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In this work, Ge vacancies and doping with transition metals (Mn and Fe) are proposed to modulate the
electronic and magnetic properties of GeP monolayers. A pristine GeP monolayer is a non-magnetic
two-dimensional (2D) material, exhibiting indirect gap semiconductor behavior with an energy gap of
1.34(2.04) eV obtained from PBE(HSE06)-based calculations. Single Ge vacancy (Vage) and pair Ge
vacancies (pVage) magnetize the monolayer significantly with total magnetic moments of 2.00 and 2.02
upg, respectively. Herein, P atoms around the defect sites are the main contributors to the system
magnetism. Similarly, the monolayer magnetization is induced by doping with Mn (Mnge) and Fe (Fege)
atoms. In these cases, total magnetic moments of 3.00 and 4.00 ug are obtained, respectively, and the
system magnetism originates mainly from transition metal impurities. The calculated band structures
assert the diluted magnetic semiconductor nature of Vage and Fege systems, while pVage and Mnge
systems can be classified as 2D half-metallic materials. Further, the spin orientation in Mn- and Fe-
doped GeP monolayers is studied. Results indicate the antiferromagnetic state in the case of doping with

pair transition metal atoms. Regardless of the interatomic distance between dopant atoms, Mn-doped
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Accepted 20th December 2024 systems exhibit ferromagnetic half-metallicity, where the parallel spin orientation is energetically more

favorable than the antiparallel configuration. In contrast, the antiparallel spin orientation is stable in Fe-
DOI: 10.1039/d4ra05770h doped systems, which show the antiferromagnetic semiconductor nature. Results presented herein may

rsc.li/rsc-advances introduce new prospective 2D spintronic materials made from non-magnetic GeP monolayers.
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1. Introduction

Discovered in 2004 by Novoselov et al.,* graphene has received
vast interest from the scientific community because of its
fascinating properties. As a result of the linear dispersion rela-
tion at the vicinity of the Fermi level, charge carriers in gra-
phene behave like massless Dirac fermions,* with a high charge
mobility of more than 200.000 ecm® V' s™* (ref. 3) makes it
a perfect two-dimensional (2D) material for high-speed field-
effect transistors (FETs). However, one of the main challenges
to utilize graphene is its zero band gap. Therefore, band gap
opening is required to boost the switching ratio in FETs, which
can be achieved by cutting edges to form nanoribbons*® or
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surface functionalization.®” In addition, research effort also has
been put towards discovering new atomic thickness alternatives
such as silicene,® germanene,” phosphorene,’™* hexagonal
boron nitride (h-BN),">** transition metal dichalcogenides
(TMDs)**** and carbides/nitrides (MXenes),'*” and much more.
In general, the quantum confinement effects endow 2D mate-
rials with intriguing tunable physical and chemical properties.
Consequently, 2D materials have been explored successfully for
diverse applications such as catalysis,"®'® photovoltaics,”>*
electronics and optoelectronics,”** biomedicine,>**?*
batteries,***” and spintronics,”®** among others.

On the other hand, developing 2D semiconductors has
attracted great attention because of their great potential for
next-generation optoelectronics and electronics. One of the
most practical ways to obtain novel electronic properties is to
form 2D compounds. Remembering that the germanene
monolayer possesses the graphene-like semimetal character,*
and phosphorene is a well-known semiconductor,* by
combining germanium and phosphorus atoms to form a 2D
GeP binary, a semiconductor material with relatively large band
gap is formed.*»** Experimentally, 2D GeP nanosheets have
been prepared by either top-down or bottom-up methods.****
Many investigations have explored GeP monolayer and few
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layers as potential materials for thermoelectrics,***” gas
sensing,***® energy storage,’® among others. Moreover, modu-
lating the ground state physical properties of the GeP mono-
layer by external strain®**' and surface modification** has been
also studied. However, to the best of our knowledge, function-
alizing this 2D material towards spintronic applications has not
been investigated well, so far.

Recently, half-metals and diluted magnetic semiconductors
have been hot topics for both scientific research and applied
technology towards spintronic applications.**** Until now,
except for some members containing transition metals as
constituent atoms that have intrinsic magnetism,*** most of
the discovered 2D materials are intrinsically non-magnetic,
such that producing spin polarization is an essential step for
their future applications in the next-generation spintronics.
There are two practical ways to achieve such a goal: (1) defect
engineering and (2) substitutional doping. In this regard, the
creation of vacancies may lead to the formation of dangling
bonds, consequently the unbalanced charge distribution is
induced to generate intrinsic magnetism.**>" Both experi-
mental and theoretical studies have demonstrated the effec-
tiveness of doping with transition metal atoms in producing
magnetic properties originating from their 3d orbital.>*™* In
this work, the GeP monolayer with good stability and non-
magnetic semiconductor nature is predicted using first-
principles calculations. Further, Ge vacancies and doping with
transition metals (TMs = Mn and Fe) are explored to get the
monolayer magnetization. It is worth mentioning that because
of their metallic nature, TM atoms will replace Ge atoms in the
GeP monolayer lattice, that is, sites of less electronegative
atoms. It is anticipated that feature-rich ferromagnetic half-
metallicity and antiferromagnetic semiconductor behavior can
be induced in the GeP monolayer, suggesting effective func-
tionalization of this 2D material for spintronic applications.

2. Computational details

Within the framework of density functional theory (DFT),*® the
projector augmented wave (PAW) method as embedded in the
Vienna ab initio simulation package (VASP)**® is used to
perform all spin-polarized first-principles calculations in this
work. The electron exchange-correlation potential is approxi-
mated using the Perdew-Burke-Ernzerhof functional based on
the generalized gradient approximation (GGA-PBE).* In addi-
tion, DFT+U formalism by Dudarev et al.* is employed in order
to adequately describe the intrinsic strong correlation effects of
3d electrons. Herein, effective Hubbard U, values of 3.90 and
5.40 eV are included in calculations for Mn and Fe atoms,
respectively, which have proved successful in previous
studies.®~** Since the studied 2D materials have a layered
structure, the DFT-D3 version by Grimme et al.®* is adopted to
consider the weak van der Waals interactions in all calculations.
The plane-wave basis set is truncated using a kinetic energy
cutoff of 500 eV. Self-consistency of calculations is determined
with an energy criterion of 1 x 107° eV. The cells are relaxed
until the total residual forces acting on each constituent atom
have values less than 1 x 1072 eV A~*. The primitive cell of
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a pristine monolayer - containing 4 atoms - is sampled using
a Monkhorst-Pack (MP) k-mesh® of 20 x 20 x 1. From the
optimized unit cell, a 4 x 4 x 1 supercell - containing 64 atoms
- is constructed to investigate the effects of vacancy and doping.
In these cases, a reduced 4 x 4 x 1 MP k-point grid is generated
to integrate the primitive cell of the defected and doped
systems, whose structures are optimized by freely relaxing all
the constituent atoms. By adding a thick vacuum of more than
15 A, the interactions between periodic layers along the z-axis
(perpendicular to the monolayer plane) are avoided. All the
structures and charge/spin density are visualized using VESTA
(Visualization for Electronic and STructural Analysis) code.®
Density of states (DOS) is calculated using the tetrahedron
method with Blochl corrections (ISMEAR = —5) and large
number of grid points (NEDOS = 2000). The charge transfer
between atoms is studied through Bader charge analysis.®**
PHONOPY code®® with the implementation of a finite
displacement method is utilized to calculate the phonon
dispersion curves of the GeP monolayer in order to examine its
dynamical stability. In addition, AIMD (4b initio molecular
dynamic) simulations are also performed to assess the thermal
stability. Herein, a 4 x 4 x 1 supercell is built to realize AIMD
simulations at room temperature of 300 K, using the canonical
ensemble in combination with Nose-Hoover thermostat.*>”°

3. Results and discussion
3.1 Pristine GeP monolayer

In recent years, IV-V group monolayers in a GaS-like hexagonal
structure with double layer configuration have been exploited
by several groups because of their stability and semiconductor
nature.*”*”7* Herein, the GeP monolayer in hexagonal structure
is predicted. Fig. 1a shows the top-view and side-view of a unit
cell of a GeP monolayer that contains four atoms (two equiva-
lent Ge atoms and two equivalent P atoms). From the figure, one
can see the tetra-layered structure, in which two vertically
aligned Ge-Ge dimer atoms are bound to six P atoms. With the
hexagonal configuration, the structure is ascribed to Pém2
space group (no. 187), exhibiting Dz, symmetry. From the
structural relaxation, the following parameters are obtained for
the GeP monolayer unit cell: lattice constant a = 3.66 A, which is
in line with previous studies;*' chemical bond lengths dgep =
2.37 A and dge_ge = 2.51 A; interatomic angles / Pgep = 101.14°
and Z Pgege = 116.89°; and total buckling height 4, = 2 X Agep
+ Adgege = 2 X 1.07 + 2.51 = 4.65 A. Before investigating the
electronic properties of the GeP monolayer, its structural stability
is examined as follows: Fig. 1b shows the phonon dispersion
curves of the GeP monolayer that exhibit no imaginary frequency
in the whole Brillouin zone. The absence of a soft phonon mode
asserts that this 2D material is dynamically stable; results of the
AIMD simulations are displayed in Fig. 1c. From the figure, one
can see that temperature and total energy fluctuate around
a fixed value. Moreover, the inset shows that the initial structural
geometry is well-preserved. These results indicate that the GeP
monolayer is thermally stable; in order to determine the
mechanical stability, the Born criteria Cy; > 0 and Cy; > |Cyy)
should be satisfied for the 2D hexagonal structures.” Using the
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Fig. 1 (a) Atomic structure in a unit cell (top-view and side-view), (b)
phonon dispersion curves, and (c) fluctuation of temperature and
energy during AIMD simulations ((Inset): atomic structure after simu-
lations), of GeP monolayer.

stress—strain method, elastic constants C;; = 111.57 Nm™ ' and

C1, = 22.37 N'm™ ' are obtained for the GeP monolayer. Note that
these values follow the mentioned criteria, confirming that the
GeP monolayer is mechanically stable, and cohesive energy is
En — 2Ege — 2Ep
4
a GeP unit cell and Eg./Ep are the energy of an isolated Ge/P atom.
Our calculations provide a negative E.. value of —3.72 eV per atom,
which suggests a good structural-chemical stability for the GeP
monolayer.

In the following, the electronic properties and chemical
bonds of the GeP monolayer are examined. Besides the PBE
functional, the hybrid functional HSE06 is also utilized
considering its ability to provide a more accurate monolayer
band gap - facilitated by 25% fraction of the exact Hartree
exchange potential.”® Our spin-polarized calculations demon-
strate the absence of intrinsic magnetism in the GeP monolayer,
such that zero magnetic moment is obtained. Fig. 2a shows the
calculated band structures. Note that the PBE and HSEO06
functional yield quite similar band structure profiles that assert
the indirect gap semiconductor nature of the GeP monolayer.
Herein, the valence band maximum and conduction band
minimum take place along the MI" path and M point, respec-
tively. According to our PBE- and HSEO6-based calculations,
relatively large energy gaps of 1.34 and 2.04 eV are obtained for
the GeP monolayer, respectively. These results are in good
agreement with previous calculations,” suggesting the reli-
ability of our results. Further, the projected density of states
(PDOS) spectra are given in Fig. 2b, which assert the contribu-
tion from all constituent atoms in constructing the energy
diagram. Focusing on the vicinity of the Fermi level, one can see
that the low-energy region of the conduction band is formed

defined by: E. = , where E,,, is the total energy of
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Fig. 2 (a) Electronic band structure (horizontal line: the Fermi level is
set to 0 eV), (b) projected density of states calculated using the PBE
functional (vertical line: the Fermi level is set to 0 eV; positive DOS
value: spin-up; negative DOS value: spin-down), (c) charge distribution
(iso-surface value: 0.06 e A~3), and (d) electron localization function of
the GeP monolayer.

mainly by the Ge-s state, while the high-energy part of the valence
band originates mainly from the electronic hybridization
between the Ge-p, and P-p, states. This hybridization suggests
that Ge and P atoms are covalently bound. The covalent chemical
bond is further confirmed by the charge distribution (Fig. 2c) and
electron localization function (Fig. 2d) of the GeP monolayer, in
which significant charge is observed in the region between Ge
and P atoms to indicate their covalent bond. A similar feature is
also noted in the region between Ge atoms, indicating that the
Ge-Ge bond is predominantly covalent. However, the difference
in electronegativity may cause charge transfer from the Ge atom
to P atom, which is also suggested by the directionality of charge
towards the P atom in Fig. 2c and d. Therefore, the Bader charge
is further analyzed, and the results indicate that each P atom
attracts charge of 0.48e from each Ge atom. This feature suggests
significant ionic character of the Ge-P chemical bond.

3.2 Effects of Ge vacancies

In this part, the effects of single Ge vacancy (Vage system) and
pair Ge vacancies (pVag. System) on the GeP monolayer’s

© 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 transition metal impurity AQ(e), total
magnetic moment per unit cell M, (ug), local magnetic moment of
atoms closest to vacancy sites/impurity M, (ug) of the defected/doped
GeP monolayer

B¢ E, By AQ M, M
Vage 3.47 —3.66 0.64/0.25 — 2.00 0.23
PVage 6.85 —3.61 M/0.19 — 2.02 0.13
Mnge 1.54 —3.66 1.18/M 0.65 3.00 3.57
Fege 1.47 ~3.70 0.28/0.98 0.42 4.00 3.30

electronic and magnetic properties, are investigated. Firstly, the
formation energy E; of vacancies is estimated using the
following equation:

Ef = Ege.GeP — EGep T NGellGe &Y

where Ege.gep and Egep denote total energy of the defected and
perfect GeP monolayer, respectively; nge and . are the number
of Ge vacancies and chemical potential of the Ge atom,
respectively. uge is calculated from the most stable bulk phase
of germanium. Results are listed in Table 1. According to our
calculations, additional energy of 3.47 eV is needed to create
a single Ge vacancy, while a larger energy of 6.85 eV should be
supplied to form a pair of Ge vacancies (corresponding to
3.425 eV for each single vacancy). Then, cohesive energy E. of
the defected GeP systems is calculated to analyze its structural-
chemical stability as follows:

E — Ede-GeP - xGeEGe - XPEP (2)
¢ XGe + Xp ’

Herein, Ex and xx are the energy of an isolated atom X (X = Ge or
P) and number of atom X in the system, respectively. From
Table 1, one can see negative values of —3.66 and —3.61 eV per
atom for the Vag. and pVage systems, respectively. Negative E.
values suggest that these systems are structural-chemically
stable. It is important to mention that the stability of the GeP
monolayer is slightly affected by creating Ge vacancies, such
that the cohesive energy becomes slightly less negative (that of
a perfect GeP monolayer is —3.72 eV per atom).

It is found that both types of vacancy lead to significant
magnetization of the GeP monolayer, confirmed through anal-
ysis of magnetic moments and spin density. According to our
calculations, total magnetic moments of 2.00 and 2.02 ug are
obtained for the Vag. and pVag. systems, respectively. The
difference in spin-dependent charge distribution is further
determined by the illustration of spin density in Fig. 3, in which
the unbalanced charge distribution is confirmed by spin iso-
surfaces. From the figure, one can see that magnetic proper-
ties of both defected GeP systems are produced mainly by P
atoms around the vacancy sites. Herein, P atoms in the Vage and
PVage systems have local magnetic moments of 0.23 and 0.13
up, respectively; this can be attributed to the creation of
dangling bonds in these P atoms with unbalanced charge
distribution between their spin channels. The origin of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Spin density (iso-surface value: 0.005 e A~3) in GeP monolayer
with (a) single Ge vacancy and (b) pair Ge vacancies (vacancy sites are
marked).

magnetism is similar to that of the vacancy-doped GaSe
monolayer’® that shares the same structure with the GeP
monolayer.

The appearance of magnetism is also reflected in the strong
spin polarization of the calculated band structures, which are
displayed in Fig. 4. Note that the spin symmetry of the GeP
monolayer is broken mostly at the vicinity of the Fermi level
when creating Ge vacancies as a consequence of new mid-gap
energy branches. Interestingly, the band structure profile
implies the diluted magnetic semiconductor nature of the Vag,
system, where energy gaps of 0.64 and 0.25 eV are obtained for
the spin-up and spin-down state, respectively. The half-
metallicity is induced in the GeP monolayer after creating
a pair of Ge vacancies. In this case, the spin-up state is metal-
lized, meanwhile the semiconductor character is preserved in

—— Spin-up —— Spin-down

(a § (b)

2.0

1.5

Energy (eV)

K M

Fig. 4 Spin-polarized band structure calculated with PBE functional
(horizontal line: the Fermi level is set to 0 eV) of the GeP monolayer
with (a) single Ge vacancy and (b) pair Ge vacancies.
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the spin-down state with a band gap of 0.19 eV. Since 2D diluted
magnetic semiconductor and half-metallic systems can be rec-
ommended as prospective candidates for spintronic applica-
tions,”® the creation of Ge vacancies may be an effective
method to functionalize the GeP monolayer towards fabricating
spintronic materials.

To provide more detail on the electronic and magnetic
properties, the PDOS spectra of the atoms closest to vacancies
are given in Fig. 5. From the figure, one can see that the mid-gap
states of the Vag, system originate mainly from the P-p, state —
the low-energy part of the spin-down state (with small contri-
bution from the p, and p, state), and Ge-s—p, states - high-
energy part. The PDOS spectra also suggest that the Vage
system magnetism originates mainly from the P-p, state.
Meanwhile, the p,, . states of the P atoms around the defect
sites, are the main contributors of the magnetic properties of
the pVag, system, which have a significant presence around the
Fermi level with strong spin polarization resulting in the half-
metallicity.

3.3 Effects of doping with Mn and Fe

Now, the effects of doping with transition metals (TM = Mn —
Mng. and Fe — Feg.) on the GeP monolayer’s electronic and
magnetic properties are investigated. Firstly, the formation
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Fig. 5 Projected density of states calculated with PBE functional
(vertical line: the Fermi levelis set to 0 eV; positive DOS value: spin-up;
negative DOS value: spin-down) of atoms closest to defect sites in the
GeP monolayer with (a) single Ge vacancy and (b) pair Ge vacancies.
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energy Er of the doped system is calculated using the following
expression:

Er = Ego-GeP — EGep t 1Ge — HTM (3)

where Eq,.gep is the total energy of the doped system. Similar to
HUge, Mrm IS calculated from the most stable bulk phase of
transition metals. Then, cohesive energy E. of the doped GeP
systems is also computed as follows:

E4o.Gep — XGeEGe — XpEp — XrmETM

E. =
XGe + Xp + XT™M

(4)

All of the obtained Efand E.. values are given in Table 1. From
the table, it can be seen that additional energy (E¢) of 1.54 and

Fig. 6 Spin density (iso-surface value: 0.02 e A=) in GeP monolayer
doped with (a) single Mn atom (Mnge system) and (b) single Fe atom
(Fege system).

20 —— Spin-down
b
1.5
=
1.0 A

o
o

Energy (eV)

Fig. 7 Spin-polarized band structure calculated using the PBE func-
tional (horizontal line: the Fermi level is set to O eV) of the GeP
monolayer doped with (a) single Mn atom (Mng, system) and (b) single
Fe atom (Fege system).
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1.47 eV should be supplied to replace one Ge atom in the GeP
monolayer by one Mn or one Fe atom, respectively. Once doping
is realised, the Mn- and Fe-doped systems have good structural-
chemical stability as suggested by their negative E. values of
—3.66 and —3.70 eV per atom, respectively, which exhibit only
slight variation from the —3.72 eV per atom of the bare
monolayer.

Our spin-polarized calculations demonstrate the significant
magnetism induced in the GeP monolayer by doping with
transition metals. Fig. 6 illustrates the spin density in the doped
systems, where it can be noted that spin iso-surfaces are centred
mainly at the TM sites. The spin density profile indicates that
Mn and Fe atoms produce mainly the system magnetic prop-
erties. Consequently, total magnetic moments of 3.00 and 4.00
up are obtained for the Mn- and Fe-doped GeP monolayer,
respectively. In these cases, Mn and Fe impurities have local
magnetic moments of 3.57 and 3.30 ug, respectively. In addi-
tion, the charge transfer from TM impurities to the host
monolayer is confirmed using Bader charge analysis, which
indicates that Mn and Fe impurities lose charge of 0.65 and
0.42e, respectively. Note that the charge loss of Mn and Fe atoms
is due to their metallic nature, which is less electronegative than
their surrounding P atoms.

The atomic substitution creates the emergence of feature-
rich electronic properties — desirable for spintronic applica-
tions - as confirmed by the calculated band structures in Fig. 7.
The novel features are regulated by new mid-gap energy
branches in both spin channels. Specifically, the Mn-doped GeP
monolayer exhibits a semiconductor spin-up state with an
energy gap of 1.18 eV and metallic spin-down state. Conse-
quently, this system can be classified as a 2D half-metallic
material with perfect spin polarization at the Fermi level. On
the contrary, Fe doping induces a diluted magnetic semi-
conductor nature in the GeP monolayer, where the semi-
conductor spin-up and spin-down states have an energy gap of
0.28 and 0.98 eV, respectively. These results may introduce new
2D candidates for spintronic applications made by doping the
GeP monolayer with Mn and Fe atoms.*"

The total and atom-decomposed density of states of the
Mng. and Feg, systems are given in Fig. 8. Note that the Mn and
Fe atoms contribute mainly to the mid-gap states and to the

-397.1 meV

...

e rese peser L L VW,
[ = . - - . of Fe g » - B
1
- - - - - - Fe - - -
> G P e P »?’.‘ 0 ".‘* s
- - L - . \

Fig. 9 Spin density (iso-surface value: 0.02 e A=5; red surface: positive spin value; green surface: negative spin value) and energy of magnetic

state transition in (a) pMn- and (b) pFe-doped GeP monolayer.
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doped GeP monolayer.
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conduction band, where the contribution from the host Ge and
P atoms is also observed. Since TM impurities produce the main
system magnetism, their PDOS spectra are also given to analyze
the orbital-decomposed contribution. In the energy range
considered, from —2 to 2 eV, there is the main contribution
from the 3d orbital that originates mainly from the mid-gap
energy states, whereas that from other s and p orbitals is
negligible. The spin-down metallic character of the Mng.
system can be attributed mainly to the Mn-d,, and Mn-d,”
states. Moreover, the d,> state of both TM impurities may
significantly participate in regulating the ground state elec-
tronic nature of the doped systems, considering their important
presence around the Fermi level. Most importantly, electronic
and magnetic properties are produced mainly by the 3d elec-
trons of the Mn and Fe atoms as suggested by the strong spin
polarization of the 3d orbital.

Fig. 11 Spin density (iso-surface value: 0.02 e A=%; red surface: positive spin value; green surface: negative spin value) and energy of magnetic

transition in 2Mn-n (n =1, 2, 3, and 4) systems.
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3.4 Spin alignment in Mn- and Fe-doped GeP monolayer

Now, the spin orientation in Mn- and Fe-doped GeP monolayer
and its effects on the electronic properties are investigated.
Firstly, the cases of doping with pair transition metals (pMnge
and pFeg, systems) are studied. According to our calculations,
the antiferromagnetic state with antiparallel spin orientation is
energetically favorable over the ferromagnetic state with parallel
spin orientation. The obtained differences in energy are 1449.5
and 397.1 meV for pMn- and pFe-doped GeP systems, respec-
tively (see Fig. 9). It is important to mention that the differences
in energy are large, which derive from the Pauli expulsion
between the 3d electrons of the transition metals that do not
have any host atom located between them.** According to our
calculations, additional energies of 3.66 and 3.16 eV are
required to realize the doping with pair Mn atoms and pair Fe
atoms, respectively. Moreover, pMng. and pFeg. systems have

View Article Online
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negative E. values of —3.60 and —3.67 eV per atom, respectively,
suggesting their good structural-chemical stability. In the anti-
ferromagnetic state, the magnetism originates mainly from
transition metals. Since two impurities are located at equivalent
sites, they have equal (absolute) magnetic moments with
opposite signs. Consequently, a zero total magnetic moment is
obtained. Moreover, the band structures exhibit no spin polar-
ization, as displayed in Fig. 10. The figure shows that the pMng,
system is an antiferromagnetic metallic system, meanwhile the
antiferromagnetic semiconductor nature is obtained by doping
with a pair of Fe atoms (pFeg, system).

Now, doping at Ge sublattices at the same atomic sublayer is
studied, where different interatomic distances between two
transition metal atoms are considered. Herein, the systems are
denoted by 2TM-n (n = 1 to 4, which increases with increasing
distance between the transition metal atoms). It is found that

Fig. 12 Spin density (iso-surface value: 0.02 e A~>; red surface: positive spin value; green surface: negative spin value) and energy of magnetic

transition in 2Fe-n (n =1, 2, 3, and 4) systems.
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Fig. 13 Spin-polarized band structure calculated with PBE functional (horizontal line: the Fermi level s set to 0 eV) of 2Mn- and 2Fe-doped GeP

monolayers with different distances between transition metal impurities.

the ferromagnetic state with parallel spin orientation is ener-
getically favorable for Mn-doped systems, exhibiting difference
in energy between 108.8 and 279.6 meV smaller than the anti-
ferromagnetic state, as illustrated in Fig. 11. In contrast, the
antiferromagnetic state with antiparallel spin orientation is
stable in Fe-doped systems considering its lower energy in
comparison with the ferromagnetic state (the difference in
energy is between 54.7 and 167.6 meV higher, see Fig. 12). These
results indicate that Coulomb repulsion interactions are
dominant in 2Mn-n systems, meanwhile Pauli expulsion

Table 2 Interatomic distance between impurities dru_tm (A), forma-
tion energy E (eV per atom), cohesive energy E. (eV per atom), elec-
tronic band gap Eg (eV: spin-up/spin-down; M: metallic), total
magnetic moment per unit cell M, (ug), and local magnetic moment of
impurities Myus (ug) of the doped GeP monolayer

dTM—TM E¢ E. Eg M, My
PMng, 1.89 3.66 —3.60 M/M 0.00 3.39/-3.39
2Mn-1 3.92 3.25 —-3.61 M/0.77 6.00 3.54/3.54
2Mn-2 6.27 3.08 —-3.61 M/0.98 6.00 3.56/3.56
2Mn-3 7.33 2.94 —3.62 M/1.00 6.00 3.56/3.56
2Mn-4 9.75 3.08 —-3.61 M/0.98 6.00 3.56/3.56
PFege 2.13 3.16 —3.67 0.51/0.51 0.00 3.19/-3.19
2Fe-1 3.83 2.92 —3.68 0.29/0.32 0.00 3.05/-3.05
2Fe-2 6.33 2.92 —3.68 0.30/0.34 0.00 3.28/—3.28
2Fe-3 7.33 2.78 —3.68 0.29/0.29 0.00 3.25/-3.25
2Fe-4 9.71 2.92 —3.68 0.30/0.34 0.00 3.28/-3.28

1028 | RSC Adv, 2025, 15, 1020-1032

determines the antiferromagnetic state of 2Fe-n systems.
Moreover, the spin surfaces are concentrated mainly at transi-
tion metal sites, indicating their key role in producing the
system magnetism. In Table 2, one can see Ef values between
2.94 and 3.25 eV for 2Mn-n systems, while smaller values
between 2.78 and 2.92 eV are obtained for 2Fe-n systems. It is
important to mention that 2TM-3 systems are energetically the
most favorable because they have the smallest E¢ values. In
addition, all the studied systems are proven to be structural-
chemically stable considering their negative E. values.
Further, the electronic band structures are displayed in Fig. 13,
which show two different features: all the Mn-doped GeP
systems exhibit the ferromagnetic half-metallicity generated by
the metallic spin-up state and semiconductor spin-down state.
The spin-down energy gaps of 0.77, 0.98, 1.00, and 0.98 eV are
obtained for 2Mn-1, 2Mn-2, 2Mn-3, and 2Mn-4 systems,
respectively; whereas all the Fe-doped GeP systems exhibit
antiferromagnetic semiconductor nature. In these cases, the
spin-up/spin-down band gaps of 0.29/0.32, 0.30/0.34, 0.29/0.29,
and 0.30/0.34 eV are obtained for 2Fe-1, 2Fe-2, 2Fe-3, and 2Fe-4,
respectively.

4. Conclusions

In summary, the electronic and magnetic properties of the GeP
monolayer under the effects of Ge vacancies and doping with
transition metals (Mn and Fe), have been systematically

© 2025 The Author(s). Published by the Royal Society of Chemistry
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investigated using first-principles calculations. The calculated
phonon diagrams and elastic constants, as well as AIMD
simulations confirm the good stability of the pristine GeP
monolayer. It is found that the Ge-P chemical bond is a mix of
covalent and ionic characters, while the Ge-Ge bond is
predominantly covalent. Moreover, the spin-polarized calcula-
tions demonstrate its semiconductor character without
intrinsic magnetism. Creating Ge vacancies and doping with
transition metals is proposed as an efficient method to induce
magnetism in the GeP monolayer with feature-rich electronic
properties towards spintronic applications. The magnetic
properties of the defected systems are produced mainly by the
Pxy,x Of the P atoms closest to vacancy sites, while the 3d elec-
trons of Mn and Fe impurities originate mainly from the
magnetism of the doped systems. Further investigations assert
the antiferromagnetic state in the GeP monolayer when doping
with pair transition metals. Herein, pMng, and pFeg, are anti-
ferromagnetic metallic and semiconductor 2D materials,
respectively. Moreover, the ferromagnetic half-metallicity is also
confirmed for Mn-doped GeP systems, where the parallel spin
orientation exhibits lower energy than the antiparallel orienta-
tion regardless of the distance between impurities. In contrast,
all Fe-doped GeP systems are antiferromagnetic diluted
magnetic 2D materials provided that the antiferromagnetic
state is energetically more favorable than the ferromagnetic
state. Our study may create a reliable way to realize new
ferromagnetic/antiferromagnetic 2D materials made from the
GeP monolayer, which may be recommended as promising
candidates for nano-spintronics.
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