. Moreover, each N and F atom attracts
charge amounts of 1.84 and 0.96 e, respectively. These elec-
tronic interactions are further confirmed by the charge density
difference calculated from: Ap = p(ds) — p(mo) — p(cluster).
Fig. 13b shows the charge enrichment at N atoms and charge
depletion at the Fe atom of the FeNj; cluster. The charge accu-
mulation is observed at both Fe and F atoms of the FeF; cluster
(Fig. 13d). These results demonstrate that the small clusters of
FeN; and FeF; attract charges of 4.70 and 3.17 e from the host
Al,SO monolayer, respectively.

E. Formation energy and cohesive energy

Now, the formation energy Er and cohesive energy E. of the
defected and doped Al,SO monolayers are calculated using the
following formula:
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Table1l Formation energy E;(eV per atom), cohesive energy E. (eV per
atom), spin-dependent band gap E¢ (eV; spin-up/spin-down), charge
transfer of impurity AQ (e; “+" and "—" represent charge loss and
charge gain, respectively), and total magnetic moment M, (ug) of the
defected and doped Al,SO Janus monolayer

Ef E. B, AQ M,

Va,@mo 223 486 MM — 0.00
Va,p,@mo 341 —4.84  0.72IM - 1.00
Vao@mo 576  —4.80  1.41/1.41  — 0.00
Vas@mo 1.35 —4.87 1.70/1.70 — 0.00
Fe,,@mo 045  —4.88  1.62/0.52  +1.07 5.00
Feap@mo 1.65 —4.86 1.43/1.23 +0.48 5.00
2Feyu@mo 044  —4.87  0.70/0.80  — 0.00
2Fe,@Mmo 113 —4.85  0.50/0.48 — 0.00
pFey@mo  0.46  —4.87  0.35/0.64 — 0.00
FeN;@mo 2.71 —4.80 0.22/1.58 +0.82/—1.84 2.00
FeF;@mo 0.54 —4.76 M/0.11 —0.29/—0.96 2.11

£ Eyy@mo — Emo - Natkal +10/sHoys — Mrekpe — Nxpix 0

P =

na1 + Noys

where Egsgmo and En,, are the total energy of the defected/
doped and pristine Al,SO monolayer, respectively; 71,¢om denotes
the number of Al/O/S atoms removed and Fe/X atoms incorpo-
rated in the system; u..om refers to the chemical potential of the
“atom”.

Eds@mo — mAlE(Al) — mOE(O) — msE(S) — mFeE(Fe) — mXE(X)

mp; + mo + ms + Mge + mx

(2)

where m,m and E(atoms) represent the number of “atoms” in
the system and energy of an isolated “atom”, respectively.

The calculated formation energies are listed in Table 1. Note
that a single S vacancy is energetically more favorable than
a single Al vacancy and single O vacancy because of its smaller
formation energy. Our calculations also assert that the Fe atom
prefers to replace the All atom since the Fe,;; @mo system has
a smaller E¢ value than the Fey,@mo system. The 2Fe,,@mo
system may have less thermodynamic favorability than
2Fep@mo and pFeu,@mo systems considering its large
formation energy. These results suggest that the Fe-atom pair
substitution in Al,SO is a feasible method to realize new 2D
antiferromagnetic semiconductor systems with very stable
antiferromagnetism. Moreover, the formation of the FeF;@mo
system requires supplying less additional energy than the
FeN;@mo system.

Eqn (2) suggests that structurally and chemically stable
systems should have negative E. values. From Table 1, one can
see E. values between —4.87 and —4.76 eV per atom, indicating
good stability of all the defected and doped Al,SO monolayers.

IV. Conclusions

In summary, first-principles calculations have been performed
to investigate systematically the electronic and magnetic prop-
erties of the Janus monolayer Al,SO under the effects of vacancy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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defects and doping. This 2D Janus structure has good dynamic
and thermal stability. Its nonmagnetic semiconductor nature
has also been confirmed; the band structure is formed from Al-
s, Al-p, O-p, and S-p orbitals. Moreover, the mix of covalent and
ionic chemical bonds is confirmed from the electron localiza-
tion function. The single Al1 vacancy metallizes the monolayer,
meanwhile O and S single vacancies preserve its semiconductor
characteristic. The half-metallicity is obtained from the single
Al2 vacancy, where magnetic moment is produced primarily by
S atoms closest to the Al2 vacancy site. The single Fe impurity
generates a total magnetic moment of 5.00 up in the Al,SO
monolayer which is derived mainly from Fe-3d electrons, for
which the magnetic semiconductor characteristic is obtained.
The energetic stability of the AFM state over the FM state has
been found considering the difference in energy of 0.60, 20.80,
and —309.30 meV for 2Fe,;; @mo, 2Fe,,@mo, and pFey;,@mo
systems, respectively. Along with the calculated spin-polarized
band structure, the antiferromagnetic semiconductor nature is
confirmed for these systems. The substitution of small clusters
is also predicted to be effective for the magnetism engineering.
Specifically, the FeNj; cluster gives rise to the magnetic semi-
conductor nature with a total magnetic moment of 2.00 ug,
while the half-metallicity is obtained from the FeF; cluster with
an overall magnetic moment of 2.11 ug. Bader charge analysis
asserts the charge gain of these small clusters that attract
charge quantities of 4.70 and 3.17 e from the host Al,SO
monolayer, respectively. Our findings may provide good theo-
retical guidance to make new promising 2D spintronic mate-
rials from a nonmagnetic Janus Al,SO monolayer.
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