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Electronic and magnetic properties of the HfO,
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Doping two-dimensional (2D) materials is a vitally important method to modulate their electronic and magnetic
properties. In this work, doping with transition metals (TM = Mn and Fe) and nonmetal atoms (X = B and C) is
proposed to engineer the magnetism in the HfO, monolayer. The pristine monolayer is an intrinsically
nonmagnetic insulator with a large band gap of 4.85 (6.43) eV as calculated using the PBE (HSEO06) functional.
Doping with Mn and Fe atoms induces monolayer magnetization with total magnetic moments of 3.00 and
4.00ugp, respectively. Herein, Mn- and Fe-3d electrons produce mainly magnetic properties and regulate the
electronic nature by forming new mid-gap energy states. Similarly, the 2p orbital of impurities plays a key role
in determining the electronic and magnetic properties of B- and C-doped systems. Mn and B doping leads to
the emergence of magnetic semiconductor nature, while the half-metallicity is obtained by doping with Fe
and C atoms. Further, the substitution of the Hf-O pair with the TM-X pair is also studied. In these cases,
both TM and X impurities induce the system magnetism, exhibiting an antiparallel spin orientation.
Consequently, pair-atom-doped systems have smaller total magnetic moments in comparison with single-

atom-doped systems. Interestingly, doping with all four Mn-B, Mn-C, Fe-B, and Fe-C pairs induces
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Accepted 16th November 2024 a magnetic semiconductor nature, where spin-dependent energy gaps are determined by the doping-

induced multiple mid-gap energy states. When incorporated into the HfO, monolayer lattice, transition metals
lose charge, while nonmetal impurities act as charge gainers. This study demonstrates the effectiveness of the
doping method to engineer the magnetism in the HfO, monolayer for spintronic applications.
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silicene,® phosphorene,® hexagonal boron nitride (h-BN),">**

1. Introduction

(cc)

Over the past two decades, researchers have paid immense
attention to two-dimensional (2D) materials because of their
intriguing and interesting physical and chemical characteris-
tics.»> As a pioneering member, graphene is mechanically
strong and exhibits high carrier mobility and high electrical and
thermal conductivity. These features arise from the unique sp*
hybridization of carbon atoms in the honeycomb-like planar
structure.*”® However, the practical applications of graphene,
for example in field-effect transistors (FETs), are considerably
hindered because of its semimetal character. Therefore,
researchers have investigated effective methods to open the
graphene band gap.®” Besides, great research attention has also
been paid to developing 2D materials beyond graphene, such as
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transition metal dichalcogenides (TMDs),"»** and MXenes
(transition metal carbides and nitrides),"*** among others. In
this regard, 2D semiconductors have emerged as promising
candidates to fabricate high-performance 2D FETs, whose
intrinsic band gap may lead to a high on/off ratio.'*'” Moreover,
these materials have also been explored as promising candi-
dates for diverse applications, such as optoelectronics**?* and
photovoltaics.*** In this regard, 2D hafnium dichalcogenides
HfX, (X = S and Se) - as members of the transition metal
dichalcogenide (TMD) family - have been widely investigated.
Experimentally, 2D HfX, and ternary HfS,;_ySe,, can be
fabricated by either a top-down method (exfoliation from HfX,
bulk compounds)**** or a bottom-up method (chemical vapor
deposition - CVD).***” Theoretical calculations confirm their
semiconductor nature with an energy gap in the visible range,
demonstrating their potential for light harvesting,**** which
can be effectively tuned through external strain.**** Conse-
quently, HfX, are prospective 2D platforms for applications in
thermoelectrics,*?* optoelectronics,**® gas sensing,**® and
spintronics,**** among others.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Stimulated by the success of 2D TMDs, 2D transition metal
dioxides have also been investigated by several groups. For
instance, first-principles calculations performed by Zeng et al.**
have confirmed the indirect-gap semiconductor nature of MoO,
and WO, monolayers, whose energy gaps are smaller than those
of MoX, and WX, counterparts. The unique photocatalytic
properties of MoO,/WO, vertical heterostructures have also
been demonstrated by Chen et al* A direct band gap of
~1.71 eV is found for the most favorable stacking configuration,
such that the studied 2D heterostructure has remarkable
responses in the visible regime as confirmed by the calculated
optical absorption spectra. The electronic and optical properties
of the ZrO, monolayer and bilayers have been studied by Zhang
et al.*®* Calculations provide large energy gaps of 7.51 and
6.82 eV, respectively. Interestingly, 2D ZrO, has a larger static
dielectric constant compared to the hexagonal boron nitride (h-
BN) monolayer, suggesting its promise for FET applications.

HfO, has been considered as a high dielectric constant
(high-x) material that can be used in the gate dielectric layer in
transistors because of its large static dielectric constant.
Insights into the interfacial interactions and charge transfer
between MoS, and HfO, have been provided both experimen-
tally and theoretically.**** It is important to mention that the
surface states of HfO, normally affect the transistor perfor-
mance. Theoretically, Weng et al*® investigated the HfO,
monolayer using first-principles calculations. The results
demonstrate the stability of the 1T phase with a semiconductor
gap of 6.73 eV, while the 2H structure is dynamically unstable.
After revising the literature, we realize that deep insights into
the electronic properties of the HfO, monolayer are still lacking.
Moreover, functionalizing this 2D material through doping in
order to expand its applications has not been considered.
Previously, 3d transition metals have been selected as impuri-
ties to induce magnetism in 2D materials, which is derived from
their unpaired 3d orbital.*”** On the other hand, doping with
nonmetal atoms has also been proven to be an effective
approach to developing new d° 2D materials.**° In this work,
the electronic and magnetic properties of the HfO, monolayer
under the effects of doping with transition metals (TM = Mn
and Fe) and light atoms (X = B and C), as well as TM-X pair
atoms, are systematically investigated. It is anticipated that the
HfO, monolayer is intrinsically nonmagnetic. The proposed
doping induces significant magnetism in the HfO, monolayer,
with the doped systems exhibiting diverse feature-rich elec-
tronic properties suitable for spintronic applications.

2. Computational details

Under the framework of density functional theory (DFT),** this
paper uses the Vienna Ab initio Simulation Package (VASP)**** to
realize spin-polarized first-principles calculations on the elec-
tronic and magnetic characteristics of pristine and doped HfO,
monolayers. Electron exchange-correlation potentials in the self-
consistent iterations are treated using the PBE version (Perdew-
Burke-Ernzerhof) of the generalized gradient approximation
(GGA-PBE).** The projector augmented wave (PAW) method
describes the interactions between valence electrons and nuclei.
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In addition, DFT corrected by a Hubbard term proposed by
Dudarev et al.** is also adopted to account for the strong elec-
tronic correlations in Mn- and Fe-3d orbitals. Herein, effective
Hubbard parameters U of 3.90 and 5.40 eV are employed, which
have produced reasonable results in previous studies.® A cutoff
energy of 500 eV is set to truncate the plane wave basis set. The
structure is optimized when residual force acting on each atom is
found to be less than 0.01 eV A%, In all calculations, the criterion
of convergence is set to 10~ ® eV for total system energy. A 20 x 20
x 1 Monkhorst-Pack k-point grid*” is constructed when inte-
grating the Brillouin zone of the unit cell. In the process of
investigating the effects of doping, a 4 x 4 x 1 supercell model
containing 48 atoms (16 Hf atoms and 32 O atoms) is con-
structed, for which a 4 x 4 x 1 k-mesh is generated to sample the
Brillouin zone. All structure models are built with a vacuum
thickness of more than 14 A to avoid interlayer interactions.

3. Results and discussion

3.1. Pristine HfO, monolayer

So far, binary 2D materials with 1:2 stoichiometry have been
found in 1T,%% 1T',°*®* and 2H structures.®®® Herein, the 1T
structure is adopted to predict the HfO, monolayer that is inspired
by HfS, and HfSe, monolayers.”® Fig. 1a shows a unit cell of this 2D
material, containing one formula unit. From the structural opti-
mization, the unit cell of the HfO, monolayer has the following
parameters: (1) lattice constant a = 3.24 A, which is smaller than
that of HfS, and HfSe, monolayers according to the reduction of
this parameter when decreasing the atomic number of VIA-group
atoms;* (2) chemical bond length dy;¢ o = 2.11 A; (3) interatomic
angles £ HfOHf = 100.55° and ZOHfO = 79.45° and (4) total
buckling height 4, = 2 x Ao s = 2 x 0.97 = 1.94 A.
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Fig. 1 (a) Atomic structure in a unit cell, (b) phonon dispersion curves,

and (c) AIMD simulations at 300 K (inset final atomic structure in the 4
x 4 x 1 supercell of the HfO, monolayer).
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After the structural optimization, the monolayer stability is
examined as the next step of prediction using the following
criteria: (1) phonon spectra of the HfO, monolayer are recorded
using the finite displacement method that is implemented
using the PHONOPY code.* It is well known that the monolayer
is dynamically stable if there are no imaginary frequencies in its
phonon spectra. In Fig. 1b, phonon dispersion curves of the
HfO, monolayer are plotted along the I'-M-K-T" path. Note that
no fictitious frequencies appear in the displayed spectra, indi-
cating that the HfO, monolayer is dynamically stable; (2) ab
initio molecular dynamics (AIMD) are performed to verify the
thermal stability of the HfO, monolayer at room temperature,
300 K. The canonical ensemble and Nose-Hooever thermo-
stat®*®” are utilized to control the temperature. A total time of 5
ps is recorded with a time step of 5.0 fs. From Fig. 1c, one can
see insignificant fluctuations of temperature and energy during
the simulation. In addition, the visualized final structure
confirms the integrity of the hexagonal configuration without
any broken chemical bonds. These results confirm that the
HfO, monolayer is thermally stable; (3) two independent elastic
constants Cy; and C;, are calculated for the HfO, monolayer
hexagonal structure to examine the mechanical stability, which
is required to meet the following Born's criteria:** Cy; > 0 and
C11 > |Cyp|- Our calculations provide values of 173.40 and
41.72 Nm™ * for C;, and C,, elastic constants, respectively. Note
that these values satisfy Born's criteria, confirming that the
HfO, monolayer is mechanically stable.
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Fig. 2 (a) Electronic band structure (the Fermi level is set to 0 eV), (b)
projected density of states, and (c) electron localization function of the
HfO, monolayer.
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The electronic band structure of the HfO, monolayer is
calculated using PBE and hybrid HSE06 functionals. The PBE
functional provides a good description of the band structure to
determine the material electronic nature; however, it tends to
underestimate the electronic band gap. This issue can be
overcome with advanced levels of theory, where the hybrid
HSEO06 functional is a common and widely employed method
when including a 25% fraction of the exact Hartree exchange
potential.* The results plotted in Fig. 2a evidence the indirect
gap of the HfO, monolayer since the band edges occur at
different locations. Specifically, the valence band maximum and
conduction band minimum are located along the I'K path and
at the M point, respectively. PBE and HSE06 calculations yield
energy gaps of 4.85 and 6.43 eV, respectively. The large energy
gaps confirm the insulating nature of the HfO, monolayer. The
projected density of states (PDOS) given in Fig. 2b indicate the
key role of O-p, . states in building the valence band, while the
conduction band is formed mainly by Hf-d,,~d,,~d,>~d,,~d,
states. The PDOS profile may suggest the occupied outermost O-
2p orbital and unoccupied outermost Hf-5d orbital, suggesting
the charge transfer from the Hf atom to O atoms. To confirm
this expectation, Bader charge analysis is carried out. It is found
that the Hf atom loses a charge quantity of 2.32e, transferring to
O atoms (each O atom attracts a charge amount of 1.16¢). The
charge transfer is also confirmed by the electron localization
function visualized in Fig. 2c, where one can see large charge
density concentrated at O atoms. Consequently, it can be
concluded that the Hf-O chemical bond in the HfO, monolayer
is predominantly ionic, which is generated by the charge
transfer from the Hf (less electronegative) atom to O (more
electronegative) atoms.

3.2. Effects of doping with Mn and Fe atoms in the Hf
sublattice

In this part, doping with transition metals (TMs = Mn and Fe)
in the Hf sublattice is proposed to induce novel electronic and
magnetic features in the HfO, monolayer. Mnys and Fey
notations are employed to denote Mn- and Fe-doped HfO,
monolayers, respectively. Firstly, the formation energy E¢ and
cohesive energy E. of Mnyy and Feye systems are calculated
using the following expressions:

Ey = E(TMyg) — E(HfO») + upr — wrm (1)

where E(TMyy) and E(HfO,) are the total energy of TMyr and
bare HfO, monolayers, respectively; uyr and upy denote
chemical potentials calculated from the most stable bulk phase
of Hf and TM atoms, respectively.

E— E(TMys) — ISE(HZ)E; 32E(O) — E(TM) )

where E(Hf), E(O), and E(TM) refer to the energy of an isolated
Hf, O, and TM atom, respectively. From Table 1, one can see
that additional energy of 5.84 and 7.02 eV per atom should be
supplied to incorporate Mn and Fe atoms into the HfO,
monolayer lattice, respectively. Once formed, both Mny; and
Feyr Systems are proven to be structurally and chemically stable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1 Formation energy E¢(eV per atom), cohesive energy E. (eV per
atom), electronic band gap Eg (eV; spin-up/spin-down; M: metallic),
charge transferred from impurity AQ (e; positive value: charge losing;
negative value: charge gaining), and total magnetic moment M, (ug) of
the doped HfO, monolayer

E¢ E, Eq AQ M,
Mnye 5.84 ~7.65 3.88/1.99 +1.78 3.00
Feye 7.02 ~7.66 M/3.40 +1.79 4.00
Bo 9.39 —7.74 2.42/3.38 —0.82 3.00
Co 9.28 —7.78 3.80/M -1.01 2.00
MnyBo 6.94 —7.55 2.57/0.66 +1.08/—0.10 2.00
Mn;:Co 6.66 ~7.59 2.30/3.64 +1.42/—0.56 1.00
FeuBo 7.02 ~7.58 2.07/2.46 +0.65/—0.23 1.00
FeuCo 7.08 —7.61 1.38/3.19 +1.35/—0.36 2.00

considering their negative E. values of —7.65 and —7.66 eV per
atom, respectively. Note that these E. values are slightly less
negative than that of the bare monolayer, suggesting a slight
reduction of HfO, monolayer stability caused by Mn and Fe
doping.

Our spin-polarized calculations evidence the magnetization
of the HfO, monolayer upon doping with Mn and Fe atoms,
which is confirmed by the difference between spin-dependent
charge densities (o' — p'). Specifically, total magnetic
moments of 3.00 and 4.00ug are obtained for Mnys and Feyy
systems, respectively. Fig. 3a and b visualize the spin density in
these systems. From the figure, it can be concluded that Mn and
Fe impurities produce mainly magnetic properties of Mny¢ and
Fey systems, respectively, considering their large spin surfaces.
Note that six nearest neighboring O atoms also make small
contributions to the magnetism, which exhibit an antiparallel
spin coupling with transition metal impurities. The electronic
interactions between dopant atoms and the host HfO, mono-
layer are studied using the charge density difference, which is
defined as Ap = p(TMys) — p(HfO,) — p(TM), where p(TMyg),
p(HfO,), and p(TM) are the charge density of the TM-doped
HfO, monolayer, the bare HfO, monolayer, and a single TM
atom, respectively. From Fig. 3c and d, one can see that Mn and
Fe atoms deplete charge, while charge density is increased at O
atoms around doping sites. Further, the Bader charge of
impurities is analyzed, which confirms that Mn and Fe impu-
rities lose charge quantities of 1.78 and 1.79e, respectively. The
charge transfer from Mn and Fe atoms to the host monolayer is
a result of their metallic nature, which are surrounded by O
atoms, which are much more electronegative atoms. It is
important to mention that the charge transfer from Hf to O is
more than that from Mn and Fe atoms. This result is derived
from the smaller electronegativity of the Hf atom compared to
Mn and Fe atoms,” indicating that the Hf atom has a higher
ability to transfer charge.

Fig. 4 shows the calculated spin-polarized band structure
and projected density of states (PDOS) of Mnys and Feys
systems. Importantly, mid-gap flat energy states can be noted,
which determine their electronic nature. Specifically, new states
appear above the Fermi level in both spin channels of the Mny;
system, such that it can be classified as a 2D magnetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Spin density (iso-surface value: 0.01e/A%; positive spin value:
green surface; negative spin value: violet surface) and charge density
difference (iso-surface value: 0.01e/A% charge enrichment: yellow
surface; charge depletion: aqua surface) in (a and ¢) Mn- and (b and d)
Fe-doped HfO, monolayers.

semiconductor. In this case, spin-up and spin-down states have
energy gaps of 3.88 and 1.99 eV, respectively. Furthermore, half-
metallicity is induced in the HfO, monolayer upon doping with
Fe atoms, a desirable feature for spintronic applications,”™
where the electronic band structure of the Fey system consists
of a metallic spin-up state and semiconductor spin-down state
with a band gap of 3.40 eV. PDOS spectra indicate that new
energy states in both spin configurations originate mainly from
the 3d orbital of Mn and Fe impurities, while the O-2p orbital
forms mainly the valence band as observed in the bare mono-
layer. Note that O-p,, states make a small contribution to the
formation of the flat spin-down state at around 1.80 eV of the
Mny¢ system. Moreover, O-py, states hybridize with Fe-d,,~d,.~
d,,-d, states to cause the metallic character of the spin-up
state. The spin symmetric PDOS of Mn and Fe impurities
supports previous conclusions on their key role in producing
the magnetic properties of Mny¢ and Feyy systems, respectively.

Nanoscale Adv., 2025, 7, 320-328 | 323
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Fig.4 Spin-polarized band structure (the Fermi levelis set to 0 eV) and
projected density of states of Mn/Fe impurities and their neighboring O
atoms in (@) Mn- and (b) Fe-doped HfO, monolayers.

These results suggest Mnyr and Feyy systems as promising 2D
spintronic materials,” indicating the successful functionaliza-
tion of HfO, towards spintronic applications.

3.3. Effects of doping with B and C atoms in the O sublattice

Herein, the effects of doping with nonmetal X atoms (X = B and
C) in the O sublattice of the HfO, monolayer are investigated.
The doped HfO, systems are denoted by Xo, whose formation
energy Er and cohesive energy E. are computed as follows:

E; = E(Xo) — E(HO,) + po — px (3)
£ E(Xo) - 16E(Hfi - 31E(0) — E(X) "

The obtained results are listed in Table 1. Note that addi-
tional energies of 9.39 and 9.29 eV are needed to form B and Co
systems from the HfO, monolayer through the doping process,
respectively. After their formation, the compound state of both
systems is energetically more favorable than that of the
decomposed state since they have negative E. values of —7.74
and —7.78 eV per atom, respectively. These results suggest good
structural and chemical stability of Bo and Co systems,
respectively.

Our calculations confirm the unbalanced charge distribution
between the spin channels of the HfO, monolayer induced by
doping with B and C atoms, confirming the appearance of d°
magnetism. Total magnetic moments of 3.00 and 2.00ug are
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Fig. 5 Spin density (iso-surface value: 0.01e/A%; positive spin value:
green surface; negative spin value: violet surface) and charge density
difference (iso-surface value: 0.01e/A% charge enrichment: yellow
surface; charge depletion: aqua surface) in (aand c) B- and (b and d) C-
doped HfO, monolayers.

obtained for Bp and Co systems, respectively. Note that these
values correspond to the difference in valence electrons
between O atoms and impurities. From the spin density visu-
alized in Fig. 5a and b for B, and Co systems, it can be
concluded that magnetic properties are produced mainly by B
and C impurities, respectively, considering their large spin
surfaces. After incorporated into the HfO, sublattice, B and C
atoms act as charge gainer atoms since they are surrounded by
the less electronegative Hf atoms. The feature is confirmed by
the charge density difference illustrated in Fig. 5c¢ and d, which
is defined as Ap = p(Xo) — p(HfO,) — p(X). From the figure, the
charge enrichment at B and C sites is observed. Because of their
smaller electronegativity compared to the O atom,”® B and C
atoms gain smaller charge quantities. Specifically, the Bader
charge analysis implies that B and C impurities attract charge
amounts of 0.82 and 1.0le from the host monolayer,
respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Spin-polarized band structure (the Fermi levelis set to 0 eV) and
projected density of states of B/C impurities and their neighboring Hf
atoms in (a) B- and (b) C-doped HfO, monolayers.

The unbalanced charge distribution between the spin channels
of Bp and Co, systems is also reflected in their spin-polarized band
structures displayed in Fig. 6. Note that the monolayer spin
symmetry is broken with the appearance of mid-gap energy states
in both spin configurations, such that they determine the elec-
tronic nature of the doped systems. Specifically, both spin-up and
spin-down states of the By system exhibit semiconductor char-
acter with energy gaps of 2.42 and 3.38 eV, respectively. The
semiconductor spin-up state is also obtained for the Cy system
with a band gap of 3.80 eV, while the spin-down state is metallized.
These results indicate the magnetic semiconductor nature of the
Bo system and the half-metallic nature of the Cq system, which are
desirable for spintronic applications.” Doping the HfO, mono-
layer with B and C atoms facilitates the formation of new d° 2D
magnetic materials suitable for spintronic applications. To further
analyze the effects of doping, PDOS spectra of nonmetal impuri-
ties and their neighboring Hf atoms are also given in Fig. 6. Note
that flat energy curves observed for the B(C)o, system originate
mainly from B(C)-p,,, states (lower energy states) and the B(C)-p,
state (higher energy state), where a smaller contribution from the
Hf-5d orbital is also noted. From all the presented analyses, it can
be concluded that the electronic and magnetic properties of Bg
and C,, systems are regulated prominently by the outermost B-2p
and C-2p orbitals, respectively.

3.4. Effects of doping with pair atoms

Now, the effects of doping with TM-X pair atoms on the HfO,
monolayer electronic and magnetic properties are investigated.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The doped systems are denoted by TMy¢Xo, which are formed
by replacing Hf-O pair atoms with TM-X pair atoms. As a first
step, the formation energy Er and cohesive energy E. of TMyXo
systems are estimated using the following formulae:

E(TMurXo) — E(HfO:) + pye + Ho — Km — Kx

Er = 3 (5)

E— E(TMurXo) — 15E(Hf) ;831E(O) — E(TM) — E(X) ©)

The results are listed in Table 1, which confirm that addi-
tional energies of 6.94, 6.66, 7.02, and 7.08 eV per atom are
required to realize the processes of doping with Mn-B, Mn-C,
Fe-B, and Fe-C pairs, respectively. Once formed, the structures
of all four MnyBo, MnyCo, FeuBo, and FeyCo systems are
stabilized, which are suggested by their negative E. values
between —7.61 and —7.55 eV per atom to confirm their struc-
tural and chemical stability.

Fig. 7 Spin density (iso-surface value: 0.01e/A%; positive spin value:
green surface; negative spin value: violet surface) in the HfO, mono-
layer doped with (a) MnB, (b) MnC, (c) FeB, and (d) FeC pair atoms.
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Fig. 8 Spin-polarized band structure (the Fermi level is set to 0 eV) of
the HfO, monolayer doped with (a) MnB, (b) MnC, (c) FeB, and (d) FeC
pair atoms.

Doping with TM-X pair atoms is proven to induce significant
magnetism in the HfO, monolayer. In this regard, total
magnetic moments of 1.00 and 2.00ug are obtained for Mny¢
Co-FenBo and MnyBo-FenCo systems, respectively. Note that
these values are smaller than those of the cases of doping with
single atoms. To study the magnetic properties in more detail,
the spin density of all four systems is visualized in Fig. 7. From
the figure, quite similar features can be observed: (1) large spin
surfaces indicate that transition metals and nonmetal impuri-
ties mainly produce the system magnetism, where the contri-
bution from their neighboring is quite small; (2) importantly,
transition metals and nonmetal atoms exhibit antiparallel spin
coupling, which is the main reason for the small total magnetic
moments of TMy¢Xo systems. Similar to previous cases, Mn/Fe
and B/C atoms act as charge losers and charge gainers,
respectively. Specifically, the effective Bader charges of +1.08/
—0.10, +1.42/—0.56, +0.65/—0.23, and +1.35/—0.36¢ are obtained
for Mn/B, Mn/C, Fe/B, and Fe/C atoms, respectively. Conse-
quently, it is determined that Mn-B, Mn-C, Fe-B, and Fe-C
pairs transfer charge quantities of 0.98, 0.86, 0.42, and 0.99¢ to
the host monolayer, respectively.

Fig. 8 shows the spin-polarized band structures of TMyXo
systems. The appearance of multiple mid-gap flat energy
branches in both spin channels can be seen. Importantly, they
occur at both above and below the Fermi level to determine the
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Fig. 9 Total and atom-decomposed density of states of impurities of
the HfO, monolayer doped with (a) MnB, (b) MnC, (c) FeB, and (d) FeC
pair atoms.

semiconductor character of both spin states. Specifically, spin-
up/spin-down energy gaps of 2.57/0.66, 2.30/3.64, 2.07/2.46,
and 1.38/3.19 eV are obtained for MnyBo, Mny¢Co, FeyBo,
and Fey¢Co systems, respectively. Consequently, these systems
can be classified as magnetic semiconductors with antiparallel
spin, making them suitable for spintronic applications.

The atom-decomposed DOS spectra of transition metals and
nonmetal impurities are displayed in Fig. 9. Focusing on the
mid-gap states, it can be noted that they originate from both
impurities, supporting the conclusion of their key role in
producing the system magnetism as well as regulating the
system magnetic semiconductor nature.

4. Conclusions

In summary, first-principles calculations have been performed
to investigate the effects of doping with transition metals and
nonmetal atoms on the electronic and magnetic properties of
the HfO, monolayer. The good dynamical, thermal, and
mechanical stability of the HfO, monolayer has been
confirmed. This 2D monolayer is a nonmagnetic insulator with
a large band gap, whose Hf-O chemical bond is predominantly
ionic as a result of charge transfer from the Hf to the O atom.
Doping with Mn/Fe atoms in the Hf sublattice and with B/C
atoms in the O sublattice induces significant monolayer
magnetization with total magnetic moments between 2.00 and
4.00up. In these cases, PDOS spectra confirm that the electronic
and magnetic properties are determined by the 3d orbital of
Mn/Fe atoms and the 2p orbital of B/C atoms since they form
the mid-gap states around the Fermi level with a strongly
unbalanced distribution between spin channels. Being sur-
rounded by O atoms, Mn and Fe transition metals transfer
charge quantities of 1.78 and 1.79e to the host monolayer,
respectively. In contrast, B and C impurities attract charge
amounts of 0.80 and 1.01e from the host monolayer, respec-
tively. The half-metallicity is obtained for Fey¢ and Co systems,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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while Mnys and B systems are proven to be 2D magnetic
semiconductors. Further, it is found that the semiconductor
nature is also induced by doping with TM-X pairs, which is
regulated by multiple mid-gap states. Importantly, TM and X
atoms exhibit antiparallel spin coupling, which mainly
produces the system magnetism. Bader charge analysis also
confirms that the host monolayer gains charge from the
incorporated pairs because the lost charge quantity of the TM
atom is larger than the gained charge amount of the X atom.
Our results provide evidence of the insulating nature of the
HfO, monolayer. Further, doping approaches are proposed to
functionalize the HfO, monolayer towards spintronic applica-
tions considering the appearance of desirable electronic and
magnetic features.
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