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Tuning the electronic and magnetic properties of an-

timonene nanosheet via point defects and external
fields: A first-principles calculations
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Defects are inevitably present in materials, and their existence in a material strongly affects its
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fundamental physical properties. We have systematically investigated the effects of surface ad-
sorption, substitutional impurity, defect engineering, electric field and strain engineering on the

structural, electronic and magnetic properties of antimonene nanosheets, using spin-polarized
density functional calculations based on first-principles. The adsorption or substitution of atoms
can locally modify the atomic and electronic structures as well as induce a variety of electronic
behaviors including metal, half-metal, ferromagnetic metal, dilute magnetic semiconductor and
spin-glass semiconductor. Our calculations showed that the presence of typical defects (vacan-
cies and stone-wales defect) in antimonene affects the geometrical symmetry as well as the band
gap in the electronic band structure and induces magnetism to antimonene. Moreover, by apply-
ing external electric field and strain (uniaxial and biaxial), the electronic structure of antimonene
can be easily modified. The calculation results presented in this paper provide fundamental in-
sight into the tunable nature of the electronic properties of antimonene, supporting its promis for

use in future applications.

1 Introduction

Graphene 1l as a two-dimensional material (2DM) with crystal lat-
tice of carbon atoms, has recently attracted a substantial inter-
est. 2DM forms a large material family involving various kinds
of layered crystal structures with chemical elements, and these
materials show unique properties quite distinct from their 3D
bulk structures. Hexagonal boron-nitride and transition metal
dichalcogenides have been exploited from layered bulk materi-
als.24 Typical 2DM, include graphene®<, monolayers from group
IV elements involving silicene, germanene and stanenel%14, and
group-VA layered materials such as phosphorene. 218 Despite the
fact that 2DM hold great potential for a wide range of appli-
cations, it will be necessary to modulate their intrinsic proper-
ties before using them in real applications. Many approaches
have been developed to tune the electronic and magnetic prop-
erties of 2DM. Surface functionalization with adatoms and typi-
cal defects1Z"28 offers a robust approach to handle the electronic
properties of 2DM. Recently, arsenene and antimonene which
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have a 2D crystal honeycomb lattice similar to graphene, have
emerged as a family of 2DM from group-VA layered materials
which have potential applications in difference devices.22733 1n
particular, antimonene has been successfully synthesized by var-
ious strategies.213234? Moreover, difference of theoretical cal-
culations have been performed on first-principles studies of ar-
senene and antimonene, 3242

Several approaches have been developed to modify the elec-
tronic properties of arsenene and antimonene. These include
chemical modification of the physical and chemical properties
of arsenene and antimonene®3*7 which might have important
applications in optoelectronic and other low dimensional appli-
cations. Other methods involving surface functionalizing with
atoms and molecules#®®L substitution doping of atoms=222|
defects engineering2%"28, applying electric field and strain2-03|
and edge states®©> have been developed and these methods are
used to tune the properties of heterostructures. 062

In this paper, we used first-principles calculations based on den-
sity functional theory (DFT), to undertake an extensive analysis
of the effects of the adsorption and substitution of atoms, includ-
ing nonmetallic adatoms such as H, B, C, N, O, F, P, and Al; al-
kali metals (AM) (Li, Na, and K); alkaline earth metals (AEM)
(Be, Mg, and Ca); and 3d transition metals (TM) (Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn) atoms, on the structural, electronic, and
magnetic properties of antimonene. Following adatom adsorp-
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tion, the structural geometry of antimonene can either remain
the same of undergo a local lattice deformation. The adatom ad-
sorption or substitution of atoms may induce novel electronic and
magnetic behavior, including metallic, half-metallic, and dilute-
magnetic semiconductor, depending on the kinds of atoms. The
results of our calculations show, that the presence of topologi-
cal defects including vacancies and stone-wales, changes the geo-
metrical symmetry and modifies the electronic properties of anti-
monene. Defect engineering leads to the discovery of potentially
exotic properties, which makes the antimonene fertile for future
investigations and emerging technological applications with pre-
cisely tailored properties. In addition, we investigated the effects
of charging and strain with fully relativistic calculations. The re-
sults indicate that the electronic structure of antimonene is sensi-
tively dependent on the type and strength of strain. An indirect-
direct band gap transition can occur by applying the uniaxial or
biaxial strain in the tensile state, while a semiconductor-metal
transition can occur in the compression state. Generally, the pres-
ence of point defects including vacancy, impurity, and interstitial
atoms, in 2DM is an efficient approach and of fundamental impor-
tance because facilitating the tailoring of the resulting electronic
properties can be used to effectively modify the intrinsic charac-
teristics for subsequent use for a wide range of applications.

2 Computational Methodology

In this work, we carried out first-principle calculations, within
the Perdew-Burke-Ernzerhof variant of the generalized gradi-
ent approximation (PBE-GGA)ZY method in order to deal with
the exchange-correlation functionals with OpenMX code.Z1iZ2
We used norm-conserving pseudopotentials,” where the wave
functions are expanded in a linear combination of multiple
pseudo-atomic orbitals (LCPAOs) generated using a confinement
scheme.72 After the convergence tests in OpenMX, we chose the
energy cutoff of 300 Ry, such that the total-energies converge be-
low 1.0 meV/atom. All of the structures considered were fully
relaxed until the force convergence acting on each atom was less
than 1 meV/A. The charge transfer was calculated using Mul-
liken charge analysis.”# We calculated electronic structure using
different codes including Quantum Expresso”?, SIESTA,Z® and
ABINITZZ, The k-points for sampling over the Brillouin zone (BZ)
integration were generated using the Monkhorst-Pack scheme.”Z®
For a primitive cell of hexagonal antimonene, a k-mesh grid of
15 x 15 x 1 was used and scaled according to the size of the su-
percells for OpenMX and SIESTA codes, while the Brillouin zone
(BZ) was sampled by a k-mesh grid of 21 x 21 x 1 for Quantum
Expresso and ABINIT codes. The antimonene are modeled as a
supercell with a sufficiently large vacuum space of 20 A along the
z-direction in order to avoid interactions between adjacent lay-
ers in all of the codes. Simulated scanning tunneling microscopy
(STM) images were obtained using the Tersoff-Hamann theoryZ2,
as supplied with the OpenMX code, which obtainns images with
a bias of +2.0 V that were graphed using WSxM software. 80

3 Pristine Antimonene

The honeycomb atomic structure of antimonene, is buckled with
the space group of P, as shown in Fig.1 (a). The lattice con-
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stant of antimonene is determined to be 4.12 f\, while Sb-Sb bond
length, the buckling (height between two sublattices) and bond
angle are found to be 2.95, 1.75 A, and 88°, respectively. These
values are consistent with previous calculation results. 414255 The
difference and total charge densities are also shown in Fig. 1(a).
We can observe a high charge density around Sb atoms, which in-
dicates that the bonding between Sb-Sb is a covalent bond charac-
ter. From the STM image shown in Fig. 1(b), we can see that the
Sb atom in one sublattice is brighter than that in another sublat-
tice. The stability of antimonene is investigated by calculating the
phonon dispersion by Quantum Expresso code, and the obtained
dispersion curve is shown in Fig. 1(c). No imaginary vibrating
mode is seen, demonstrating their stability as free-standing anti-
monene, which is consistent with the results of a previous stud-
jies. 2440

The electronic structure with corresponding density of states
(DOS) of antimonene, is shown in Fig. S1 (see supplementary
information (SI)). Our results show that antimonene is an indi-
rect semiconductor with a 1.02 eV band gap, while the valence
band maximum (VBM) and conduction band minimum (CBM)
are located at I and M points in the Brillouin zone, respectively.
The band gap decreases to 0.76 eV when the spin-orbit coupling
(SOC) is added to the calculation. Our calculated band gap is
consistent with previously reported results.428l' Based on ob-
served the orbital resolved band structure, it is clear that the elec-
tronic state is mainly made up of s and p-orbitals (see Fig. 1(d)).
Three branches of bands are evident, and they are indicated by
different colors. The lower branch mainly consists of s-orbitals,
while the other two branches mainly consist of p-orbitals. We
can see from both the band structure and PDOS that the ranges
of all of these three energy bands shrink, indicating the weak-
ening of interactions between orbitals as the covalent bonds be-
come longer. Moreover, we calculated the DOS and band struc-
ture of antimonene with QUANTUM ESPRESSO in plane-wave,
ABINIT with plane-augmented-wave and SIESTA with numerical
atomic orbitals (NAO) basis set (see Fig. 1(e)). One can see,
that antimonene is an indirect semiconductor by using QUAN-
TUM ESPRESSO, ABINIT, and SIESTA calculations, and this ob-
servation is very similar to that of OpenMX. The intensity map
of the band structure is calculated by OpenMX and QUANTUM
ESPRESSO and is shown in Fig. 1(f).

4 Adsorption of adatom

In order to investigate the effects of adatom adsorption on an-
timonene, all of the considered adatoms are initially placed at
a height of ~ 2A from the surface of antimonene on four possi-
ble favorable adsorption sites, shown in Fig. 2(a). The possible
adsorption sites are as follows: (1) the top site (T-site), where
the adatom is on top of an Sb atom, (2) the bridge site (B-site),
where the adatom is above the center of the Sb-Sb bond, (3)
the hollow site (H-site), where the adatom is located above the
center of hexagonal Sb atoms, (4) the valley site (V-site), where
the adatom is placed on top of the low-buckled Sb atom. Here-
after, the adatom adsorbed on antimonene will label as Ad/ant.
After performing the full structure optimization, the energeti-
cally favorable adsorption site for the considered adatoms is de-
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Fig. 1 (a) Optimized structure of antimonene, with its hexagonal primitive unit cell, indicated by a red parallelogram. The brown dot is an Sb atom. The
total and different charge density are also shown in the same panel. (b) Simulated STM image. Inset structure represents antimonene repeating unit
cell. (c) Phonon dispersions of antimonene. (d) Orbital resolved band structure without/with SOC effect. (e) DOS and band structures of antimonene
as calculated with OpenMX, QUANTUM ESPRESSO, SIESTA and ABINIT codes. (f) Intensity map of electronic band structure calculated by OpenMX
and QUANTUM ESPRESSO. The zero of energy is set to the Fermi level (Er).

termined to have the lowest ground state energy configuration
among the four adsorption sites. The adsorption energy is defined
Eq = Eantimonene + Eaa — EAd/anl: where EAd/anl is the total energy
of the Ad/ant system, E pyimonene 18 the total energy of the pristine
antimonene, and E4, is the total energy of an isolated adatom
in vacuum. Variations in the structural and electronic parame-
ters including adsorption energy, bond length, height, band gap,
and magnetic moment for adatoms adsorption on antimonene,
are shown in Figs. 2(b-f)

Th optimized structures of Ad/ant (Ad= H, O, S, F, Cl, B, C,
Si, N, and P) at the stable site are shown in Fig. 3. For H, F,
Cl, and P adatoms, the T-site is a stable site, while the B, C, Si
and N adatoms are adsorbed at the V-site. The O and S adatoms
are located on the B-site (see Fig. 3). Upon the adsorption of
these adatoms, a local distortion in the structure of antimonene
can occur. In these stable sites, adatoms form covalent bonds
with the nearest Sb atoms, which leads to the Sb atom moving of
the antimonene plane. The adsorption energies of H, F, Cl, and
P adatoms are in the range of 1.6-3.3 eV. The dy_g;, is ~ 1.80-
2.78 A while dg,_g, is elongated ~ 2.98 A, as compared with
pristine antimonene. Following relaxation, the calculated heights
of the adatoms are about 2.92-3.72 A (see Figs. 2(a-c)). These
results are good consistent with those previously reported in the
literature.#74% The optimized structures of Ad/ant (Ad= Al, Li,
Na, K, Be, Mg, and Ca) are shown in Fig. 3. The Li, Na, K, Mg,
Ca, and Al are adsorbed at the stable V-site, while Be, is adsorbed

This journal is © The Royal Society of Chemistry [year]

at the stable B-site.

By contrast, in the H, O, S, F, C, Si, N, and P adatoms, which
cause strong distortions in the antimonene structure, the adsorp-
tion of Li, Na, K, Be, Mg, Ca, and Al adatoms to antimonene,
due to the weaker interaction between adatoms and antimonene,
does not yield any significant distortion. Accordingly, the cal-
culated adsorption energies of these adatoms adsorbed to anti-
monene at stable sites, range from 1.2-2.5 eV and have a larger
da_sp=2.32-3.53 A. The height of adatoms, calculated as the dif-
ference between the average coordinates of neighboring Sb atoms
and the adatom, is 1.02-4.08 A. In addition the adatoms do not
have an effect on the shifting of neighboring Sb atoms, and the
buckling in the plane is negligible (see Figs. 2(b-d)). Our re-
sults are consistent with those of previous reports. 4251 It is also
found that height increases from Li to K adatoms due to the in-
creasing atomic radius. Typically, the impurity adatom with a
relatively large effective decay radius, will lead to a small adsorp-
tion energy, because a larger effective decay radius indicates a
more intense localization of impurity states. We can see from the
adsorption energy and structural parameter, in the situation that
dy_gp is large (short), the E, tends to decrease (increase) and the
adatom shows physical (chemical) adsorption. In order to further
understand the bond character, the differential charge density is
shown in Fig. 3 in the same panel. Not that there is a charge
accumulation in the region between adatoms and neighboring Sb
atoms, which is the result of the strong covalent bond character

Journal Name, [year], [vol.], 1 |3


https://doi.org/10.1039/c9cp01378d

Published on 25 April 2019. Downloaded on 4/26/2019 2:49:09 AM.

Physical Chemistry Chemical Physics

(a)

View Article Online
DOI: 10.1039/C9CP01378D

mmT-SITE ~ mmmV-SITE
o-a oo o0
>a

o€ b

Hollow-CC(Hcc-site}

{ »

Bridge-site (b) s
S

IS

w

™

Energy adsorption (eV)

Adsorption Sites

Valley-site

°

~
N

(e)

2

Top-site
© Adatom I Lok
e d°°/°\ N\ 0,0 f | @suen 0 S0 SOV S LR PCF Ty TR LTI SO

205 ¢ ODOH SR VLELIEIPPY FOLSPEPLOD
Adatom Species

Adatom Species

(®):

w

IS

Height (A)

Energy Band Gap (V)
o

(S}

|

& Ad/Ant

Spin-up 5 Isolated Adatom
Spin-down X

= 4

=

g

3

g

Z

k=1

Qo

& »

= e 7o

= | . ; ;
T%T T of seee ¢ seeces

OB IOV D 2 VO EFEWY A GIEP DI *
Adatom Species

L%T I1

<

B O PPy F LGP ST
Adatom Species

FOB O V0SS IVDEFITY FE L TPES IO
Adatom Species

Fig. 2 (a) Schematic view of possible adatom adsorption sites on antimonene. Variations of structural parameters including (b) adsorption energy, (c)
bond length between adatom and its nearest atom d, _g, with the bond length between Sb-Sb atoms dg;,_g;, (d) height of adatom from the antimonene
plane. Variations of electronic parameters including (e) energy band gap of HOMO-LUMO and (f) magnetic moment for adatoms adsorption on

antimonene

in the formed d4_g,. From this, we can see that strong electron
depletion happens on the adatom while extremely local electron
gain occurs on the Sb atoms of hexagon, which demonstrates the
weakly covalent character of ds_g,. In addition, the transfer of
charge between adatoms and antimonene is 0.14 €V, and 0.21 eV
for Li and K, respectively.

Now, we explore the electronic and magnetic properties of
Ad/ant. The band structure and DOS of Ad/ant (Ad= H, O, S,
F, Cl, B, C, Si, N, P, Al, Li, Na, K, Be, Mg, and Ca adatoms), is
shown in Fig. 4. We can see that electronic structure of the pris-
tine antimonene is modified by the adsorption of these adatoms.
The energy bands around Er, mainly occur from the adatoms or-
bital states and shown as localized impurity states. For H/ant,
the system remains as a semiconductor with a direct band gap of
0.24 €V for the spin-up (1) channel, whereas the spin-down (J)
channel has the metallic state. Thus, the density of 1 and | spin
channels show spin polarization and becomes a half-metal. The
O and S/ant exhibit a semiconductor with 0.95 and 1.02 eV band
gaps, respectively, while in F, Cl and N/ant, the semiconducting
band gap of antimonene is eliminated and metallic behavior in
induced due to the impurity states around the Ep. These re-
sults are good consistent with those previously reported in the
literature.4742 Qur results show that B, C, and P/ant exhibit a
dilute-magnetic semiconductor with 1, 2 and 1 pup magnetic mo-
ments, respectively. This interesting character may have potential
for the design of new spintronic devices using antimonene-based
material. The Si/ant becomes a ferromagnetic-metal and has a

4| Journal Name, [year], [vol.],1

0.3 up magnetic moment (see Fig. 4 and Figs. 2(e,f)). We can
see that the adsorption of Be, Mg, and Ca adatoms preserves the
semiconducting behavior of antimonene, while Li, Na, K, and Al
modify the electronic state of antimonene. Meanwhile the Li en-
ergy bands split into 1 and | spin channels and exhibit a dilute-
magnetic semiconductor with 0.9 up magnetic moment in ground
state.

For Na and K/ant, impurity states appear around Er and ex-
hibit a metallic character. Following the adsorption of the Be, Mg,
and Ca, we can see a semiconducting behavior with a ~ 0.85 eV
band gap in electronic band (see Fig. 4 and Figs. 2(e,f)). The
Al/ant exhibits a spin-glass semiconductor, specially with a gap-
less 1 spin channel, while the | spin channel is semiconductor, and
the degeneracies of the 1 and | spin states are broken and induce
1 up to the structure. These results are consistent with previous
calculations.4?>1l Compared with pristine antimonene, the shape
of the DOS of Ad/ant is substantially changed due to the strong
disturbance of the s and p, ,-orbitals caused by the adatom.

Based on the DOS and PDOS shown in Fig. 5, we found that
the VBM of Ad/ant (Ad= H, O, S, B, C, Si, N, and P) can be
attributed to the hybridization of s and p,,, of adatoms and p, -
orbitals of the nearest Sb atoms. For F and Cl/ant, it is clear that
the interaction between adatom and antimonene may be deter-
mined by adatom p, y-orbital states rather than s and p, ,-states,
and metallic behavior comes from p, ,-orbitals. In O/ant, the
VBM main contribution comes from O-p,, and Sb-p,, orbitals
hybridization and O-p, orbital does not mix with surrounding Sb

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) Optimized structures for adsorption of H, O, S, F, Cl, B, C, Si, N, P, Al, Li, Na, K, Be, Mg and Ca adatoms on antimonene at stable sites. The
difference charge density indicated as same panel. The blue and yellow regions represent the charge accumulation and depletion, respectively.

states. While the CBM is formed by the hybridization of p, or-
bital of O adatom and Sb atom of antimonene. For the B/ant,
the VBM main contribution comes from B-p, with Sb-p, , orbitals
hybridization, whereas B-p, , and Sb-p, orbitals do not mix. The
CBM of both B and Sb is formed by the hybridization of p, -
orbital states. Based on PDOS shown in Fig. 6(b), the VBM and
CBM of Li, Na, K, and Mg/ant are attributed to the hybridization
of Sb-p., with the adatom-s orbital states around Er, whereas
adatom-p, , . does not mix with Sb orbital states. It can be seen
that that due to the charge transfer, Er is shifted for these sys-
tems. The present results show that the metallic characteristic
of Be, Ca, and Al/ant, are mainly originated from adatom-s and
Sb-p,, orbital states of antimonene.

The optimized structures of the 3d transition metal (TMs)
atoms adsorbed antimonene (TMs/ant) at stable sites are shown
in Fig. S2. The Sc, V, Cr, Co, Ni, and Zn adatoms bind to an-
timonene on stable H-site, while the Ti, Mn and Fe are located

This journal is © The Royal Society of Chemistry [year]

above one of the Sb atoms in the antimonene. In contrast to the
AM and AEM adatoms, the adsorption of TMs adatoms to an-
timonene, can result in relatively stronger interaction between
TMs and antimonene, as well as the adsorption energy range
of 1.3-3.6 eV. The d,_g;,, bond distance is in the range of 2.37-
2.88 A and the height of adatoms are relatively small, at about
1.05-2.90 A (see Figs. 2(b-d)). These results are with those that
have been previously reported in the literature. 4749 The elec-
tronic structures with corresponding DOS and PDOS of TM/ant
at stable sites, are shown in Figs. 6(a,b). Due to the fact that all
of the 3d-TM atoms have partially occupied 3d-orbital shells, we
found a variety of electronic properties. The Ti, Cr, and Zn/ant
exhibit a semiconductor with about 0.5-1 €V band gaps, while
the Sc, V, and Cu/ant, exhibit a dilute-magnetic semiconductor
with 0.8, 1.2, and 0.9 up magnetic moments, respectively. The
DOS and PDOS of TM/ant at stable sites, are shown in Fig. 6(b).
We can see that the states around Er mainly originate from the

Journal Name, [year], [vol.], 1 |5
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zero of energy is set to the Er.

hybridization of TM-dy/d,2,» and the Sb-p, , orbital states. For
Ti/ant, main contribution of the VBM comes from Ti-,» with Sb-
Px,y orbitals hybridization, while the CBM is originated from the
Ti-» orbital state. our result shows that, with the Mn and Co ad-
sorption, the system becomes a metal (see Figs. 6 (a,b)). The
metallic state originates from Co-dx, /dxzyz orbital states at the Ep,
while the metallic energy bands of the Mn/ant originates from
the Mn-dyy v, /dxzyz orbital states. For Fe/ant, the configuration
remains metal (direct semiconductor with 0.25 €V band gap) in
the electron 1 () spin channel, which results in it becoming a
half-metal. This suggests that the charge carriers around Er are
mobile, which is not only useful for conductive behavior but also

6| Journal Name, [year], [vol.],1

for magnetic coupling.

In order to analyze the magnetism, the difference spin densities
of Ad/ant (Ad= H, B, C, Si, P, Li, Al, Sc, V, Fe, and Cu), are shown
in Fig. 7. The difference spin density is calculated from the spin
density difference between the 1 and | spin channels. One can
conclude that the magnetism mainly originates from the these
adatoms and its Sb neighbors on the antimonene. The variation
of magnetic moment for Ad/ant systems, is shown in Fig. 2(f).

5 Topological defects

In this section, we consider vacancies and stone-wales defects in
antimonene. We removed one Sb atom from the structure to pro-

This journal is © The Royal Society of Chemistry [year]
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duce a single vacancy in antimonene (SV-ant). In order to create a
divacancy in the antimonene, we considered two different defect
types. For these defects, we removed two Sb atoms, which are
at the same sublattice labeled as DV1-ant and from different sub-
lattice labeled as DV2-ant. We rotate a single Sb+Sb bond in the
antimonene by 90°, resulting in a structure with a pair of seven-
membered and five-membered rings. The defective structures are
fully relaxed, then accurate total energies and band structures are
calculated.

The optimized structures with corresponding bond lengths
and bond angles for topological defects including vacancies and
StonedASWales on antimonene are shown in Figs. 8(a-d). The
Sb atoms around the vacancy in antimonene undergo a Jahn-
Teller distortion, 2 then Sb atoms which are near the vacancy site
move towards each other so as Sb-Sb bonds. Following optimiza-
tion, for reconstructed SV, two Sb atoms around the vacancy are
bonded together to build a pentagon and nonagon structure (the
5-9 configuration), so the Sb-Sb bond length changed to 2.954
A and the pentagon ring changed to 3.155 A By missing a pair
of adjacent Sb atoms, DV-ant is formed without dangling bonds.
Similar to the Sb atoms around the SV-ant, those for DV-ant un-
dergo a Jahn-Teller distortion, and Sb atoms near the vacancy
site move towards each other to form an Sb-Sb bond. In DV1-
ant, we have observed no deviation from the planar configura-

This journal is © The Royal Society of Chemistry [year]

tion upon structural relaxation, and it shows a non-reconstructed
structures, whereas DV2-ant shows a reconstructed structure and
two Sb atoms bonded together to build two pentagon structures
and one heptagon structure (the 5-8-5 configuration). The dis-
tance between bonds around of the DV1-ant and DV2-ant defects
are shown in Figs. 8(b,c). For the relaxed DV2-ant, we can see
that the bond lengths of Sb-Sb atoms is changed. As shown in
from Fig. 8(d), after the formation of the SW-ant defect, four
neighboring hexagons of antimonene are transformed into one
pentagon and two heptagon (the 55-77 configuration) and the
antimonene maintains its planar 2D structure. Through the 90
° rotation of a dimer, the Sb-Sb bond becomes stronger than it
is in antimonene and its length decreases from 2.95 to 2.90 A.
The difference charge densities of defected antimonene are pre-
sented in the same panels in Figs. 8(a-d). We can see, an obvious
charge accumulation in the region around the defects on anti-
monene, which is the result of a strong covalent bond character
in the formed Sb bond. These results are consistent with those
presented in previous studies.3#>21>7

The electronic structure, DOS and PDOS of defected anti-
monene are shown in Figs. 8(e-h). The SV-ant exhibits a
ferromagnetic-metal and has a 0.32 yp magnetic moment due to
the dangling bonds around the single vacancy. From the DOS
and PDOS shown in the same panel, we found that the state
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stable sites. The zero of energy is set to the Er.

at Er belongs to the Sb-p, , .-orbitals around the missing atom,
which confirms the metallic behavior of SV-ant and the fact that
the magnetism is derived from these orbitals. For DV1-ant and
DV2-ant, states appear around Er and it exhibits a semiconductor
with 0.76 and 0.72 €V band gaps, respectively. The VBM belongs
to the Sb-p,, orbital and the CBM belongs to the Sb-p, orbital
around the defect, which confirms the semiconducting behavior
of these structures (see Figs. 8(f,g)). Finally, the SW-ant becomes
a semiconductor with a 0.67 eV band gap located at the I" point.
Moreover, the band becomes flatter, indicating a strongly local-
ized charge around these defects. We can see that the VBM of
SW-ant originates from Sb-p, ,-orbital and CBM belongs to the
Sb-py y.-orbital around the defect. We simulated STM images of
the adsorption of H, P, B, and Ti adatoms and different defects on
antimonene (see Figs. S3(a-h)). We can see that the Sb atoms
appear as white spots, however, the regions around H, P, B, and
Ti adatoms and different defects correspond to the brighter spot.

8| Journal Name, [year], [vol.],1

6 Substitution of atom

In order to investigate atom substitution, we considered that O,
S, F, Cl, N ,P, As, Bi, Li, Na, K, Be, Mg, and Ca atoms are re-
placed with the Sb host atom of antimonene. Hereafter, the atom
substitued antimonene will be labeled as sub-ant. In Fig. S(4),
a side view of the optimized structures with corresponding bond
lengths between the substituted atom and its nearest Sb atom
are shown. Difference charge density is indicated in the same
panel. As shown in the figure, the bond lengths between the
Sb and substituted Be, O, N, P, and S atoms, are shorter than
the original Sb-Sb bond length because of the smaller radius and
stronger electronegativity. The Bi, Na, and K atoms have a larger
radius and weaker electronegativity and the bond lengths formed
around Sb atoms are relatively larger. Therefore, after the sub-
stitution of these atoms, the antimonene structures show local
deformation. These results are consistent with those presented
in previous reports.2#83 We calculated the electronic structure of
atoms-substituted antimonene, as shown in Fig. 9, while the in-
sets show top views of the optimized structures. Our calculations

This journal is © The Royal Society of Chemistry [year]
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The zero of energy is set to Er.

show that the O and S-ant exhibits a metallic character. Mean-
while, tt is easy to see that F and Cl-ant become semiconductors
with indirect band gaps of 0.80 eV and 0.60 eV, respectively. The
VBM and CBM of F and Cl-ant are located at the M point and
between the M-I" and M-K points directions, respectively. After

This journal is © The Royal Society of Chemistry [year]

the doping of group-VA atoms in the antimonene, all of the new
structures show the semiconducting property. The N-ant has a
0.75 eV direct band gap, while P, As, and Bi-ant exhibit an indirect
semiconductor with a ~ 1 eV band gap. In pristine antimonene,
each Sb atom forms covalent c4AN bonds wit the three nearest
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of optimized structures. The zero of energy is set to the Ef.

Sb atoms and leaves one lone pair of electrons, meaning that the
bonds of pristine antimonene are saturated. In the case of N-ant,
each N atom contributes three valence electrons to bond with the
three nearest Sb atoms. The valence electrons of N are equal to
the Sb atom, which retains the saturated bonds of sub-ant and ex-
hibits a semiconducting character. However, in the O and S-ant,
the saturated bonds of antimonene are missing. One non-bonding
electron is left, and the Ep crosses the defect band. The system
displays the metallic character. Thus, the VBMs of O and S-ant
are unfilled and the defect band is localized at the Ef, since these
antimonene form unsaturated metallic bonds. Notably, the VBM
is evidently unfilled which indicates a metallic character for Li,
Na, K, Be, Mg, and Ca-ant.

We found that, with the substitution of Ti, V, Mn, Fe and Co
atoms, the atomic structure of antimonene can be kept very well,
while other substitution, such as with Sc and Cr atoms, gives
rise to a noticeable local deformation in the antimonene. The
optimized structures for the TMs-antimonene, are shown in Fig.
10(a). For Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Zn-ant, the bond
lengths vary between 2.55 to 2.91 A. Our calculation results
are consistent with those presented by previous reports.8383l 1t
should be noted that the Sb-Sb bond length is 2.95 A, after the Ti,
V, Mn, Fe, and Co-ant, which is similar to the pristine antimonene
bond length. In addition, the lattice constants of TMs-ant are also
very close to the value of 16.84 A found in antimonene. Conse-
quently, we can conclude that, following the substitution of the
TM atoms, the geometry of antimonene can be well kept. The
electronic structure of the TMs-ant is shown in Fig. 10(b).

The substitution of TM atoms leads to some localized states in

10| Journal Name, [year], [vol.], 1

the fundamental band gap due to the variation in electron distor-
tion in the antimonene. The Sc, Cr, and Co-ant become semicon-
ductors, and Sc-ant has the indirect band gap of 0.86 eV while Cr
and Co-ant have direct band gaps of 0.65 eV and 0.57 €V, respec-
tively. For Ti-ant, the spin polarization is observed and induces
a 1 up magnetic moment. Both the 1 and | spin channels were
found to be semiconducting. Thus, the spin-polarized semicon-
ducting state can be realized in the Ti-ant system. The V-ant,
becomes a half-metal with a 2 up magnetic moment, and for this
structure, the band gap in the semiconducting spin channel is
0.98 eV, which indicates the robust stability of the half-metallic
property. The Mn and Fe-ant exhibit a ferromagnetic-metal and
induce magnetic moments of 2 and 2.6 ug, respectively to the
antimonene, while Ni-ant is a metal. For Cu and Zn-ant, the sit-
uation was quite different, as they represent a metallic character
and there is not any magnetism in their ground states. As a re-
sult, the electronic property of antimonene can be easily tuned.
Depending on the kinds of impure atoms, TMs-ant can be a half-
metal, spin-polarized semiconductor or metal. In order to further
elucidate the magnetic states of the doped systems, the difference
spin densities are plotted in Fig. 11(d). The blue and yellow re-
gions represent the 1 and | spin states, respectively. Clearly, in Ti,
V, Mn, Fe and Ni-ant the spin density is entirely localized at TM
impurity. The order of magnetic coupling in V, Mn, Fe-ant is anti-
ferromagnetic material. These magnetic properies may be useful
for the applications of spintronics and magnetic storage.

This journal is © The Royal Society of Chemistry [year]
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7 Strain engineering

Strain engineering is a robust method for tuning electronic prop-
erties and topological natures in 2DM, and thus it is interesting
to investigate these effects in antimonene nanosheet. Thus, we
investigate the effects of uniaxial/biaxial strains (in tensile and
compression states) on antimonene. While maintaining the crys-
tal symmetry, the tensile and compression strains are defined as
€= (a—ap)/ap x 100, where a (ag) is strained (non-strained) lat-
tice constants. Uniaxial strain is applied along zigzaging direc-
tions, while biaxial strain is applied along the a-b axis. The vari-
ations of bond length and lattice constant as functions of strain
are shown in Fig. 11(a). The band structures under the uniaxial
and biaxial strains are respectively shown in Figs. 11(b,c). We
can see that the energy band gap can be modified significantly
by strain, implying that the interatomic coupling can tune the
topological natures of antimonene These results are consistent
with those presented by previous studies.>23 For antimonene,
under 0 % < uniaxial < +4%, the band gap increases monoton-
ically, this situation is different from the SOC effect and we can
see that band gap decreases. For large uniaxial strain (> +4%)
with/without the SOC effect, an indirect-direct band gap transi-
tion occurs, Without SOC effect, we see that under 0 % < biaxial
< +8%, the band gap value increases and decreases. Meanwhile,
an indirect-direct band gap transition occurs at a moderate strain
level of >10%. Under uniaxial/biaxial strains from 0 to -8%, the

This journal is © The Royal Society of Chemistry [year]

CBM is continuously shift downward to the Er, while the VBM
increases reversibly, leading the band gap to decrease monoton-
ically in the cases both with and without SOC effect. For biax-
ial strain with -4 and -6%, the CBM shifted from M to K points.
However for the biaxial strain, where the critical value reaches up
to > —8%, we can see a semi-metallic state with zero density of
states at the Er and for large uniaxial/biaxial strains (> —8% ), a
metal-semiconductor transition occurs. The effect of SOC on the
electronic structure is found to be significant such the that degen-
eracies at the VBM are removed. The variations of the band gap
as functions of uniaxial and biaxial strains with and without spin
orbital coupling, are shown in Figs. 11(d,e).

8 Electric field

From the perspective of potential device applications, the abil-
ity to control topological electronic properties by controlling the
Fermi-level via electric field, charging is highly desirable. The
existence of buckling in the antimonene, leads to to a potential
difference between the two atomic sublattices, which turns out to
potentially intrinsically useful in modulating the electronic struc-
ture in terms of a perpendicular electric field.226> We present the
effect of the electric field on the H/ant. The electronic structure
of H/ant as a function of electric field is shown in Fig. 12(a), In
F = +0.1 and -0.1 V/A, the charge on the H decreases and in-
creases with changing F value, and the excess electronic charge
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Fig. 11 (a) Variations of bond length and lattice constant as functions of strain. (b,c) Electronic structure of antimonene with uniaxial and biaxial strains
with and without spin orbital coupling. (d,e) Energy band gap of antimonene as a function of (d) uniaxial and (e)biaxial strains. The zero of energy is

setto Er

on the H is transferred from nearby Sb atoms of antimonene and
enhances the electronic potential at the H atom. Our results show
that the magnetic moment of H/ant decreases to 0.75 up (+0.1
V/A), and increases to 0.85 ug (-0.1 V/A). In both cases, it retain
its half-metallic property. The band structure of antimonene as a
function of charging is shown in Fig. 12(b). As shown, we can
affect the Fermi level of the antimonene by charging the material.
For ¢ = 4+0.2 e, the Fermi level shifts in to the VB and creates
holes, while for q = -0.2 e, the Fermi level shifts in to the CB and
creates electrons.

9 Conclusion

In summary, based on the first-principles calculations, we inves-
tigate the structural, electronic and magnetic properties of ad-
sorbed and substituted antimonene with various atoms such as
H, O, S, ,F.,CL B, C, Si, N, P, AL, Li, Na, K, Be, Mg, Ca, Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, and Zn. Using these approaches, the
electronic structure of antimonene can be modified. Adsorption
and substitution may offer a variety of electronic behaviors in-
cluding semiconductor (O, S, Be, Mg, Ca, Ti, Cr, Ni, and Zn),
metal (F, Cl, N, Na, and K), half-metal (H and Fe), ferromagnetic-

12| Journal Name, [year], [vol.], 1

metal (Si, Li, and Mn), dilute magnetic semiconductor (B, C,
P, Sc, V, and Cu) and spin-glass semiconductor (Al). Upon the
topological defects including vacancies and stone-wales, the elec-
tronic property of antimonene is modified. For single vacancy,
localized, filled spin up states and empty spin-down states occur
in the fundamental band gap, and a 0.3 pp magnetic moment
is attained. Furthermore, we study the effects of electric field,
strain, and charging. We found that, applied uniaxial and biax-
ial strains appears to lead to the direct semiconducting-indirect
semiconducting-metallic transition of electronics structure with-
/without spin-orbital coupling calculations. Our calculations sug-
gest that the adsorption and substitution of atoms on antimonene,
provides viable electronic and magnetic properties which can be
useful in a variety of future applications such as, nanosensors,
nanoelectronics and nanomagnetics devices. Moreover, with the
existence of a tunable band gap and magnetism by electric field,
charging and strain in antimonene is highly desirable for its use
in nanoscale optoelectronic device applications.

This journal is © The Royal Society of Chemistry [year]
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Fig. 12 Electronic structure of (a) H adsorbed on antimonene as a function of electric field and (b) antimonene as a function of charging. The F>0 and
F<0 V/A denote the electric fields parallel and antiparallel to the z-axis, respectively. g>0 e and g<0 e correspond to the chargings where one electron
is removed from and added to the antimonene, respectively. The zero of energy is set to Er
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