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y of TMOn (TM= V, Cr, Mn, and Fe;
n = 3 and 6) clusters embedded in a PtS2
monolayer†

Nguyen Thanh Tien, a J. Guerrero-Sanchezb and D. M. Hoat *cd

Doping-based magnetism engineering is an effective approach to synthesize new multifunctional two-

dimensional (2D) materials from their non-magnetic counterparts. In this work, doping with TMOn

clusters (TM = V, Cr, Mn, and Fe; n = 3 and 6) is proposed to induce feature-rich electronic and

magnetic properties in a PtS2 monolayer. The pristine monolayer is a non-magnetic semiconductor with

an indirect energy gap of 1.81 (2.67) eV as obtained from PBE(HSE06)-based calculations. PtS3-type

multivacancies magnetize significantly the monolayer, inducing the emergence of half-metallicity. In this

case, a total magnetic moment of 1.90 mB is obtained and magnetic properties are produced mainly by

atoms around the vacancy sites. Meanwhile, the PtS2 monolayer is metallized by creating PtS6-type

multivacancies without magnetization. Depending on the type of TMOn cluster, either a feature-rich

diluted magnetic semiconductor or half-metallic nature is induced, which is regulated mainly by the

incorporated clusters. Except for the FeO6 cluster, TM atoms and O atoms exhibit an antiparallel spin

orientation, resulting in total magnetic moments between 1.00 and 4.00 mB. Meanwhile, the parallel spin

ordering gives a large total magnetic moment of 5.99 mB for the FeO6-doped monolayer. Furthermore,

Bader charge analysis indicates that all the clusters attract charge from the host monolayer that is mainly

due to the electronegative O atoms. Our results may introduce cluster doping as an efficient way to

create new spintronic 2D materials from a non-magnetic PtS2 monolayer.
1 Introduction

Two-dimensional (2D) magnetic materials have sparked special
interest because of their importance for fundamental research
as well as technological applications in the spintronic eld.1,2 In
particular, intrinsic ferromagnetism has been found in CrI3 (ref.
3) and Gr2Ge2Te6 (ref. 4) nanosheets, and few-layer Fe3GeTe2.5

These ndings open the way for the future development of
diminutive spintronic devices based on 2D materials. Note that
the mentioned materials contain transition metals as constit-
uent atoms, which produce mainly their intrinsic magnetism.
Meanwhile, most of the 2D materials discovered until now lack
inherent magnetism. Therefore, researchers have made exten-
sive efforts to introduce magnetism into these non-magnetic
counterparts. In this regard, various strategies have been
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proposed encompassing defect engineering,6–8 doping,9–11

surface modication,12–14 and edge cutting to form
nanoribbons.15–17 Among them, substitutional doping has been
widely employed as a simple and effective technique for
inducing magnetization in 2D materials, validated by both
theoretical and experimental investigations. Experimentally,
doping processes have been successfully realized by either ion
implantation18,19 or chemical vapor deposition.20,21 Theoreti-
cally, rst-principles calculations have demonstrated that not
only transitionmetals22,23 but also non-transitionmetals or even
non-metals impurities can induce signicant magnetism in
non-magnetic 2D materials.24–27

On the other hand, 2D layered transition metal dichalcoge-
nides (TMDs) have been widely explored due to their potential
for electronic and optoelectronic applications.28,29 Unlike the
semimetal behavior of graphene, TMD monolayers are semi-
conductors with sizable electronic band gaps between 1 and
3 eV. Initially, research was focused on those TMDs based on
the VIB group (Mo and W atoms), which have been synthesized
by both top-down (exfoliation from their bulk counterparts) and
bottom-up (Chemical Vapor Deposition – CVD) methods.30–33

Recently, as new members of the 2D TMD family, noble metal
dichalcogenides have drawn great research attention as prom-
ising candidates for different applications including optoelec-
tronics,34 mid-infrared photonics,35 and photocatalysis,36
Nanoscale Adv., 2024, 6, 5671–5680 | 5671
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among others. Among them, platinum sulde (PtS2) has been
investigated both experimentally and theoretically. Large-scale
few-layer PtS2 lms have been synthesized by Zhao et al.37 by
means of the direct sulfurization of pre-deposited Pt. The
synthesized materials exhibit p-type transport behavior with
uniform electrical performance. Similarly, Lu et al.38 have also
realized the synthesis of large-scale uniform few-layer PtS2 in
a plasma enhanced CVD furnace, where a eld-effect transistor
(FET) fabricated on few-layer PtS2 shows a p-type semiconductor
behavior. Using rst-principles calculations, Villaos et al.39 have
demonstrated that the PtS2 band gap increases according to
reduce its thickness, from 0.25 eV of bulk counterpart to 1.68 eV
of monolayer counterpart. Moreover, several research groups
have studied the modication of PtS2 monolayer electronic and
magnetic properties using external strain40 and vacancies.41

It is well known that doping is an efficient way to change the
physical properties of 2D materials.42 Beyond monoelement
substitution, doping with multielement impurities has also
been proposed to tailor charge and magnetic states. For
example, feature-rich electronic and magnetic properties can be
induced in a MoS2 monolayer by doping with transition metal
trioxides – TMO3 (TM = 3d transition metals)43 or FeX6 clusters
(X = S, C, N, O, F).44 Similarly, magnetic functionalization of
graphene is also achieved by doping with TMO3 clusters to form
new promising spintronic 2D materials.45 Motivated by these
ndings, we investigate the effects of transition metal oxide
TMOn (TM= V, Cr, Mn, and Fe; n= 3 and 6) clusters on the PtS2
monolayer electronic and magnetic properties. The modied
electronic properties are studied using the spin-polarized band
structure and density of states, while the difference in spin-
dependent charge distributions conrms the induced magne-
tism. It is anticipated that our results indicate the emergence of
novel feature-rich electronic andmagnetic properties in the PtS2
monolayer by doping with TMOn clusters towards creating
potential spintronic 2D materials.
2 Computational details

Density Functional Theory (DFT)-based calculations46 are per-
formed using the Vienna ab initio Simulation Package
(VASP),47,48 which makes use of the Projector Augmented Wave
(PAW) method. Electron exchange-correlation potential is
treated using the Perdew–Burke–Ernzerhof scheme of the
Generalized Gradient Approximation (GGA-PBE).49 In combi-
nation with the DFT + Umethod reported by Dudarev et al.,50 the
nite on-site Coulomb interactions of highly correlated 3d
electrons of transition metals are considered using effective
Hubbard parameters Ueff of 3.25, 3.70, 3.90, and 5.40 eV for V,
Cr, Mn, and Fe atoms,51,52 respectively. For the expansion of the
basis set, the cutoff energy is chosen as 500 eV. For self-
consistent iterations, the total energy is set to converge to 1 ×

10−6 eV. The structures are relaxed until the forces on each atom
have converged to 1 × 10−2 eV Å−1. A vacuum layer wider than
14 Å – perpendicular to the monolayer plane – is inserted (along
the z-axis) to ensure the negligible interactions between peri-
odic images.
5672 | Nanoscale Adv., 2024, 6, 5671–5680
In order to investigate the effects of vacancies and doping
with clusters in the PtS2 monolayer, a 4 × 4 × 1 supercell with
48 atoms is constructed. Herein, the Brillouin zone is sampled
with a 4 × 4 × 1 G-centered Monkhorst–Pack k-mesh.53 Mean-
while, a denser k-mesh of 20 × 20 × 1 is utilized for the pristine
monolayer with 3 atoms in the unit cell. Then, the formation
energy Ef is calculated as follows:

Ef ¼ Et � Em þ
X

i

nimi �
X

j

njmj (1)

where Et and Em are the total energy of the defected/doped and
pristine PtS2 monolayers, respectively; n and m denote the
number of replaced host atoms (i)/incorporated atoms (j) and
their chemical potential, respectively. In addition, the cohesive
energy Ec of each system is also computed using the following
expression:

Ec ¼ Et � ½mPtEðPtÞ þmSEðSÞ þmTMEðTMÞ þmOEðOÞ�
mPt þmS þmTM þmO

(2)

Herein, mX is the number of atoms X in the system; E(X)
refers to the energy of an isolated X atom.

The electronic interactions between the host monolayer and
clusters are investigated by means of Bader charge analysis,54,55

which provides information about the charge transfer. In
addition, the charge density difference Dr is obtained from
cleaving separately the host monolayer and cluster from the
doped systems as follows:

Dr = r(TMOx + PtS2) − r(PtS2) − r(TMOx) (3)

In this equation, the terms on the right hand side denote the
charge density of the doped system, the charge density of the
host monolayer, and the charge density of the cluster,
respectively.
3 Results and discussion
3.1 Pristine PtS2 monolayer

As a rst step, the PtS2 monolayer geometry is optimized. Fig. 1
shows the optimized unit cell, which is fully described by the
following structural parameters: (1) lattice constant a = 3.57 Å,
which is in good agreement with previous calculations;56 (2)
chemical bond length dPt–S = 2.40 Å; (3) total buckling height
Dtotal = 2 × DPt–S = 2 × 1.23 = 2.46 Å; (4) interatomic angles
:PtSPt = 96.20° and:SPtS = 83.80°. Then, the stability of the
PtS2 monolayer is examined using the following criteria:

� The phonon dispersion curves are calculated using the
PHONOPY code.57 The results plotted in Fig. 2a show no
obvious nonphysical imaginary frequency in the entire Brillouin
zone, indicating that the PtS2 monolayer is dynamically stable.

� Ab initio Molecular Dynamics (AIMD) simulations are per-
formed at 300 K for 5 ps, using a 4× 4× 1 supercell. Herein, the
NVT ensemble and Nose–Hoover thermostat are utilized.58,59

Fig. 2b shows the variation of temperature and the nal atomic
structure. The stable uctuation of temperature around 300 K
can be noted. Moreover, no geometry reconstruction or broken
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimized unit cell of the PtS2 monolayer.

Fig. 2 (a) Phonon dispersion curves and (b) AIMD simulations (varia-
tion of temperature + final atomic structure) at 300 K of the PtS2
monolayer.

Fig. 3 (a) Electronic band structure (the Fermi level is set to 0 eV), (b)
projected density of states, and (c) electron localization function of the
PtS2 monolayer.
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Pt–S chemical bonds are noted, indicating that the structure is
well preserved. These results indicate that the PtS2 monolayer is
thermally stable.

�Using the energy-strainmethod, the elastic constants of the
PtS2 monolayer are calculated. According to our calculations, its
C11 and C12 constants have values of 88.57 and 23.26 N m−1,
respectively, which can describe well the elasticity of 2D
hexagonal symmetry. Importantly, the obtained elastic
constants satisfy Born's criteria:60 C11 > 0 and C11 > jC12j, indi-
cating that the PtS2 monolayer is mechanically stable.

The electronic properties as well as interactions between the
Pt and S atoms of the PtS2 monolayer are investigated using the
optimized atomic structure. Fig. 3a shows the band structures
obtained from PBE- and HSE06-based calculations. The HSE06
functional with a 25% fraction of the exact Hartree exchange
potential is also utilized to calculate more accurately the mono-
layer band gap.61 Since the valence band maximum and
conduction band minimum are located at different points as
determined by both functionals, the PtS2 monolayer can be
© 2024 The Author(s). Published by the Royal Society of Chemistry
classied as a 2D indirect-gap semiconductor. The standard PBE
functional provides an energy gap of 1.81 eV, while a larger (ex-
pected to be more accurate) value of 2.67 eV is obtained from
HSE06-based computation. Note that these energy gaps are in
line with results reported previously by several research
groups,39,62 suggesting the reliability of our calculations. The
projected density of states (PDOS) of both Pt and S atoms is given
in Fig. 3b to analyze their contribution. Signicant contributions
of Pt-5d and S-3p orbitals in the considered energy range around
the Fermi level can be noted. Moreover, their electronic states
exhibit signicant hybridization in both the valence band and
the conduction band, giving evidence of the covalent Pt–S
chemical bond. However, the difference in electronegativity
between Pt and S atomsmay cause charge transfer, forming ionic
bonds. Specically, Bader charge analysis implies that each S
atom attracts a charge of 0.21 e from the Pt atom. Therefore, it
can be concluded that the Pt–S chemical bonds in the PtS2
monolayer exhibit a mix of ionic and covalent characteristics.
3.2 Effects of PtS3- and PtS6-type multivacancies

In this part, the effects of PtS3- and PtS6-type multivacancies
(VaPtS3 and VaPtS6 systems) on the PtS2 monolayer electronic and
magnetic properties are investigated. The atomic structures of
these defected systems are visualized in Fig. S1 of the ESI.†
Table 1 shows Ef values of 7.38 and 12.64 eV for VaPtS3 and VaPtS6
systems, respectively. These values correspond to 1.85 and
1.81 eV per atom for each single vacancy, respectively. The PtS2
Nanoscale Adv., 2024, 6, 5671–5680 | 5673
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Table 1 Formation energy Ef (eV), cohesive energy Ec (eV per atom),
electronic band gap Eg (eV; spin-up/spin-down; M: metallic), charge
transferred from the host monolayer to the cluster DQ (e), total
magnetic moment Mt (mB), and local magnetic moment Ml of the
cluster (mB, TM/O) of the defected/doped PtS2 monolayer

Ef Ec Eg DQ Mt Ml

VaPtS3 7.38 −4.41 M/0.42 — 1.90 —
VaPtS6 12.64 −4.37 M/M — 0.00 —
DVO3

−2.06 −4.53 M/1.27 0.76 1.00 0.83/−0.08
DCrO3

−1.52 −4.45 0.83/1.25 0.85 2.00 2.37/−0.13
DMnO3

−1.36 −4.47 0.80/1.17 1.07 3.00 3.80/−0.08
DFeO3

−0.36 −4.49 M/1.16 1.07 4.00 3.92/0.02
DVO6

−3.41 −4.57 1.23/1.49 2.99 1.00 1.12/−0.03
DCrO6

−2.81 −4.49 M/1.51 3.17 2.00 2.79/−0.11
DMnO6

−1.81 −4.49 1.52/0.82 3.03 3.00 3.76/−0.14
DFeO6

−1.05 −4.52 1.52/0.09 3.06 5.99 4.27/0.20
Fig. 5 Spin-polarized band structure (the Fermi level is set to 0 eV) of
the PtS2 monolayer with (a) PtS3- and (b) PtS6-type vacancies.
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monolayer exhibits good structural and chemical stability
under the effects of multivacancies, which is conrmed by
negative Ec values of −4.41 and −4.37 eV per atom, respectively.
However, these values are less negative than that of the perfect
PtS2 monolayer (−4.53 eV per atom), suggesting a slight
reduction in the stability.

Signicant magnetization of the PtS2 monolayer induced by
creating PtS3-type multivacancies is found. The emergence of
magnetism is conrmed by the difference in charge distribution
between spin channels. Specically, this difference leads to
a total magnetic moment of 1.90 mB. The spin density illustrated
in Fig. 4 indicates that the magnetic properties of the VaPtS3
system are produced mainly by rst S atoms from vacancy sites,
where a small contribution from second Pt atoms and third S
atoms is also observed. In contrast, no magnetism is obtained
for the VaPtS6 system, indicating the preservation of the non-
magnetic nature of the PtS2 monolayer when creating PtS6-
type nanoholes.

Fig. 5 shows the spin-polarized band structures of VaPtS3 and
VaPtS6 systems. From the gure, one can see new middle-gap
Fig. 4 Spin density (iso-surface value: 0.005 e Å−3) in the PtS2
monolayer with PtS3-type vacancies.

5674 | Nanoscale Adv., 2024, 6, 5671–5680
energy states created by vacancy defects that determine the
system electronic behavior. It is important to mention that the
unbalanced charge distribution is also reected in the spin
polarization of the VaPtS3 system band structure, while that of
the VaPtS6 system is totally symmetric. These proles are in
agreement with the above analysis of magnetism. One of the
PtS2 monolayer spin states is metallized under the effects of
PtS3-type multivacancies, while the semiconductor character is
preserved in the other one. Therefore, the VaPtS3 system can be
classied as a 2D half-metallic material. Thus, creating PtS3-
type multivacancies is an effective method to functionalize PtS2
monolayers for spintronic applications.63 In contrast, the VaPtS6
system exhibits a non-magnetic metallic nature considering the
metallization of both spin states.

The origin of middle-gap states is studied through the PDOS
spectra of Pt and S atoms closest to vacancy sites. From Fig. 6a,
one can see that the spin-up metallic character of the VaPtS3
system is generated mainly by Pt-dxy, Pt-dyz, and S-pz states. The
spin-down band gap is regulated by the hybridization between
Pt-dxz and S-pz states, which also produces the system magne-
tism as suggested by their strong spin polarization in the
vicinity of the Fermi level. In the case of the VaPtS6 system, Pt-dyz
and S-pz states cause mainly monolayer metallization (see
Fig. 6b).
Fig. 6 Projected density of states of atomic species around the defect
sites of the PtS2 monolayer with (a) PtS3- and (b) PtS6-type vacancies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Spin density (iso-surface value: 0.005 e Å−3; red surface:
positive spin value; green surface: negative spin value) in the PtS2
monolayer doped with (a) VO3, (b) CrO3, (c) MnO3, and (d) FeO3

clusters.
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3.3 Effects of doping with TMO3 clusters

Herein, the effects of doping with TMO3 (DTMO3
system) clusters

on the PtS2 monolayer electronic and magnetic properties are
investigated. The calculated formation energy and cohesive
energy are given in Table 1. Our calculations provide negative Ef
values of −2.06, −1.52, −1.36, and −0.36 eV for DVO3

, DCrO3
,

DMnO3
, and DFeO3

systems, respectively. These results indicate
the exothermic character of the doping process. The doping
process is less favorable according to the increase of the atomic
number of transition metals since the formation energy
becomes less negative in this direction. Moreover, negative Ec
values between −4.53 and −4.45 eV per atom imply that all four
DTMO3

systems are structurally and chemically stable, where the
incorporation of clusters reduces only slightly the monolayer
stability.

Our calculations conrm the signicant magnetization of
the PtS2 monolayer upon doping with TMO3 clusters. Total
magnetic moments of 1.00, 2.00, 3.00, and 4.00 mB are obtained
for DVO3

, DCrO3
, DMnO3

, and DFeO3
systems, respectively. As ex-

pected, the systemmagnetism is produced mainly by TM atoms
as suggested by the illustration of spin density in Fig. 7. From
the gure, one can see large spin surfaces centered at TM sites.
Moreover, small iso-surfaces are also observed near O and S
atoms, indicating their small contribution to the system
magnetism. It is important to note the antiparallel spin orien-
tation between TM atoms and their neighboring O and S atoms.

The magnetism of DTMO3
systems is also reected in the spin

polarization as observed in their band structures displayed in
Fig. 8. The electronic nature of the doped systems is determined
by doping-induced middle-gap energy states. Specically, DVO3

and DFeO3
are half-metallic 2D systems considering their

metallic spin-up state and semiconductor spin-down state.
Herein, the spin-down energy gaps of 1.27 and 1.16 eV are ob-
tained, respectively. Additionally, a diluted magnetic semi-
conductor nature emerges in the PtS2 monolayer when doping
with CrO3 and MnO3 clusters. In these cases, the spin-up/spin-
down band gaps of 0.83/1.25 and 0.80/1.17 eV are obtained for
DCrO3

and DMnO3
systems, respectively. These results suggest

that feature-rich electronic and magnetic properties desired for
spintronic applications can be induced in the PtS2 monolayer by
doping with TMO3 clusters.64

The calculated charge density difference conrms the charge
depletion at TM atoms and charge accumulation at their
neighboring O and S atoms (see Fig. S2 of the ESI†). The Bader
charge is analyzed focusing on the constituent atoms of clus-
ters. It is found that V, Cr, Mn, and Fe atoms lose charge
amounts of 1.76, 1.61, 1.45, and 1.42 e, respectively. Meanwhile,
each O atom of VO3, CrO3, MnO3, and FeO3 clusters gains
a charge of 0.84, 0.82, 0.84, and 0.83 e, respectively. Therefore, it
can be concluded that the host monolayer loses charge, trans-
ferring 0.76, 0.85, 1.07, and 1.07 e to VO3, CrO3, MnO3, and FeO3

clusters, respectively.
Fig. 9 shows the PDOS spectra of TM and O atoms of the

clusters to study their contribution in the vicinity of the Fermi
level, where TM-3d and O-2p orbitals are most prominent. Note
that TM-dxy − dyz − dz

2 and P-pz states primarily contribute to
© 2024 The Author(s). Published by the Royal Society of Chemistry
the metallic character of the spin-up state in the DVO3
and DFeO3

systems. As expected, the 3d orbital of transitionmetals exhibits
strong spin polarization around the Fermi level to conrm their
key role in producing the system magnetism.
3.4 Effects of doping with TMO6 clusters

Now, the effects of doping with TMO6 (DTMO6
system) clusters

on the PtS2 monolayer electronic and magnetic properties are
investigated. Similar to previous cases of doping with TMO3

clusters, negative Ef values suggest an exothermic doping
process. Specically, Ef values of −3.41, −2.81, −1.81, and
−1.05 eV are obtained for DVO6

, DCrO6
, DMnO6

, and DFeO6
systems,

respectively. Note that the formation energy becomes less
negative when switching the transition metal from V to Fe,
indicating the reduction of energetic favorability in this direc-
tion. Once formed, all the doped systems may have good
structural and chemical stability as suggested by negative Ec
values between −4.57 and −4.49 eV per atom, which are quite
similar to that of the bare PtS2 monolayer.
Nanoscale Adv., 2024, 6, 5671–5680 | 5675
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Fig. 8 Spin-polarized band structure (the Fermi level is set to 0 eV) of
the PtS2 monolayer doped with (a) VO3, (b) CrO3, (c) MnO3, and (d)
FeO3 clusters.

Fig. 9 Projected density of states of cluster atomic species of the PtS2
monolayer doped with (a) VO3, (b) CrO3, (c) MnO3, and (d) FeO3

clusters.

5676 | Nanoscale Adv., 2024, 6, 5671–5680

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 8
:3

6:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
By calculating the difference in charge distribution between
spin congurations, total magnetic moments of 1.00, 2.00, 3.00,
and 5.99 mB are obtained for DVO6

, DCrO6
, DMnO6

, and DFeO6

systems, respectively. Fig. 10 illustrates the spin density in these
cluster-doped systems, which conrms that magnetic proper-
ties are produced mainly by the incorporated clusters. The iso-
surface size indicates the key role of transition metals, where
a smaller contribution fromO atoms is also noted. Note that TM
atoms and O atoms in DVO6

, DCrO6
and DMnO6

systems exhibit an
antiparallel spin orientation. In contrast, parallel spin ordering
is observed for Fe atoms and O atoms in the DFeO6

system,
resulting in a total magnetic moment that is much larger than
that of the remaining three systems.

According to the emergence of the magnetism in the PtS2
monolayer, doping with TMO6 clusters leads to strong spin
polarization in the electronic band structures as displayed in
Fig. 11. Note that the spin symmetry breaking takes place
mainly in the vicinity of the Fermi level of DTMO6

systems, where
new middle-gap energy branches regulate their system
Fig. 10 Spin density (iso-surface value: 0.005 e Å−3; red surface:
positive spin value; green surface: negative spin value) in the PtS2
monolayer doped with (a) VO6, (b) CrO6, (c) MnO6, and (d) FeO6

clusters.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Projected density of states of cluster atomic species of the
PtS2 monolayer doped with (a) VO6, (b) CrO6, (c) MnO6, and (d) FeO6

clusters.
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electronic nature. The band structure proles imply the diluted
magnetic semiconductor nature of DVO6

, DMnO6
and DFeO6

systems. In these cases, spin-up/spin-down energy gaps of 1.23/
1.49, 1.52/0.82, and 1.52/0.09 eV are obtained, respectively.
Moreover, the feature-rich half-metallicity is achieved by doping
with CrO6 clusters, where the DCrO6

system has a metallic spin-
up state and a semiconductor spin-down state with an energy
gap of 1.51 eV. Such diluted magnetic semiconductor and half-
metallic characteristics make DTMO6

systems prospective 2D
candidates for spintronic applications.64

To investigate the interactions between clusters and their
environment, the charge density difference is calculated.
Charge depletion at TM sites and those Pt atoms around clus-
ters is found, while charge enrichment is noted at O sites (see
Fig. S3 of the ESI†). This feature indicates the charge gaining of
O atoms, which is because of their more electronegative nature
as compared to TM and Pt atoms. Focusing on the clusters, our
Bader charge analysis indicates that the TM/O atoms of VO6,
CrO6, MnO6, and FeO6 cluster have an effective ionic charge of
+1.93/−0.82, +1.63/−0.80, +1.71/−0.79, and +1.74/−0.80 e (“+”:
charge losing; “−”: charge gaining), respectively. The results
indicate that these clusters gain a charge of −2.99, −3.17,
−3.03, and −3.06 e from the host PtS2 monolayer, respectively.
Fig. 11 Spin-polarized band structure (the Fermi level is set to 0 eV) of
the PtS2 monolayer doped with (a) VO6, (b) CrO6, (c) MnO6, and (d)
FeO6 clusters.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The PDOS spectra of TM and O atoms are given in Fig. 12. In
the considered energy range, TM-3d and O-2p orbitals make the
main contributions. The metallic character of the DCrO3

system
spin-up state is derived mainly from the O-pz state. The degree
of spin polarization also indicates the key role of TM atoms in
producing magnetic properties, with additionalcontributions
coming from the pz state of their neighboring O atoms.

4 Conclusions

In summary, the effects of doping with TMOn clusters on the
electronic and magnetic properties of PtS2 monolayers have
been systematically investigated using rst-principles calcula-
tions. The dynamical, thermal, and mechanical stability of the
PtS2 monolayer is conrmed. It is a 2D indirect-gap semi-
conductor material, whose Pt–S chemical bonds exhibit a mix of
covalent and ionic characteristics. The non-magnetic nature is
preserved by creating PtS6-type multivacancies, where the
monolayer becomes a metallic 2D material. In contrast, signif-
icant magnetism is achieved under the effects of PtS3-type
multivacancies, where the pz state of S atoms around the
vacancy sites is primarily responsible for magnetic properties.
Interestingly, feature-rich half-metallicity is obtained for the
VaPtS3 system. Similarly, the monolayer is signicantly magne-
tized by doping with TMOn clusters. Feature-rich diluted
magnetic semiconductor or half-metallic behaviors are ob-
tained, depending on the nature of TMOn clusters. In these
cases, electronic and magnetic properties are regulated mainly
by TM-3d and O-2p orbitals. An antiparallel spin orientation in
VO3, CrO3, MnO3, FeO3, VO6, CrO6, and MnO6 clusters has also
been found, resulting in total magnetic moments between 1.00
and 4.00 mB. Meanwhile, the FeO6 cluster exhibits parallel spin
Nanoscale Adv., 2024, 6, 5671–5680 | 5677
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ordering, resulting in a large total magnetic moment of 5.99 mB.
Once incorporated substitutionally into the PtS2 monolayer,
TMOn clusters act as charge gainers, attracting signicant
charge from the host monolayer. Our study suggests that new
potential spintronic 2D materials can be made from PtS2
monolayers through doping with TMOn clusters.
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