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Element doping has been widely employed to modify the ground state properties of two-dimensional (2D)
materials. In this work, the effects of doping with alkaline earth metals (AEMs) on the structural, electronic,
and magnetic properties of indium nitride (InNN) monolayers are investigated using first-principles
calculations based on density functional theory. In a graphene-like honeycomb structure, the InN
monolayer possesses good dynamical and thermal stability, and exhibits an indirect gap semiconductor
character with a band gap of 0.37 (1.48) eV as determined by using the PBE(HSE06) functional. A single
In vacancy leads to the emergence of a magnetic semiconductor character, where magnetic properties
with a large total magnetic moment of 3.00 ug are produced mainly by the N atoms closest to the
defect site. The incorporation of AEMs impurities causes local structural distortion due to the difference
in atomic size, where Mg and Ca doping processes are energetically most favorable. Half-metallicity is
induced by the partial occupancy of the N-2p orbital, which is a consequence of having one valence
electron less. In these cases, the total magnetic moment of 1.00 ug mainly originates from N atoms
neighboring the dopants. Further increasing the doping level preserves the half-metallic character,
where N atoms play a key role on the magnetism of the highly doped systems. Results presented herein
suggest the In replacement by AEMs impurities is an effective approach to make prospective spintronic
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1. Introduction

So far, two-dimensional (2D) materials have been widely applied
in electronics and optoelectronics,"” gas sensing,*” energy
storage,®® catalysis,'™"" and spintronics,”"* among others,
because of their intriguing physical, chemical, and mechanical
properties generated from the thickness effects. Amongst them,
graphene is a symbolic representative.'*** However, its zero gap
character may restrict its practical applications in many cases.
Therefore, opening the graphene band gap and searching for
new alternative atom-thickness materials have been simulta-
neously investigated by researchers. Significant energy gaps
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have been obtained in graphene by either cutting its edges to
form nanoribbons'®'” or by means of chemical surface func-
tionalization."" Additionally, it would be flawed not to
mention boron nitride (BN) amongst 2D materials beyond
graphene.”® Due to its graphite-like hexagonal bulk phase, BN
monolayer can be obtained by an exfoliation-based top-down
method,”** but also it has been grown by bottom-up
methods.?** Wickramaratne et al*® have demonstrated that
the insulator character is preserved upon reducing BN thick-
ness, where the band gap decreases about 0.5 eV from the bulk
to the monolayer counterpart. The discovery of BN monolayers
has aroused interest in 2D graphene-like IIIA-nitrides such as
aluminum nitride (AIN), gallium nitride (GaN), and indium
nitride (InN) due to their semiconducting properties with rela-
tively large band gaps that decrease according to increases in
the atomic number of the IIIA-group atom.***’

InN is an important material for high-efficiency solar
cells*®*® and high-speed electronic devices**** due to its narrow
band gap (0.7 eV) and high absorbance, and high-speed data
transfer. Since the successful fabrication of BN monolayers, the
interest in 2D InN materials has been continuously increased,
as research results may provide great opportunities to develop
new 2D materials. The growth of 2D InN films has been
successfully realized by some groups.***® Meantime, the
monolayer counterpart has been predicted by Sahin et al®*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Results indicate good stability of the planar honeycomb struc-
ture and an indirect gap semiconductor nature. Further inves-
tigations have shown its good optical absorption in visible and
ultraviolet regions.>*** In addition, different approaches have
been also explored to modify the InN monolayer properties in
order to get multifunctional 2D materials. For example, Lin
et al.*® have investigated the effects of transition metals (Cr, Fe,
and Ni) doping on electronic and magnetic properties of InN
monolayers. Results indicate significant magnetism induced by
doping, where magnetic semiconductor and half-metallic
characteristics are obtained by doping with Cr(Fe) and Ni,
respectively, to get prospective 2D materials for spintronic
applications. Similarly, feature-rich electronic and magnetic
properties with a total magnetic moment of 2.00 ug are also
obtained by doping with Cu.*”” d° magnetism appears also in
InN monolayers through Be and C doping at N sites with
magnetic moments of 0.91 and 1.09 ug,*® respectively.
Recently, spintronics or spin-based electronics has been
replacing rapidly conventional electronics due to its great
advantages such as high-speed processing of a large volume
data and low energy consumption.**** In this regard, a large
variety of materials have been explored for spintronic applica-
tions, where d° spintronic materials (those which contain no
magnetic element) have emerged as promising candidates.**>
In this work, our main aim is to develop new 2D d° spintronic
materials from InN monolayers using a doping approach.
Usually, the magnetic properties are produced by hole doping
that leads to the partial occupancy of the outermost orbitals,
that is the asymmetric charge distribution between their spin
channels.®** Herein, alkaline earth (Be, Mg, Ca, Sr, and Ba)
atoms are selected as impurities, recalling that alkaline earth
metals have one valence electron less than In atoms (s* in
comparison with s’p' valence electronic configuration), such
that one can expect significant magnetism in the doped systems
induced by one hole. It is anticipated that the pristine mono-
layer is a non magnetic 2D material, which is significantly
magnetized by doping with alkaline earth metals. Conse-
quently, half-metallicity with a total magnetic moment of 1.00
up is induced. Results suggest the doping is an efficient
approach to make new 2D spintronic materials from InN
monolayers, an application that is not noted for the pristine
monolayer. The paper is organized as follows: Section 2 gives
computational parameters that are employed in this work;
results are presented and discussed in Section 3, where the
structural distortion, spin-polarized electronic band structure
and density of states are analyzed. The interactions between
dopants and the host monolayer are examined by charge
density difference and Bader charge analysis. Magnetism is
studied through the total magnetic moments and spin density;
finally, the remarkable findings are summarized in Section 4.

2. Computational details

Based on Density Functional Theory (DFT),* the Projector
Augmented Wave (PAW) implemented in the Vienna Ab initio
Simulation Package (VASP)*”** is employed to perform first-
principles  calculations.  Electron  exchange-correlation
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interactions are determined by the Generalized Gradient
Approximation of Perdew-Burke-Ernzerhof (GGA-PBE),* while
more accurate calculations of the electronic band gap are
reached by the hybrid functional HSE06.>° The cutoff energy of
the plane wave is set to 500 eV. An energy tolerance of 10 °® eV is
employed for the self-consistent convergence. The structures
are relaxed with a maximum residual force of 0.01 eV A~ In
addition, the Brillouin zones are sampled by a 4 x 4 x 1 Mon-
khorst-Pack k-point mesh.** To minimize the interactions
between periodic layers, a vacuum gap of 14.5 A is inserted in
the direction perpendicular to the monolayer plane.

The effects of single In vacancy and doping are investigated
using a 4 X 4 x 1 supercell containing 32 atoms (16 In atoms
and 16 N atoms). In the first case, one In atom is removed to get
a vacancy concentration of 6.25%. A doping level of 6.26% is
also modeled by replacing one In atom by one alkaline earth
metal. The formation energy E; is determined as follows:

Ef = Et - Em(InN) + MIn — MD (1)

where E; and E,,,(InN) denote the total energy of the doped and
pristine InN monolayer, respectively; ur, and up are chemical
potential of In and the dopant atom, respectively. Then, the
chemical stability will be examined through the cohesive energy
E., which is calculated using following expression:

- E -5 mE() @)

Do

herein, n; is number of atom “7” in the system, while the energy
of an isolated “/” atom is denoted by E(i). From the equation,
negative E. values may suggest good chemical stability of the
systems, where the compound state is energetically more
favorable than the decomposed state, and vice versa.

3. Results and discussion

3.1. Stability and electronic properties of InN monolayers

Similar to other IIIA-nitride monolayers, InN monolayers adopt
the graphene-like planar honeycomb structure (space group
P6m2 - no. 187),*** in which In and N atoms are alternated.
Fig. 1a shows a 4 x 4 x 1 supercell, where a unit cell containing
two inequivalent atoms (one In atom and one N atom) is clearly
indicated. The equilibrium structure is characterized by a lattice
constant of 3.64 A and chemical bond length of 2.10 A, which
are in good agreement with previous calculations.*** Further
examination of the stability is based on the phonon dispersion
curve and Ab Initio Molecular Dynamics (AIMD). From Fig. 1b,
one can conclude that the InN monolayer is dynamically stable
since no soft phonon mode is observed in the phonon spectra.
In addition, the thermal stability is also confirmed by AIMD
simulations as displayed in Fig. 1c; results suggest temperature-
induced atomic vibrations around equilibrium positions
without any broken chemical bond.

Once the InN monolayer stability is confirmed, its electronic
properties are investigated. The electronic band structure dis-
played in Fig. 2a indicates the indirect-gap semiconductor
character of the InN monolayer, considering the valence band

RSC Adv, 2023, 13, 33634-33643 | 33635


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04169g

Open Access Article. Published on 16 November 2023. Downloaded on 4/8/2026 1:04:59 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

X

S

—_— A4- 01

£15- {® |
o

t 03- 1

8 10} {E =

ol =3

: | |
0 1 o

M r K M 200 400 600 800

T (K)

Fig. 1 (@ A 4 x 4 x 1 supercell (an unit cell is marked), (b) phonon
dispersion curves, and (c) AIMD simulation at 300 and 500 K of InN
monolayer (see Fig. S1t for the fluctuation of energy).
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Fig. 2 (a) Electronic band structure calculated with PBE (green curve)
and HSEO6 (blue curve) functionals, (b) projected density of states, and
(c) charge distribution (iso-surface value: 0.08 e A3 of the InN
monolayer.

maximum and conduction band minimum at the K and T’
points, respectively. Similar profiles are obtained by PBE and
HSEO06 functionals, however they provide energy gaps of 0.37
and 1.48 eV, respectively. Results satisfy the expectation of the
larger HSE06 band gap since standard GGA-PBE underestimates
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usually the material’s band gap. The forbidden energy range is
also observed in the total density of states (TDOS) spectra given
in Fig. S2 of the ESI file.t From Fig. 2b, one can see that N-p,
contributes mainly to the upper part of the valence band,
meanwhile the lower part is formed mainly by the In-s state.
This latter state also originates the lower part of the conduction
band. Projected density of states (PDOS) features suggest the
charge transfer from In-5s and In-5p orbitals (to be unoccupied)
to the N-3p orbital (to be filled). To fully describe the transfer
process, the valence charge distribution is calculated, which
asserts the charge enrichment at N sites (illustrated in Fig. 2c).
In addition, the Bader charge analysis confirms that the N atom
receives a charge amount of 1.23 e from the In atom, that is the
charge is transferred from the less to more electronegative
atom.

3.2. Effects of a single In vacancy

Fig. 3a shows the relaxed atomic structure of an InN monolayer
with a single In vacancy. A slight structural contraction can be
noted caused by a defect, which is reflected in a slight decrease
of the first chemical bond length from the vacancy site. Our
calculations yield a formation energy value of 6.09 eV. Further
AIMD simulations indicate no structural destruction (see
Fig. 3b) at 300 and 500 K, such that the monolayer maintains its
integrity after creating a single In vacancy. Moreover, a negative
E. value of —3.00 eV per atom suggest also the chemical stability
of the vacancy-defected system. It is important to mention that
this value is slightly less negative than that of the pristine
monolayer (—3.17 eV per atom), indicating a slight reduction of
chemical stability caused by single In vacancy.

Fig. 4 shows the spin-polarized band structure of the defec-
tive system, which asserts the magnetic semiconductor nature.
The spin polarization is observed mainly around the Fermi
level, the energy gaps of the spin-up and spin-down state are
0.65 and 0.26 eV, respectively. The smaller spin-down band gap

0 200 300 400 500 600 700
Temperature (K)

Fig. 3 (a) Optimized atomic structure and (b) AIMD simulations at 300
and 500 K of an InN monolayer with a single In vacancy (see Fig. S3t for
the fluctuation of the energy).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Spin-polarized band structure (the Fermi level is set to 0 eV;
black curve: spin-up; red curve: spin-down) of the InN monolayer with
a single In vacancy.

is a result of new middle-gap energy states appearing mostly in
the spin-down channel. The band structure profiles are in good
agreement with the TDOS spectra displayed in Fig. S4 of the ESI
file;t both suggest significant magnetization of the InN mono-
layer by creating a single In vacancy, which is reflected in a total
magnetic moment of 3 ug. The spin density illustrated in Fig. 5a
indicates N atoms closest to the defect site as mainly respon-
sible for the magnetization, which exhibit the unbalanced
charge distribution between spin channels. To investigate in
more detail the origin of the magnetism, PDOS spectra of these
magnetic atoms are given in Fig. 5b. Note that the magnetism
originates mainly from the N-p orbital, where flat energy curves
in the vicinity of the Fermi level are formed by N-p,, and N-p,
states. These results are reasonable since the creation of a single
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Fig.5 (a) Spin density (iso-surface value: 0.01 e A=%) and (b) projected

density of states of N atoms closest to the vacancy site in the InN
monolayer with a single In vacancy.
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In vacancy leads to a deficit of charge in the N-2p orbital
demonstrated by a Bader charge of —0.84 e, that is, first N
neighbor atoms around the vacancy site receive a smaller
charge quantity in comparison with those in the perfect
monolayer (—1.23 e). Consequently, the N-2p orbital is only
partially occupied to gain magnetic properties.

3.3. Effects of doping with alkaline earth metals

In this part, the effects of alkaline earth metals impurities in the
InN monolayer are analyzed. Fig. 6 shows the relaxed chemical
bond length around the doping site. Note that the atomic
distance from dopants to their closest N atoms increases
according to the increase in its atomic number. Consequently,
the chemical bond length dy_j, decreases slightly. Be and Mg
doping causes a local contraction, meanwhile a structural
tension is observed in the cases of doping with Ca, Sr, and Ba.
These structural features follow the size criterion considering
the In atomic radius of 1.55 A; this value is larger than that of Be
(1.05 A) and Mg (1.50 A), and smaller than that of Ca (1.80 A), Sr
(2.00), and Ba (2.15 A).® The obtained results from our calcu-
lations for the doped systems are summarized in Table 1.
Applying eqn (1), doping energies of —0.11, —0.35, —0.39, 0.28,
0.81 eV are obtained for replacing the In atom by Be, Mg, Ca, Sr,
and Ba impurities, respectively. These results suggest an
exothermic process of doping with the first three metals,
meanwhile doping with Sr and Ba may be energetically less
favorable and require supplying additional energy. Once the
impurities are incorporated, the doped systems exhibit good
thermal stability at room temperature as indicated by the AIMD
simulations in Fig. 7. To be precise, the monolayer structural
integrity is maintained at 300 and 500 K under the doping
process, where impurities cause no chemical bond breaking.
Further, the good chemical stability of Be-, Mg-, Ca-, Sr-, and Ba-
doped InN monolayers is also suggested by negative E. values of
—3.22, —3.16, —3.17, —3.14, and —3.13 eV per atom, respec-
tively. Note that these values exhibit quite a small difference in
comparison with that of pristine monolayer, indicating that
doping process affects insignificantly the chemical stability of
the InN monolayer.

The spin-polarized band structures of an InN monolayer
doped with alkaline earth metals are displayed in Fig. 8. It can
be noted from the spin polarization that mostly the upper part
of the valence band is in the vicinity of the Fermi level. New
middle-gap energy states overlap with the Fermi level in the
spin-down channel. Meanwhile, the semiconductor character is
preserved in the spin-up channel with band gaps of 0.44, 0.60,
0.72, 0.63, and 0.58 eV for the Be-, Mg-, Ca-, Sr-, and Ba-doped
InN monolayers, respectively. The band structure profiles
indicate half-metallicity with perfect 100% spin polarization
around the Fermi level, which is a desirable feature to generate
spin current.*®*” This feature-rich electronic property is also
confirmed by the TDOS spectra in Fig. S6 of the ESI file.}
Undoubtedly the changes in electronic interactions around the
doping site are responsible for the new electronic features.
Fig. 9 shows the charge density difference, which is calculated
as follows: Ap = p(m + D) — p(m) — p(D), where the terms in

RSC Adv, 2023, 13, 33634-33643 | 33637
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Fig. 6 Chemical bond lengths around the doping site of an INN monolayer doped with (a) Be, (b) Mg, (c) Ca, (d) Sr, and (e) Ba

Table 1 Formation energy E; (eV), cohesive energy E. (eV per atom),
electronic band gap Eg (eV; spin-up/spin-down, M: metallic), charge
transferred from impurity AQ (e), and total magnetic moment M; (ug) of
an InN monolayer doped with alkaline earth metals

E; E, Eg AQ M,
Be-doped —-0.11 —3.22 0.44/M 1.66 1.00
Mg-doped —0.35 —3.16 0.60/M 1.59 1.00
Ca-doped —0.39 -3.17 0.72/M 1.47 1.00
Sr-doped 0.28 —3.14 0.63/M 1.49 1.00
Ba-doped 0.81 —-3.13 0.58/M 1.46 1.00

right hand side denote the charge density of the doped system,
the InN monolayer, and separated dopant atom, respectively.
From the figure, one can see significant charge depletion at
doping sites, meanwhile charge enrichment is observed at their
neighboring sites. Therefore, it can be concluded that alkaline
earth metals act as charge donors transferring charge to the
host monolayer. Further Bader charge analysis indicates
a charge transfer of 1.66, 1.59, 1.47, 1.49, and 1.46 e from Be,
Mg, Ca, Sr, and Ba impurities, respectively.

As expected, alkaline earth impurities have induced signifi-
cant magnetism in the InN monolayer, which is confirmed by
the spin-asymmetric band structures as analyzed above and
a total magnetic moment of 1 up. Further investigation of the
origin of the magnetism is based on the spin density illustrated
in Fig. 10. Note that the first neighbor N atoms of impurities
mainly produce the magnetic properties. Recall that in the
pristine monolayer, the N-2p orbital is fully occupied due to the
charge transfer from In atoms. However, when substituting one
In atom by one impurity with one valence electron less, the
charge transfer from impurities to N atoms is not enough to
fulfil the N-2p orbital. Consequently, this orbital is the main
contributor to the magnetism. This feature is demonstrated by
means of the PDOS spectra in Fig. 11, which indicate clearly the
spin asymmetry of p,, p,, and p, states, where the presence of
the N-2s state is negligible.

33638 | RSC Adv, 2023, 13, 33634-33643

3.4. Effects of doping level

Since Mg and Ca doping processes are energetically most
favorable, we further investigate the effects of doping level by
increasing this to 12.5%, 18.75%, and 25%. The calculated spin-
polarized band structures (see Fig. 12) indicate a half-metallic
character regardless dopant concentration. However, the spin-
up band gap increases according to increases in the doping
level. Specifically, energy gaps of 0.82, 1.03, 1.18 eV are obtained

—— 300K

——500K
(@)

0 1 2 3 4 5 6
Time (ps)
Fig. 7 AIMD simulations at 300 and 500 K of an InN monolayer doped

with (a) Be, (b) Mg, (c) Ca, (d) Sr, and (e) Ba (see Fig. S57 for the fluc-
tuation of energy).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Spin-polarized band structures (the Fermi level is set to 0 eV;
black curve: spin-up; red curve: spin-down) of InN monolayers doped
with (a) Be, (b) Mg, (c) Ca, (d) Sr, and (e) Ba.

by doping with 12.5%, 18.75%, and 25% of Mg. In the same
pattern, the semiconductor spin channel has band gaps of 0.97,
1.03, and 1.19 eV, respectively, by doping with Ca.

Our calculations show that the magnetization becomes
stronger when increasing the doping level. Specifically, total
magnetic moments of 2.00, 3.00, and 4.00 up are obtained by
doping with 12.5%, 18.75%, and 25% of both Mg and Ca
impurities. Fig. 13 illustrates the spin density in the highly
doped systems. The results indicate the key role of N atoms
around doping sites in originating magnetism. Far away from
the impurities, the contribution becomes smaller due to the less
affected electronic interactions.

Finally, the thermal stability is examined by AIMD simu-
lations in Fig. 14. The results imply that the highly doped
systems are thermally stable at room temperature and a high
temperature of 500 K. Once the chemical bonds are formed,
they can be stabilized without any decomposition into sepa-
rated atoms. It is important to mention the aggregation
phenomenon of impurities in highly doped systems.?®*
However, with the confirmed thermal stability and deeply

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Charge density differences (Iso-surface value: 0.002 e A~3;
aqua surface: charge depletion; yellow surface: charge accumulation)
in InN monolayers doped with (a) Be, (b) Mg, (c) Ca, (d) Sr, and (e) Ba.
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Fig. 10 Spin densities (iso-surface value: 0.004 e A=%) in InN mono-
layers doped with (a) Be, (b) Mg, (c) Ca, (d) Sr, and (e) Ba.

negative cohesive energy of between —3.16 and —3.11 eV per
atom, it is believed that the scattered impurity distribution in
InN monolayers has good stability. This feature also originates
from the large difference in electronegativity between alkaline

RSC Adv, 2023, 13, 33634-33643 | 33639
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Fig. 11 Projected densities of N atoms close to the doping site in INnN monolayers doped with (a) Be, (b) Mg, (c) Ca, (d) Sr, and (e) Ba.
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Fig. 12 Spin-polarized band structures (the Fermi level is set to 0 eV;
black curve: spin-up; red curve: spin-down) of INN monolayers doped
with (a) 12.5%, (b) 18.75%, (c) 25% of Mg; and (d) 12.5%, (e) 18.75%, and
(f) 25% of Ca.
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earth metals and their neighbor N atoms, which favors the
formation of stable ionic chemical bonds through the charge
transfer process.
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Fig. 13 Spin densities (iso-surface value: 0.004 e A=3) in InN mono-
layers doped with (a) 12.5%, (b) 18.75%, (c) 25% of Mg; and (d) 12.5%, (e)
18.75%, and (f) 25% of Ca.
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Fig. 14 AIMD simulations at 300 and 500 K of InN monolayers doped
with (a) 12.5%, (b) 18.75%, (c) 25% of Mg; and (d) 12.5%, (e) 18.75%, and
(f) 25% of Ca (see Fig. S7t for the fluctuation of energy).

4. Conclusions

In summary, a systematic first-principles study has been
carried out to explore the effects of alkaline earth impurities
(Be, Mg, Ca, Sr, and Ba) on the structural, electronic, and
magnetic properties of InN monolayers. The InN monolayer is
an indirect gap 2D material, whose band gap is formed by the
separation between the N-2p, state in the upper part of the
valence band and the In-5s state in the lower part of the
conduction band. The valence charge distribution and Bader
charge analysis indicate a charge transfer of 1.23 e from the In
atom to the N atom to generate the ionic chemical bonds. The
presence of an In single vacancy causes a slight structural
contraction, while AEM dopants induce either structural
contraction or tension depending on the difference in atomic
size. Be, Mg, and Ca doping processes are thermodynamically
exothermic with negative doping energies, while endothermic
processes characterize the remaining cases. The magnetic
semiconductor behavior is induced by creating an In single
vacancy with spin-up/spin-down band gaps of 0.65/0.26 eV and
a total magnetic moment of 3.00 ug, while AEM impurities lead
to the appearance of a half-metallic character with total
magnetic properties of 1.00 ug and semiconductor spin energy
gaps of 0.44, 0.60, 0.72, 0.63, and 0.58 for the Be-, Mg-, Ca-, Sr-,
and Ba-doped systems, respectively. In all cases, the electronic
and magnetic properties are mainly regulated by the 2p orbital
of N atoms closest to the defect-doping site, where the partial
occupancy makes an unbalanced charge distribution between
spin channels. Further investigations demonstrate the pres-
ervation of the half-metallicity regardless of the doping level
up to 25%. In addition, all the defective and doped systems
exhibit good thermal stability, that is they can be stable upon
increasing the temperature to 300 and 500 K after formation.
The presented results may pave a solid way to make the InN
monolayer a prospective spintronic material, which is not
considered for the pristine counterpart due to the absence of
magnetism.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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