
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/2
0/

20
24

 2
:2

7:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Effect of Stone–W
aCollege of Physics and Engineering, Hena

Luoyang 471023, People's Republic of Chin

Tel: +86 18567628290
bHenan Key Laboratory of Photoelectric En

Henan University of Science and Technolog

China

Cite this: RSC Adv., 2019, 9, 19048

Received 17th May 2019
Accepted 13th June 2019

DOI: 10.1039/c9ra03721g

rsc.li/rsc-advances

19048 | RSC Adv., 2019, 9, 19048–190
ales defects and transition-metal
dopants on arsenene: a DFT study

Jialin Li,a Qingxiao Zhou, *ab Weiwei Ju,a Qian Zhanga and Yanling Liua

The structural, electronic, andmagnetic properties of 3d transitionmetal (TM) atom (Sc, V, Cr, Mn, Co, and Cu)

doped Stone–Wales (SW) defect arsenene were systematically investigated by density functional theory (DFT).

The results indicated that the properties of arsenene were effectively changed by the SW-defect and TM-

doping. Furthermore, chemical bonds formed between the TM-dopants and the adjacent As atoms of the

SW-defect. The dopants Sc, Mn, and Cu induced an indirect-to-direct bandgap transition, and the doping

of V, Cr, and Mn in SW-defect arsenene exhibited magnetic states. The magnetic moments of the systems

depended on the number of spin-localized valence electrons. The functionalized electronic and magnetic

properties of arsenene highlight the applications for electronics, optoelectronics, and spintronics.
1. Introduction

Two-dimensional (2D) materials with atomic thickness have
witnessed a surge in research interest since graphene was
fabricated by Geim et al.1–6 Among these, new group-VA 2D
semiconducting materials, such phosphorene, arsenene, and
antimonene, have attracted a great deal of attention because of
their ultrathin nature and rather unique properties.7–15 Based on
density functional theory (DFT) calculations it has been found
that arsenic can form a single-layer structure, named arsen-
ene.16,17 Recent investigations show that arsenene has an indi-
rect band gap and extra high carrier mobility, which has
potential in blue LED and photodetector applications.18 In
experiments, the multilayer arsenene on InAs substrates has
been successfully synthesized.19 In addition, defects are difficult
to avoid during the preparation of 2D nanomaterials, which can
also induce dramatic changes in the physical and chemical
properties of materials. Furthermore, defects are formed by
exposing materials to high energy irradiation of laser or elec-
trons. Some typical point defects, such as adatoms, Stone–
Wales (SW) defect and vacancies have been observed and
investigated in 2D materials.20–26 Therefore, exploring the
inuence of defects on arsenene is meaningful for further
potential applications of the arsenene material.

The arsenene is nonmagnetic, so the modifying of magne-
tism in arsenene is an interesting question. As we known,
introducing of transition metal (TM) atoms in 2D materials has
been demonstrated to be the most conventional and effective
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method to modify the magnetism.27–35 Furthermore, TM-doped
2Dmaterials have been synthesized by pulsed laser deposition36

and electron beam irradiation.37–40 Some theoretical investiga-
tions have revealed that a magnetic state can be achieved by TM-
doping. For instance, Zhou et al.15 investigated the inuence of
Co-doping arsenene, and the results indicated that magnetism
of arsenene is tunable by the Co-doping and strain. Meanwhile,
some theoretical studies explored the substitution of 3d-TM
dopants in arsenene, which induced interesting magnetic and
electronic behaviors.10,11,41 However, to the best of our knowl-
edge, few investigations explored the effect of the coexistence of
TM-doping and defects on arsenene.

In this paper, we aimed to clearly identify the inuence of
Stone–Wales defect and TM-doping (Sc, V, Cr, Co, and Cu) on the
structural, electronic, and magnetic properties of arsenene. Also,
we found that dopants of Sc, Mn and Cu tuned indirect band gap
of arsenene to be direct. The results indicated that TM-doped
arsenene had potential applications for spintronic devices.
2. Calculation details and models

Our results were obtained from rst-principles plane-wave
calculations based on density functional theory (DFT), as
implemented in the Vienna Ab initio Simulation Package
(VASP).42–44 The exchange-correlation potential was approximated
by generalized gradient approximation (GGA) using Perdew–
Burke–Ernzerhof (PBE) parameterization,45 and the Projector-
Augmented Wave (PAW) pseudopotentials were used.46 A plane-
wave basis set with the kinetic energy cutoff is 500 eV. The D3-
Grimme correction (DFT-D3)47 has been set to account for Lon-
don dispersion corrections. The convergence criterion between
two consecutive steps was set as 10�6 eV and a maximum force of
0.001 eV Å�1 was allowed on each atom. The Brillouin zone had
been sampled by 10 � 10 � 1 grid meshes in k-space by using
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The top view of the optimized geometric structures of (a) pristine arsenene and (b) Stone–Wales defect arsenene. The phonon band
structure of (c) pristine arsenene and (d) Stone–Wales defect arsenene.
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Monkhorst–Pack scheme for 5 � 5 � 1 arsenene cells. Mean-
while, a vacuum space of 20 Å was introduced along the out-of-
plane direction to avoid the interactions between the neigh-
boring layers. To investigate the stability of Stone–Wales (SW)
Fig. 2 Band structures of (a) pristine arsenene and (b) Stone–Wales def

This journal is © The Royal Society of Chemistry 2019
defect arsenene with dopants, the formation energy (Ef) for the
doped structures, as follows:

Ef ¼ Edoped SW-As � ESW-As � (mTM � mAs)
ect arsenene.
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Table 1 Summary of results for transition-metal atoms doped SW-
defect arsenene. The properties listed are the bond lengths of the TM-
adatom to the adjacent As atoms of arsenene (d1, d2, and d3), the
formations energy (Ef), and the charge transfer of TM-adatom (Q)

Adatom d1 (Å) d2 (Å) d3 (Å) Ef (eV) Q (e)

Sc 2.72 2.62 2.70 �2.93 0.51
V 2.61 2.35 2.44 �3.55 0.89
Cr 2.53 2.44 2.51 �4.51 0.73
Mn 2.53 2.43 2.53 �5.14 0.72
Co 2.32 2.23 2.30 �1.52 0.10
Cu 2.45 2.35 2.45 �0.65 0.17
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where Edoped SW-As represents the total energies of the doped
SW-defect arsenene, and ESW-As is the total energy of SW-defect
arsenene. Also, mTM (TM¼ Sc, V, Cr, Mn, Co, and Cu) and mAs are
the chemical potentials.
3. Results and discussion
3.1 Pristine arsenene and vacancy-defect arsenene

For the sake of comparison, we rst performed the properties of
perfect arsenene (P–As). The optimized atomic structure was
showed in Fig. 1a. In our results, a buckle of 1.358 Å with the As–
As bond length of 2.562 Å were obtained, which were well
consistent with previous calculated data,10,15,37 indicating that our
explored method was reliable. By rotating two adjacent As atoms
for 90� in P–As, we obtained a SW-defect in arsenene and the SW-
defect arsenene (SW-As) structure was also performed in Fig. 1b.
Moreover, in order to examine the thermodynamic stability, we
calculated the phonon vibration frequency of the As and SW-As
structures, as shown in Fig. 1c and d. It can be seen that no
Fig. 3 The optimized doped structures of (a) Sc/SW-As, (b) V/SW-As, (c

19050 | RSC Adv., 2019, 9, 19048–19056
imaginary phonon mode exists, indicating the dynamic stability
of the two structures. To investigate the stability of SW-defect, we
also calculated the formation energy of the defect, which was
1.65 eV and in agreement with previous studies.9,48 The electronic
band structures were shown in Fig. 2. Form Fig. 2a it is obviously
seen that P–As is indirect band gap semiconductor with a band
gap of 1.30 eV. The valence band maximum (VBM) located at G-
point, while the conduction band minimum (CBM) located at G–
M direction. Interestingly, the presence of SW-defect increases
the band gap in some sort, which is 1.41 eV and still is indirect
band gap. The result may be caused by a small supercell and
periodicity. But, additionally we note that, the VBM appears at G
point, and the CBM appears at K point in SW-As structure.

3.2 SW-defect arsenene with 3d-TM dopants

In this part, we consider the doping of 3d-TM atoms in SW-As
structures. To explore the most stable doping systems, as labeled
in Fig. 2b, we calculated ve doping sites. The results indicate that
the As5-site exhibits the lowest energy and then we substituted
a 3d-TM atom into for As5 atom. The corresponding relaxed
structures are shown in Fig. 3. It is found that all dopants formed
covalent bondwith three adjacent As atoms andwe listed the bond
lengths of As (1–3)-dopant (Fig. 3a) in Table 1. As summarized in
Table 1, the bond lengths generally range from 2.23 Å to 2.72 Å. To
investigate the stability of the SW-As with dopants, the formation
energies (Ef) for all systems were also listed in Table 1. The most
stability of the doped systems belongs to the most negative Ef
value. As we can see, the Mn-dopant exhibit the largest formation
energy with the value of �5.14 eV, while the smallest formation
energy of �0.65 eV belong to Zn-dopant. Moreover, we analyzed
the charge transfer of TM-dopants based on Bader charge pop-
ulation analysis.49 The results indicate that the charge transfer
) Cr/SW-As, (d) Mn/SW-As, (e) Co/SW-As, (f) Cu/SW-As.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Band structures of (a) Sc/SW-As, (b) V/SW-As, (c) Cr/SW-As, (d) Mn/SW-As, (e) Co/SW-As, (f) Cu/SW-As.

Table 2 The properties listed are the spin-up band gap (Eup-g), the
spin-down band gap (Edown-g), the band gap (Eg), the magnetic
moments of TM-adatoms (MTM), and the total magnetic moments of
the adsorption systems (Mtotal)

Adatom Eup-g (eV) Edown-g (eV) Eg (eV) MTM (mB) Mtotal (mB)
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from TM-dopant to the As atoms, which implies that the SW-As
system exhibited n-type feature. For example, in the structure of
V/SW-As, the V lose charge of 0.89e and the adjacent As atoms (As1,
As2, and As3) accept 0.32e, 0.24e, and 0.35e, respectively. The large
charge transfer and small bond length suggested that chemical
bonds formed between the TM-dopant and As atoms.
Sc 0.96 0.96 0.96 0.0 0.0
V 0.46 0.93 0.46 2.2 2.0
Cr 1.11 1.10 1.02 3.4 3.0
Mn 0.63 0.89 0.63 3.7 4.0
Co 0.30 0.36 0.26 0.1 0.0
Cu 0.47 0.47 0.47 0.0 0.0
3.3 Electronic and magnetic properties

To get a better understanding of the inuence of 3d-TM dopants
on the electronic and magnetic properties of SW-defect arsenene,
This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 19048–19056 | 19051
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Fig. 5 The band structures with SOC of (a) Sc/SW-As, (b) V/SW-As, (c) Cr/SW-As, (d) Mn/SW-As, (e) Co/SW-As, (f) Cu/SW-As.
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we performed the band structures of doped systems in Fig. 4. The
spin-up channels (majority) and spin-down channels (minority)
were listed separately. As we can see form the Fig. 4, the spin-up
19052 | RSC Adv., 2019, 9, 19048–19056
and spin-down bands are completely symmetric in Sc- and Cu-
doped SW-As systems, which indicate the two systems were
nonmagnetic. However, the both bands of the V-, Cr-, Mn-, and Co-
This journal is © The Royal Society of Chemistry 2019
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doped systems are obviously asymmetric, which implies that the
introducing of dopants changed the nonmagnetic state of SW-As.
The magnetic properties depend on the different type of 3d-TM
dopants. In order to analyze the electronic properties systemi-
cally, we summarized the results of band gaps and magnetic
moments in Table 2. The band gaps of doped systems vary from
0.26 eV to 1.02 eV, which are semiconductors. It is found that the
appearance of dopants decreased band gaps of SW-defect arsen-
ene. Furthermore, the dopants of Sc, Mn, and Cu change the
indirect band gap of SW-As structure into direct band gap. The
valence band maximum and conduction band minimum both lie
at G-point, while the other three systems still maintain indirect
band gaps. Moreover, to examine the inuence of SOC on splitting
of the electronic bands of doped systems, we calculated the band
structures with SOC and performed in Fig. 5. It can be found that
the splitting of electronic bands is not obvious, and the shapes of
band structures of the doped systems with and without SOC are
similar, which is agreement with previous report.32

Furthermore, to deeply understand the effect of SW-defect
and TM-dopant on the electronic properties, we calculated the
HOMO (the highest occupied molecular orbital) and LUMO (the
lowest occupied molecular orbital) levels of all structures, as
shown in Fig. 6(a). Except for the V- and Cr-doped systems, the
results of other systems indicate the presence of SW-defect and
dopants decreases the LUMO level, while the HOMO level almost
maintains the level of P–As. Therefore, it decreases the gaps of
arsenene substrate. Moreover, we also calculated the effective
mass of all systems25,29 and the results was performed in Fig. 6(b).
For the doped systems, the dopant transfer charge to the As
substrate, and then they are n-type semiconductor. It can be
found that the effective mass of electrons in P–As and SW-As
structures are 0.010m0 and 0.021m0. Aer the introducing of
TM-dopants, the effective mass varied from 0.025m0 to 0.246m0,
Except for the Cr- (0.180m0) and Co-doped (0.246m0) systems, the
other structures still maintain high carrier mobility.

Previous studies indicated that the dopants of 3d-TM could
enrich the magnetic properties of 2D materials, because of the
isolated 3d-TM atoms exhibited various and obvious magnetic
Fig. 6 (a) HOMO and LUMO levels of the all structures, and the Ferm
structures.

This journal is © The Royal Society of Chemistry 2019
states. We also listed the magnetic moments of TM-dopants and
the totalmagneticmoments of doped systems in Table 2. As shown
in Table 2, the doping of V, Cr, and Mn change the nonmagnetic
state of SW-defect arsenene to be magnetic, where the total
magnetic moments (Mtotal) of systems depend on the types of
dopants. The Mtotal of structures of V/SW-As, Cr/SW-As, and Mn/
SW-As are 2.0 mB, 3.0 mB, and 4.0 mB, respectively. However, the
Sc-, Co-, and Cu-doped SW-As systems are still nonmagnetic.

In order to deeply understand the contribution of different
orbitals to the electronic and magnetic properties of doped
systems, partial densities of states (PDOS) of TM-dopants and
the adjacent As atoms (As1–As3) were carried out and shown in
Fig. 7. From Fig. 7, we nd that the spin-up and spin-down
PDOS of Sc- and Cu-doped SW-defect arsenene are symmetric,
which indicates nonmagnetic states and are agreement with the
results listed in Table 2. In the system of V/SW-As, the magnetic
properties are mainly contributed by dz2 orbital of V atom and pz
orbital of As atoms near the Fermi level, which also exhibits
a strong hybridization at about �0.50 eV. For the system of Cr-
doped system, the spin-up channels of dxy, dx2–y2, and dz2
orbitals of Cr-dopant and pz orbital of As atoms dominated the
magnetic property of Cr/SW-As. As for the system of Mn/SW-As,
the magnetic state is resulted from asymmetric PDOS of Mn-dz2
orbital below the Fermi level and As-p orbital above the Fermi
level. Meanwhile, as shown in Fig. 7, there is strong hybridiza-
tion between the d-orbital of TM-dopants and p-orbital of As
atoms, indicating that chemical bonds formed between the TM-
atoms and adjacent As atoms.

Finally, to further investigate the magnetic moment distri-
bution of doped SW-defect arsenene, we drew spin density of
magnetic systems in Fig. 8. It is found that spin-up density was
obviously localized at TM-dopants (V, Cr, and Mn), while the
spin-down density are contributed by adjacent As atoms around
the SW-defect. Furthermore, the spectral shapes of spin density
are similar, which originates from the similar distribution of
spin-polarized valence electrons. Based on the analysis of
magnetic properties, it is worth to expect assess these localized
moments in experiments.
i level is set to be zero. (b) The effective mass of the carrier as of all

RSC Adv., 2019, 9, 19048–19056 | 19053
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Fig. 7 The PDOS of the 3d-TM dopants and the As atoms (As1–As3) around the dopants: (a) Sc/SW-As, (b) V/SW-As, (c) Cr/SW-As, (d) Mn/SW-As,
(e) Co/SW-As, (f) Cu/SW-As.

19054 | RSC Adv., 2019, 9, 19048–19056 This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Top view of calculated spin density of TM-adatoms doped SW-defect arsenene: (a) V/SW-As, (b) Cr/SW-As, and (c) Mn/SW-As. The
isosurface value are set to be 0.002 e Å�1.
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4. Conclusions

In conclusion, we predicted the inuence of Stone–Wales defect and
3d-TM dopants (Sc, V, Cr, Mn, Co, and Cu) on the electronic and
magnetic properties based on DFT calculations. The introducing of
SW-defect enlarged the indirect band gap of arsenene, while SW-As
system still exhibited semiconductor. Aer doping TM-atoms,
nonmagnetic semiconductor nature of SW-As became narrow gap
semiconductor character and showed differentmagnetic states. The
total magnetic moments of three systems (V/SW-As, Cr/SW-As, and
Mn/SW-As) increased depending on the increasing numbers of
spin-localized valence electrons of TM-dopants. Briey, we believe
that ctionalization of arsenene through SW-defect and 3d-TM
atoms is relevant for the application of arsenene.
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