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Similar to graphene, the germanene monolayer could be a promising two-dimensional (2D) platform for
spintronic applications. In this work, efficient doping routes are proposed to develop the half-metallic
ferromagnetism in the germanene monolayer, based on the synergistic effects of band gap opening and
magnetism engineering. The pristine germanene monolayer is a semimetal, exhibiting a Dirac cone
originating mainly from the Ge-p, state. The band gap opening can be achieved by doping with
chalcogen atoms. Specifically, single S and Se impurities give a direct gap of 0.28 and 0.27 eV,
respectively. This parameter increases up to 0.50 and 0.49 eV, respectively, when increasing the doping
level. Moreover, Mn doping induces significant magnetism in the germanene monolayer with an overall
magnetic moment of 3.78ug produced primarily by the Mn impurity. Herein, the antiferromagnetic
semiconductor nature is obtained with a small energy gap of 0.05 eV. Further incorporating additional S
and Se impurities causes a transition from the antiferromagnetic semiconductor state to a ferromagnetic
half-metallic state, suggesting successful development of half-metallic ferromagnetism in the
germanene monolayer. In these cases, the spin-down energy gap has values of 0.24 and 0.26 eV,
respectively, while the spin-up state exhibits metallic character. Along with the state transition, codoping
with chalcogen impurities also induces the switching from perpendicular magnetic anisotropy to in-
plane magnetic anisotropy, which is of great importance for magnetic field sensing. In addition, our
simulations confirm good thermodynamic stability of all the doped germanene systems. Our findings
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DOI-10.1039/d5ra06032j may introduce promising 2D spintronic materials with the desired half-metallic ferromagnetism, which

rsc.li/rsc-advances can be prepared by codoping the germanene monolayer with chalcogen atoms and Mn transition metal.

dimensional material has since attracted increasingly great
attention. Graphene consists of carbon atoms arranged in
a honeycomb-like planar structure, in which sp> hybridization

1. Introduction

In early studies, the prediction of graphene was carried out by

Wallace et al.' using tight-binding calculations. The authors
demonstrated the semimetal nature of graphene formed by the
coincidence of the valence band maximum point and conduc-
tion band minimum point at the Fermi level. However, it was
not until 2004 that the first exfoliation of graphene was
successfully carried out by Novoselov et al,” and this two-
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and quantum confinement originate unprecedented intriguing
physical, chemical, and mechanical properties.** Located in the
same IVA-group of the periodic table with similar valence elec-
tronic configuration, it can be expected that the 2D form of
germanium - germanene - could also exhibit sp> hybridization
with the same structure as graphene. However, Takeda et al.’
have predicted the hexagonal structure of germanene but it is
not planar, but corrugated. This structural corrugation suggests
that the electronic interactions are mixed sp?/sp® rather than
only sp®>. Then, tight-binding based theoretical calculations
have demonstrated the semimetal nature of germanene with
a Dirac cone at the K point.® Theoretical results have motivated
great efforts to synthesize germanene. Since there is no layered
structure of germanium in nature, germanene has been
prepared mostly by bottom-up methods. The first experimental
success in synthesizing germanene was reported in 2014 by Li
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et al” Then, quasi-freestanding germanene has been success-
fully prepared in experiments.*® So far, many research groups
have succeeded in fabricating germanene,'*™® exploring this 2D
germanium counterpart as a promising candidate for diverse
applications.'**®

Similar to graphene, the absence of an intrinsic band gap in
germanene may hinder its practical applications. Therefore,
band gap opening may be considered as an important func-
tionalization step at the time of designing its applications. Ni
et al.’® have predicted a vertical electric field as an able route to
open the germanene band gap using ab initio calculations. It
was found that the band gap size increases linearly with the
electric field strength. Besides, chemical modification has been
also widely proposed. For example, the adsorption of alkali
metals can induce a tunable band gap ranging from 0.02 to
0.31 eV in germanene."” Large band gaps between 0.416 and
1.596 eV can be obtained in the germanene monolayer by full- or
Janus-halogenation.” Hydrogenation is also an effective
method to open the germanene band gap that has been
confirmed both theoretically and experimentally.***

On the other hand, silicon-based traditional electronic
devices have been considerably replaced by spintronic devices
that use electron spin as the main information carrier, and
these spintronic devices have emerged as a promising solution
to the demands of the rapid advancements in information
storage and processing.?"** In the spintronics field, 2D mate-
rials are ideal platforms for the design of new low-dimensional
spintronic materials with intriguing magnetism and novel
physical effects.”®?* In this regard, some transition-metal-
containing 2D magnetic materials with intrinsic magnetism
have been exploited.>**® However, a large number of the
experimentally fabricated and theoretically predicted 2D mate-
rials are intrinsically nonmagnetic, therefore magnetism engi-
neering has been also extensively investigated in order to make
new 2D spintronic materials. In particular, it has been found
that doping with transition metals induces significant magnetic
properties in the germanene monolayer;** however developing
half-metallic ferromagnetism in the semimetal germanene
monolayer with perfect spin polarization at the Fermi level —
a highly desirable feature for spintronic applications - still is
a challenge.

In this work, we predict the half-metallic ferromagnetism in
the germanene monolayer using first-principles calculations.
This interesting physical property is obtained when combining
the band gap opening induced by chalcogen (S and Se) doping
and magnetism engineering achieved by Mn doping. In addi-
tion, in-plane magnetic anisotropy also suggests the proposed
codoping as an effective route to functionalize the germanene
monolayer towards applications in magnetic field sensing.

2. Computational details

All calculations are performed within the framework of spin-
polarized density functional theory (DFT),** and are based on
the projector augmented wave method as embedded in the
Vienna ab initio simulation package.*"** Within the generalized
gradient approximation, electron exchange-correlation effects
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are treated with the Perdew-Burke-Ernzerhof (PBE) formula
(GGA-PBE).* In consideration of the strong correlation of Mn-
3d electrons, the DFT+U method* is adopted using an effec-
tive Hubbard parameter of 3.90 eV that is based on previous
theoretical calculations.®*** Our testing shows good conver-
gence of the total magnetic moment using this value (see Fig. S1
of the SI). Energy cutoff of 500 eV is set for the plane wave
expansion. Total system energy is set to converge to 10~ ° eV for
self-consistent iterations. The structural relaxation is carried
out until residual forces acting on each atom fall below 10~> eV
A™'. A4 x 4 x 1 supercell is generated to simulate the doping
cases in the germanene monolayer. Monkhorst-Pack k-point
grids®” of 20 x 20 x 1 and 4 x 4 x 1 are chosen for the ger-
manene unit cell and 4 x 4 x 1 supercell, respectively. The
employed cutoff energy and k-point mesh have been tested to
provide good convergence of the ferromagnetic half-metallic
codoped systems (see Fig. S2 of the SI). Gaussian smearing
with a width of 0.05 eV is employed (ISMEAR = 0 and SIGMA =
0.05), except for the calculations of density of states that are
carried out using the tetrahedron method with Bléchl correc-
tions without smearing (ISMEAR = —5). A vacuum space more
than 20 A perpendicular to the germanene monolayer plane is
inserted to separate two adjacent monolayer images in order to
avoid spurious interactions between them.

3. Results and discussion

3.1. Structural and electronic properties of the germanene
monolayer

Fig. 1 shows the atomic structure of the germanene monolayer
in a4 x 4 x 1 supercell. It can be noted that the Ge atoms are
arranged in a honeycomb lattice similar to graphene (top-view),
presenting the structural buckling height as a clear difference
(side-view). After realizing the structural relaxation for the ger-
manene monolayer unit cell, the following parameters are ob-
tained: (1) lattice constant a = 4.01 A; (2) chemical bond length
dge-ge = 2.42 A; (3) buckling height Age_g. = 0.71 A; and (4)
interatomic angle /GeGeGe = 111.87°, which are in good
agreement with previous theoretical studies.?®

@)

Fig. 1 (a) Top-view and (b) side-view of the atomic structure of the
germanene monolayer ina 4 x 4 x 1 supercell.
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The orbital-decomposed band structure of the germanene
monolayer is displayed in Fig. 2a. The semimetal nature formed
by the coincidence of the valence band maximum energy level
and conduction band minimum energy level at the K point can
be noted. This electronic feature is produced mainly by the Ge-
p: state that originates the electronic subband around the K
point, while the Ge-p, and Ge-p, states form mainly the valence
subband around the I' point. Moreover, the Ge-s state makes
a contribution mainly in the conduction band. In addition, the
electron localization function visualized in Fig. 2b demon-
strates the covalent character of the Ge-Ge chemical bond,
considering the considerable electron accumulation between
the Ge atoms that is a characteristic of monoelemental
monolayers.>®

3.2. Effects of doping with chalcogen atoms

In this part, the impact of chalcogen (X = S or Se) doping on the
germanene monolayer’s electronic properties is studied. Firstly,
single atom doping is considered, where the doped systems are
denoted as 1X@mo. The electronic interactions between the
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Fig.2 (a) Orbital-decomposed band structure (the Fermi level is set to
0 eV) and (b) electron localization function of the germanene
monolayer.
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chalcogen impurities and the germanene monolayer are
analyzed by calculating the charge density difference Ap as
follows: Ap = p(1X@mo) — p(mo) — p(X), where p(1X@mo),
p(mo), and p(X) are the charge density of the 1X@mo system,
germanene monolayer, and single X atom, respectively. Results
are visualized in Fig. 3. Note that the Ge atoms closest to the
doping sites lose charge, while charge enrichment is observed at
chalcogen sites and the region between the X and Ge atoms. The
charge accumulations at X impurities can be attributed to the
charge transfer from Ge atoms to X atoms because of the elec-
tronegativity difference (X atoms are more electronegative than
the Ge atom), generating the ionic character of the X-Ge bond.
Quantitatively, Bader charge analysis indicates that S and Se
impurities attract charge quantities of 0.73 and 0.54e from the
host germanene monolayer, respectively. In addition, consid-
erable charge accumulation in the interatomic regions also
gives a signal of the covalent character of the X-Ge bond.

Our spin-polarized calculations provide that chalcogen
doping induces no magnetism in the germanene monolayer,
where the 1X@mo doped systems have zero total and local
magnetic moments. The preservation of the nonmagnetic
nature of the germanene monolayer is also reflected in the
equally spin-distributed charge, such that the band structures
and projected density of states (PDOS) spectra are spin-
symmetric as seen in Fig. 4. Importantly, chalcogen doping
opens the germanene monolayer band gap, where the valence
band maximum and conduction band minimum at the K point
suggest the direct-gap semiconductor nature of the 1X@mo
systems. Specifically, single S and Se impurities induce band
gaps of 0.28 and 0.27 eV, respectively. PDOS spectra indicate
significant hybridization between S(Se)-p and Ge-p orbitals in
the upper part of the valence band and the lower part of the
conduction band to generate the band gap, which generates the
charge accumulations between the X and Ge atoms to form the

Fig. 3 Charge density difference in (a) 1S- and (b) 1Se-doped ger-
manene monolayers (iso-surface value: 0.003 e A=3; yellow surface:
charge enrichment; aqua surface: charge depletion).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Spin-resolved band structure, and projected density of states of the chalcogen impurity and its nearest neighboring Ge atom of (a) 1S- and

(b) 1Se-doped germanene monolayers (the Fermi level is set to 0 eV).

covalent character as analyzed above. Specifically, the p, state of
these atoms forms mainly the band structure around the Fermi
level, where the p, and p, states also make contributions to the
conduction band lower part.

The effects of doping level are also studied by increasing the
number of impurities in the 4 x 4 x 1 germanene supercell.
Specifically, two and four X impurities are considered. In these
cases, the doped systems are denoted as 2X@mo and 4X@mo,
respectively. It is found that no magnetism is induced regard-
less of the doping level, however the electronic band structures
are affected considerably as observed in Fig. 5. Specifically, 2S
and 2Se impurities keep the direct-gap semiconductor nature.
Herein, energy gaps of 0.50 and 0.49 eV are obtained, respec-
tively. Further increasing the chalcogen concentration, no
significant change in the band gap is noted. Specifically, the
4S@mo and 4Se@mo systems have energy gaps of 0.45 and
0.46 eV, respectively. However, a direct-to-indirect gap transi-
tion is induced considering that the location of the conduction
band minimum shifts to the region between the I" and K points.
In conclusion, our calculations suggest chalcogen doping as an

© 2025 The Author(s). Published by the Royal Society of Chemistry

efficient route to open the germanene monolayer band gap,
where electronic properties can be controlled by the doping
level.

3.3. Effects of doping with a single Mn atom

Herein, the impact of doping with Mn transition metal on the
germanene monolayer’s electronic and magnetic properties is
studied. Firstly, single atom doping is considered, where
1Mn@mo is employed to denote the doped system. The charge
density difference is calculated to analyze the interactions
between the Mn impurity and the germanene monolayer, using
the following expression: Ap = p(1IMn@mo) — p(mo) — p(Mn),
where p(1IMn@mo), p(mo), and p(Mn) are the charge density of
the IMn@mo system, germanene monolayer, and single Mn
atom, respectively. From the visualization in Fig. 6a, it can be
noted that the Mn impurity loses charge, while charge enrich-
ment is found at its nearest neighboring Ge atom. This feature
is derived from the less electronegative nature of the Mn atom
in comparison to the Ge atom, such that Ge atoms attract the
valence charge of the Mn atom. Our Bader charge analysis

RSC Adv, 2025, 15, 38218-38228 | 38221
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4Se-doped germanene monolayers (the Fermi level is set to 0 eV).
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confirms that the Mn atom transfers a charge quantity of 0.46e
to the host germanene monolayer.

It is found that Mn doping induces significant magnetiza-
tion of the germanene monolayer, such that a total magnetic
moment of 3.78ug is obtained for the 1IMn@mo system. In this
case, the Mn impurity has a local magnetic moment of 4.07ugp
that is slightly larger than the overall value. The spin density
displayed in Fig. 6b confirms that the Mn impurity produces
primarily the magnetic moment of the 1Mn@mo system
considering the large iso-surface concentrated at its site.
Moreover, a little contribution from the Ge atoms closest to the
doping site is also observed, exhibiting the antiparallel spin
coupling with the Mn dopant atom that is the reason why the
local magnetic moment of the Mn impurity is larger than the
total value. In addition, we determine the magnetic anisotropy
of the IMn@mo system - that is an important property to
consider for practical application - using the criterion of
magnetic anisotropy energy (MAE) calculated by:

MAE = E, — E. (1)

where E, and E, refer to the system total energy that is calculated
using a two-step approach: (1) self-consistent calculations

38222 | RSC Adv, 2025, 15, 38218-38228
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Fig. 6 (a) Charge density difference (iso-surface value: 0.003 e A~3;
yellow surface: charge enrichment; aqua surface: charge depletion)
and (b) spin density (iso-surface value: 0.005 e A~%) in the 1IMn-doped
germanene monolayer.

without spin-orbit coupling (SOC), followed by (2) non-self-
consistent calculations with SOC enabled setting the easy
magnetization direction along the x ([100] direction) and z ([001]
direction) axis, respectively. Our simulations provide a negative
MAE value of —452.87 peV, indicating that the in-plane
magnetic anisotropy (IMA) is more stable than the perpendic-
ular magnetic anisotropy (PMA). These results may suggest
1Mn-doped germanene as a prospective candidate for magnetic
field sensing.

The spin-polarized band structure and PDOS spectra of
1Mn@mo systems are given in Fig. 7. It can be noted that Mn
doping induces spin polarization in the germanene monolayer,
mostly around the Fermi level. Both spin states exhibit metallic
character, asserting the germanene monolayer metallization
induced by doping with a single Mn atom. PDOS spectra indi-
cate that the metallic character of the spin-up state is produced
mainly by the Mn-d,,-d,»_,» states with little effect from the Ge-
Pxy States. The Ge-p, state originates mainly the metallic
character of the spin-down state. Therefore, it can be concluded
that the electronic properties of the 1Mn@mo system are
regulated mainly by the Mn impurity and its neighboring Ge
atoms. From PDOS spectra, it is important to note significant
electronic hybridization of Mn-d and Ge-p orbitals despite their
difference in electronegativity, which is also a characteristic of
2D materials in which chemical bonds exhibit both covalent
character (formed by the electronic hybridization) and ionic
character (formed by the charge transfer).

3.4. Magnetic phase and effects of codoping with chalcogen
atoms

In order to determine the stable magnetic phase in the Mn-
doped germanene monolayer, we study the spin coupling of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Spin-resolved band structure, and projected density of states of the chalcogen impurity and its nearest neighboring Ge atom of the 1Mn-

doped germanene monolayer (the Fermi level is set to 0 eV).

two Mn impurities in the 4x 4 x 1 supercell (named as the
2Mn@mo system). A ferromagnetic (FM) state simulated by
Mn-Mn parallel spin coupling and antiferromagnetic (AFM)
state modeled by Mn-Mn antiparallel spin coupling are
considered. By calculating the total system energy, it is found
that the AFM state has smaller energy than the FM state with
a difference of 23.32 meV (see the illustration in Fig. 8a), con-
firming its stability in the 2Mn@mo system. Interestingly,
further substitutional doping of an additional chalcogen atom
(to form 2Mn+X@mo systems) induces the AFM-to-FM state
transition as observed in Fig. 8b and c. Such that the FM state is
stable in the 2Mn+S@mo and 2Mn+Se@mo systems, presenting
energy differences of 47.42 and 48.99 meV as compared to the
AFM state, respectively. From now on, we will only discuss the
electronic and magnetic properties of the antiferromagnetic
2Mn@mo and ferromagnetic 2Mn+X@mo systems. For prac-
tical applications, the Curie temperature T¢ of ferromagnetic
materials is essential, therefore we calculate this parameter
using the mean-field approximation (MFA) as follows:

;k]g TC = % (2)
where kg, AE, and N denote the Boltzmann constant, energy
difference between the FM and AFM states, and number of Mn
atoms, respectively. According to our -calculations, the
2Mn+S@mo and 2Mn+Se@mo systems have T values of 183.52
and 189.59 K, respectively. However, the MFA generally over-
estimates the Curie temperature because of the inaccurate
description of the magnetic percolation effects. Therefore, an
empirical relation has been proposed to determine the lower
limit of this parameter as follows: 7&mPirical 0.51 X
T %0 From this relation, lower T¢ limits for the 2Mn+S@mo
and 2Mn+Se@mo systems are calculated to be 93.60 and 96.69
K, respectively.

In the AFM state, a zero overall magnetic moment is ob-
tained for the 2Mn@mo system, in which each Mn impurity has

© 2025 The Author(s). Published by the Royal Society of Chemistry

a local value of 4.07ugp (with opposite signs). While, the ferro-
magnetic 2Mn+S@mo and 2Mn+Se@mo systems have large
total magnetic moments of 8.08 and 8.14ug, respectively. In
these cases, Mn dopant atoms have local values between 4.08
and 4.17ug, producing mainly the system magnetic moment.
Meanwhile, S and Se atoms have quite small values of —0.05ug,
suggesting their negligible contribution to the system magne-
tism. Using eqn (1), a positive MAE value of 187.08 peV is ob-
tained for the 2Mn@mo system, indicating its PMA. Meanwhile,
IMA is found in the cases of the 2Mn+S@mo and 2Mn+Se@mo
systems with negative MAE values of —65.27 and —261.14 peV,
respectively. This interesting switching can be attributed to the
interactions between the Mn-3d orbital with its neighboring
environment. Specifically, the Mn-3d orbital interacts with the
out-of-plane p, state of the nearest neighboring Te atoms to
generate the PMA in the 2Mn@mo system. In the cases of
codoping, Mn atoms transfer more charge to the S/Se atoms
because of their more electronegative nature compared to the
Te atom, therefore the S/Se-p orbital is more occupied than the
Te-p orbital. Consequently, the interactions between the Mn-3d
orbital and the in-plane S/Se-p,, states become strong, inducing
the in-plane magnetic anisotropy.

The spin-polarized band structures of 2Mn-, 2Mn+S-, and
2Mn+Se-doped germanene monolayers are displayed in Fig. 9.
From panel a, one can see the spin-symmetric profile of the
antiferromagnetic 2Mn@mo system, where both spin states
exhibit semiconductor character with a small K-K direct gap of
0.05 eV, which increases slightly to 0.06 eV when the spin-orbit
coupling is included. These results suggest the antiferromag-
netic semiconductor nature in germanene induced by 2Mn
doping. The presence of chalcogen impurities will metallize the
spin-up state and open the spin-down state band gap as
observed in panels b-c, giving place to the formation of the half-
metallic nature. Specifically, the semiconductor spin-down state
of the 2Mn+S@mo and 2Mn+Se@mo systems has an energy gap
of 0.24 and 0.26 eV, respectively. These results demonstrate the

RSC Adv, 2025, 15, 38218-38228 | 38223
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Fig. 8 Spin density (iso-surface value: 0.01 e A=3; red surface: positive spin density; green surface: negative spin density) and energy difference
between FM and AFM states of (a) 2Mn-, (b) 2Mn+S-, and (c) 2Mn+Se-doped germanene monolayers.

effectiveness of codoping with Mn and chalcogen atoms to
develop the half-metallic ferromagnetism with in-plane
magnetic anisotropy in the semimetal germanene monolayer,
which is obtained by the band gap opening induced by chal-
cogen doping combined with the magnetism engineering
induced by Mn doping. Such that, the codoped 2Mn+X@mo
systems can be recommended as promising 2D candidates for
magnetic field sensing. All the magnetic and electronic prop-
erties results for the doped germanene systems are summarized
in Table 1.

3.5. Stability of the doped/codoped systems

To determine the energy that should be supplied to realize the
doping processes in the germanene monolayer, we calculate the
formation energy E¢ using the following expression:

_ E(do@mo) — E(mo) + ngeltge — Pxix — MMnbmn
NGe

E;

(3)

38224 | RSC Adv, 2025, 15, 38218-38228

E(do@mo) and E(mo) are total energy of the doped and bare
germanene monolayer, respectively; nge and nywn denote the
number of removed Ge atoms and incorporated X/Mn atoms
(nge = nx + nmm), respectively; uge and uxmn refer to the
chemical potential of Ge and X/Mn atoms, respectively, which
are calculated from their most stable bulk phase. Results are
plotted in Fig. 10a. Note that chalcogen doping processes are
exothermic as suggested by the negative E¢ values between
—0.47 and —0.17 eV per atom. Meanwhile, doping with Mn
impurities requires supplying additional energy of 1.85 (single
impurities) and 1.78 eV per atom (two impurities). Codoping
with chalcogen atoms may reduce considerably the required
energies to 0.65/0.67 eV per atom. Experimentally, doping
processes are often realized using ion/atom irradiation or
bombardment, therefore our obtained results of formation
energy may provide useful information to design the doping
processes. Once formed, structural-chemical stability of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Spin-resolved band structures of (a) 2Mn-, (b) 2Mn+S-, and (c)
2Mn+Se-doped germanene monolayers (the Fermi levelis setto 0 eV).

doped germanene systems is examined by means of cohesive
energy E. computed as follows:

E(do@mo) — mgeEge. — mxEx — miyinEmn

E. =
Mmge + Mx + My

4)

herein, m; and E; denote the number of atom “7” in the system
and energy of an isolated atom “i”, respectively. From Fig. 10b,
it can be noted that all the doped germanene systems have
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negative E. values between —3.29 and —3.07 eV per atom. The
negative E. values indicate that the doped/codoped germanene
systems are structurally-chemically stable.

In addition, we also carried out ab initio molecular dynamics
(AIMD) simulations at 300 K to check the thermal stability using
canonical ensemble and Nosé-Hoover thermostat.***> The
simulations are recorded for 5 ps with time steps of 2 fs (2500
steps). Fig. 11 visualizes the final atomic structures after AIMD
simulations. Distortion of hexagonal rings, mostly around the
doping sites, can be noted. Overall, the hexagonal structural
configuration is well preserved without any reconstruction nor
broken bonds. These results confirm good thermal stability of
the studied doped/codoped germanene monolayers.

Table 1 Total magnetic moment M, (ug), energy difference between FM and AFM states AE (meV), magnetic anisotropy energy MAE (ueV),
energy gap Eg4 (eV; spin-up/spin-down; M = metallic), and gap path along the high-symmetry direction of the doped germanene systems (N/A:

not applicable)

M, AE MAE Eq Gap path

1S@mo 0.00 N/A N/A 0.28/0.28 K-K
1Se@mo 0.00 N/A N/A 0.27/0.27 K-K
2S@mo 0.00 N/A N/A 0.50/0.50 K-K
4S@mo 0.00 N/A N/A 0.45/0.45 K-MI'
2Se@mo 0.00 N/A N/A 0.49/0.49 K-K
4Se@mo 0.00 N/A N/A 0.46 T'K-MT"
1Mn@mo 3.78 N/A —452.87 (IMA) M/M N/A
2Mn@mo 0.00 —23.32 (AFM) +187.08 (PMA) 0.05/0.05 K-K
2Mn+S@mo 8.08 +47.42 (FM) —65.27 (IMA) M/0.24 K-T
2Mn+Se@mo 8.14 +48.99 (FM) —261.14 (IMA) M/0.26 K-T
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Fig. 11 Final atomic structures after AIMD simulations of (a) 1S-, (b) 1Se-, (c) 2S-, (d) 4S-, (e) 2Se-, (f) 4Se-, (g) IMn-, (h) 2Mn-, (i) Mn+S-, and (j)

Mn+Se-doped germanene monolayers.

4. Conclusions

In summary, first-principles calculations have been performed
to investigate the effects of doping/codoping with chalcogen
(X = S and Se) atoms and Mn transition metal on the germa-
nene monolayer’s electronic and magnetic properties. The band
structure of the pristine monolayer is formed mainly by Ge-s-
Px,,z States, where the semimetal character is originated mainly
from the p, state. It is found that the covalent character of the
Ge-Ge chemical bond is generated by the electronic hybridiza-
tion, similar to other 2D monoelemental monolayers. The
effective band gap opening of the germanene monolayer can be
achieved by doping with S and Se atoms, which can be attrib-
uted to the charge transfer from the outermost Ge-4p orbital to
S-3p/Se-4p orbitals, such that the upper part of the valence band
is produced mainly by the S(Se)-p, state, while the Ge-p, state
originates mainly the lower part of the conduction band. The
band gap increases with increasing the impurity concentration.
The germanene monolayer is significantly magnetized by
doping with Mn transition metal that acts as a charge loser
agent in the doped system. A magnetic moment is produced
primarily by the Mn impurity, where a little contribution from
nearest neighboring Ge atoms is also confirmed that exhibit
antiparallel spin coupling with the Mn impurity. The AFM state

38226 | RSC Adv, 2025, 15, 38218-38228

with PMA is stable in the Mn-doped system, exhibiting a smaller
energy than the FM state with an energy difference of 23.32
meV. In this case, the band gap is slightly opened to 0.05 eV.
Interestingly, the AFM-to-FM state transition is achieved by
codoping with S and Se atoms, where the energy differences are
47.42 and 48.99 meV, respectively. Additional chalcogen
impurities metallize the spin-up state, while large band gaps are
obtained for the spin-down state, confirming the successful
development of half-metallic ferromagnetism in the germanene
monolayer. Moreover, the PMA-to-IMA switching produced by
codoping effects also suggests effective control of the magnetic
anisotropy. Our results may pave solid ways to develop half-
metallic ferromagnetism in the semimetal germanene mono-
layer towards spintronic applications, which could be applied
for other 2D semimetal materials.
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