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|. Introduction

Hole doping at Sn sublattice of the buckled
honeycomb SnX (X = S and Se) monolayer: an
efficient functionalization approachy

D. M. Hoat {2 *® and J. Guerrero-Sanchez®

In this work, hole doping at the Sn sublattice is explored to induce feature-rich electronic and magnetic
properties in SnX (X = S and Se) monolayers. In the buckled honeycomb structure, SnX monolayers
exhibit good dynamical and thermal stability. Calculations indicate the non-magnetic semiconductor
nature of SnS and SnSe monolayers with energy gaps of 2.31(3.01) and 2.21(2.88) eV, respectively,
obtained using the PBE(HSEQ6) functional. A single Sn vacancy results in the emergence of half-
metallicity with a total magnetic moment of 2.00, where the X atoms closest to the defect site mainly
produce the magnetic properties. Similarly, the half-metallic nature is induced by doping with IA-group
(Li and Na) atoms, however the magnetization is weaker with total magnetic moments between 0.95
and 1.00 ug. Herein, the magnetism is originated mainly from the p orbitals of chalcogen X atoms
closest to the doping site. On the other hand, magnetic semiconductor nature emerges as a
consequence of incorporating IlIA-group (Ga and In atoms) impurities. In these cases, a total magnetic
moment of 1.00 ug is obtained, where impurities and their neighbor atoms play a key role in the
monolayer magnetization. The density of states spectra and Bader charge analysis indicate ionic
chemical bonds between Li(Na) atoms and X atoms, while the Ga(ln)-X chemical bonds are a mix of
covalent and ionic characters. The results presented herein may introduce the defected and doped SnX
monolayers as prospective two-dimensional (2D) spintronic materials, such that hole doping can be
considered as an efficient approach to functionalize SnX monolayers.

Along with graphene, a large variety of 2D semiconductors and
insulators have been prepared in experiments as prospective

Since its first successful exfoliation,' graphene has become one
of the most interesting two-dimensional (2D) materials due to
its intriguing mechanical, physical, and chemical features.>*
So far, graphene has emerged as revolutionizing not only high-
performance nanoelectronics and nanooptoelectronics, but it
has been also explored as a promising 2D material for
catalysis,”” energy storage,”” biomedical®® and environmental
applications,'®*" gas sensing,’>'* and spintronics,"*'> among
others. However, this 2D material has a shortcoming of having
a zero gap that causes a significant limitation in its use in
optoelectronic and electronic nanodevices, and requires
huge research efforts into graphene band gap opening.'®™"®
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alternatives to graphene, such as boron nitride (BN),'**°
phosphorene,**>  transition metal dichalcogenides,*°
pnictogens,>”*® and metal oxides.”* Besides experimental
investigations, researchers have paid special attention to pre-
dicting novel 2D materials using physicochemical theories and
advancing computing technology. So far, a large variety of 2D
materials have been treated using first-principles calculations,
which covers from the structural stability and basic properties
to device performances. 2D materials can be categorized con-
sidering their chemical composition as those of I-VII
group,®®*! 1I-VI group,**** II-V group,***> IV-1V group,*~”
IV-VI group,*®*° and V-V group (pnictogens).*"*?

Belonging to the IV-VI group family, tin monochalcogenides
are abundant and of low cost, and environmentally friendly.
These materials are promising candidates for thermoelectric,
solar energy conversion, and photovoltaic applications.***
Between them, SnX (X = S and Se) compounds have high light
absorption efficiency due to their optimal band gap about
1.3 eV.*® In the context of rapid development of nanoscience
and nanotechnology, 2D counterparts of SnX compounds have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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been investigated both experimentally and theoretically.
For instance, single layer with four-atomic thickness SnSe
nanosheets have been prepared by Li et al.*’ The optoelectronic
characterizations indicate great applicability of ultrathin SnSe
nanosheets in photodetector and photovoltaic devices. So far,
various research groups have demonstrated high performance
of SnX monolayers for photocatalysis,***° piezoelectricity,>>>"
and thermoelectrics,’*** and so on. Ul Haq et al®* have
explored different polymorphs of single layered SnSe, where
the buckled honeycomb phase has the largest band gap of
2.32 eV calculated at the level of TB-mBJ exchange potential. To the
best of our knowledge, most investigations focus on the ortho-
rhombic structure,”>*® while the buckled honeycomb receives
much less attention despite its versatility for 2D materials.
Nowadays, spintronic devices (spin-based electronics) have
been rapidly replacing the silicon-based traditional electronic
devices,”””® which are widely used in data storage, transform-
ing information, coding and decoding, among others. Half-
metallic and magnetic semiconductor natures are two typical
spintronic materials properties, which take advantage of the
spin-polarized electronic states to generate high-performance
spin current.>®"°* It has been found that most 2D materials are
non-magnetic in the ground state, therefore different methods
have been explored to get appropriate magnetization. A com-
mon way is to create vacancies that can be realized experimen-
tally by high energy atom or ion bombardment. Then, a further
doping process is carried out by filling vacancies with desired
dopants.®>®* Motivated by the search for new 2D spintronic
materials, the effects of vacancy and hole doping on the SnX
(X = S and Se) monolayers’ electronic and magnetic properties
are investigated in this work. Herein, Li and Na (IA-group)
atoms, Mg and Ca (IIA-group) atoms, and Ga and In (IIIA-
groups) atoms are selected as dopants due to their similar
atomic size in comparison with the Sn atom.®® It is anticipated
that SnX monolayers are significantly magnetized by creating a
Sn vacancy and doping with IA- and IIIA-group atoms, where
either a half-metallicity or magnetic semiconductor nature is
induced. In contrast, IIA-group impurities preserve the non-
magnetic state with negligible band gap variation (see Fig. S2 of
the ESIT). Therefore, results of the Li-, Na-, Ga-, and In-doped
SnX monolayers are reported in the main text of this paper.

Il. Computational details

All the first-principles calculations on the pristine, vacancy-
defected, and doped SnX (X = S and Se) monolayers are
performed using the Vienna Ab initio Simulation Package
(VASP),°>*” which is based on density functional theory
(DFT).®® The electronic exchange-correlation energy is treated
with the Perdew-Burke-Ernzerhof generalized gradient
approximation (GGA-PBE),*® while the all-electron projector
augmented wave (PAW) method is employed to describe the
ion—electron interactions. The cutoff energy for the plane wave
basis set is always set to 500 eV. As the convergence criterion,
the difference in self-consistent total energy is within 107° eV.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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During the structural relaxation, the force is less than
0.01 eV A", A I'-centered Monkhorst-Pack k-point grid”® of
20 x 20 x 1 is used for pristine monolayers (unit cell), mean-
while a 4 x 4 x 1 mesh is generated for the Brillouin zone
integration of the doped systems (4 x 4 x 1 supercell). A
vacuum gap wider than 14 A is added between monolayer
planes to avoid the interactions between the perpendicularly
periodic images.

[ll. Results and discussion
A. Pristine SnX (X = S and Se) monolayers

Herein, SnX (X = S and Se) monolayers are predicted adopting
the buckled hexagonal structure that is ascribed to the P3m1
space group (no. 156). The unit cell, containing one Sn atom
and one X atom, is displayed in Fig. 1a and b. Each atomic
species is located in a separated plane to form the structural
wrinkle. After relaxation, the following structural parameters
are obtained for the SnS/SnSe monolayers optimized structures:
(1) lattice constant a = 3.75/3.91 A; (2) buckling height Ag, x =
1.46/1.56 A; (3) chemical bond length dg,_x = 2.61/2.75 A; and
(4) interatomic angles / SnXSn = / XSnX = 91.66°/90.78°. The
differences in these parameters are originated from the atomic
sizes, the larger atomic size of the Se atom in comparison with
that of the S atom induces a larger lattice constant, buckling
height and chemical bond length, and smaller interatomic
angles. Further, the stability of the optimized structures is
examined. Fig. 1c shows the phonon dispersion curves of SnX

Frequency (cm™)
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M r Temperature (K)

Fig. 1 Atomic structure of (a) SnS and (b) SnSe (Sn atom: grey ball; S atom:
yellow ball; Se atom: green ball; a unit cell is marked); and their (c) phonon
dispersion curves and (d) AIMD simulations at 300 K (temperature fluctua-
tions; see Fig. S1 for energy fluctuations and the visualization of atomic
structures after simulations).
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monolayers, where no imaginary phonon frequency is
observed. This feature indicates that both SnS and SnSe mono-
layers are dynamically stable. The snapshots of structures at
300 K calculated by ab initio molecular dynamic (AIMD) simu-
lations are given in Fig. 1d (see Fig. S1, ESI} for the fluctuation
of energy and visualization of structure after simulations). After
5 ps (1000 steps), the constituent atoms move slightly from
their equilibrium sites, and no geometric reconstructions and/
or broken bonds are noticed. Results indicate good thermal
stability of the SnS and SnSe monolayers.

Fig. 2 shows the band structures of SnX monolayers calcu-
lated along the M-I'-K-M in-plane direction using the PBE
functional and HSE06 hybrid functional. The latter is employed
in order to get a more accurate band gap prediction due to the
25% fraction of the exact Hartree-Fock exchange potential.”*
Note that both functionals assert an indirect gap semiconduc-
tor nature of the considered 2D materials, where the valence
band maximum and conduction band minimum take place
along the I'K direction and at the M point, respectively. The PBE
functional yields energy gaps of 2.31 and 2.21 eV for the SnS
and SnSe monolayer, respectively. As expected, larger values of
3.01 and 2.88 eV, respectively, are obtained from HSE06-based
calculations. Further, the projected density of states (PDOS)
spectra are also given to get more insight into the SnX mono-
layers’ band structure formation. It can be noted that the upper
part of the valence band is formed by Sn-s, Sn-p, and X-p,
states, while p, and p, states of all the constituent atoms
originate the lower part. In the considered energy range, the
conduction band is built mainly by Sn-p, and Sn-p, states,
where a smaller contribution from chalcogen atoms is also
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Fig. 2 Electronic band structure (the Fermi level is set to O eV) and
projected density of states of (a) SnS and (b) SnSe monolayer.
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observed. The PDOS profiles may suggest significant electronic
hybridization between Sn and X atoms in both monolayers to
generate the covalent chemical bonds. However, the difference
in electronegativity causes also the charge transfer from the Sn
atom to X atom. To quantify this process, the Bader charge
analysis is performed. Results indicate that S and Se atoms gain
charge amounts of 0.79 and 0.66 e from the Sn atom, respec-
tively. A larger quantity is transferred to the S atom due to its
more electronegative nature than the Se atom. These results
may indicate also an important fraction of ionic character in
Sn-X chemical bonds, which are the results of the charge
transfer. Such that, it can be concluded that the chemical
bonds in SnX monolayers are a mix of covalent and ionic
characters.

B. Effects of single Sn vacancy

The effects of a single Sn vacancy in SnX monolayers are
investigated using a 4 x 4 x 1 supercell, which are now denoted
by Sn;,X3,. The formation energy E¢ is calculated as follows:

Ef = E(Sn31X35) — E(Sn3,X32) + Usn (1)

where E(Snz;X3,) and E (SnsyXs,) are total energy of the
defected and perfect monolayer, respectively; pus, is the
chemical potential of the Sn atom calculated from its most
stable bulk phase. According to our calculations, Ef values of
2.76 and 2.51 eV are required to create a single Sn vacancy in
SnS and SnSe monolayers, respectively. Then, cohesive energy
values, E., of the defected systems are determined to check the
structural-chemical stability using the following expression:

E — za: n.E(a)

E. =
c Zna
a

(2)

herein, E, is total energy of the considered system; n, and E(a)
denote number of atom a in the system and energy of an
isolated atom a, respectively. Simulations yield E. values of
—3.51 and —3.28 eV per atom for the Snj3;S;, and Snz;Ses,
system, respectively. The negative feature of the cohesive energy
suggests good structural-chemical stability of SnX monolayers
upon creating a single Sn vacancy. However, these values are
less negative than that of perfect SnX monolayers (—3.60 and
—3.36 eV per atom of SnS and SnSe monolayer, respectively),
indicating that the presence of the vacancy reduces slightly the
structural-chemical stability of the considered monolayers.

It has been found that SnX monolayers are significantly
magnetized by creating a single Sn vacancy. The appearance of
magnetism is demonstrated by a total magnetic moment of
2.00 up in both cases. Spin density in the defected SnX mono-
layers is illustrated in Fig. 3 to get more insights into the origin
of the magnetism. It can be noted that the spin surfaces are
centered mainly at S and Se atoms closest to the vacancy site,
indicating their main contribution to the magnetic properties.
Undoubtedly, the magnetization is derived from the partial
occupancy of the outermost S-3p and Se-4p orbitals, which is a
consequence of the loss of the removed charge (Sn atom).

© 2024 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/d3ma01032e

Open Access Article. Published on 09 January 2024. Downloaded on 7/12/2025 9:40:23 PM.

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

(cc)

Paper

((az'O.) (b)’o‘ QO
(.O« '0'.) o0~ ' O-¢
e W -O-:‘O,.()»‘O*C::‘O*o‘o“()

o gb oo\,agooo

¢°°oo°

0-.-0

o o

Fig. 3 Spin density (iso-surface value: 0.005 e A=%) in
monolayer with a single Sn vacancy.
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The magnetism in SnX monolayers is also reflected in the
spin-polarized band structures, which are displayed in Fig. 4.
Note that the spin polarization takes place mainly in the vicinity
of the Fermi level. The semiconductor character is preserved in
the spin-up state with energy gap of 2.14 and 2.08 eV for the
vacancy-defected SnS and SnSe monolayer, respectively. Mean-
while, new middle-gap states emerge overlapping with the Fermi
level to metallize the spin-down state. These band structure
profiles suggest the creation of a single Sn vacancy as an efficient
method to functionalize SnX monolayers for spintronic applica-
tions, in which the half-metallic nature is induced to make new
2D materials for spin current generation.”>

The total and projected density of states of S and Se atoms
around the Fermi level are given in Fig. 5 to analyze with more
detail their contribution to the defected SnS and SnSe mono-
layers’ electronic and magnetic properties. In the considered
energy range, the valence band is formed mainly by the X-p
orbital that exhibits the spin polarization as expected due to its
important role in the system’s magnetization (with only partial
occupancy). The spin-down metallization is induced mainly by
S-p. and Se-p, states (with a small contribution from the Se-p,
state). Meanwhile, the spin-up channel is quite similar to that
of the perfect monolayer, where the p, state dominates the
upper part of the valence band.

Energy (eV)

KMM r

r KM T
Fig. 4 Spin-resolved band structure (the Fermi level is set to O eV; spin-
up: black curve; spin-down: red curve) of (a) SnS and (b) SnSe monolayer
with a single Sn vacancy.
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Fig. 5 Total and projected density of states of atoms closest to the
vacancy site in (a) SnS and (b) SnSe monolayer with a single Sn vacancy.

C. Effects of doping with IA-group (Li and Na) atoms

In this part, the effects of doping with IA-group (Li and Na)
atoms on the SnX monolayers’ electronic and magnetic proper-
ties are investigated by substituting one Sn atomina4 x 4 x 1
supercell by one IA-group atom. The doped systems are denoted
by Snz;D;X3, (D = Li and Na). Firstly, the doping energy Eq is
calculated as follows:

Eq = E((Sn31D1X35) — E(SN32X32) + fisn — Hp 3)
where E(Sns;;D;X3,) and E(Sn;,X3,) denote total energy of the
doped and bare monolayer, respectively; us, and pp are the
chemical potential of Sn and the dopant atom, respectively,
which are calculated from their most stable bulk structure.
Results are listed in Table 1. Doping energies of —0.35 and
—0.15 eV are obtained for doping Li in the SnS and SnSe
monolayer, respectively. Negative E4 values suggest an exother-
mic Li doping process. In contrast, Na doping is an endother-
mic process as suggested by the positive E4 values of 0.21 and
0.23 eV, respectively. Note that doping in the SnS monolayer is
energetically more favorable than in the SnSe monolayer as
asserted by its more negative doping energy. Then, using
eqn (2), negative cohesive energy E. values between —3.28
and —3.56 eV per atom are obtained for SnX monolayers doped
with IA-group atoms (see Table 1), indicating good structural-
chemical stability of the doped systems. It is worth mentioning
that the doping reduces slightly the stability since E. becomes
more positive (from —3.60 eV per atom of the bare monolayer).

Our calculations demonstrate that doping with Li and Na
atoms significantly magnetizes SnX monolayers. Such that total
magnetic moments of 0.98 and 0.95 ug are obtained for Li-
doped SnS and SnSe monolayers, respectively. Besides, the Na
impurity induces a total magnetic moment of 1.00 ug in both
monolayers. Fig. 6 illustrates the spin density in doped systems
to investigate the origin of the magnetism. From the figure, it
can be concluded that magnetic properties are produced
mainly by the S and Se atoms closest to the doping site
provided that spin surfaces are centered mainly at their sites.
Remembering that the substitutional incorporation of Li and
Na atoms induces two holes, such that the outermost orbital of
X atoms (only neighbor atoms of dopants are affected) is not
fulfilled. Consequently, the magnetism appears as a result of
their partial occupancy.

Mater. Adv., 2024, 5,1746-1755 | 1749
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Table 1 Doping energy Eq (eV), cohesive energy E. (eV), electronic band gap Eg (eV; spin-up/spin-down; M: metallic), charge transferred from impurity
AQ (e), and total magnetic moment M, (ug) of the atom-doped SnX (X = S and Se) monolayer

SnS SnSe

Eq4 E. E, AQ M, Eq E. Ey AQ M,
Li-doped —0.35 —3.56 2.22/M 0.85 0.98 —0.15 —3.31 2.09/M 0.84 0.95
Na-doped 0.21 —3.52 2.22/M 0.79 1.00 0.23 —3.28 2.09/M 0.79 1.00
Ga-doped 0.42 —3.57 1.27/1.80 0.70 1.00 0.51 —3.33 1.36/1.59 0.56 1.00
In-doped 0.39 —3.55 1.56/1.41 0.70 1.00 0.38 —3.32 1.53/1.30 0.59 1.00
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Fig. 6 Spin density (iso-surface value: 0.003 e A=) in (a=b) SnS and (c—d)
SnSe monolayer doped with Li and Na atoms.

The calculated spin-polarized band structures of SnX mono-
layers doped with Li and Na are displayed in Fig. 7, which
indicate their half-metallic nature. Similar to previous cases of
single Sn vacancy, the spin-up states exhibit semiconductor
character with energy gaps of 2.22 and 2.09 eV for Li/Na-doped
SnS and SnSe monolayers, respectively. Meanwhile, the spin-
down state is metallized with significant overlapping of the new
middle-gap state with the Fermi level. Due to their feature-rich
half-metallicity, SnX monolayers doped with IA-group atoms
can be recommended as prospective spintronic 2D materials,
where the doping leads to the emergence of significant d°
magnetism in non-magnetic host monolayers.

TDOS and PDOS spectra of IA-group impurities and their
neighbor X atoms are given in Fig. 8 to analyze their contribu-
tions to electronic and magnetic properties. Note that impu-
rities (with s, py, p,, and p, states) contribute to the formation

1750 | Mater. Adv.,, 2024, 5,1746-1755
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Fig. 7 Spin-resolved band structure (the Fermi level is set to O eV; spin-
up: black curve; spin-down: red curve) of SnS monolayer doped with (a) Li
and (b) Na atom; and SnSe monolayer doped with (c) Li and (d) Na atom.

of the lower part of the valence band and conduction band,
which is a characteristic of cation species in compounds. The
lower part of the valence band is formed also by X-p, and X-p,,
states, while the X-p, state originates mainly the upper part.
This latter state is also responsible for the spin-down metalliza-
tion. PDOS spectra indicate that magnetism is produced mainly
by the X-p, state considering its significant spin polarization.
Moreover, the weak electronic hybridization suggests that the
chemical bond between Li and Na impurities and their neigh-
boring chalcogen atoms is predominantly ionic, which is
formed by the charge transfer. The Bader charge analysis
asserts that charge quantities of 0.85/0.79 and 0.84/0.79 e are
transferred from the Li/Na dopant to the host SnS and SnSe
monolayer, respectively.

D. Effects of doping with ITIA-group (Ga and In) atoms

Now, the SnX monolayers doped with IIIA-group (Ga and In)
atoms are investigated using a 4 x 4 x 1 supercell as for the
previous cases. Using eqn (3) for these cases, Eq values of 0.42/
0.39 and 0.51/0.38 eV are obtained for doping Ga/In in SnS and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Total and projected density of states of impurities and their
neighbor atoms of SnS monolayer doped with (a) Li and (b) Na atom;
and SnSe monolayer doped with (c) Li and (d) Na atom.

SnSe monolayers, respectively. Note that In doping requires
supplying less energy than Ga doping, which is a result of the
similar atomic size of the In impurity to the removed Sn atom.
Once formed, all the doped SnX monolayers are proven to be
structurally and chemically stable considering their negative
cohesive energies between —3.57 and —3.32 eV per atom. Note
that these values are less negative than that of bare SnX
monolayers (—3.60 eV per atom), indicating a slight reduction
in stability.

It is found that the ground state of Snz;D;X3, (D = Ga and In)
systems is magnetic at total magnetic moment of 1.00 pg. This
result demonstrates that SnX monolayers are significantly
magnetized by doping with IITA-group (Ga and In) atoms.
Further, the illustration of spin density in Fig. 9 indicates that
magnetic properties are produced by impurities and their
neighboring chalcogen atoms. Unlike the previous cases of
doping with Li and Na atoms, the Ga and In dopants make
an important contribution to the magnetic properties. This
feature may be derived from the electronic hybridization, which
will be analyzed in more detail below.

Fig. 10 shows the spin-polarized band structures of SnX
monolayers doped with Ga and In. It can be seen that the lower
part of the valence band and upper part of the conduction band
are quite spin-symmetric. However, the spin symmetry is
broken around the Fermi level with the appearance of new
middle-gap flat energy branches: one spin-up below the Fermi
level and the other spin-down above the Fermi level, such that
the semiconductor behavior is preserved in both spin

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Spin-resolved band structure (the Fermi level is set to 0 eV; spin-
up: black curve; spin-down: red curve) of SnS monolayer doped with (a)
Ga and (b) In atom; and SnSe monolayer doped with (c) Ga and (d) In atom.

configurations. The band structure profiles indicate that dop-
ing with IIIA-group atoms leads to the emergence of the

Mater. Adv,, 2024, 5,1746-1755 | 1751


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01032e

Open Access Article. Published on 09 January 2024. Downloaded on 7/12/2025 9:40:23 PM.

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

(cc)

Materials Advances

(a) ) (b)

2 Total] 3 Total

1 Ga H In
o O —L = = O ====0 =¥
2 - 1
. S 2 S

0 3
L3 4
P 2
(I A Ga ] A In
[
% 0 = 0 -oc
® 4 1 —
-
] ¢ S v Y
a 2 2 X
3 0.4 S 0.4 S
S o2 0.2
800 0.0

0.2 0.2

0.4 0.4

(c) . (e)

; Total] 3 Total
o ——Ga 2 In
% 0 prom—sm e S — 2:—3 =—==> =
L 4 -

8 - v Se | 2 V Se
] 3 -4
n 16 2.0
w 08 Ga ] In
3 J‘ ¥ J‘
S o0 ) 0.0 ——d>
< 08 V 10 |
5 ° —p, 3 P
2 48 Yl 2o z
] 0.4
S 04 Se Se
Q o2 0.2
0.0 0.0
0.2 0.2
-0.4 04
.o_cz : i

©
IS
(3

0 1 2 0 1 2
Energy (eV) Energy (eV)

Fig. 11 Total and projected density of states of impurities and their
neighbor atoms of SnS monolayer doped with (a) Ga and (b) In atom;
and SnSe monolayer doped with (c) Ga and (d) In atom.

magnetic semiconductor in SnX monolayers to make them
prospective spintronic materials.®* The spin-dependent energy
gaps are listed in Table 1.

The contribution of IIIA-group impurities and their neighbor-
ing X atoms are analyzed through TDOS and PDOS spectra
displayed in Fig. 11. Note that the middle-gap states are formed
mainly by the hybridization between impurities and their neigh-
bor X atoms. Specifically, Ga(In)-s-p, states and X-p,—p. states
hybridize significantly in the vicinity of the Fermi level, making
contributions to the formation of new middle-gap states. There-
fore, it can be concluded that these mentioned electronic states
originate mainly the magnetic properties of the doped systems
and the hybridization is responsible for the SnX monolayers’
magnetization. The electronic hybridization between IIIA-group
atoms and X atoms may suggest covalent bonds, however it will
be flawed to not consider the ionic character caused by the
charge transfer provided the difference in their electronegativity.
Our Bader charge analysis shows that the host SnS and SnSe
monolayers gain charge amounts of 0.70/0.70 and 0.56/0.59 e
from the Ga/In dopant, respectively. Note that the SnS monolayer
receives a larger quantity, which is due to the more electronega-
tive character of the S atom compared to the Se atom.

V. Conclusions

In conclusion, the electronic and magnetic properties of pris-
tine, vacancy-defected, and doped SnX (X = S and Se)
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monolayers have been investigated systematically using first-
principles calculations. Phonon calculations and AIMD simula-
tions assert good stability of the pristine monolayer. Moreover,
electronic band structures indicate their non-magnetic semi-
conductor nature, where Sn and X atoms exhibit significant
electronic hybridization in the valence band. Upon creating a
single Sn vacancy, the monolayers are significantly magnetized
and the half-metallicity is induced. The p orbital of S and Se
atoms closest to the defect site originates mainly the magnet-
ism due to its partial occupancy. Similar features are obtained
by doping with Li and Na atoms, however the magnetization is
weaker which is reflected in smaller total magnetic moments.
In these cases, chalcogen atoms closest to the doping site
regulate mainly the electronic and magnetic properties, where
the contribution of IA-group impurities is quite small. The
interactions between Li/Na atom and X atom are predominantly
ionic due to the charge transfer process from the former to the
latter. On the other hand, the strong hybridization between
Ga(In) dopants and their neighbor X atoms originate new
middle-gap energy states in both the valence band and con-
duction band with a strong spin polarization in the vicinity of
the Fermi level. Consequently, the magnetic semiconductor
nature is induced. The electronic hybridization suggests cova-
lent Ga(In)-X chemical bonds, however the ionic character is
also important due to the difference in their electronegativity.
Since half-metallic and magnetic semiconductor natures are
desirable for spintronic applications, the Sn vacancy creation
and doping can be considered as efficient and solid ways to
functionalize SnX monolayers.
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