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A B S T R A C T

Defects are inevitably present in materials, and their existence strongly affects the fundamental physical
properties of 2D materials. Here, we performed first-principles calculations to study the structural and
electronic properties of antimonene with Stone–Wales defects, highlighting the differences in the structure and
electronic properties. Our calculations show that the presence of a SW defect in antimonene changes the
geometrical symmetry. And the band gap decreases in electronic band structure with the decrease of the SW
defect concentration. The formation energy and cohesive energy of a SW defect in antimonene are studied,
showing the possibility of its existence and its good stability, respectively. The difference charge density near the
SW defect is explored, by which the structural deformations of antimonene are explained. At last, we calculated
the STM images for the SW defective antimonene to provide more information and characters for possible
experimental observation. These results may provide meaningful references to the development and design of
novel nanodevices based on new 2D materials.

1. Introduction

Two-dimensional materials (2D), such as grapheme, silicene,
hexagonal boron nitride, molybdenum disulfide, phosphorene and
germanene et al., have received increasing attention recently owing
to their unique properties and promising applications [1–16].
Recently, two new ultrathin 2D semiconductor materials in group-V,
namely, arsenene and antimonene, have been firstly estimated to be
stably exists, which may also promote the development of 2D semi-
conductor-based optoelectronic devices, such as blue and UV light-
emitting diodes and photodetectors. Arsenene and antimonene, as a
new 2D materials, have received great attentions [17].

Defects are often inevitable in the fabrication and processing of the
monolayer materials, such as vacancies, adatoms, and topological
defects, which may impact significantly the electronic and chemical
properties of nanomaterials [1–11]. Stone–Wales (SW) defect [18] is a
well-known example, which is comprised of two pairs of five-mem-
bered and seven-membered rings formed by rotating one bond of the
traditional six-membered ring by 90°. SW-defects have been exten-
sively studied in graphene [19–23]. It has been experimentally formed
by isolating graphene on a silicon wafer through mechanical cleavage

and is observed in situ [24]. These defects have been known to alter
mechanical as well as electronic properties, thereby finding possible
attractive applications in the semiconductor industry. The effect of SW
defects on the electronic and mechanical properties of carbon nano-
tubes (CNTs), BN nanotubes (BNNTs), and GNRs has drawn consider-
able attention [25–38]. It's shown that the SW defects play an
important role in the structural, electronic and chemical properties of
various kinds of 2D nanomaterials. To the best of our knowledge,
however, there are still no investigations on the structural and
electronic properties of antimonene with SW defects.

In the present work, we study the geometrical structures and
electronic property of the SW defects in antimonene sheet using the
density functional theory calculations. We find that the SW defect
significantly influences the structural and electronic properties of
antimonene, and that the content of SW defect plays an important
role. A ripple in antimonene sheet is created when the SW defect is
introduced, and all the optimized structures of antimonene containing
a SW defect possess center symmetry. The formation energy and
cohesive energy of a SW defect in antimonene are calculated and
compared with that of the SW defect in silicene, indicating excellent
stability. It is found that the SW defected antimonene becomes direct
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band gap semiconductor. To further understand the variations of
geometrical structure and electronic property, we calculated the
difference charge density and STM images of antimonene with a SW
defect. Our researches may provide valuable insights into the identi-
fication of SW defect in further experiments and the understanding
their effects on the properties and applications of antimonene.

2. Computational methods

All of our calculations, including geometry relaxation and energy
calculations were performed using the Cambridge Sequential Total
Energy Package (CASTEP) with a norm-conserving pseudo-potential
[39]. The exchange- correlation functional is treated using a general-
ized gradient approximation (GGA) according to Perdew–Wang ex-
change-correlation functional (PW91) [40]. The periodic boundary
condition is used to simulate infinite antimonene sheets with and
without SW defect. A sufficiently large 20 Å vacuum region is used to
separate the 2D structures to rule out any interaction among the
neighboring layers along z-axis. The structure is optimized by means of
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) method [41]. The basis
set of valence electronic states is set to be 5s25p3 for Sb. All of the
structure models were fully relaxed until the forces were smaller than
0.01 eV Å−1. The self-consistent convergence is set at 5×10−6 eV per
atom. The plane wave basis set with a cutoff energy of 330 eV is
adopted. As for the Brillouin-zone sampling, we use the Monkhorst-
Pack mesh with 7×7×1 k-points [42]. To simulate different SW defect
concentrations (i.e.,6.25–1.39%), the supercell size was varied from
3×3 to 6×6 with one SW defect in the supercell. With increasing
supercell size, the concentration effectively decreases. Brillouin zone
integrations were carried out over a 7×7×1 mesh of k points for a
6×6×1 supercell. In order to minimize the interactions between the
neighboring SW defects, for the calculation of electronic properties, we
employed a large supercell derived from a 6×6 supercell of antimonene.

3. Results and discussion

3.1. Geometric properties of SW-defected antimonene

Various defects always exist in crystals, so it's very necessary to
understand their effects on the structural and electronic characteristics
of materials. SW defect is one of the most common defects that have
been observed in low-dimensional materials. Therefore, it may exist in
the antimonene nanosheet. The fully relaxed antimonene supercell
with a SW defect is shown in Fig. 1. As can be seen from Fig. 1, the
antimonene with SW-defect maintains its buckled two-dimensional
structure with obvious local out-of-plane displacements of the Sb
atoms near the SW defect. After the creation of the SW defect, the
Sb–Sb bond between the dimmer becomes stronger and its length
changes from 2.76 to 2.70 A°, the Sb–Sb bond near the dimmer
becomes weaker than in defect-free antimonene and their lengths
increase from 2.7 to about 2.8 A° (see Table S1 in the supporting
materials). The lattice constant increases from 22.12 to 23.64 A° for
the 6×6×1 supercell. The Sb atoms favor buckled configuration in bare
antimonene, and a ripple perpendicular to the sheet along the direction
from Sb-5 to Sb-11 is created when the SW defect is introduced. It's
found that the optimized structure of antimonene containing a SW
defect in Fig. 1 retains a particular symmetry. The Sb atoms labeled “0”
and “3” in the SW defect are at the equivalent positions relative to the
center of the SW defect, which is at the middle point between the two
Sb atoms labeled “1” and “2”. Because of the center symmetry of the
optimized structure, there are many other Sb atoms at equivalent
positions, such as the Sb atom pairs labeled “4” and “10″, “5” and “11″,
“6” and “12″, “7” and “13″ etc. This geometrical property is obviously
different from those of the SW defective sillicene and graphene. The
structural and electronic properties for bare antimonene and SW-
defected antimonene with different SW defect content are given in

Table 1. The calculated structural parameters (a, dSb Sb− and α) in
Table 1 all change monotonously with the SW defect content, indicat-
ing that the larger supercell case is more close to the pure antimonene.
Hence, in the following study, the 6 × 6 × 1 supercell of antimonene
sheet with a single SW defect is taken as a typical example.

3.2. Formation and stability of Stone–Wales defect in antimonene

It is well known that SW defect may be formed during the growth
process or under irradiation. Now we investigate the formation energy
and stability of SW defects in antimonene. Compared to graphene and
silicene, the interatomic distance in antimonene is larger [22]. Perfect
antimonene has buckled hexagonal lattice structure, so the SW defect is
easy to be introduced. The formation energy of a SW defect in
antimonene is given by E E E= −f Ant

SW
Ant, where EAnt

SW and EAnt are the
total energies of antimonene with a SW defect and defect-free
antimonene, respectively. According to this formula, the formation
energy of a SW defect in a 6×6×1 antimonene supercell is calculated to
be 1.36 eV, which is even lower than that of a SW defect in silicene
(E =f 1.64 eV). Additionally, the stability of antimonene with SW
defect can also be predicted via its cohesive energy. The cohesive
energy is defined as E E N E= ( / ) −coh Tot a, where ETot and Ea are the total
energy of the whole system and an isolated atom, respectively. N is the
number of atoms in the supercell. According to this equation, the
cohesive energies of antimonene and SW-defected antimonene are
calculated to be −4.58 and −4.56 eV, respectively. The common
negative values of the cohesive energies indicate that they both have
good stability. As seen from Table 1, the formation energy and cohesive
energy of the antimonene sheet with a single SW defect both decrease
monotonously with the decrease of SW defect content, changing
towards the values of the pure antimonene. Therefore, these calcula-
tions are self-consistent and reliable.

3.3. Electronic properties of Stone–Wales defect in antimonene

Sb is typical semimetals in the bulk, while antimonene is reported
to be an indirect semiconductor with band gap of 2.28 eV [17]. The
conduction-band-bottom of the antimonene mainly consists of Sb 5p
states coupled with small amounts of Sb 5 s states. The six Sb 5p states
split into three bonding and three antibonding states forming a band
gap around the Fermi level. In pure antimonene, there are three
s-bonding orbitals and a lone pair of electrons, which decline to form
π-type bonding states [17]. In Fig. 2, the electronic band dispersion

Fig. 1. The top and side views of the fully relaxed antimonene with a Stone–Wales
defect. All the spheres represent Sb atoms and the pink spheres represent the most
related Sb atoms to SW defect. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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and corresponding densities of states of the perfect and SW-defected
antimonene for 6 × 6 supercells are presented. It is noted that both the
valence bands and conduction bands shift toward low energy range
after the creation of a SW defect. Although the calculated energy band
gap decreases from 1.84 to 1.45 eV, its energy band structure remains
showing a direct band gap. It can be seen from Table 1 that the energy
band gap of the antimonene sheet with a single SW defect increases
with the decrease of SW-defect content. Here the calculated values of
energy band gaps are lower than that previously reported value
(2.28 eV) due to the different accuracy between GGA and HSE
methods, however, the variation trend of the energy band gap versus
SW defect content is correct without extra influence. The partial and
total densities of states of the perfect and SW-defected antimonene are
also studied, which are in consistent with the variations of the
electronic band structures. Before and after the creation of a SW defect

in antimonene sheet, both the maximum of the valence band and the
minimum of the conduction band mainly composed of the p orbital of
Sb atoms.

To gain further insights, we also computed the density of states and
the electron density isosurfaces for both the valence band maximum
(VBM) and the conduction band minimum (CBM) of the antimonene
with a SW defect as shown in Fig. 3. Both the VBM and CBM of
antimonene are combinations of mainly p atomic orbital.

As a result of local deformations induced by the presence of a SW
defect, the charge differences optical spectrums of the antimonene with
a SW defect is found to be much different as shown in Fig. 4. In Fig. 4,
the positions of the Sb atoms are indicated by the natural numbers,
which are in consistent with the top view part in Fig. 1. It is found that
the difference charge density ρ ρ( − )↑ ↓ around the Sb atoms “1”, “2” and
“6” are obviously different from the others. The variations of the
contour of the difference charge density of these Sb atoms is induced by
the variations of the corresponding Sb–Sb bond lengths.

3.4. STM image of Stone–Wales defect in antimonene

To help recognize the SW defect in antimonene in future experi-
ments, the scanning tunneling microscopy (STM) image of antimonene
with SW defect is simulated at 1.0 V bias as shown in Fig. 5. At positive
bias (+1.0 V), the STM image of SW defect is easy to understand and
correlate with its defective atom structure.

Table 1
Calculated structural and electronic properties for pure antimonene and SW-defected
antimonene: lattice parameter (a), Sb–Sb distance d( )Sb Sb− , angle between two of the
lattice vectors of the supercell (α), formation energy E( )f , cohesive energy E( )coh , and the
band gap E( )gap .

a dSb Sb− α Ef Ecoh Egap

Å Å deg eV eV eV

Antimonene 6 × 6 × 1 22.12 2.76 60.00 0.00 −4.58 1.84
SW-antimonene 6 × 6 × 1 23.64 2.70–2.84 60.37 1.36 −4.56 1.45

5 × 5 × 1 19.70 2.70–2.85 60.56 1.37 −4.55 1.42
4 × 4 × 1 15.72 2.70–2.86 62.45 1.49 −4.54 1.59
3 × 3 × 1 11.82 2.69–2.88 63.11 1.65 −4.48 0.92
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Fig. 2. Band structures and PDOS of the 6 × 6 antimonene with and without a SW
defect.

Fig. 3. Electron density isosurfaces of the highest-energy valence (left part) and the lowest-energy conduction (right part) bands of the antimonene with a SW defect.

Fig. 4. The slicing plane (parallel to the antimonene sheet and through the center of SW
defect) of the charge differences optical spectrums of antimonene with a SW defect.
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4. Conclusions

Here the ab initio calculations are perfumed to investigate the
formation of SW defects in antimonene and their effects on electronic
properties. The formation energy of the SW defect in the buckled lattice
structure of antimonene with a large supercell (6 × 6 × 1) is found to be
1.36 eV, which is even lower than those of SW-defects in silicene and
grapheme. The calculation results of formation energy and cohesive
energy both help us a lot to understand the softer bonding nature of
antimonene, which results in easier formation of a SW defect for
freestanding antimonene. The introduction of a SW defect in anti-
monene breaks the original symmetry and results in a band gap
decrease in electronic band structure. It's found that the structural
and electronic properties of SW-defected antimonene are dependent to
the defect concentration or supercell size. The calculation result of
difference charge density reveals that the formation of SW defects in
freestanding antimonene inevitably leads to the deformations.
Additionally, we provide the STM image of the SW-defected antimo-
nene, which can help us to recognize the SW defect in future
experiments about antimonene sheet. Our results help us to well
understand the characteristic properties of defected antimonene, which
are important for the applications of antimonene in future low-
dimensional electronics.
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