
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
2:

23
:2

8 
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
View Journal  | View Issue
Controlling the e
aInstitute of Theoretical and Applied Resear

Vietnam. E-mail: dominhhoat@duytan.edu.
bFaculty of Natural Sciences, Duy Tan Unive
cUniversidad Nacional Autónoma de
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lectronic and magnetic properties
of the GeAs monolayer by generating Ge vacancies
and doping with transition-metal atoms†

D. M. Hoat, *ab R. Ponce-Pérez,c Chu Viet Had and J. Guerrero-Sanchezc

Controlling the electronic and magnetic properties of two-dimensional (2D) materials is a key step to make

new multifunctional candidates for practical applications. In this work, defects and doping with transition

metals (TMs = V, Cr, Mn, and Fe) at Ge sublattices are proposed in order to develop novel features in the

hexagonal germanium arsenide (GeAs) monolayer. The pristine GeAs monolayer is a non-magnetic

indirect gap semiconductor with an energy gap of 1.20(1.82) eV as provided by PBE(HSE06)-based

calculations. A single Ge vacancy metallizes the monolayer, preserving its non-magnetic nature. In

contrast, significant magnetization with a total magnetic moment of 1.96 mB is achieved by a pair of Ge

vacancies. Herein, the computed band structures assert the half-metallic behavior of the defective

system. Similarly, half-metallicity is also obtained by V, Mn, and Fe doping. Meanwhile, the Cr-doped

GeAs monolayer is classified as a diluted magnetic semiconductor 2D system. In these cases, magnetic

properties are produced mainly by TM-3d electrons with total magnetic moments between 2.00 and

4.00 mB. Further, the effects of substituting a pair of Ge atoms with a pair of TM atoms (pTMGe systems)

are also investigated. Results indicate the ferromagnetic half-metallicity of the pVGe system, meanwhile

antiferromagnetic ordering is stable in the remaining cases. In all cases, TM impurities transfer charge to

the host GeAs monolayer since they are surrounded by As atoms, which are more electronegative than

dopant atoms. Results presented herein may introduce new 2D systems – made from the non-magnetic

GeAs monolayer – for spintronic applications with suitable electronic and magnetic features controlled

mainly by transition metals.
1. Introduction

Nano-scale systems have drawn enormous attention from the
scientic community in order to develop new materials for
rapid advances in technology.1–4 In this regard, the successful
exfoliation of graphene has stimulated extensive investigations
in the eld of two-dimensional (2D) materials. In particular,
graphene holds exclusive properties including high carrier
mobility, high thermal conductivity, excellent mechanical
strength, high surface/volume ratio, 97.2% transparency, and
single molecule adsorption.5–7 At a rapid rate, the synthesis of
2D materials has taken place using different advanced methods
such as mechanical and electrochemical exfoliation,8,9 chemical
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tion, Thai Nguyen, 250000, Vietnam

tion (ESI) available. See DOI:

2–3611
vapor deposition (CVD),10,11 and molecular beam epitaxy
(MBE).12,13 Research efforts have been devoted to the discovery
of a large variety of other 2D materials besides graphene
derivatives.14,15 For example, hexagonal boron nitride (h-BN),16,17

transition metal dichalcogenides (TMDs),18,19 silicene,20 and
phosphorene,21,22 among others, have been fabricated success-
fully. Besides, theoretical calculations have been widely utilized
to predict the stability as well as ground state properties of new
2D compounds.23,24 Unique physical, chemical, and mechanical
properties have made 2D materials potential candidates for
a wide range of applications such as optoelectronics and elec-
tronics,25,26 energy storage,27,28 photodetection,29,30 gas
sensing,31,32 catalysis,33,34 and spintronics.35,36

Recently, along with other IV–V group 2D semiconductor
materials, germanium arsenide (GeAs) has been considered by
researchers. 2D GeAs has been grown by Barreteau et al.37 using
the melt-growth method under high pressure. Characterization
demonstrates its layered structure and semiconductor behavior.
Guo et al.38 have fabricated p-type transistors based on few-layer
GeAs with hole carrier mobility up to 99 cm2 V−1 s−1 and an ON–
OFF ratio of 102. Moreover, a fast and intensive photoresponse
is also observed in the mid-infrared regime. The promise of 2D
GeAs crystals for polarization optical applications has been also
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Atomic structure unit cell, (b) phonon dispersion curves, and
(c) AIMD simulations at 300 K ((Inset): atomic structure 4 × 4 × 1
supercell after simulations) of the GeAs monolayer.
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View Article Online
demonstrated by Zhou et al.,39 where high dichroic ratios of
Ipmax

/Ipmin
∼ 1.49 and 4.4 at 520 and 830 nm are obtained,

respectively. A eld emission (FE) current from GeAs – with
a turn-on eld of ∼80 V mm−1 and current density higher than
10 A cm−2 – has been observed by Bartolomeo et al.,40 which
suggests the suitability of this 2D material to be used as a cold
cathode for electron emission. With an energy gap in the
desirable range, 2D GeAs has also been recommended for
photocatalytic applications towards water splitting.41

On the other hand, researchers have made efforts to develop
new materials with desirable features for spintronic applica-
tions to meet the rapid advances of this eld.42,43 Spin-based
electronics demand highly spin-polarized materials with
signicant magnetic properties. Nevertheless, most of the
discovered 2D materials have no intrinsic magnetism, and the
2D GeAs semiconductor is an example. In this work, our main
aim is to propose efficient approaches to achieve proper
magnetization of the GeAs monolayer in a hexagonal structure
(belonging to the P�6m2 space group) towards spintronic appli-
cations. Keeping in mind the effectiveness and simplicity of
realizing vacancies and doping in 2D materials,44,45 structural
modication at Ge sites is proposed. Specically, a single Ge
vacancy and a pair of Ge vacancies are investigated. Moreover,
doping with a single TM atom and a pair of TM atoms (TM =

transition metal: V, Cr, Mn, and Fe) is also considered. Our
calculated doping energy indicates that the Ge site is preferable
for transition metals to be doped in the GeAs monolayer (see
Fig. S1 of the ESI le†). It is anticipated that signicant
magnetization of the GeAs monolayer is achieved, where
feature-rich half-metallicity, and diluted magnetic semi-
conductor and antiferromagnetic semiconductor characteris-
tics are obtained. Results suggested the defective and doped 2D
GeAs systems as prospective 2D spintronic alternatives.

2. Computational details

Theoretical calculations are performed employing the Density
Functional Theory (DFT) framework46 based on the Projector
Augmented Wave method – as implemented in the advanced
Vienna ab initio simulation package (VASP).47,48 The Generalized
Gradient Approximation with the Perdew–Burke–Ernzerhof
(PBE) version is adopted for description of the electron
exchange-correlation potential.49 Considering the strong corre-
lation effects of 3d electrons, the DFT + U method by Dudarev
et al.50 is utilized with the on-site coulombic interaction
parameters Ueff of 3.25, 3.70, 3.90, and 5.40 for V, Cr, Mn, and Fe
atoms,51 respectively. The DFT-D3 method52 is introduced in
calculations to consider the effects of the weak van der Waals
interactions. An energy cutoff of 500 eV is chosen to realize the
plane-wave expansion. The energy convergence is determined
with a criterion of 10−6 eV. The structures are relaxed until the
residual forces on individual atoms are less than 10−2 eV Å−1 A
G-centered k-grid of 20 × 20 × 1 is generated using the Mon-
khorst–Pack method53 to sample the Brillouin zone of the
primitive cell GeAs monolayer. To simulate the defects and
doping, a 4 × 4 × 1 supercell containing 64 atoms is con-
structed. In these cases, a Monkhorst–Pack k-mesh of 4 × 4 × 1
© 2024 The Author(s). Published by the Royal Society of Chemistry
is used. Furthermore, a vacuum gap wider than 14 Å is included
in the direction perpendicular to the monolayer plane to avoid
the inter-layer interactions.
3. Results and discussion
3.1 Pristine GeAs monolayer

A unit cell of the GeAs monolayer is visualized in Fig. 1a, where
one can see two vertically aligned Ge atoms inserted between
two As atoms to form the As–Ge–Ge–As atomic stacking. From
the top-view, the monolayer has a hexagonal structure with
alternating Ge and As atoms, such that the structure is ascribed
to the P�6m2 space group (no. 187). From our calculations of
structural relaxation, the following parameters are obtained for
the GeAs monolayer unit cell: (1) lattice constant a = 3.82 Å; (2)
chemical bond lengths dGe–As = 2.49 Å and dGe–Ge = 2.50 Å; (3)
structural buckling height Dtotal = 2 × DAs–Ge + DGe–Ge = 2 ×

1.15 + 2.50 = 4.80 Å; and (4) interatomic angles :AsGeAs =

100.36° and :AsGeGe = 117.54°. Once optimized, the stability
of the GeAs monolayer was investigated using the following
criteria:

� Phonon calculations are carried using the PHONOPY
code,54 for which the nite displacement method is adopted.
Remembering that phonon frequency reects the stiffness of
material bonds, an imaginary frequency (corresponding to the
negative second derivative of energy) asserts the dynamic
instability of the material and vice verse. Phonon spectra of the
GeAs monolayer are given in Fig. 1b. There are four atoms in
a unit cell, thus, corresponding to two phonon branches (three
acoustic and nine optical modes). Importantly, all phonon
Nanoscale Adv., 2024, 6, 3602–3611 | 3603
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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:
0.06 e Å−3), and (d) electron localization function of the GeAs
monolayer.
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frequencies meet the condition of u > 0 (with positive values) of
material stability. These results indicate that the GeAs mono-
layer is dynamically stable.

� Ab initiomolecular dynamic (AIMD) simulations are carried
out at room temperature 300 K using the 4 × 4 × 1 supercell of
the GeAs monolayer. Herein, a NVT ensemble and Nose–Hoover
thermostat are utilized,55,56 and the time step is set to 5 fs with
a total time of 5 ps. Results displayed in Fig. 1c show a slight
movement of Ge and As atoms from their equilibrium sites,
where no broken Ge–As and Ge–Ge bonds or geometric recon-
struction (the initial hexagonal geometry is well-preserved) is
observed. These results evidence that the GeAs monolayer is
thermally stable.

� Elastic constants are calculated using the stress–strain
method, where two constants C11 and C12 are required for the
2D hexagonal symmetry. According to Born's criteria, 2D
materials hold good mechanical stability if C11 > 0 and C11 >
jC12j.57 For the GeAs monolayer, our computations yield values
of 81.95 and 30.65 Nm−1 for C11 and C12 constants, respectively.
Note that these values satisfy Born's criteria, suggesting that the
GeAs monolayer is mechanically stable.

Once its stability is conrmed, the electronic properties of the
GeAs monolayer are investigated. First, the electronic band
structure is computed using PBE and the hybrid HSE06 func-
tional.58 Theoretically, it can be expected that the HSE06 func-
tional provides a more accurate calculation of the band gap of
materials by including a 25% fraction of the exact Hartree
exchange potential. Results plotted in Fig. 2a indicate that the
GeAs monolayer is an indirect gap semiconductor, in which the
valence band maximum and conduction band minimum are
noted at the G and M points, respectively. Our PBE- and HSE06-
based computations yield energy gaps of 1.20 and 1.82 eV,
respectively. Note that these values are smaller than those of the
monoclinic monolayer,41 indicating the important role of the
structure in the GeAs monolayer energy gap. Then, the projected
density of states (PDOS) of Ge and As atoms is calculated to
analyze band structure formation. From PDOS spectra in Fig. 2b,
a signicant contribution from s and p orbitals of both constit-
uent atoms is noted. Focusing on the regions close to the Fermi
level, it can be seen that the upper part of the valence band is
formed mainly by Ge-pz and As-pz states, while the Ge-s state
generates mainly the lower part of the conduction band. To
further investigate the chemical bonds, charge valence and elec-
tron localization in the GeAs monolayer are calculated, whose
results are illustrated in Fig. 2c and d. Signicant charge accu-
mulations centered at As sites can be noted, indicating the ionic
character of the Ge–As chemical bond. This feature is derived
from the difference in the electronegativity of Ge and As atoms,
which causes the charge transfer from the Ge (less electronega-
tive) atom to the As (more electronegative) atom. This process is
further conrmed by the Bader charge analysis, which indicates
that a charge amount of 0.28 e is transferred from the Ge atom to
the As atom. However, it will be awed neglecting the covalent
character, considering signicant electronic hybridization of Ge-p
and As-p orbitals (as observed in PDOS spectra). Therefore, the
Ge–As chemical bond exhibits a mix of ionic and covalent char-
acters. In addition, the Ge–Ge chemical bond is predominantly
3604 | Nanoscale Adv., 2024, 6, 3602–3611
covalent because signicant electrons are localized in the region
between Ge atoms, which may be generated by sharing electrons.
3.2 Effects of Ge vacancies

In this part, the effects of a single Ge vacancy (VaGe system) and
a pair of Ge vacancies (pVaGe system) on the electronic and
magnetic properties of the GeAs monolayer are investigated.
First, the formation energies Ef of VaGe and pVaGe systems are
calculated using the following formula:

Ef ¼ Et
de-GeAs � Et

GeAs þ nGemGe

nGe

(1)

where Etde-GeAs and EtGeAs are the total energy of the defective and
perfect GeAs monolayers, respectively; nGe denotes the number
of Ge vacancies; and mGe refers to the chemical potential of the
Ge atom. Results are given in Table 1. Our calculations show
that additional energies of 2.80 and 2.75 eV per atom should be
supplied to create a single Ge vacancy and a pair of Ge vacancies
in the GeAs monolayer, respectively. Note that there is only
small difference in Ef values for single and double Ge vacancies.
Then, the structural stability is veried through cohesive energy
Ec, which is calculated as follows:

Ec ¼ Et
de-GeAs �mGeEðGeÞ �mAsEðAsÞ

mGe þmAs

(2)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Formation/doping energy Ef/Ed (eV per atom), cohesive
energy Ec (eV per atom), electronic band gap Eg (eV; spin-up/spin-
down; M: metallic), charge transferred from the transition metal
impurity DQ (e), and the total magnetic moment Mt (mB) of the
defective/doped GeAs monolayer

Ef/Ed Ec Eg DQ Mt

VaGe 2.80 −3.44 M/M — 0.00
pVaGe 2.75 −3.40 M/0.33 — 1.96
VGe 1.25 −3.47 1.10/M 0.97 2.94
CrGe 0.78 −3.44 1.14/0.44 0.71 2.00
MnGe 1.44 −3.44 M/1.17 0.62 3.00
FeGe 1.53 −3.47 M/0.87 0.41 4.00
pVGe 1.31 −3.45 M/1.19 0.75/0.75 4.00
pCrGe 1.25 −3.36 0.17/0.17 0.57/0.41 0.00
pMnGe 2.17 −3.37 M/M 0.54/0.37 0.00
pFeGe 1.37 −3.45 0.57/0.57 0.31/0.20 0.00

Fig. 4 Spin-polarized band structure (the Fermi level is set to 0 eV) of
the GeAs monolayer with (a) a single Ge vacancy and (b) a pair of Ge
vacancies.
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where mGe and mAs are the numbers of Ge and As atoms in the
system, respectively; E(Ge) and E(As) denote the energy of single
Ge and As atoms, respectively. From Table 1, one can see that
VaGe and pVaGe systems have Ec values of −3.44 and −3.40 eV
per atom, respectively. Negative Ec values suggest good struc-
tural and chemical stability of the defective 2D GeAs systems. It
is important to mention that the creation of Ge vacancies affects
negligibly the monolayer stability as suggested by a small Ec
variation (that of the perfect GeAs monolayer is −3.49 eV per
atom).

It is found that the non-magnetic nature of the GeAs
monolayer is preserved upon creating a single Ge vacancy,
which is reected in a zero total magnetic moment of the VaGe
system. In contrast, signicant magnetization is achieved by
a pair of Ge vacancies. Consequently, the pVaGe system has
a total magnetic moment of 1.96 mB. Spin density, which char-
acterizes the difference in charge density between spin
Fig. 3 Spin density (iso-surface value: 0.005 e Å−3) in the GeAs
monolayer with a pair of Ge vacancies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
congurations, is a useful parameter to analyze atomic contri-
bution to the system magnetism. Fig. 3 illustrates the spin
density in the pVaGe system. From the gure, one can see that
spin surfaces are centered mainly at As atoms (in both atomic
sublayers) around the vacancy sites, indicating their key role in
producing the pVaGe system magnetic properties.

Fig. 4 shows the computed spin-polarized band structures of
the GeAs monolayer with the presence of Ge vacancies. It can be
observed clearly that the band structure of the VaGe system is
spin-symmetric, corresponding to its non-magnetic nature.
Meanwhile, a pair of Ge vacancies induce signicant spin
polarization in the band structure. Compared with that of the
perfect monolayer, one can see new middle-gap energy
branches to determine the electronic nature. Specically,
a single Ge vacancy leads to the metallization of the GeAs
monolayer, meanwhile the feature-rich half-metallicity is ob-
tained by pair Ge vacancies. In the latter case, the spin-up state
is metallized, meanwhile the spin-down state exhibits a semi-
conductor character with an energy gap of 0.33 eV. These results
suggest the pVaGe system to be a prospective 2D spintronic
material, such that creating a pair of Ge vacancies can be
Fig. 5 Projected density of states of atoms closest to defect sites in
the GeAs monolayer with (a) a single Ge vacancy and (b) a pair of Ge
vacancies.

Nanoscale Adv., 2024, 6, 3602–3611 | 3605
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considered as an efficient approach to functionalize the GeAs
monolayer for spintronic applications.59

To provide more insights into the electronic and magnetic
properties of VaGe and pVaGe systems, PDOS spectra of As and
Ge atoms closest to the defect sites are given in Fig. 5. From
panel a, one can see that the metallic nature of the VaGe system
is derived mainly from As-px,y,z states, while the Ge-s state gives
rise to mainly new energy branches above the Fermi level. In the
latter one, a small contribution from the As-pz state is also
noted. Otherwise, the electronic and magnetic properties of the
pVaGe system are regulated mainly by As-px,y,z states considering
its high weight at the vicinity of the Fermi level in both spin
channels with a strong spin polarization (see panel b).

3.3 Effects of doping a single transition metal atom

Herein, the effects of doping with single transitionmetals (TMs)
at the Ge site (V – VGe system, Cr – CrGe system, Mn – MnGe

system, and Fe – FeGe system) on the electronic and magnetic
properties of the GeAs monolayer are investigated. First, doping
Fig. 6 Spin density (iso-surface value: 0.02 e Å−3) in (a) V-, (b) Cr-, (c)
Mn-, and (d) Fe-doped GeAs monolayers.

3606 | Nanoscale Adv., 2024, 6, 3602–3611
energy Ed and cohesive energy Ec are calculated using the
following expressions:

Ed ¼ Et
do-GeAs � Et

GeAs þ nGemGe � nTMmTM

nTM
(3)

Ec ¼ Et
do-GeAs �mGeEðGeÞ �mAsEðAsÞ �mTMEðTMÞ

mGe þmAs þmTM

(4)

Etdo-GeAs is the total energy of the doped system. Results are given
in Table 1. Results suggest that Cr doping is thermodynamically
most favorable with an Ed value of 0.78 eV per atom, meanwhile
the highest energy of 1.53 eV per atom should be supplied to
realize the process of doping with an Fe atom. Moreover, V and
Mn doping requires an additional energy of 1.25 and 1.44 eV per
atom, respectively. Once formed, the doped GeAs systems may
hold good structural and chemical stability, where TM impuri-
ties affect negligibly the monolayer stability with Ec values
between−3.47 and−3.44 eV per atom (which are similar to that
of the bare GeAs monolayer).

Our spin-polarized calculations assert signicant magneti-
zation of the GeAs monolayer induced by doping with transition
metals. Consequently, total magnetic moments of 2.94, 2.00,
3.00, and 4.00 mB are obtained for V-, Cr-, Mn, and Fe-doped
systems, respectively. Herein, the local magnetic moments
of V, Cr, Mn, and Fe impurities are 2.53, 3.38, 3.80, and 3.36 mB,
respectively. Large local magnetic moments indicate the key
role of TM atoms in generating the system magnetism. This
feature is further conrmed by the spin density as illustrated in
Fig. 7 Spin-polarized band structure (the Fermi level is set to 0 eV) of
(a) V-, (b) Cr-, (c) Mn-, and (d) Fe-doped GeAs monolayers.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6. From the gure, one can see that the difference in charge
density between spin states – that is the origin of magnetism –

takes place mainly at impurity sites. Therefore, it can be
concluded that the magnetic properties are produced mainly by
transition metals.

Fig. 7 shows the spin-polarized band structures of the doped
GeAs systems, where strong spin polarization is observed in all
cases. It is undoubted that the magnetism with unbalanced
spin-dependent charge density is reected in the spin-polarized
prole. Note that the electronic nature of the doped GeAs
systems is determined by new middle-gap energy branches that
appear in the vicinity of the Fermi level as a consequence of
doping. Specically, the half-metallicity is induced by doping
Fig. 8 Projected density of states of transition metals in (a) V-, (b) Cr-,
(c) Mn-, and (d) Fe-doped GeAs monolayers.

Fig. 9 Spin density (iso-surface value: 0.02 e Å−3; positive spin value: red
and (d) pFe-doped GeAs monolayers.

© 2024 The Author(s). Published by the Royal Society of Chemistry
with V, Mn, and Fe atoms. In these cases, one spin state is
metallized, meanwhile the other exhibits the semiconductor
character with energy gaps of 1.10, 1.17, and 0.87 eV, respec-
tively. Moreover, the Cr-doped system can be classied as
a diluted magnetic semiconductor material with spin-up and
spin-down band gaps of 1.14 and 0.44 eV, respectively. Because
of their metallic nature with the lowly electronegative character,
TM impurities act as charge losers when they are substitution-
ally incorporated into the host GeAs monolayer. This process is
further quantied by the Bader charge analysis, which indicates
the transfer of 0.97, 0.71, 0.62, and 0.41 e from V, Cr, Mn, and Fe
dopants to the host monolayer, respectively.

The contribution of TM impurities to form the band struc-
ture is further analyzed by their PDOS spectra displayed in
Fig. 8. Focusing on the region around the Fermi level, the main
contribution from the TM-3d orbital can be noted. The spin
metallic character of the V-, Mn-, and Fe systems is derived
mainly from V-dpz, Mn-dpz, and Fe-dpz states, respectively.
Importantly, the spin polarization suggests also that magnetic
properties are produced mainly by the 3d electrons of transition
metal impurities.
3.4 Effects of doping a pair of transition metal atoms

Now, the effects of doping with a pair of TMs (pTMGe system) on
the electronic and magnetic properties of the GeAs monolayer
are investigated. First, the spin alignment between TM dopants
is determined using the criterion of the lowest energy. Herein,
parallel and antiparallel orientations are considered, as illus-
trated in Fig. 9. It is found that the ferromagnetism with a total
surface; negative spin value: green surface) in (a) pV-, (b) pCr-, (c) pMn-,
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Fig. 10 Spin-polarized band structure (the Fermi level is set to 0 eV) of
(a) pV-, (b) pCr-, (c) pMn-, and (d) pFe-doped GeAs monolayers.
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magnetic moment of 4.00 mB is energetically favorable in the V-
doped system with an energy of 608.3 meV smaller than that of
the antiferromagnetism. In contrast, the antiferromagnetic
state with zero total magnetic moment is more stable than the
ferromagnetic state in the Cr-, Mn-, and Fe-doped GeAs mono-
layer. In these cases, the differences in energy are 1423.7,
1146.6, and 513.1 meV, respectively. From now on, only the
stable states are investigated. Applying eqn (3), Ed values of 1.31,
1.25, 2.17, and 1.37 eV per atom are obtained for a pair of V, Cr,
Mn, and Fe atoms, respectively. Except for the cases of Fe
Fig. 11 Projected density of states of transition metals (“+”: positive spin
pMn-, and (d) pFe-doped GeAs monolayers.

3608 | Nanoscale Adv., 2024, 6, 3602–3611
impurities, a higher doping level may require more energy to
realize the doping process. Once formed, all pV-, pCr-, pMn-,
and pFe-doped systems are structurally and chemically stable
considering their negative Ec values of−3.45, −3.36, −3.37, and
−3.45 eV per atom, respectively, which have been calculated
using eqn (4).

The computed spin-polarized band structures of the GeAs
monolayer doped with a pair of transition metals are displayed
in Fig. 10. Note that the ferromagnetism of the pV-doped
system corresponds to its spin-polarized band structure that
indicates the half-metallic nature. Herein, new middle-gap
states appear to metallize the spin-down state, meanwhile
the semiconductor spin-down state has an energy gap of
1.19 eV. In contrast, the band structures of pCr-, pMn-, and
pFe-doped systems are spin-symmetric. A pair of Mn impuri-
ties leads to the emergence of the antiferromagnetic metallic
nature, meanwhile the antiferromagnetic semiconductor
behavior is induced in the GeAs monolayer by doping with
a pair of Cr and Fe atoms, respectively. In the latter cases,
energy gaps of 0.17 and 0.57 eV are obtained, respectively.
Further, our Bader charge analysis indicates that each V atom
transfers a charge quantity of 0.75 e to the host monolayer. In
the antiferromagnetic systems, the atoms with a positive spin
value transfer a larger amount of charge to the host monolayer
than those with a negative spin value. Specically, the host
GeAs monolayer attracts charge quantities of 0.57/0.41, 0.54/
0.37, and 0.31/0.20 e from Cr(+)/Cr(−), Mn(+)/Mn(−), and
Fe(+)/Fe(−) atoms, respectively.

Now, PDOS spectra of a pair of TM impurities are given in
Fig. 11 to investigate in more detail the origin of electronic and
magnetic properties. Due to the structural symmetry, PDOS
spectra of V atoms are identical, meanwhile those of Cr–Mn–Fe
atoms are asymmetric. Note that the metallic spin-up state of
the pV-doped system is derived mainly from V-dxy − dxz − dx

2

states. Similarly, Mn-dxy + dx
2 and Mn-dxz + dyz states metallize

the spin-up and spin-down states of the GeAs monolayer.
Importantly, the strong spin polarization demonstrates the key
role of TMs-3d electrons in generating the system magnetism.
density value; “–”: negative spin density value) in (a) pV-, (b) pCr-, (c)

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

To conclude, a systematic study has been carried out to clarify
the effects of Ge vacancies and doping with transition metals on
the electronic and magnetic properties of the GeAs monolayer.
Theoretical calculations conrm the good dynamical, thermal,
and mechanical stability of the GeAs monolayer. Ge–As bonds
exhibit a mix of covalent (generated by the electronic hybrid-
ization between Ge-pz and As-pz states) and ionic (generated by
the charge transfer from the Ge atom to the As atom) characters,
while the Ge–Ge bond is predominantly covalent. The mono-
layer is signicantly magnetized by creating a pair of Ge
vacancies, where magnetic properties are produced mainly by
the px,y,z states of As atoms around the defect sites. Meanwhile,
the non-magnetic nature is preserved upon creating a single Ge
vacancy, where As-px,y,z states induce the metallic behavior.
Signicant magnetism is also achieved by doping with transi-
tion metals, which is produced mainly by TMs-3d electrons.
Moreover, the 3d orbital develops new middle-gap states to
control either the half-metallicity or diluted magnetic semi-
conductor nature, which is desirable for spintronic applica-
tions. Further investigations indicate the ferromagnetic half-
metallicity induced by doping with a pair of V atoms. Mean-
while antiferromagnetic metallic/semiconductor characters are
obtained in the pMn-/pCr(pFe)-doped GeAs monolayer. Because
of the structural symmetry, a zero total magnetic moment is
obtained in the antiferromagnetic systems, meanwhile that of
the pV-doped system is 4.00 mB contributed equally by V atoms.
Our work may pave solid ways to achieve proper magnetization
of the non-magnetic GeAs monolayer, from which new half-
metallic or diluted magnetic semiconductor materials are ob-
tained towards spintronic applications.
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