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agnetic properties of defective
and Fe-doped InS monolayers adjusted by hole
doping as a second functionalization step: a first-
principles study

Nguyen Thanh Tien, a Nguyen Thanh Son,b Truong Tuan Vu,acd R. Ponce-Pérez,e

J. Guerrero-Sancheze and D. M. Hoat *cd

In this work, hole doping is proposed as a second functionalization step to modify the electronic and

magnetic properties of defective and Fe-doped InS monolayers. The pristine monolayer is confirmed to

be a two-dimensional (2D) material with an indirect gap of 1.65 eV, whose In–S chemical bonds exhibit

both covalent and ionic characters. The creation of a single In vacancy (1VaIn) or a pair of In vacancies

(2VaIn) induces half-metallicity in the InS monolayer. In these cases, total magnetic moments of 1.00 and

2.00mB, respectively, are obtained, where S atoms closest to defect sites produce primarily the system

magnetic moments. Meanwhile a single S vacancy (1VaS) induces no magnetism, however this defect

causes a band gap reduction of the order of 28.48%. Significant magnetism is also obtained by Fe doping

(FeIn) with an overall moment of 5.00mB, originating primarily from the transition metal impurity.

Moreover, a magnetic semiconductor nature is also developed in the InS monolayer through doping

with an Fe atom. The in-plane magnetic anisotropy (IMA) is confirmed for the magnetic 1VaIn@mo,

2VaIn@mo, and FeIn@mo systems. Further, the pristine InS monolayer is magnetized with a hole

concentration of 1.5 holes per supercell. Both the magnetization and IMA of the 1VaIn@mo system can

be significantly enhanced by hole doping, while the magnetism in the 2VaIn@mo system disappears upon

adding a hole in its lattice. The nonmagnetic 1VaS@mo system becomes magnetic when it has been

hole-doped with total magnetic moment up to 0.89mB. It is found that hole doping enhances the IMA of

the FeIn@mo system, despite its magnetic moment reducing. In addition, the electronic structures of the

considered InS systems can be effectively controlled by hole doping, where the hole level plays a key

role. Our findings pave a solid way to functionalize the InS monolayer towards diverse spintronic and

optoelectronic applications.
1. Introduction

Since the successful isolation of graphene,1 two-dimensional
(2D) crystalline structures have been attracting enormous
research attention from the scientic community. Intriguing
properties such as high carrier mobility derived from its Dirac
cone with linear energy dispersion, high mechanical strength,
and large surface area, etc. have been found for graphene,2,3
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making it the most studied 2D material. However, graphene is
intrinsically a semimetal, not a semiconductor with an intrinsic
band gap, such that its use in electronic nanodevices is
considerably hindered. To overcome this limitation, different
band gap opening strategies have been proposed through
chemical modication4,5 or edge controlling.6,7 Simultaneously,
researchers have also devoted extensive efforts to the contin-
uous discovery of new 2D alternative materials. Consequently,
a large variety of 2D families have been explored experimentally
and theoretically, including transition metal dichalcogenides
(TMDs)8,9 and nitrides/carbides (MXenes),10,11 pnictogens,12,13

and II–VI group14,15 and III–VI group materials,16,17 etc. Excep-
tional physical and chemical properties endow the 2D materials
with promise for diverse applications in catalysis,18,19 optoelec-
tronics, electronics, and photonics,20,21 photovoltaics,22,23 energy
storage,24,25 and spintronics,26,27 etc.

In the past years, atomically thin III-group mono-
chalcogenides (III–X; III= Al, Ga, and In; X= S, Se, and Te) have
© 2026 The Author(s). Published by the Royal Society of Chemistry
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been prepared successfully in experiments using either top-
down exfoliation from their bulk counterpart28,29 or bottom-up
chemical vapor deposition (CVD),30,31 providing opportunity to
study their properties. These 2D III–X members are semi-
conductors with relatively large band gaps, exhibiting strong
absorption in the UV-vis regime and promising photodetection
performance.16,32 Particularly, the rst successful synthesis of
large-area indium sulde (InS) atomic layers was reported by Tu
et al.33 using the CVD method. The fabricated InS eld-effect
transistors (FETs) exhibit n-type transport behavior and have
an on/off current ratio exceeding 103. Using rst-principles
calculations, several groups have investigated the electronic
modication of the InS monolayer through strain engi-
neering34,35 and the formation of heterostructures.36,37 More-
over, the adsorption and doping with transition metals have
been predicted to induce signicant magnetism in the InS
monolayer, making it suitable for spintronic applications.38,39

On the other hand, the majority of the discovered 2D mate-
rials have no intrinsic magnetism, raising a great challenge to
induce and control the magnetism in 2D materials towards
opening new functionalities. In this regard, vacancy defects
have been widely explored to create magnetic moment and alter
the electronic structure of 2D materials. For example, the
theoretical study of Ao et al.40 has asserted that Ga vacancies
in the GaSe monolayer gives a total magnetic moment of
between 1.00 and 4.00mB, while the band gap narrowing is
achieved by a single Se vacancy. Similar effects of native vacancy
defects have been found for the GaS monolayer.41 In addition,
carrier doping has been also explored as an effective way to
modify the 2D materials’ electronic and magnetic properties.
For example, Meng et al.42 have demonstrated the emergence of
half-metal behavior in nonmagnetic metal oxide monolayers
MO (M = Ga and In) induced by hole doping. Similarly,
a magnetic moment up to 1.00mB with the half-metal state can
be achieved for the GaSe monolayer, depending on the hole
level.43

To the best of our knowledge, the effects of vacancy defects,
Fe doping and hole doping, as well as their coeffects on the InS
monolayer’s electronic and magnetic properties have not been
investigated well, so far. In this work, our main aim is to report
new results to rectify this gap in the research. To achieve this
goal, a 4 × 4 × 1 supercell of the InS monolayer is generated to
model a single In vacancy, a pair of In vacancies, a single S
vacancy, and Fe doping. Moreover, different hole levels of 0.5,
1.0, and 1.5 holes per supercell are considered for all the
perfect, defective, and doped systems. Our results demonstrate
the effectiveness of using defects, doping and hole doping to
alter and control the electronic and magnetic properties of the
InS monolayer, which can be useful theoretical guidance for the
eld of 2D materials.

2. Computational details

Within the framework of density functional theory (DFT),44

spin-polarized calculations are performed using the projector
augmented wave (PAW) method and Perdew–Burke–Ernzerhof-
parameterised generalized gradient approximation (GGA-PBE)
© 2026 The Author(s). Published by the Royal Society of Chemistry
as implemented in Vienna ab initio simulation package
(VASP).45–47 Despite the well-known band gap underestimation,
the PBE functional can describe very well the variation trends of
the band gap andmagnetic moment of the perfect and defective
InS monolayer upon hole doping. In addition, the DFT+U
method with an effective Hubbard parameter of 5.40 eV (ref. 48
and 49) is also adopted to treat properly the high-correlation
effects of Fe-3d electrons. For the plane-wave expansion of the
electronic wave function, the cutoff energy is set to 500 eV. k-
Point grids of 20 × 20 × 1 and 4 × 4 × 1 are generated using the
Monkhorst–Pack method50 to sample the Brillouin zone of the
InS unit cell and supercell, respectively. The relaxation of
geometry structures is realized until the force acting on each In
and S atom is less than 1 × 10−2 eV Å−1. The convergence
criterion of self-consistency for energy is set to 1 × 10−6 eV. In
all cases, a vacuum space with width more than 19 Å is placed
along the z-axis to eliminate the interaction between periodic
monolayer images along the perpendicular direction, where the
monolayer systems are expanded in the xy-plane. It is important
to mention that the spurious Coulombic interactions can be
corrected by using a uniformly scaled supercell with equal
lateral sizes (Lxx = Lyy = Lzz), which is a proven method from
previous studies.51–55 However, for the 4 × 4 × 1 supercell, the
correction can be achieved with a special vacuum Lsz of about 16
Å.56 Therefore, it can be expected that the vacuum gap inserted
in our structural models is reasonable and produces reliable
results.

The formation energy Ef values of the defective and doped
InS systems are calculated using the following expression:

Ef ¼
EX@mo � Emo þ

P

i

nimi �
P

j

njmj

P

i

ni
(1)

where EX@mo and Emo are the total energy of the defective/doped
system and pristine InS monolayer (X refers to the type of
vacancy and doping), respectively; ni (i= In and S) and nj (j= Fe)
denote the number of removed In/S atoms and incorporated
impurity atoms, respectively, m is the chemical potential of the
atom. Cohesive energy Ec is also computed as follows:

Ec ¼ EX@mo �mInEIn �mSES �mFeEFe

mIn þmS þmFe

(2)

herein, matom and Eatom denote the number of atoms in the
defective/doped system and the energy of the isolated atom,
respectively.

The magnetic anisotropy of the magnetic InS-based systems
is studied by calculating the magnetic anisotropy energy (MAE)
as follows:

MAE = E[100] − E[001] (3)

where the total system energies E[100] and E[001] are computed
using a two-step approach: (1) self-consistent calculations
without spin–orbit coupling (SOC) to determine the converged
charge density, followed by (2) non-self-consistent calculations
with SOC and setting the easy magnetization axis along the in-
plane [100] and out-of-plane [001] direction, respectively.
RSC Adv., 2026, 16, 3638–3647 | 3639
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Fig. 2 (a) Phonon dispersion curves and (b) AIMD simulations at 300 K
(fluctuation of E – energy and T – temperature) of the InS monolayer.
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3. Results and discussion
3.1. Stability and electronic properties of InS monolayer

A 4 × 4 × 1 supercell of the InS monolayer at equilibrium is
visualized in Fig. 1a. Note that the atomic structure is composed
by S–In–In–S atomic sublayer stacking, in which two In sub-
layers are vertically bound and aligned. The vertical alignment
is also observed for two S sublayers. From the top-view, In and S
atoms are situated in a graphene-like honeycomb congura-
tion. Aer the structural relaxation, the following parameters
for the InS monolayer unit cell are obtained: (1) lattice constant
a= 3.94 Å; (2) chemical bond lengths dIn–S = 2.57 Å and dIn–In =
2.82 Å, which are in good agreement with previous studies;57 (3)
total structural buckling height Dt = 2 × DIn–S + DIn–In = 2 ×

1.19 + 2.82 = 5.20 Å; and (4) interatomic angles :SInS =

100.29° and :SInIn = 117.57°. In the following, the stability of
the InS monolayer is analyzed.

� Adopting the nite displacement method, we calculate the
phonon dispersion curves of the InS monolayer with the help of
the PHONOPY code.58 Results given in Fig. 2a conrm good
dynamical stability for the studied InS monolayer, considering
the absence of nonphysical imaginary frequencies in its phonon
spectra.

� Ab initio molecular dynamics (AIMD) simulations are
carried out to examine the InS monolayer thermal stability,
using a canonical ensemble and Nosé–Hoover thermostat.59,60

Output is recorded for total time of 5 ps with time steps of 2 fs.
From Fig. 1b, we can see that aer 5 ps of AIMD simulations,
constituent In and S atoms displace slightly from their equi-
librium. Importantly, no structural reconstruction is produced,
such that the initial atomic conguration is well preserved. In
Fig. 1 Atomic structure in a 4 × 4 × 1 supercell of the InS monolayer
(a) before (optimized) and (b) after AIMD simulations.

3640 | RSC Adv., 2026, 16, 3638–3647
addition, the energy and temperature parameters exhibit stable
uctuation within a small range during AIMD simulations as
observed in Fig. 2b. These results conrm that the InS mono-
layer is thermally stable.

� To verify the mechanical stability, we calculate the elastic
constants C11 and C12 of the InS monolayer, which can describe
the elasticity because of the 2D hexagonal symmetry. According
to our simulations, these constants are calculated to be 57.26
and 16.64 N m−1, respectively. Importantly, these values satisfy
that C11 > 0 and C11 > jC12j, which have been proposed to
determine the mechanical stability.61 These results conrm that
the InS monolayer is mechanically stable.

Using the optimized unit cell, we calculate the InSmonolayer
electronic band structure. Results are plotted in Fig. 3a with the
orbital-decomposed contribution of each atom. The Mexican-
hat-like energy dispersion around the Fermi level can be
observed, giving the indirect gap of this 2D material. Our
calculations provide an energy gap of 1.65 eV for the InS
monolayer, which agrees well with previous studies.16 Note that
this gap is determined by the upper valence band originated
from In-pz/S-pz states and the lower conduction band formed
mainly by the In-s state. Moreover, the In-s and S-px,y,z states
also make contributions to the lower part of the valence band,
meanwhile the In-px,y,z states build mainly the upper part of the
conduction band. In order to get a more accurate band gap for
the InS monolayer, the hybrid functional HSE06 with a 25%
fraction of the exact Hartree exchange potential is adopted.62

Our HSE06-based calculations provide a band gap of 2.49 eV
that is larger than that obtained using the PBE functional,
however both functionals produce quite similar band structure
proles with indirect-gap semiconductor character (see Fig. S1
in the SI le). The band structure proles also assert the
hybridization of In-belonging and S-belonging electronic states,
© 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/d5ra07951a


Fig. 3 (a) Projected band structure (the Fermi level is set to 0 eV) and (b) electron localization function (iso-surface level: 0.6 e Å−3) of the InS
monolayer.
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suggesting a covalent In–S bond. This feature is also conrmed
by the charge accumulation between In and S atoms as observed
in the electron localization function visualized in Fig. 3b.
Similarly, the interaction between In–In atoms is predomi-
nantly covalent as conrmed by the large charge accumulations
between them. However, it is awed to not consider the ionic
character of the In–S chemical bond since the chemical bonds
in 2D compounds are not purely covalent because of the
difference in electronegativity. To quantitatively study this
interaction, the Bader charges of the In and S atoms are
analyzed. It is found that each S atom attracts a charge quantity
of 0.74e from In atoms. These results conrm the mix of cova-
lent and ionic characters in the In–S bond in the InS monolayer.

3.2. Effects of vacancy defects

In this part, the effects of a single In vacancy, a pair of In
vacancies, and a single S vacancy on the InS monolayer’s elec-
tronic and magnetic properties are studied. The defective
systems are denoted by 1VaIn@mo, 2VaIn@mo, and 1VaS@mo,
respectively. The formation energies of these systems are
calculated to be 3.64, 3.57, and 2.20 eV per atom, respectively.
Note that the creation of the S vacancy requires less energy than
In vacancies. In addition, the structural–chemical stability of
defective InS monolayers is conrmed by the negative Ec values
of −3.39, −3.40, and −3.35 eV per atom, respectively.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Our spin-polarized calculations provide overall magnetic
moments of 1.00 and 2.00mB for the 1VaIn@mo and 2VaIn@mo
systems, respectively. These results assert the magnetization of
the InS monolayer induced by creating In vacancies. To further
study the magnetism origin, the spin density is illustrated in
Fig. 4. This parameter measures the difference in charge density
distributed in spin channels that originates the magnetism.
From the gure, it can be seen that the magnetic properties of
the 1VaIn@mo and 2VaIn@mo systems are produced mainly by
S atoms around vacancy sites, considering the spin iso-surface
centered at their sites. Moreover, negative MAE values of
−9.89 and −42.99 meV are obtained for these magnetic systems,
respectively, indicating their in-plane magnetic anisotropy
(IMA). The more negative MAE value demonstrates that the pair
of In vacancies induces stronger IMA than the single In vacancy.
In contrast, the single S vacancy preserves the InS monolayer
nonmagnetic nature as conrmed by the zero magnetic
moment of the 1VaS@mo system. Fig. 5 shows the spin-resolved
band structure of the defective InS monolayers. The spin
polarization around the Fermi level for the 1VaIn@mo and
2VaIn@mo systems can be noted . One of their spin states
exhibits semiconductor character with energy gaps of 1.44 and
0.19 eV, respectively. Meanwhile, metallic character is obtained
in the other spin state. These results conrm that half-
metallicity in the InS monolayer is induced by creating In
RSC Adv., 2026, 16, 3638–3647 | 3641
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Fig. 4 Spin density in the InS monolayer with (a) a single In vacancy
and (b) a pair of In vacancies (vacancies are marked with black color;
iso-surface value: 0.002 e Å−3).
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vacancies. Along with the conrmed IMA, the magnetic
1VaIn@mo and 2VaIn@mo systems may hold promise for
magnetic eld sensing applications. In contrast, the nonmag-
netic nature of the 1VaS@mo system is also reected in its spin-
symmetric band structure prole. In this case, the mid-gap at
subbands cause the band gap reduction to 1.18 eV that corre-
sponds to a reduction of 28.48%. Therefore, it can be concluded
that the creation of a single S vacancy may widen the light
absorption range of the InS monolayer, making it more suitable
for optoelectronic applications.

To get more insights into the atom contributions, the pro-
jected density of states (PDOS) spectra of the defective InS
Fig. 5 Spin-resolved band structure of the InS monolayer with (a) a sing
Fermi level is set to 0 eV).

3642 | RSC Adv., 2026, 16, 3638–3647
monolayers are given in Fig. 6. Note that the magnetism and
half-metallicity of the magnetic 1VaIn@mo and 2VaIn@mo
systems are determined primarily by S-px,y,z and In-pz states
since they build mainly the strongly spin-polarized subband
structure around the Fermi level. In the case of the 1VaS@mo
system, the at subband below the Fermi level is originated
mainly from S-pz and In-pz states, while the lower conduction
band part is formed mainly by the In-s state. These mentioned
electronic states are responsible for the band gap reduction as
analyzed above.

3.3. Effects of Fe doping

The effects of Fe doping on the InS monolayer’s electronic and
magnetic properties are investigated herein. The Fe-doped InS
system is denoted by FeIn@mo. From the calculation of
formation energy, it is found that an energy quantity of 0.80 eV
per atom is required to realize the Fe doping in the InS mono-
layer. Moreover, the FeIn@mo system has a negative cohesive
energy of −3.44 eV per atom that suggests its good structural–
chemical stability.

The interaction between the Fe impurity and the host InS
monolayer is studied through charge density difference Dr as
follows: Dr = r(FeIn@mo) − r(mo) − r(Fe), where the terms in
the right-hand side refer to the charge density of the doped
system, InS monolayer system, and single Fe atom, respectively.
From the illustration in Fig. 7a, it can be seen that charge is
depleted from the Fe impurity as represented by green iso-
surfaces, meanwhile its nearest neighboring S atoms exhibit
charge enrichment as indicated by orange iso-surfaces. The Dr

prole suggests charge transfer from the Fe impurity to the host
InSmonolayer. To quantify the process, Bader charge analysis is
performed, which asserts that the host InS monolayer attracts
a charge quantity of 0.87e from the Fe impurity. These results
satisfy the rule of electronegativity since the Fe atom is sur-
rounded by the more electronegative S atoms. In addition, an
le In vacancy, (b) a pair of In vacancies, and (c) a single S vacancy (the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Spin-resolved projected density of states of the InS monolayer with (a) a single In vacancy, (b) a pair of In vacancies, and (c) a single S
vacancy (the Fermi level is set to 0 eV).

Fig. 7 (a) Charge density difference (iso-surface value: 0.005 e Å−3;
green iso-surface: charge depletion; orange iso-surface: charge
enrichment) and (b) spin density (iso-surface value: 0.01 e Å−3) in the
Fe-doped InS monolayer.
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overall magnetic moment of 5.0mB is obtained for the FeIn@mo
system, conrming the magnetization of the InS monolayer
upon doping with the Fe impurity. The spin density visualized
in Fig. 7b shows the main contribution to the system magnetic
moment is from the Fe atom since a large spin iso-surface is
centered at its site. The local magnetic moment of the Fe
impurity is calculated to be 3.72mB. Moreover, IMA in the InS
monolayer induced by the Fe doping is found considering the
negative MAE value of −176.24 meV of the FeIn@mo system,
which is much stronger than the IMA in the defective systems
analyzed above. Such that Fe doping may functionalize the InS
monolayer towards magnetic eld sensing applications.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Fig. 8 shows the spin-resolved band structure of the FeIn@-
mo system, and the PDOS spectra of the Fe impurity and its
nearest neighboring S and In atoms are also given to analyze the
origin of the mid-gap subbands. From panels a-1 and b-1,
diverse at energy curves either below (in the spin-up
channel) or above (in the spin-down channel) the Fermi level
can be observed. Importantly, Fe doping induces the magnetic
semiconductor nature in the InS monolayer with spin-up and
spin-down gaps of 1.01 and 1.34 eV, respectively. The at mid-
gap energy curves are originated mainly from the Fe-dz2 state,
where small contributions from the S-pz, In-s, and In-pz states
are also observed. Moreover, Fe-dxy–dyz–dxz–dx2−y2 states also
participate in the formation of the spin-down conduction band
of the FeIn@mo system.
3.4. Effects of hole doping

Now, effects of hole doping on the electronic and magnetic
properties of the pristine, defective, and doped InS systems are
studied. In a 4× 4× 1 supercell, hole concentrations of 0.5, 1.0,
and 1.5 (hole) are added. Then, the variations in the magnetic
moment, magnetic anisotropy, and electronic band structure
are analyzed. The obtained results are summarized in Table 1.

Fig. 9 shows the variation in total magnetic moment as
a function of hole concentration. It can be seen that the pristine
InS monolayer is magnetized only with 1.5 holes per supercell,
for which a value of 0.66mB is obtained. Our calculations also
assert the IMA of the hole-doped InS monolayer with a negative
MAE value of −8.26 meV. The magnetism of the 1VaIn@mo
system can be signicantly enhanced by hole doping since its
magnetic moment is increased and the IMA becomes stronger
(with aMAE value up to−127.76 meV obtained with 1.5 holes per
supercell) with increasing the hole level. In contrast, the
magnetization induced by a pair of In vacancies is made weaker
with hole doping since the total magnetic moment decreases
from 2.00 to 0.96mB, and the magnetism disappears when the
RSC Adv., 2026, 16, 3638–3647 | 3643
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Fig. 8 Spin-resolved band structure and projected density of states of the Fe impurity and its nearest neighboring S/In atoms: (a1 and a2) spin-up
and (b1 and b2) spin-down states (the Fermi level is set to 0 eV).
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hole level is 1.0 hole per supercell. Moreover, the IMA of the
2VaIn@mo system becomes weaker considering the less nega-
tive MAE value up to 0.5 holes per supercell. As analyzed above,
a single S vacancy induces no magnetism in the InS monolayer,
however further adding holes in the 1VaS@mo system can lead
to the appearance of magnetism. Specically, total magnetic
Table 1 Total magnetic moment Mt (mB), magnetic anisotropy energy
MAE (meV), and spin-dependent band gap Eg (eV; spin-up/spin-down)
of the pristine, defective, and Fe-doped InS monolayers at different
hole concentrations

Hole concentration

0.0 0.5 1.0 1.5

pris@mo
Mt 0.00 0.00 0.00 0.66
MAE −8.26
Eg 1.65/1.65 1.66/1.66 1.67/1.67 1.68/M

1VaIn@mo
Mt 1.00 1.50 1.98 2.42
MAE −9.89 −38.99 −84.82 −127.76
Eg 1.44/M 1.50/M 1.52/M 1.54/M

2VaIn@mo
Mt 2.00 0.96 0.00 0.00
MAE −42.99 −8.77
Eg M/0.19 M/M M/M M/M

1VaS@mo
Mt 0.00 0.46 0.89 0.68
MAE −14.42 −37.42 −8.85
Eg 1.18/1.18 1.23/M 1.24/M M/M

FeIn@mo
Mt 5.00 4.50 4.00 3.86
MAE −176.24 −171.80 −205.78 −215.43
Eg 1.01/1.34 M/1.01 0.23/0.69 0.74/0.27

3644 | RSC Adv., 2026, 16, 3638–3647
moments between 0.46 and 0.89mB can be obtained with the
IMA conrmed by negative MAE values between −37.42 and
−8.85 meV. Interestingly, opposite trends are noted for the
magnetic moment and IMA of the FeIn@mo system. Speci-
cally, the magnetic moment decreases upon increasing the hole
concentration, meanwhile the IMA can be enhanced signi-
cantly since the MAE value becomes much more negative with
hole concentrations up to 1.5 holes per supercell. Such that hole
doping may be an efficient method to consolidate the applica-
tion of the FeIn@mo system in magnetic eld sensing.

From Table 1, it can be seen that the pristine InS monolayer
preserves its nonmagnetic semiconductor nature with hole
doping, however it becomes a half-metallic 2D system at a hole
concentration of 1.5 holes per supercell. In the case of
1VaIn@mo, half-metallicity is obtained regardless of hole
concentration level. Meanwhile, the hole doping is found to
metallize the 2VaIn@mo system, since both of its spin states
exhibit metallic character. Upon hole doping, the feature-rich
half-metallicity is induced in the 1VaS system, however
Fig. 9 Total magnetic moment of the pristine, defective, and Fe-
doped InS monolayers at various hole concentrations.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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metallization of the system takes place at a high hole concen-
tration of 1.5 holes per supercell. When adding holes into the
FeIn@mo system, the magnetic semiconductor to half-metallic
nature transition, and vice versa, can be controlled by hole
level. Our ndings show that the electronic and magnetic
properties of the pristine, defective, and Fe-doped InS mono-
layers can be effectively modied through hole doping, where
the hole level may be a key role in obtaining the desirable
features.
4. Conclusions

In summary, rst-principles calculations have been performed
to investigate systematically the effects of vacancy defects and
Fe doping, as well as further hole doping, on the InS mono-
layer’s electronic and magnetic properties. The calculated
phonon dispersion relations, AIMD simulations, and elastic
constants conrm good stability for the InS monolayer. The
band structure of the pristine monolayer is formed mainly by
In-s–px,y,z and S-px,y,z states, which show signicant hybridiza-
tion to form covalent bonds. Moreover, the ionic character is
also demonstrated for the In–S chemical bonds since the S
atoms attract charge from the In atoms. The In–In bond is
purely covalent. Signicant monolayer magnetization is
induced by creating In vacancies and doping with Fe atoms. In
defective systems, S atoms around the doping site mainly
produce the magnetic moment. Meanwhile the Fe impurity
determines the magnetic properties of the Fe-doped InS
monolayer. In these cases, feature-richmagnetic semiconductor
and half-metallic natures are obtained, along with the in-plane
magnetic anisotropy. Further hole doping can enhance signi-
cantly the magnetic properties of the 1VaIn@mo system, but
causes the disappearance of magnetism in the 2VaIn@mo
system. Interestingly, the nonmagnetic pristine InS and
1Va2@mo systems are magnetized with hole concentrations
from 0.5 and 1.5 holes per supercell, respectively, giving place to
the IMA. Importantly, hole doping is predicted to strengthen
the IMA of the Fe-doped InS monolayer, however the total
magnetic moment decreases increasing the hole level. Except
for the 2VaIn@mo system, the magnetic semiconducting to half-
metallicity transition, and vice versa, can take place by properly
controlling the hole concentration. Our results may suggest
functionalization methods to make the InS monolayer a prom-
ising 2D platform for magnetic eld sensing applications,
where electronic and magnetic properties can be effectively
controlled by hole doping.
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