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Considering the significant role of magnetism induction in two-dimensional (2D) semiconductor materials,
we systematically investigate the effects of various dopants from the 3d and 4d transition metal (TM) series,
including Ti, V, Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, Ru, Rh, Pd, Ag and Cd, on the electronic and magnetic
properties of monolayer B,S, through first-principles calculations. The calculated formation energies
indicate that substitutional doping at the B site with various TM atoms could be achieved under S-rich
growth conditions. What matters is that with the exception of systems doped with Cu, Tc, and Ag
elements, which exhibit non-magnetic semiconductor properties, all other doped systems demonstrate
magnetism. Specifically, the Cr-, Ni- and Pd-doped monolayers are magnetic half-metals, while the rest

are magnetic semiconductors. We have also performed calculations of magnetic couplings between two
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Accepted 16th January 2024 TM atoms with an impurity concentration of 3.12%, revealing the prevalence of weak magnetic coupling

in the majority of the magnetic systems examined. Moreover, the monolayers doped with Cr, Zr and Pd
atoms exhibit ferromagnetic ground states. These findings strongly support the high potential for
inducing magnetism in the B,S, monolayer through B-site doping.
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1. Introduction

The presence of magnetic behavior in two-dimensional (2D)
layered materials has sparked significant interest due to its
implications for fundamental research and potential applica-
tions in the fields of spintronics and memory devices.'®
Particularly, atomically thin nanosheets Gr,Ge,Te, (ref. 1) and
Crl; (ref. 2) have exhibited intrinsic ferromagnetism, generating
significant excitement in the scientific community. Building
upon this progress, researchers have achieved room-
temperature ferromagnetic (FM) order in few-atomic-layer Fe;-
GeTe, through the implementation of ionic gate modulation,?
pushing the boundaries of spintronics research. Furthermore,
researchers have successfully measured the electric field-
induced antiferromagnetic-ferromagnetic (AFM-FM) phase
transition* and the corresponding tunneling magnetoresis-
tance® in Crl;, demonstrating groundbreaking findings that
pave the way for the future development of 2D spintronic
devices.
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In addition to 2D layered materials displaying intrinsic
magnetism, extensive efforts have been made by researchers to
introduce magnetic properties into nonmagnetic counterparts,
driven by the recognition that a majority of discovered 2D
materials lack inherent magnetism. Various methodologies
have been explored, encompassing doping,”® defect and strain
engineering, nanoribbon formation,”** and atom
adsorption."*?" Among these strategies, substitutional doping
has emerged as a widely employed and effective technique,
substantiated by theoretical predictions and experimental vali-
dations. First-principles calculations have demonstrated that
doping transition-metal (TM) atoms, alkaline-earth atoms, or

10,11

nonmetal atoms can induce magnetism into nonmagnetic
systems.>***?° Experimentally, researchers have successfully
achieved ferromagnetism in doped phosphorene, graphene,
and transition-metal dichalcogenides (TMD) MX, (M = Mo, Sn;
X = S, Se, Te) utilizing diverse doping techniques such as
chemical vapor deposition (CVD) and low-energy ion
implantation.”*** These accomplishments usher in exciting
prospects for customizing magnetism in a wide range of 2D
materials.

Recently, the successful synthesis of B,S,,** a lighter new
member in the TMD-like 2D material family, has garnered
people’'s attention. Tunable bandgap, excellent lithium-ion
battery performance and broadband photoluminescence
response, render 2D B,S, highly promising for electronic
devices, energy conversion and storage, catalysis, and sensors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Computational calculations reveal that monolayer B,S, is a non-
magnetic semiconductor with bandgaps of 3.00 and 4.06 eV, as
determined by GGA and HSE06 methods, respectively.**
Although 2D-B,S, is currently considered a non-magnetic
semiconductor, the potential introduction of magnetism into
it could further expand its applications in spintronics.

Here, we present an investigation into the magnetic prop-
erties of monolayer B,S, doped with TM atoms from the 3d- and
4d-series utilizing first-principles calculations. The outcomes of
our investigation reveal the effective implementation of
magnetism in the TM doped systems, showcasing the potential
for their application in spintronics based on B,S, monolayer.

2. Computational methods

The calculations were conducted employing the density func-
tional theory (DFT)*?** framework within the generalized
gradient approximation (GGA)** known as Perdew-Burke-Ern-
zerhof (PBE)** implemented in the advanced Vienna ab initio
simulation package (VASP). The projector-augmented wave
(PAW)* method was employed for accurate description of the
ion-electron interaction. As the TM-d orbitals may have strong
correlation effects,?” the GGA + U method was carried out for
calculation, and the on-site Coulomb interaction parameters
U4 for TM atoms are listed in Table 1. To simulate the
effects of doping, a (4 x 4 x 1) supercell containing 64 atoms
was constructed. Additionally, a smaller (3 x 3 x 1) supercell
with 36 and a larger (5 x 5 x 1) supercell with 100 atoms was
tested, confirming the robustness of the main findings. All
crystal structures were relaxed until the residual forces acting
on individual atoms reached a convergence criterion of less
than 0.01 eV A™". The self-consistency criteria for electronic
structures were set at a high level of 10~° eV. An energy cutoff of
550 eV was chosen to ensure accurate plane-wave basis expan-
sion. Structural optimizations employed a (3 x 3 x 1) gamma-
centered k-grid, while the calculation of the density of states
(DOS) utilized a (6 x 6 x 1) k-grid. Furthermore, to avoid
interlayer interactions, a vacuum region of 20 A was included in
the direction perpendicular to the layers. We have further
introduced the van der Waals correction (D3)**** to describe
the effect of van der Waals interactions, but practical testing
revealed that this correction did not qualitatively affect the
main conclusions in our paper.
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3. Results and discussion

The TMD-like 2D B,S, belongs to the hexagonal system with
P3m1 space group,** which has a similar structure as TMDs such
as MoS,, with Mo atoms replaced by vertically aligned B, atom
pairs, forming an S-B-B-S tetralayer sheet, as shown in
Fig. 1(a). In our calculations, the optimized lattice constant a,
the average B-S bond length dg s, the B-B bond length dg_g, and
the distance between two S layers ds_g are 1.95, 1.70, and 3.40 A,
respectively. The S-B-S bond angle ¢ is 102.90°. These data is
very consistent with previous reports.* Next, Fig. 1(b) shows the
top and side views of atomic structure for the doped B,S,
monolayer. A (4 x 4 x 1) supercell is employed to simulate the
TM doped system, in which the substitution of one B atom by
one TM atom yielded a doping concentration of 3.12%.
Geometric structure optimization results reveal that all doped
systems maintain the original structural type of the pristine
B,S, monolayer, albeit exhibiting slight lattice distortion.

To reveal the influence of impurity atoms on the electronic
properties of the pure system, we firstly present the band
structure and partial density of states (PDOS) of monolayer B,S,
per unit cell along the high-symmetry direction in the first
Brillouin zone, as shown in Fig. 1(c). It is evident that monolayer
B,S, show semiconductor nature with no branch across the
Fermi level. It possesses an indirect band gad of 3.01 eV with the
conduction band minimum (CBM) locating at the M point and
the valence band maximum (VBM) lying in the region along the
I' — K direction. The completely symmetric DOSs for the spin-
down and spin-up states illustrates the nonmagnetic nature of
the system. The PDOSs for B and S atoms manifests a strong
covalent bond hybridization due to their similar energy distri-
butions. Our calculations are in agreement with the previous
results,® demonstrating that the calculation method is
reasonable and reliable.

Next, we assess the energetic stability of the doped crystal
structures. The binding energy (E;,) was calculated using the
formula: E, = Eq — (E, + Erym)->*>* In this equation, Eq4 repre-
sents the energy of the (4 x 4 x 1) B,S, monolayer doped with
one dopant atom, E, is the total energy of the (4 x 4 x 1) doped
layer with a B vacancy, and Ery corresponds to the energy of an
isolated dopant atom. The larger negative value of E,, means the
more thermodynamic stability of the doped systems. Fig. 2(a)
shows the calculated binding energies for various TM doped

Table 1 The on-site Coulomb interaction parameters U for the TM dopant atoms, bandgaps (E), total magnetic moments (M), magnetic
moments of the TM dopant atoms (Mty), the three nearest neighboring S atoms (Ms) and one nearest neighboring B atom (Mg), respectively

3dT™ U Eg (eV) Mo (ug)  Mrm (u8) Mg () Ms(up) 4dTM U Eg(eV) Mot (#8)  Mrm (us) Mg (us)  Ms (us)
Ti 4.4 1.61 1.00 1.20 —0.10 —0.05 Zr 5.0 1.32 1.00 1.09 —0.07 —0.02
v 2.7 1.80 2.00 2.15 —0.12 —0.10 Nb 2.1 1.62 2.00 1.74 —0.05 —0.05
Cr 3.5 — 3.00 3.47 —0.21 —0.23 Mo 2.4 0.93 1.00 0.92 —0.03 —0.03
Mn 4.0 1.24 4.00 4.15 —0.24 —0.01 Tc 2.7 2.15 0.00 0 0 0

Fe 4.6 1.27 3.00 3.14 —-0.17 0.02 Ru 3.0 0.74 1.00 0.63 —0.01 0.10
Co 5.0 1.27 2.00 1.97 —0.10 0.04 Rh 3.3 0.82 2.00 1.12 —0.03 0.31
Ni 5.1 — 1.00 0.60 —0.03 0.20 Pd 3.6 — 1.00 0.32 —0.01 0.31
Cu 4.0 1.07 0.00 0 0 0 Ag 5.0 0.76 0.00 0 0 0

n 7.5 0.58 1.00 0.13 0.21 0.10 cd 2.1 0.56 1.00 0.12 0.21 0.08
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Fig.1 Schematic structures. Top and side views of atomic structure for (a) the pure (4 x 4 x 1) B,S, monolayer and (b) the doped (4 x 4 x 1) B,S,
monolayer. The green, yellow, and purple spheres represent boron, sulfur, and transition metal atoms, respectively. (c) The band structure and

partial density of states (PDOS) for the pure B,S, monolayer per unit cell.
to the zero of the energy.

B,S, monolayer. It illustrates that doping with 3d-TM atoms
results in negative binding energies for all doped systems,
whereas a portion of the 4d-TM doped systems (i.e. Nb-, Mo, Pd,
Ag, and Cd-doped systems) exhibit positive binding energies,
thereby implying that 3d-TM doping is energetically more
favourable to B,S, than 4d-TM doping. It should be pointed out
that the positive binding energy indicates that the reaction is
endothermic and requires an external supply of energy to
proceed, does not mean doping is not feasible experimentally.
In addition, formation energies (E¢.om) of the doped systems are
computed for both B-rich and S-rich conditions, with detail
calculations provided in the referenced literature,*>*** i.e., Egom
= (Eaoped — Epure) T (us — trm)- Where Egopeq and Epy,. are the
energies of the (4 x 4 x 1) TM-doped and pure monolayers,
respectively. ug and ury respectively represent the energy of
isolated B and impurity TM atoms. In the B-rich limit, the
chemical potential of B atom (ug) can be represented by the
energy of a B atom in its bulk, while in the S-rich limit, is
defined by the energy difference between one formula unit
(B,S,) of stoichiometric 2D-B,S, monolayer and the chemical
potential of S atom (ug) determined from its bulk, Z.e., ug = (B,S,
— 24g)/2. Our results, as illustrated in Fig. 2(b) and (c), show that
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The horizontal dashed vertical line indicates the Fermi level, which is set

all TM-doped models have negative formation energies under
the S-rich condition, whereas under the B-rich condition, they
exhibit positive formation energies. This observation implies
that achieving doping is significantly easier under S-rich
conditions and confirms the energetic favorability of the
doped systems.

To disclose the electronic characteristic and magnetic
behavior induced by the TM dopants in the B,S, monolayers, we
have plotted the band structures of different doped systems in
Fig. 3. The ground state and the magnetic moments are given in
Table 1. With the exception of systems doped with Cu, Tc, and
Ag elements, which exhibits non-magnetic semiconductor
properties, all other TM-doped systems demonstrate magne-
tism. The Mn-doped system has the largest magnetic moment
of 4up. Among the magnetic systems, the Cr-, Ni-, and Pd-doped
systems behave as half-metals with magnetic moments of 3, 1
and 1ug, respectively, while the rest are magnetic semi-
conductors. The half-metallic systems are the source of fully
spin-polarized electrons and promising for high efficiency
spintronic devices. Moreover, since the dopants introduce
impurity bands, the band gaps of the doped systems with
semiconductor characteristics are smaller than that of the

10F

8k —Ti

—Cd

1-4
S-rich

S-rich B-rich

B-rich

(a) The binding energies and (b) formation energies under B-rich and S-rich conditions of the different 3d- and 4d-TM doped B,S,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The calculated band structures of a 3d- and 4d-TM doped B,S

> monolayers with 3.12% doping. The spin-up and spin-down states are

represented by the blue and red lines, respectively. The zero of the energy is set to the Fermi level, shown by the grey lines.

pristine B,S, monolayer, as shown in Table 1. We can predict
that the use of the HSE functional will further increase the band
gap of semiconductors, potentially leading to a transition from
a semimetal to a semiconductor state. However, this will not
affect our conclusions regarding magnetism. Anyway, the
calculated results clearly shows that tunable magnetic and
electronic properties can be achieved in B,S, by doping with TM
atoms.
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Fig. 4
0.02 eV A3, The spin-up and spin-down densities are represented by

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

Due to the different variations in magnetic moments
between 3d and 4d TM-doped systems, we now proceed to
separately discuss the magnetic origins of them. To visualize
the detailed distribution of magnetic moments in 3d TM-doped
monolayers, we present the spin densities of the magnetic
systems in Fig. 4. This graphical representation allows for
a comprehensive understanding of the spatial distribution and
magnitude of magnetic moments within the materials. It is
evident from the figures (Fig. 4(a)-(f)) that the magnetic

(a—h) The spin density distribution of 3d-TM doped B,S, monolayers with 3.12% doping from both the top and the side view. Isovalue is

the sky blue and purple isosurfaces, respectively.

RSC Adv, 2024, 14, 3390-3399 | 3393


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08472h

Open Access Article. Published on 22 January 2024. Downloaded on 3/27/2026 2:25:18 PM.

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

(cc)

RSC Advances

View Article Online

Paper

25 — T T 25 T T T 25 T T T 7
Total Total
B —B
3 —S e —3 bl
S
9
7]
o
S 25 e S 25 ! } s e %
- L e — 2_\,2 - e | O — o~
g " aj, T 2o dapld Cr
o | E yF ——d/d,
—d,e 101
0 b 2 %@ d, . ﬂdxyv‘wﬁ
0 Y
-10 ¢ L I 1 1 i | _10 1 1 1 1 1
25 25 : -
o Total —— Total —— Total
— B —B —B
—a S
0 0 4
g
0
8 i
§-25 | 25 : ; ;
0
& 4r 4+
2 ﬁ Co.
o
0 e 0 *WUETV\“ =
——dg, /4, 71 d,e.z/d,
4l —d,/d, 4l d,/d
L L | dzz I L ]
25 25 ; ; : . .
Total Total Total
—p —8B — MJL
——3S - —
0 W 0 S S Sty
3 Mr
("]
E]
g -25 1 -25 - - } 4 -25 } - ; :
§ 0 - 17 Cu - —dadd, Zn
a Az, d,, : & —de/d, 1r d,,/d
——d/d, 4
" d Y _ dxz/dyz 0 Herpaoe
il I— 2 = s B 4
N I [ I S M. -
-2 -1 0 1 2 3 2 -1 0 1 2 3 2 -1 0 1 2 3
Energy (eV) Energy (eV) Energy (eV)

Fig.5 The total and projected density of states of 3d-TM doped B,S, monolayers with 3.12% doping. The Fermi energy is shifted to zero energy

as indicated by the vertical dashed black line.

moments of the Ti-, V-, Cr-, Mn-, Fe- and Co-doped systems
predominantly originate from the 3d TM dopants. In the case of
the Ni-doped monolayer, part of the contribution also comes
from the three nearest neighboring (NN) S atoms (see Fig. 4(g)).
Conversely, for the Zn-doped monolayer, the magnetic moment
is primarily contributed by the NN and next neighbor S atoms
and the NN B atom (see Fig. 4(h)). Table 1 presents the total
magnetic moments (M,.), the moments of 3d-TM dopant atom
(Mry), the three NN S atoms (Ms) and one NN B atom (Mp),
respectively.

To understand the orbital dependency of the magnetism of
3d-TM doped B,S, monolayers, we plot the total density of
states (DOS) and corresponding partial density of states (PDOS)
projected onto the 3d-TM dopants and their neighboring S and
B atoms, as shown in Fig. 5. In nonmagnetic system, the Cu-
doped monolayer, the electronic structures exhibit spin

3394 | RSC Adv, 2024, 14, 3390-3399

symmetry between the spin-up and spin-down channels. In
contrast, magnetic systems (including the Ti-, V-, Cr-, Mn-, Fe-,
Co-, and Zn-doped monolayers) display spin-splitting between
these channels, thereby demonstrating their inherent magnetic
properties. When considering the origin of half-metallicity in
the Cr- and Ni-doped monolayers, it is observed that both the
TM-3d states and S-p states intersect the Fermi energy level,
leading to the emergence of half-metallic behavior. Moreover,
the TM-3d orbitals, the S-p and B-p orbitals overlap near the
Fermi energy level, indicating hybridization between the dopant
atoms and their neighboring S and B atoms.

The PODS of TM-3d orbitals are further decomposed
according to the crystal symmetry. As the optimized structures
of TM-doped systems maintain the D3d symmetry, according to
the ligand field theory, the TM-3d atomic orbitals under the
action of crystal field are split into three sets: a single a;(d.)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a—g) The calculated spin densities of 4d-TM doped B,S, monolayers with 3.12% doping from both the top view and the side view.

Isovalue is 0.02 eV A=, The spin-up and spin-down densities are represented by the sky blue and purple isosurfaces, respectively.

state and two twofold degenerate e;(d,_)z, dy) and e,(d,, d.;)
states. The spin-splitting near the Fermi level primarily arises
from the exchange splitting and crystal field splitting of the TM-
3d states. Fig. 5 illustrates that exchange splitting is absent in
the Cu-3d orbitals, whereas exchange splitting occurs in the 3d
orbitals of the remaining 3d-TM atoms. It is well-known that
isolated Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, and B atoms possess
electronic configurations of 3d’4s®, 3d*4s®, 3d’4s', 3d°4s?
3d°4s®, 3d74s?, 3d%4s?, 3d"4s", 3d'%4s® and s’p', respectively.
Therefore, for substitution of 2-valent B, all 3d-TM atoms will
act as the n-type dopants. In agreement with the simple ionic
model, the additional unpaired 3d-electrons introduced by the
dopant atoms should occupy only the spin-up (or spin-down)
defect states. Due to the fact that Ti, V, Cr, and Mn atoms
have one, two, three, and four more electrons than B atoms, the
magnetic moments of the Ti-, V-, Cr-, and Mn-doped systems
should be 1, 2, 3, and 4us, respectively. For Fe-, Co-, Ni- and Cu-
doped monolayers, the a,(d,2) orbital is unoccupied (see Fig. 5).
Then, the extra electrons present in the four types of dopant
atoms (including Fe, Co, Ni and Cu) compared to the B atom
will occupy the e;(d,>_, d,) and e,(d,., d;) orbitals. Fe atom
has five more electrons than B atom, one extra valence electron
occupies the spin state opposite to the other four, resulting in
the magnetic moment of the system being 3ug. The same reason
is obtained for the systems doped with Co, Ni, and Cu. For
example, the Cu-doped monolayer is nonmagnetic as half of the
eight more electrons occupy the spin-up states and the
remaining electrons occupy the spin-down states. The magnetic
moment of the Zn-doped monolayer is 1up because the p
orbitals of the neighboring S and B atoms are occupied by one
unpaired electron from Zn-3d orbitals caused by the hybrid-
ization between the three kind orbitals. In general, with the
increase of the 3d-TM atomic number, the total moments (M)
of the doped systems show an overall increasing trend followed

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

by a decreasing trend. Similar trends have also been observed in
the study of doped monolayers of CrX; (X = Br, I),***” MoS,,**
and phosphorene.*

The spin densities of the 4d TM-doped magnetic systems are
present in Fig. 6. The magnetic moments of the Zr-, Nb-, and
Mo-doped monlayers are mainly contributed by dopants (see
Fig. 6(a)—(c)). For the systems doping with Ru and Rh, a small
portion of the contribution also comes from the NN S atoms
(see Fig. 6(d) and (e)). While for Ph-doped monolayers, the
magnetic moments contributed by the NN S and Pd atom are
roughly equal (see Fig. 6(d)-(f)). In the case of the Cd-doped
system, the magnetic moment primarily originates from the
NN and next neighbor S atoms and the NN B atom (see Fig. 4(g)).
The specific contributions of NN S and B atoms, as well as
impurity atoms, to the magnetic moment can be found in Table
1.

Fig. 7 shows the total density of states (DOS) and corre-
sponding partial density of states (PDOS) projected onto the 4d-
TM dopants and their neighboring S and B atoms. It can be
found that the Zr-doped monolayer has 1ug magnetic moment
as e, state is occupied by one excessive valence electron. In the
monolayer doped with Nb, two excessive valence electrons
occupies the e; and e, states, giving 2uz magnetic moment. For
the Mo-doped monolayer, one more valence electron than the
Nb ion occupies the spin-down e, (e,) state, leading to a total
magnetic moment of 1ug. In the Tc-doped monolayer, the net
magnetic moment is zero due to the distribution of half of the
four surplus valence electrons in the spin-up e; and e, states,
while the remaining electrons occupy the spin-down e; and e,
states. The magnetic moments of the Ru-, Rh-, and Pd-doped
systems are determined to be 1, 2 and 1ug, respectively, as
a result of three out of the five electrons in Ru atom, four out of
the six electrons in Rh atom, and four out of the seven electrons
in Pd atom occupying opposite spin e; and e, states to the

RSC Adv, 2024, 14, 3390-3399 | 3395
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Fig. 7 The total and projected density of states of 4d-TM doped B,S, monolayers with 3.12% doping. The Fermi energy is shifted to zero energy
as indicated by the vertical dashed black line.

remaining two, two, and three electrons, respectively. No
exchange splitting occurs for the Ag-4d orbitals. The p spin-up
orbitals of the neighboring B and S atoms are occupied by
one unpaired electron from Cd-4d orbitals caused by the

hybridization between the three kind orbitals, generating 1ug
magnetic moments in the monolayer doped with Cd.

For 2D systems, the magnetic anisotropy energy plays an
essential role for offsetting the thermal fluctuation to maintain

Table 2 Magnetocrystalline anisotropy energies (MAEs) of the TM-doped B,S, monolayers, and the energy differences (AE) between antiparallel
(E4+) and parallel (E4 ) spins of the TM impurities of the two same TM substitutional doped B,S; systems

3d-T™M MAE (meV) E;+ (meV) E; | (meV) AE (meV) 4d-TM MAE (meV) E;q (meV) E; | (meV) AE (meV)
Ti 0.05 —735.5779 —735.5795 1.6 Zr 0.34 —733.6547 —733.6516 —3.2

A% —0.03 —739.5357 —739.5374 1.7 Nb —-1.10 —739.4466 —739.4546 8.1

Cr 3.50 —739.0099 —739.0073 —2.6 Mo 0.93 —738.8166 —738.8177 1.1

Mn —0.24 —739.7030 —739.7056 2.6 Te — — — —

Fe 0.21 —736.6786 —736.6804 1.8 Ru 0.05 —736.3168 —736.3150 2.6

Co 0.27 —734.6019 —734.6036 1.6 Rh 0.50 —733.3499 —733.3237 26.7

Ni 16.08 —731.8776 —731.8814 3.8 Pd 2.17 —728.8058 —729.4866 —62.8
Cu 0.00 — — — Ag — — — —

Zn —-0.01 —727.8701 —727.8708 0.7 Cd —0.01 —723.9198 —723.9188 1.0
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the magnetic ordering.”® We further calculate magnetocrystal-
line anisotropy energies (MAE) of the TM-doped monolayers by
employing the GGA + U + SOC approach. The cutoff energy and
the corresponding energy criterion used for MAE calculations
are improved to 600 eV and 10~ ® eV, respectively. Using the
force theorem,*"** self-consistent calculations are performed to
obtained the total energies for in-plane and out-of-plane
magnetization directions, respectively, and MAE is evaluated
by the difference between the total energies for the two
magnetization directions, defined as MAE = Epj001 — E[oo1],
where E; 0] and Ejgoq] are the total energies when magnetization
is in plane and normal to the plane, respectively. The negative
MAE denotes the in-plane easy magnetization [100] axis and the
positive one indicates their easily magnetized direction is the
[001] axis. The summary of MAEs for the TM-doped magnetic
systems are listed in Table 2. The results show that Cr-, Ni-, Nb-
and Pd-doped monolayers are most likely to have long range
magnetic order because of their large MAEs of 3.50, 16.08,
—1.10 and 2.17 meV, respectively. It has been proposed that the
MAE of Co-doped phosphorene and MoS, (ref. 22) monolayer
are 1.0 and —3.58 meV.?>*® Our current MAE results are largely
consistent with these proposals, with the exception of Ni-doped
system. In comparison, the MAE of Ni-doped system can be
compared to that of Ir-doped g-C3;N, (ref. 53) and Re doped-
antimonene,® which are 12.4 and 18.33 meV, respectively.
Hence, TM-doped B,S, systems with the sizeable MAE are
auspicious to be the candidates for their practical application in
magnetic memory and storage devices.*??

To further investigate the magnetic ground state of the TM
doped magnetic systems and the exchange coupling between
the two magnetic atoms, we have expanded the (4 x 4 x 1)
supercell to a larger (8 x 4 x 1) supercell comprising 128 atoms.
FM and AFM coupling are calculated by specifying parallel and
anti-parallel alignment of the moments produced by two same
TM atoms in the supercell. The interatomic distances between
the two TM dopants, which participate in the long-range
coupling interaction, measure 12.18 A. The energy difference
between the FM and AFM states are listed in Table 2. Since
groups Cu-, Tc- and Ag-doped monolayers display nonmagnetic
character, we have not performed the calculations for these
systems. It is evident that the magnetic coupling between the
two substituted dopants in most TM-doped systems is signifi-
cantly weak due to the minimal energy difference. This simi-
larity is also observed in previous investigations when U
correction is taken into account.***** The weak coupling inter-
action between two TM atoms maybe attributed to the locali-
zation correction of d-orbitals, which requires experiment to
validate in future studies. In addition, the results show that the
Cr-, Zr- and Pd-doped monolayers have the FM ground state,
which are 2.6, 3.2 and 62.8 meV lower in energy than the AFM
states, respectively, while for the rest of the magnetic doped
systems, the ground state is AFM. Since the Curie temperature
(T¢) is the a key parameter for FM materials. Based on the mean-
field theory and Ising model, T¢ is estimated by the equa-
tion:****** AE =E;; — Ey | = —N(3/2)kgTc. Here E; | and E ; are
the total energies of the AFM and FM states, respectively. kg is
Boltzmann constant. N is the number of dopant atoms in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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supercell. The calculated Curie temperatures of the Cr-, Zr- and
Pd-doped monolayers are 10, 12 and 243 K, respectively. It's
worth noting that the Curie temperatures of Ga;_,Mn,As
layer,*® TM-doped MoS, and CrX; (X = Br, I) monolayers***® are
approximately 100 K or below. So we demonstrate that Pd-
doped B,S, monolayer show robust ferromagnetism that
surpasses the Ga; _,Mn,As, MoS, and CrX; (X = Br, I) layers. The
notable characteristics of Pd-doped B,S, system, including its
half-metallic ferromagnetic properties, relatively high Curie
temperature, and significant perpendicular magnetic anisot-
ropy, position it as a promising candidate for spin electronics
applications, such as advanced magnetic recording, magnetic
storage, high-efficiency magnetic sensors, and spin-emitting
diodes.

4. Conclusion

In summary, we study magnetic properties of monolayer B,S,
introduced by doping 3d- and 4d-TM atoms by means of first-
principles calculations. The calculation show the binding
energies of all 3d-TM doped B,S, systems are negative, sug-
gesting their thermodynamical stability, whereas a portion of
the 4d-TM doped systems (i.e., Nb, Mo, Pd, Ag, and Cd-doped
systems) exhibit positive binding energies. The formation
energies indicate that the inclusion of TM dopants is more
energetically favorable under S-rich conditions. More impor-
tantly, except for the monolayers doped with Cu, Tc and Ag
atoms, which do not exhibit magnetic properties, all other TM-
doped systems have been introduced with magnetism. Among
these magnetic systems, the Cr-, Ni- and Pd-doped monolayers
are magnetic half-metals, while the rest are magnetic semi-
conductors. Besides these, our analysis revealed a prevalent
occurrence of weak magnetic coupling in the majority of the
examined magnetic systems. The Cr-, Zr- and Pd-doped mono-
layers exhibit FM ground states. Our findings provide evidence
that substitutional doping at the B site offers a highly promising
strategy for inducing magnetism in monolayer B,S, based low-
dimensional spintronic devices.
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