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1. Introduction

Realizing new 2D spintronic materials from the
non-magnetic 1T-PdO, monolayer through
vacancy defects and doping

D. M. Hoat, @ *2° /o VVan On,*¢ Phan Van Huan® and J. Guerrero-Sanchez®

In this work, vacancy- and doping-based magnetism engineering in a non-magnetic 1T-PdO, monolayer is
explored in order to realize new two-dimensional (2D) spintronic materials. The pristine monolayer is an
indirect gap semiconductor with a band gap of 1.45 (3.20) eV obtained using the PBE (HSEQ6) functional.
Half-metallicity with a total magnetic moment of 3.95 ug is induced by creating a single Pd vacancy,
where the magnetic properties are produced mainly by O atoms around the vacancy site. In contrast,
the non-magnetic nature is preserved under the effects of a single O vacancy, however a band gap
reduction in the order of 37.93% is achieved. Further doping with transition metals (TMs =V, Cr, Mn, and
Fe) in the Pd sublattice and with non-metals (B, C, N, and F) in the O sublattice is investigated. TM
impurities lead to the emergence of a diluted magnetic semiconductor nature, where total magnetic
moments of 1.00, 2.00, and 3.00 ug are obtained in the V-, Cr(Fe)-, and Mn-doped systems, respectively.
In these cases, the TMs’ 3d electrons mainly originate the system’s magnetism. Significant magnetization
of the PdO, monolayer is also achieved by doping with B, N, and F atoms, where either half-metallic or
diluted magnetic semiconductor natures are induced. Herein, electronic and magnetic properties are
regulated mainly by the interactions between the 2p orbital of the dopant, 4d orbital of the first neighbor
Pd atoms, and 2p orbital of the second neighbor O atoms. Meanwhile, C impurity induces no magnetism
in the PAO, monolayer because of the strong electronic hybridization with their neighbor atoms. Results
presented herein may introduce efficient approaches to engineer magnetism in a non-magnetic PdO,
monolayer, such that the functionalized systems are further recommended for prospective spintronic
applications.

alternative 2D materials has been undertaken by the worldwide
research community. So far, a large variety of 2D materials,

Since the discovery of graphene,' two-dimensional (2D) mate-
rials have started to attract great attention from scientific
community. Being the thinnest and strongest material discov-
ered until now, graphene has been the most explored 2D
material and has exceptional properties such as zero effective
mass, high intrinsic carrier mobility, high thermal conductivity,
and large traveling distances (um) without scattering at room
temperature.>* However, the absence of an intrinsic band gap
presents a challenging limitation, but not limited to, of gra-
phene for practical applications. Therefore, searching for new
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including insulator,** semiconductor,*” superconductor,®*® and
metallic members,'™"* have been discovered. Of them, 2D
transition metal dichalcogenides (TMDs; MX,, X = S, Se) have
gained great research interest because of their interesting and
easily tunable electronic, optical, and catalytic properties.’> ™
Such that they hold promise for applications in gas sensors,">*®
transistor devices,””*® and high speed photodetection,*** and
so on. The most investigated 2D TMDs are Mo- and W-dichal-
cogenides,”** and Zr- and Hf-dichalcogenides,**?** meanwhile
the Pd-dichalcogenides have received less attention. Various
researchers have explored the electronic and optical properties
of the PdS, and PdSe, monolayers, as well as the Janus PdSSe
structure.”®?® It has been found that these are semiconductor
2D materials with relatively large intrinsic band gaps. Many 2D
metal oxides have been investigated theoretically or synthesized
experimentally,”*® and there are the questions of whether the
PdO, monolayer will be stable and what properties does this 2D
material hold?

On the other hand, the rapid growth of advanced information
technology requires smaller and faster semiconductor devices,
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such that Moore's law is no longer true because of the minia-
turization of transistors. However, increasing the number of
transistors brings with it power consumption issues. Therefore,
searching for alternative solutions is essential. As an emerging
field for future nanoelectronic devices, spintronics (or spin-
based electronics) not only reduces the energy consumption
but also has a great advantage of voluminous memory and fast
processing performance.*** In spintronic devices, the electron
spin is considered as an additional degree of freedom, such that
the generation of spin current is crucial. Therefore developing
highly spin-polarized materials is very important for the spin-
tronic performance. In this regard, half-metallic and diluted
magnetic semiconductor materials hold promise for spintronic
applications thanks to their 100% spin polarization.*"** For
many years, different bulk systems, such as Heusler
compounds,*?* diluted magnetic semiconductors,**¢ metal
oxides,*”*®* and double perovskites,**° have been investigated.
Recently, researchers have switched attention to explore 2D
materials for spintronic applications. However, very few of these
materials have intrinsic magnetism in their pristine form,
therefore different methods have been proposed to get appro-
priate magnetization, such as creating vacancies**> and doping
with magnetic impurities (transition metals) and non-metals.****

Nowadays, researchers have paid much attention to discov-
ering new 2D materials with two or more functions to fabricate
multifunctional devices.*” Motivated by the recent research
effort to develop new spintronic 2D materials, the main aim of
this work is to propose efficient approaches to realize new
highly spin-polarized materials from the PdO, monolayer.
There are very few works reporting about this 2D material.
Recently, Wani et al.*® have predicted promising thermoelectric
performance for the PdO, monolayer. Results indicate its
semiconductor nature with a band gap of 1.40 eV. In this work,
the stability as well as electronic properties and chemical bond
of PdO, monolayer are systematically investigated. Further,
effects of a single Pd vacancy and O vacancy are considered. In
addition, doping with transition metals in the Pd sublattice and
with non-metals in the O sublattice is also explored. It is
anticipated that feature-rich electronic and magnetic properties
can be induced in the PdO, monolayer, such that the defected
and doped PdO, systems are introduced for spintronic appli-
cations. Experimentally, these systems can be realized by atom/
ion bombardment, which has been widely utilized for the defect
engineering and doping of 2D materials.*”*®

2. Computational details

Based on density functional theory (DFT),* spin-polarized first-
principles calculations are carried out to investigate the pris-
tine, vacancy-defected, and doped PdO, monolayer. The
projector augmented wave (PAW) as implemented in the Vienna
ab initio simulation package (VASP)*>** is employed to treat the
interactions between ion cores and valence electrons. In the
Perdew-Burke-Ernzerhof (PBE) parameterization,® the gener-
alized gradient approximation (GGA-PBE) is employed to
consider the electron exchange-correlation potential. The
HSEO06 hybrid functional is also utilized in order to get a more
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accurate band gap prediction of the PdO, monolayer,* which
includes 25% fraction of the exact Hartree exchange potential
(parameter AEXX = 0.25) and a range-separation parameter
HFSCREEN = 0.2 A™%. In addition, the GGA+U approach by
Dudarev®* is adopted to describe the correlation effects of the 3d
electrons of V, Cr, Mn, and Fe transition metals with U values
of 3.25, 3.70, 3.90, and 5.40 eV, respectively, which have been
successfully employed by several research groups.®® The plane
wave basis set is truncated by a cutoff energy of 500 eV. The
convergence criteria for energy and force are set to 1 x 10~° eV
and 1 x 1072 eV A™", respectively. k-grids are generated within
the framework of the I'-centered Monkhorst-Pack method,*®
where the unit cell and supercell are sampled with 20 x 20 x 1
and 4 x 4 x 1 mesh, respectively. To model the defected and
doped systems, a 4 x 4 x 1 supercell of the PdO, monolayer is
generated, which contains 48 atoms (16 Pd atoms and 32 O
atoms). This supercell provides a reasonable system size that
guarantees negligible interactions between dopant images. In
all cases, a vacuum region wider than 14 A is inserted along the
z-direction to get negligible interactions between perpendicu-
larly periodic layers.

3. Results and discussion

3.1. Stability and electronic properties of PdAO, monolayer

Fig. 1a shows the optimized unit cell of the PdO, monolayer in
the 1T structure. Note that the structure is centrosymmetric,
built up from [PdOg] octahedral motifs. From the side-view,
three separated atomic planes in the order O-Pd-O can be
noted. From the structural optimization, the following param-
eters are obtained to describe the PAO, monolayer unit cell: (a)
lattice constant a = 3.09 A; (b) chemical bond length dpq_o =
2.03 A; (c) interatomic angles £ PdOPd = 99.02° and £ OPdO =
80.98°; and (d) total buckling height 4o ¢ = 2 X dp_pq = 2 X
0.97 = 1.94 A. It is worth mentioning that the lattice constant
and chemical bond lengths are smaller than those of the PdS,
and PdSe, monolayers,” suggesting the reasonability of our
results since these parameters increase according to the
increase in the atomic number of the VIA-group atoms (that is,
the increase in atomic size). Before investigating the ground
state properties of the PdO, monolayer, its stability is verified as
follows:

e Elastic constants are calculated to determine the
mechanical stability, herein the elasticity of the hexagonal
structure is characterized by C;; and C;, constants. According
to our calculations, these constants have values of 119.44 and
28.35 N m ™', respectively. Note that Born's criteria (C;; > 0 and
Cy1 > Cy,)® are satisfied, indicating that the PdO, monolayer is
mechanically stable.

e On the basis of phonon calculations, the dynamical
stability is determined. The calculated phonon spectra given in
Fig. 1b reveal that none of three low-frequency acoustic modes
and all the six high-frequency optical modes exhibit imaginary
frequencies, implying that the PdO, monolayer is dynamically
stable.

e AIMD simulations are carried out to examine the thermal
stability. Results in Fig. 1c assert that the initial structural

© 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/d3ra08866a

Open Access Article. Published on 28 February 2024. Downloaded on 6/9/2026 6:34:44 AM.

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

(cc)

Paper

configuration of the PdO, monolayer is well preserved despite
a small vibration of the constituent atoms around their equi-
librium sites, where none of the chemical bonds are broken.
These results indicate that the PdO, monolayer is thermally
stable.

Having confirmed good stability of the PdO, monolayer, the
study is shifted to the analysis of its electronic properties and
chemical bonds. The band structure displayed in Fig. 2a asserts
the indirect gap semiconductor nature of this 2D material,
where PBE- and HSEO6-based calculations yield band gaps of
1.45 and 3.20 eV, respectively. Since a band gap underestima-
tion is normally obtained with the standard PBE functional, the
HSEO6-based band gap is expected to be more accurate
considering the inclusion of 25% fraction of the exact Hartree
potential.>® The band structure is formed mainly by Pd-4d and
O-2p orbitals as observed in the projected density of states
(PDOS) spectra given in Fig. 2b. Note that the upper part of the
valence band is originated mainly from Pd-d,» and O-p, states,
while the lower part of the conduction band is built up mainly
from Pd-d,,-d,-d,> and O-p, states. The PDOS profile suggests
significant electronic hybridization between Pd-4d and O-2p
orbitals, consequently covalent chemical bonds are formed.
This feature is confirmed by the valence charge distribution in
Fig. 2c, where a large charge distribution is observed in the
bridge positions. However, the charge distribution is mostly
directional to O atoms, which may be a consequence of the
more electronegative nature of the O atom in comparison with
the Pd atom. Therefore, the ionic character should not be
neglected in the PdO, monolayer, which may be generated by
the charge transfer process. Quantitatively, the Bader charge
analysis implies that each Pd atom transfers a charge quantity
of 1.30e to two O atoms (each O atom receives 0.65¢). This
process is also confirmed in the electron localization functional
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Fig. 1

atomic structure after 5 fs) of the PdO, monolayer.

(a) Optimized atomic structure (Pd: grey ball; O: red ball), (b)
phonon dispersion curves, and (c) AIMD simulations at 300 K (inset:
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Fig. 2 (a) Electronic band structure (the Fermi level is set to 0 eV), (b)
projected density of states, (c) charge distribution (iso-surface value:
0.15 e A7), and (d) electron localization function of the PdO,
monolayer.

illustrated in Fig. 2d, where large localization is centered at O
sites. Therefore, it can be concluded that the chemical bonds in
the PdO, monolayer are a mix of covalent and ionic characters.

3.2. Effects of single vacancy

In this part, the effects of single vacancies in the PdO, mono-
layer are investigated. Firstly, the formation energy of the defect
E¢ is calculated as follows:
Ef = Eds - Epm + Mx (1)
where Eqs and Ep,, are the total energy of the defected and
perfect monolayer, respectively; ux refers to the chemical

Table 1 Formation/doping energy E{/Eq4 (eV), cohesive energy E. (eV
per atom), electronic band gap Eg (eV; spin-up/spin-down; M:
metallic), charge transferred from impurity AQ (e; “—": charge gain; “+":
charge loss) and total magnetic moment M, (ug) of the defected/doped
PdO, monolayers

EgEq E. E, AQ M,
Vapg 4.74 —3.87 1.39/M — 3.95
Vao 1.68 -3.95 0.90/0.90 — 0.00
Vpa —5.57 —4.08 0.98/1.33 +1.94 1.00
Crpa —5.07 —4.01 0.73/1.33 +1.81 2.00
Mnpg —-3.91 —4.01 1.33/1.34 +1.76 3.00
Fepa —2.57 —4.02 0.92/1.35 +1.59 2.00
Bo 3.18 —~3.97 1.43/M +0.82 0.98
Co 4.08 ~3.99 0.93/0.93 —0.07 0.00
No 3.10 ~3.95 1.43/0.47 —0.47 1.00
Fo —0.38 —3.94 0.32/1.16 —0.57 1.00
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potential of the X atom (X = Pd or O). According to our simu-
lations, E¢values of 4.74 and 1.68 eV are obtained for a single Pd
vacancy and single O vacancy (see Table 1). Note that the crea-
tion of a single Pd vacancy requires supplying larger energy than
for a single O vacancy. Then, the cohesive energy of the defected
systems E. is calculated to examine their stability using the
following formula:

Eds — [}’lPdE(Pd) + I’loE(O)]

E. =
npg + No

(2)

Ex and ny denote the energy of an isolated X atom and number
of X atoms in the system, respectively. Negative E. values of
—3.87 and —3.95 eV per atom are obtained for the PdO,
monolayer with a single Pd vacancy and single O vacancy,
respectively. These results indicate that the defected systems are
structurally and chemically stable, where the creation of single
vacancies does not break the chemical bonds. However, it is
worth mentioning that the single Pd vacancy may reduce
slightly the stability considering that the E. value becomes less
negative than that of the perfect PAO, monolayer (—3.97 eV per
atom).

Fig. 3 shows the spin-polarized band structure (BS) of the
vacancy-defected PdO, monolayer. Note that the Pd single vacancy
breaks the spin symmetry around the Fermi level, where new
middle-gap states emerge. The BS profiles indicate the semi-
conductor spin-up state with a band gap of 1.39 eV and metallic
spin-down state. Such that, the creation of a single Pd vacancy can
be suggested as an efficient approach to induce half-metallicity in
the PdO, monolayer, which is desirable for spintronic applica-
tions.*” In contrast, the band structure is spin-symmetric without
any spin polarization in the case of the single O vacancy. In this
case, new middle-gap states appear above the Fermi level to
reduce the electronic band gap of the PdO, monolayer. Specifi-
cally, an energy gap of 0.90 eV is obtained, which corresponds to
a reduction in the order of 37.93% from that of the perfect
monolayer. Analyzing the BS spin polarization, there can be ex-
pected significant magnetism in the PdO, monolayer induced by
creating a single Pd vacancy. This feature is further confirmed by
a total magnetic moment of 3.95 up and the spin density as
illustrated in Fig. 4. Note that spin density surfaces are centered

—— Spin-down

Energy (eV)

Fig. 3 Spin-polarized band structure (the Fermi level is set to O eV) of
the PdO, monolayer with (a) single Pd vacancy and (b) single O
vacancy.
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mainly at O atoms closest to the vacancy Pd site, indicating the
key role of these atoms in producing the magnetic properties of
the defected PAO, monolayer.

PDOS spectra of the first and second atoms from vacancy
sites in the PdO, monolayer are displayed in Fig. 5. In the case
of the single Pd vacancy, the middle gaps are derived mainly
from O-p,, states with a small contribution from the Pd-d,,
state. The spin polarization suggests that the magnetism is
originated mainly from the O-p,, state. On the other hand,
a single O vacancy induces new middle-gap states to reduce the
electronic band gap that are formed mainly by p,, states of the
second neighbor O atoms from the vacancy site. Therefore, the
atoms around defect sites generate the band structure around
the Fermi level, consequently they determine mainly the elec-
tronic and magnetic properties of the defected PdO, monolayer.

3.3. Effects of doping with transition metals

Herein, the effects of doping with transition metal (TMs =V, Cr,
Mn, Fe) in the Pd sublattice in the PdO, monolayer are inves-
tigated. The doping energy Eg4 is calculated as follows:

Fig. 4 Spin density (iso-surface value: 0.02 e A~ in the PdO,

monolayer with a single Pd vacancy.
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Fig. 5 Projected density of states of first and second atoms from the
vacancy site in the PdO, monolayer with (a) single Pd vacancy and (b)
single O vacancy.
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Ed = Edos - Epm + MpPd — MD (3)
where Eqqs and Epp, are the total energy of the doped and perfect
monolayer, respectively; upq and up refer to the chemical
potential of Pd and the transition metal, respectively. Then the
structural-chemical stability of the doped systems is verified
through the cohesive energy E., which is calculated using the
following expression:

_ Egos — [npaE(Pd) + 1o E(O) + np E(D)]
npg + No + np

E. (4)
Ex and nx denote the energy of an isolated X atom and number
of X atoms in the system, respectively. Results are given in Table
1. The obtained Eq4 values for V, Cr, Mn, and Fe dopants are
—5.57,—5.07, —3.91, and —2.57 eV, respectively. The negative E4
values suggest an exothermic doping process for transition
metals in the PdO, monolayer, where the degree of difficulty
may increase according to the increase in the atomic number of
the TM impurities since this parameter becomes more positive
in this direction. Once formed, all the TM-doped systems
exhibit good structural-chemical stability since their cohesive
energy has negative values between —4.08 and —4.01 eV per
atom, which are slightly more negative than that of the bare
monolayer (—3.97 eV per atom).

Fig. 6 shows the spin-polarized band structures of V-, Cr-,
Mn-, and Fe-doped PdO, monolayers. Significant spin polari-
zation around the Fermi level and in the upper part of the
conduction band can be noted, where new middle-gap flat
energy branches are observed in both spin channels. Moreover,

—— Spin-down
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Fig. 6 Spin-polarized band structures (the Fermi level is set to O eV) of
(@) V-, (b) Cr-, (c) Mn-, and (d) Fe-doped PdO, monolayers.
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the semiconductor character is preserved in both spins of the
PdO, monolayer upon doping with transition metals. The spin-
up/spin-down energy gaps of the V-, Cr-, Mn-, and Fe-doped
system are 0.98/1.33, 0.73/1.33, 1.33/1.34, and 0.92/1.35 eV,
respectively. These results indicate the emergence of the diluted
magnetic semiconductor nature, such that the incorporation of
magnetic TM impurities in the PAO, monolayer may be intro-
duced as an effective method to make new 2D spintronic
materials.>* Using the Bader charge analysis, it is found that V,
Cr, Mn, and Fe impurities lose charge transferring charge
amounts of 1.94, 1.81, 1.76, and 1.59e to the host monolayer,
respectively. Undoubtedly charge loss is a characteristic of
metals (low electronegative atoms) in compound materials.
The spin polarization in Fig. 6 suggests that PdO, is signif-
icantly magnetized by doping with transition metals. It is found
that the charge distribution between spin channels is different,
which is reflected in the total magnetic moments of 1.00, 2.00,
and 3.00 ug for V-, Cr(Fe)-, and Mn-doped systems, respectively.
The spin density is visualized in Fig. 7. From the figure, one can
conclude that magnetic properties of the TM-doped PdO,
monolayer are produced mainly by TM impurities since spin
surfaces are centered mainly at their sites. To further investigate
the contribution of TM dopants, their PDOS are given in Fig. 8
along with neighbor O atoms. Note that new flat energy

Y
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Fig. 7 Spin density (iso-surface value: 0.02 e A=3) in (a) V-, (b) Cr-, (c)
Mn-, and (d) Fe-doped PdO, monolayers.
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Fig. 8 Projected density of states of TM impurities and their neighbor O atom in (a) V

branches (in the band structures) are built up mainly from TM-
3d states with strong spin polarization, indicating that TM-3d
electrons originate mainly the magnetism and regulate the
electronic properties of the doped systems. In the considered
energy range from —5 to 5 eV, a small contribution from O-2p
states is also noted that exhibits a slight hybridization with
TM-3d states. However, the interactions between TM impurities
and their neighbor O atoms are predominantly ionic due to the
charge transfer as analyzed above.

3.4. Effects of doping with non-metal atoms

Now, the effects of doping with non-metal (B, C, N, and F) atoms
in the O sublattice in the PdO, monolayer are investigated.

—— Spin-down
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Fig.9 Spin-polarized band structures (the Fermi level is set to O eV) of

(a) B-, (b) C-, (c) N-, and (d) F-doped PdO, monolayers.
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Applying eqn (3) (modified for the O sublattice) and eqn (4),
doping energy and cohesive energy are calculated. Results are
listed in Table 1. Note that B, C, and N doping are endothermic
processes requiring additional energy of 3.18, 4.08, and 3.10 eV,
respectively. Meanwhile, exothermic F doping is suggested by
the negative E4 value of —0.38 eV. Once formed, all the doped
2D PdO, systems are structurally-chemically stable considering
their negative E. values between —3.99 and —3.94 eV per atom.
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Fig. 10 Spin density (iso-surface value: 0.005 e A=) in (a) B-
and (c) F-doped PdO, monolayers.
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Fig. 11 Projected density of states of impurities and their neighbor Pd and O atoms in (a) B-, (b) C-, (c) N-, and (d) F-doped PdO, monolayers.

The spin-polarized band structures of PdO, monolayers
doped with non-metal atoms are displayed in Fig. 9. Note that
B, N, and F doping breaks the spin symmetry with the appear-
ance of new middle-gap energy states. BS profiles indicate the
semiconductor spin-up state and metallic spin-down state of
the B-doped system, that is a half-metallic nature is induced.
Besides, both spin states exhibit semiconductor behavior,
indicating that the N- and F-doped systems are diluted
magnetic semiconductor 2D materials. The spin-up/spin-down
for these three systems are 1.43/M, 1.43/0.47, and 0.32/
1.16 eV, respectively. These features indicate prospective spin-
tronic applicability of the PdO, monolayer functionalized by
doping with B, N, and F atoms. Similarly, new energy states
emerge also as a consequence of doping with C atom, however
the band structure lacks spin polarization. In this case, the
appearance of a flat energy branch above the Fermi level
reduces the PdO, monolayer band gap to 0.93 eV, correspond-
ing to a reduction in the order of 35.86%. Analyzing the Bader
charge of impurities, it is found that the B atom acts as a charge
loser transferring a charge quantity of 0.82e to the host mono-
layer. Meanwhile, C, N, and F impurities play the role of
a charge gainer receiving 0.07, 0.47, and 0.57e from the host
monolayer, respectively. Note that the transferred charge
quantity between the C dopant and the host monolayer is quite
small, which may be the reason for the absence of spin polari-
zation in the C-doped PdO, monolayer.

From the BS spin polarization, an unbalanced charge
distribution between spin channels in the PdO, monolayer can
be expected, caused by doping with B, N, and F atoms. Such that
total magnetic moments of 0.98, 1.00, and 1.00 ug are obtained,
indicating that significant magnetization has been achieved.
The visualization of spin density in Fig. 10 indicates that the B-
doped system magnetism is produced mainly by the second
neighbor O atoms from the doping site, suggesting that these O
atoms attract charge from both Pd and B atoms. This feature
explains why the B impurity acts as a charge loser, despite being

© 2024 The Author(s). Published by the Royal Society of Chemistry

incorporated in the O sublattice. On the other hand, the non-
metal dopant, the first neighbor Pd atoms and the second
neighbor O atoms make contributions to the magnetic prop-
erties of the N- and F-doped systems. Since the doping-induced
modifications of the electronic interactions in the PdO,
monolayer take place mainly around the doping site, PDOS
spectra of the mentioned dopant, and their first and second
neighbor atoms are given in Fig. 11 to get more insights into the
electronic and magnetic properties. The spin-down metalliza-
tion in the B-doped system can be attributed mainly to O-py-p,
states, which are also responsible for producing the magnetic
properties due to their strong spin polarization around the
Fermi level. Meanwhile, the hybridization between C-p, and Pd-
d,, states generates the flat energy branch above the Fermi level
to reduce the energy gap as analyzed above. Moreover, the
electronic and magnetic properties of the N- and F-doped
systems are also regulated mainly by the interactions between
N(F)-2p, Pd-4d, and O-2p orbitals since they exhibit an impor-
tant presence in the vicinity of the Fermi level, generating new
middle-gap states.

4. Conclusions

In summary, the effects of vacancies and doping (with transi-
tion metals in the Pd sublattice and with non-metals in the O
sublattice) on the PdO, monolayer’s electronic and magnetic
properties have been systematically investigated using first-
principles calculations. The pristine monolayer exhibits good
mechanical, dynamical, and thermal stability. Calculations
assert also its indirect gap semiconductor nature and reveal
a mix of covalent and ionic characters in the Pd-O chemical
bond. The monolayer is magnetized by a single Pd vacancy with
a half-metallic nature, meanwhile a single O vacancy preserves
the non-magnetic semiconductor behavior. Doping with tran-
sition metals (V, Cr, Mn, and Fe) and with F atoms is an
exothermic process as suggested by the negative doping energy.
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In contrast, the positive doping energy values may suggest an
endothermic process for B, C, and N doping. However, all the
doped systems have good structural-chemical stability once
formed. 3d electrons of TM impurities generate significant
magnetism in the PdO, monolayer with total magnetic
moments between 1.00 and 3.00 ug, where the diluted magnetic
semiconductor nature is induced. Herein, the transition metal
acts as a charge loser, transferring charge to the host mono-
layer. The half-metallic and magnetic semiconductor behaviors
are also induced by B- and N-, F-doping, respectively. In these
cases, total magnetic moments between 0.98 and 1.00 ug are
obtained, where the magnetic properties are produced mainly
by the impurity, and their first neighbor Pd atoms and second
neighbor O atoms. Meanwhile, C doping reduces the PdO,
monolayer band gap without inducing magnetism. Because of
the charge attraction of the second atoms, the B impurity acts as
a charge loser. In contrast, C, N and F impurities play the role of
charge gainer receiving charge from the host monolayer.
Results show that feature-rich electronic and magnetic proper-
ties can be induced in a non-magnetic PdO, monolayer, which
are suitable for spintronic applications. Therefore, vacancies
and doping can be proposed as efficient and solid ways to
realize new 2D spintronic materials from a non-magnetic PdO,
monolayer.
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