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Doping with non-metal atoms may endow two-dimensional (2D) materials with feature-rich electronic and
magnetic properties to be applied in spintronic devices. In this work, the effects of IVA-group (C, Si, and Ge)
atom doping on the structural, electronic and magnetic properties of bismuthene monolayer are
investigated by means of first-principles calculations. Pristine monolayer is a direct gap semiconductor
with band gap of 0.56 eV, exhibiting Rashba splitting caused by spin—orbit coupling. Regardless doping
level, C and Si incorporation leads to the emergence of significant magnetism, which is generated mainly
by the dopants as demonstrated by the spin density illustration. Depending on the dopant nature and
concentration, either half-metallic or magnetic semiconductor characters can be induced by doping,
which are suitable to generate spin current in spintronic devices. Further study indicates an energetically
favorable antiferromagnetic coupling in the C- and Si-doped systems, suggesting the predominant Pauli

repulsion over Coulomb repulsion. Meanwhile, bismuthene monolayer is metallized by doping Ge atoms.
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Accepted 11th February 2023 agnetization occurs wi 5% and 5.56% of Ge atoms, meanwhile the non-magnetic nature is
preserved under lower doping level of 3.125%. Results presented herein may introduce C and Si doping

DOI: 10.1039/d2ra08278k as efficient approach to functionalize non-magnetic bismuthene monolayer, enriching the family of 2D
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. Introduction

Stimulated by the success of graphene and its derivatives,'
researchers have devoted great efforts in designing and devel-
oping new two-dimensional (2D) materials with novel
properties.*® Between them, bismuthene - 2D structure of
bismuth - has received particular attention, being synthesized
successfully in experiments. For example, a combined theoret-
ical and experimental investigation of bismuthene grown on
SiC(0001) substrate has been carried out by Reis et al.,” which
demonstrates a quantum spin Hall wide energy gap scenario.
Large-scale free-standing bismuthene has been prepared by
Yang et al® As-synthesized material shows high -catalytic
performance for the electroreduction reaction of CO,. Similarly,
bismuthene nanosheets prepared by Ma et al.® exhibit a rapid
kinetics for electrochemical reduction of CO, to formate, where
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d° magnetic materials for spintronic applications.

the catalysts preferentially promote fast reaction towards
HCOO¥*. High-quality few-layer bismuthene (FLB) with ultra-
large lateral dimensions, areas up to 30 um?, and a few nano-
meters of thickness has been successfully prepared by Torres
et al.* in good yield. High conductivity and excellent electrical
properties make FLB promising candidate for adenine dinu-
cleotide (NADH) sensing.

On the other hands, several research groups have realized
theoretical studies to get deep insights into fundamental
properties of bismuthene monolayer. Kecik et al.** have inves-
tigated the optoelectronic properties of antimonene, bismu-
thene monolayer and their compound. Results show the
indirect gap semiconductor nature of bismuthene monolayer
with an energy gap of 0.51 eV, consequently, it exhibits a strong
optical absorption in infrared region. Strain-dependent elec-
tronic and thermoelectric properties of bismuthene monolayer
has been studied by Radha et al' using density functional
theory (DFT) calculations combined with semiclassical Boltz-
mann transport theory. It is observed a semiconductor-to-
metallic behavior transition at tensile strain of 8% and
compressive strain of —6%. Sun et al.** have demonstrated that
the optical properties of bismuthene monolayer and bilayer in
mid-infrared regime may be significantly enhanced by properly
applying biaxial and vertical strains, as well as creating vacan-
cies. Because of its simplicity and effectiveness, doping has
been investigated to induce novel features in bismuthene
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monolayer. Qi et al.** have shown that 3d transition metal
doping may magnetize bismuthene single layer, where different
electronic behaviors as spin-polarized semiconductor (doped
with Cr), magnetic metal (doped with V), and half-metallic
(doped with Mn and Fe) are obtained. Bismuthene mono-
layers doped with 4d transition metals (Cr, Nb, Tc, and Ru) as
promising candidates for spintronic applications have been
introduced by Muhammad et al.*

Revising the literature, it has been found new approach to
develop new 2D materials for possible spintronic applications
by simply doping with non-metal atoms.'*'” In this work, the
effects of doping with IVA-group atoms (C, Si, and Ge) on the
bismuthene monolayer electronic and magnetic properties are
systematically investigated. These strategies are expected to
induce novel features in a non-magnetic bismuthene single
layer. Effects are analyzed through changes and modifications
of the local structure, band structure, projected density of
states, spin density and Bader charge analysis. The effects of
doping level are also examined by considering dopant concen-
tration of 12.5%, 5.56%, and 3.125%. Results demonstrate high
effectiveness of doping approach to functionalize bismuthene
monolayer for spintronic applications. In addition, the C- and
Si-co-doped induces the half-metallicity. Meanwhile [C and Ge]
and [Si and Ge] codoping preserves the non-magnetic nature of
bismuthene monolayer (see Fig. S1 and S2 of the ESI filet).

lI. Computational details

Density functional theory (DFT) method'® - implemented in
Vienna ab initio Simulation Package (VASP)'?*° - has been
employed to examine the effects of IVA-group atoms (C, Si, and
Ge) doping on bismuthene monolayer electronic and magnetic
properties. Perdew-Burke-Ernzerhof generalized gradient
approximation (GGA-PBE)*' is adopted to calculate the electron
exchange-correlation energies, while the electron-ion interac-
tions are described by projector-augmented wave (PAW) pseu-
dopotentials. The expansion of electronic states is realized with
an energy cutoff of 500 eV. First Brillouin zone is sampled with
a Monkhorst-Pack mesh® of 4 x 4 x 1. Energy and force
convergences are set to 10> eV and 0.01 eV A™*, respectively. A
vacuum space as large as 14 A guarantees the creation of
monolayer without interactions between consecutive slabs.

[1l. Results and discussion
A. Pristine bismuthene monolayer

Fig. 1 shows a 3 x 3 x 1 supercell of bismuthene monolayer.
The optimized structure can be fully described by following
parameters: (1) lattice parameter a of 4.33 (A); (2) buckling
height Ag;_g; of 1.73 (A); (3) interatomic angle Z BiBiBi of 90.70°;
and (4) chemical bond length dy;_g; of 3.05 (A). Fig. 2a shows the
band structure (BS) of bismuthene monolayer calculated along
I' — M — K — I high symmetry direction. BS profile indicates the
direct gap semiconductor nature considering both valence band
maximum and conduction band minimum at same I' point.
Our simulations yield a band gap of 0.56 eV. Since bismuth is
a heavy atom, the spin-orbit coupling (SOC) may play important
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Fig.1 A 3 x 3 x 1 supercell of bismuthene monolayer.

role in the bismuthene electronic properties. It can be noted the
Rashba-type splitting, where the valence band maximum shifts
from I" point to I'M and I'K directions decreasing slightly the
energy gap to 0.49 eV. Further insights into the BS formation are
achieved through projected density of states (PDOS) (see
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Fig.2 (a) Electronic band structure (PBE: black curve; PBE + SOC: red
curve) and (b) density of states of bismuthene monolayer.
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Table 1 Bond length dx_g; (A) and buckling height Ax_g; (A) between
dopants and their first neighbor, doping energy Eq (eV), Charge transfer
of dopant AQ (e; "+": charge losing; “—": charge gaining), and total
magnetic moment w; (ug) of the C-, Si-, and Ge-doped bismuthene
monolayer

dx-gi Ax-pi Eq AQ Mt

C-Doped

12.5% 2.29 0.58 4.19 —0.92 0.23
5.56% 2.28 0.55 4.02 —0.92 0.97
3.125% 2.28 0.56 3.94 —0.92 1.00
Si-Doped

12.5% 2.74 1.06 1.45 —0.12 0.99
5.56% 2.74 1.11 1.43 —-0.12 1.00
3.125% 2.73 1.11 1.42 —0.11 1.00
Ge-Doped

12.5% 2.81 1.10 0.95 —0.10 0.60
5.56% 2.87 1.59 1.01 —0.09 0.44
3.125% 2.90 1.79 0.96 —0.10 0.00

Fig. 2b). Note that Bi-6p orbital (p,, py, and p, states) is the main
contributor in the considered energy range from —3 to 3 eV. All
these results are in good agreement with previous calcula-
tions,* suggesting the reliability of the employed computa-
tional parameters. It is worth mentioning that in a buckled
structure, bismuthene may exhibit a mix of sp®> and sp’
hybridization, giving place to the formation of strong ¢ bonds
and weak 7 bonds, respectively. Consequently, chemical bonds
are predominantly covalent as a result of the strong electronic
hybridization, which is a characteristic of elemental 2D
materials.>***

To study the doping effects, different doping levels of 12.5%,
5.55%, and 3.125% are considered, which are created by
replacing one Bi atom by one IV-group atom in a 2 x 2 x 1
(Bi,C), 3 x 3 x 1 (Bij;C), and 4 x 4 x 1 (Biz;C) supercell,
respectively. The generation of different supercell sizes
conducts to a homogeneous distribution of impurities. The
doping energy Eq is calculated as follows:

Ey=E! — E? + ug — px (1)
I c- 'Si-[7 Ge-
. Sn- Pb-
[}
- B 3
4-l ~ o 4
S 3| !
2,
w® 2rf 3, % Yo ]
R S35 335
wll Nl [
| | {11
12.5% 5.56% 3.125%

Fig. 3 Doping energy of the C-, Si-, Ge-, Sn-, and Pb-doped bismu-
thene monolayer with different doping levels.
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where E! and E™ are total energy of the doped and pristine
system, respectively; up; and ux denote chemical potential of Bi
and X (X = C, Si, Ge, Sn, and Pb) atom, respectively. Results are
given in Table 1 and illustrated in Fig. 3. Note that this
parameter decreases according to increase the atomic number
of IVA-group atom, which may be derived from the atomic size.
Larger atomic radius of dopant, smaller will be difference in
atomic size (in comparison with host Bi atom).

As mentioned above, our main aim is to search for new 2D
magnetic materials. It is anticipated that Sn and Pb doping
induces non magnetism in the bismuthene monolayer (see
Fig. S3 and S4 of the ESI filet). Therefore, further analysis of
results is realized only for the cases of C, Si, and Ge doping.

B. C-Doped bismuthene monolayer

Herein, the C-doped bismuthene monolayer is considered.
Firstly, the structure is relaxed to find out the equilibrium state.
Due to the difference in atomic size, the substitutional incor-
poration of C atom causes a significant local distortion, which is
characterized by the structural parameters listed in Table 1.
Note that the interatomic distance between dopant and its
neighbor decreases significantly (about 25% from original value
of 3.05 A), suggesting a local tension. Moreover, a significant
reduction of the buckling height (about 66% to 68% from
original value of 1.73 A) indicates an inward movement of C
dopant. Undoubted that these results are derived from
a considerably smaller atomic size of C atom as compared to Bi
atom.

Fig. 4 shows the spin-polarized band structures (BSs) of the
C-doped systems. It can be noted the spin-asymmetry, mostly
around the Fermi level. The degree of spin asymmetry increases
according to decrease the doping level. BSs profile indicates the
metallic character of Bi;C monolayer since its electronic states
overlap with the Fermi level in both spin channels. Meanwhile,
feature-rich electronic natures are obtained in the Bi;;C and
Bi;;C monolayers, which are determined by new middle-gap
states. Specifically, the former exhibits half-metallic character
generated by a semiconductor spin-up state (with an indirect
band gap of 0.40 eV) and a metallic spin-down state. Unlikely,
the movement of spin-down new electronic state to conduction

Energy (eV)
°
.

Fig. 4 Electronic band structure (spin-up: black curve; spin-down:
red curve; the Fermi level is set to 0 eV) of the C-doped bismuthene
monolayer with doping level of (a) 12.5%, (b) 5.56%, and (c) 3.125%.
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Fig.5 Projected density of C dopant and its first (Bil) and second (Bi2)
Bi neighbor (the Fermi level is set to 0 eV) of the C-doped bismuthene
monolayer with doping level of 5.56%.

band leads to the emergence of the magnetic semiconductor in
latter system. This is a result of the spin-up indirect band gap of
0.55 eV and spin-down direct band gap of 0.26 eV, respectively.
Results may suggest the C doping as efficient approach to
functionalize bismuthene monolayer for spintronic applica-
tions, considering that half-metallic and magnetic semi-
conductor characters are expected in spintronic materials to
generate spin current.>*>* To further analyze the BS formation,
the orbital-decomposed density of states (DOS) of C dopant and
its first and second Bi neighbor are displayed in Fig. 5. It is
worth mentioning that there is no significant changes of elec-
tronic interactions in regions far away from the doping site,
therefore atomic DOS spectra are quite similar to those in

Fig. 6 Spin density (spin-up: yellow surface; iso-surface value: 0.001)
of (a—c) C-, (d—f) Si-, and (g and h) Ge-doped bismuthene monolayer
with doping level of 3.125% (first row), 5.56% (second row), and 12.5%
(third row).
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Fig. 7 Spin ordering in the C-doped bismuthene monolayer (spin-up:
yellow surface; spin-down: cyan surface; iso-surface value: 0.002).

pristine monolayer discussed above. From the figure, one can
see that Bi atoms keep their dominant role in forming the lower
part of valence band and upper part of conduction band.
Meanwhile the middle-gap electronic states are built mainly by
C-p, state in both spin configurations, which determines mainly
the ground-state properties of the doped systems. The appear-
ance of C-p, state to construct the upper part of valence band
may suggest a charge gaining from host monolayer. This feature
is demonstrated by the Bader charge analysis, which indicates
the charge transfer process of 0.92 e. Therefore, C-Bi chemical
bonds are predominantly ionic, in agreement with the insig-
nificant electronic hybridization observed in Fig. 5.

The spin-unbalanced band structures may give signal of
important magnetization of bismuthene monolayer induced by
C doping. According to our calculations, total magnetic
moments of 0.23, 0.97, and 1.00 (ug) are obtained with dopant
concentration of 12.5%, 5.56%, and 3.125%, respectively. The
increase of this parameter indicates that the magnetization
becomes stronger upon decreasing the doping level, consistent
with the degree of spin polarization observed in the band
structures. To get more insights, the spin density is illustrated
in Fig. 6a-c. Note that C atom originates mainly the magnetic
properties, where small contribution is also observed from its
first Bi atom. Recalling the DOS spectra, one can attribute the
emergence of magnetism to p, state.

Now, the spin coupling is determined by considering either
parallel (ferromagnetic - FM) ordering and antiparallel (anti-
ferromagnetic - AFM) ordering, which are illustrated in Fig. 7
with the calculated energy of magnetic phase transition. Note
that AFM state is energetically favorable with an energy of 2.90

Energy (eV)

Fig. 8 Electronic band structure (spin-up: black curve; spin-down:
red curve) of the C-doped bismuthene monolayer with (a) ferro-
magnetic and (b) antiferromagnetic ordering.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Electronic band structure (spin-up: black curve; spin-down:
red curve; the Fermi level is set to O eV) of the Si-doped bismuthene
monolayer with doping level of (a) 12.5%, (b) 5.56%, and (c) 3.125%.

meV smaller than FM state. The emergence of AFM state is
a result of the Pauli repulsion felt by C-p, electrons, where two
electrons can not occupy a same quantum state conducting to
an antiparallel spin ordering. The calculated BS of each
magnetic state are given in Fig. 8. The ferromagnetic half-
metallicity and antiferromagnetic semiconducting are ob-
tained. The first one is generated by semiconductor spin-up
state (indirect gap of 0.52 eV) and metallic spin-down state.
Meanwhile, a total magnetic moment of 0 up is reflected in the
spin-asymmetric BS of AFM state, where both spin configura-
tions exhibit indirect band gap of 0.24 eV.

C. Si-doped bismuthene monolayer

Similarly, structural local distortion is also caused by Si incor-
poration in Bi site. This is reflected in the chemical bond length
dsi-gi and buckling height Ag; g; as listed in Table 1, which
exhibit reduction of the order of about 10% and 36 + 38% from
their corresponding original values, respectively. Note that the
variations are smaller than previous cases of C doping, derived
from a larger atomic size of Si atom in comparison with C atom
(closer to that of Bi atom).
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Fig. 10 Projected density of Si dopant and its first Bi neighbor (the
Fermi level is set to O eV) of the Si-doped bismuthene monolayer with
doping level of 5.56%.
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Fig. 9 shows the spin-polarized band structures of the Si-
doped bismuthene in different supercell sizes. Independent of
the doping level, new energy branches appear in the spin-up
valence band and spin-down conduction band, giving place to
the spin-asymmetry at the vicinity of the Fermi level. Note that
these curves becomes flatter when increasing the supercell size,
indicating significant short-term dopant interactions. Accord-
ing to our simulations, indirect band gap of 0.38, 0.61, and
0.60 eV are obtained in the spin-up configuration of Bi,C, Bi;,C,
and Bi3;C monolayer, respectively. While the flat branches in
the lower part of conduction band decrease the spin-down
energy gap to 0.25, 0.29, and 0.42 eV, respectively. These
results indicate the magnetic semiconductor character of bis-
muthene monolayer induced by Si doping, which may be
utilized to generate spin current in spintronic devices by spin
filtering.”” In Fig. 10, the orbital-decomposed DOS spectra of Si
dopant and its first neighbor Bi atom are given. It is worth
mentioning that DOS spectra of second neighbor are not
considered herein due to their insignificant changes as
compared to those in bare monolayer. The host Bi atoms plays
a key role in the energy regions far away from the Fermi level,
meanwhile the presence of Si dopant is observed mainly around
the Fermi level. Specifically, the middle-gap flat energy
branches are formed mainly by Si-p, state, which exhibits also
the hybridization with the Bi-p, state. The hybridization leads to
a smaller charge gaining. The Bader charge analysis indicates
that a quantity of only 0.11 <+ 0.12 e is transferred from the host
monolayer to Si atom, which is quite smaller than those gained
by C atom. This may be due to the smaller electronegativity of Si
atom as compared to C atom (closer to that of Bi atom).

Fig. 11 Spin ordering in the Si-doped bismuthene monolayer (spin-
up: yellow surface; spin-down: cyan surface; iso-surface value: 0.002).
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Fig. 12 Electronic band structure (spin-up: black curve; spin-down:
red curve) of the Si-doped bismuthene monolayer with (a) ferro-
magnetic and (b) antiferromagnetic ordering.
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Fig. 13 Electronic band structure (spin-up: black curve; spin-down:
red curve; non spin-polarized: green curve; the Fermi level is set to

0 eV) of the Ge-doped bismuthene monolayer with doping level of (a)
12.5%, (b) 5.56%, and (c) 3.125%.

The profile of BSs and DOS spectra may suggest significant
magnetism, which is originated mainly by Si dopant and its
neighbor. Fig. 6d-f illustrate the spin density to prove this
expectation. It can be noted large spin-up charge accumulation
at doping site, smaller quantity is also observed at first
neighbor. The illustration indicates dominant role of Si dopant
on generating magnetic properties, while the -electronic
hybridization also endows small contribution to first Bi atoms.
In fact, total magnetic moments between 0.99 and 1.00 mug are
obtained. Undoubtedly, the ground-state electronic and
magnetic properties of Si-doped bismuthene monolayer are
regulated mainly by Si-p, state and Bi-p, state, which exhibits
a slight hybridization around the Fermi level.

Fig. 11 illustrates the FM and AFM ordering in Si-doped
bismuthene monolayer, where the latter is proven to be ener-
getically more favorable exhibiting an energy of 19.20 meV
smaller than the former. This result indicates that the Pauli
repulsion between Si-p, electrons is even stronger in the C-
doped system, which is predominant over Coulomb repulsion.
The calculated BSs indicate the ferromagnetic and antiferro-
magnetic semiconductor natures considering the semi-
conductor character in both spin configurations (see Fig. 12).
Specifically, band gap of 0.58 and 0.38 eV are obtained in the
spin-up and spin-down channels for FM states, while both spin
states possess energy gap of 0.50 eV for AFM state.

D. Ge-doped bismuthene monolayer

As given in Table 1, the chemical bond length dge_g; is smaller
than original dg;_p; caused by a smaller atomic size of Ge atom
as compared to Bi atom. Meanwhile, the structural wrinkle dge-
gi exhibits a dependence on the supercell size. At high doping
level, Ge dopant is relaxed moving inward, and the movement
becomes quite smaller according to decrease the dopant
concentration.

Calculated band structures of the Ge-doped bismuthene
monolayer are displayed in Fig. 13. Our simulations assert the
spin polarization at doping levels of 12.5% and 5.56%, mean-
while the spin channels are totally symmetric at lower dopant
composition of 3.125%. In all cases, significant overlapping of
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Fig. 14 Projected density of Ge dopant and its first Bi neighbor (the
Fermi levelis set to 0 eV) of the Ge-doped bismuthene monolayer with
doping level of 5.56%.

energy branches and the Fermi level indicates metallic char-
acter of the doped systems. It can be noted doping-induced new
energy flat curves, which are generated mainly by the Ge-p,
state, which hybridizes significantly with Bi-p, state (see
Fig. 14). As expected, Ge atom only exhibits important presence
at the vicinity of the Fermi level, while Bi atoms are the main
contributor to the valence band and conduction band. The
Bader charge analysis indicates the charge transfer of —0.09 +
—0.10 e from host monolayer to the dopant. Therefore, one can
conclude that Ge-Bi chemical bond is a mix of covalent char-
acter (generated by the electronic hybridization) and ionic
character (generated by the charge transfer process).

It is found that bismuthene monolayer is magnetized by Ge
doping at 12.5% and 5.56% with total magnetic moments of
0.60 and 0.44 ug, respectively. In these cases, the magnetism is
generated mainly by Ge dopant and first Bi atoms from the
doping site. This feature is also supported by the spin density
illustrated in Fig. 6g and h. At lower doping level, magnetic
properties disappear as a result of a stronger electronic
hybridization between the magnetizing agent electronic states,
that is Ge-p, and Bi-p, states.

IV. Conclusions

In summary, first-principles calculations have been performed
to investigate systematically the effects of IVA-group atoms
doping on the structural, electronic, and magnetic properties of
bismuthene monolayer. Pristine monolayer is a direct gap
semiconductor, whose band structure is build mainly by the sp?
hybridization. The incorporation of C, Si, and Ge incorporation
causes structural local distortion due to the difference in atomic
size of dopants and host Bi atoms. The effects decreases
according to increasing the atomic number of IVA-group atoms.
Consequently, doping process may require less energy as sug-
gested by the decrease of doping energy in this direction. C-Bi
chemical bond is predominantly ionic generated by the charge
transfer from host monolayer to C atom, while Si-Bi and Ge-Bi

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bonds exhibit both covalent and ionic characters. Unless the
case of doping with 3.125% of Ge atom, significant magneti-
zation takes place, where magnetic properties are generated
mainly by the outermost p, state of dopants and their Bi
neighbor. Calculations indicate that AFM state is energetically
more favorable, exhibiting energy of 2.90 and 19.20 meV lower
than FM state in the C- and Si-doped monoalyers, respectively.
The half-metallicity with semiconductor spin-up channel and
metallic spin-down channel is obtained by doping with 12.5%
of C atom, while a 3.125% composition leads to the formation
of magnetic semiconductor 2D material similar to the Si-doped
systems. In contrast, the metallization occurs in the remaining
cases. This work may pave a solid way to functionalize bismu-
thene monolayer, recommending new 2D d° materials with
suitable properties for spintronic applications.
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