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Structural evolution and the role of native defects in subnanometer MoS nanowires
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We carried out first-principles calculations based on density functional theory aiming to understand the
structural evolution along the stretching process and the impact of native defects in metallic subnanometer
MoS nanowires (NWs). By pulling the pristine NWs quasistatically, we investigate the full structural evolution
along the stretching process until the nanowire breaking point, obtaining a maximum applied stress (force)
of ≈18.9 GPa (7.1 nN). On the other hand, since the existence of intrinsic defects is likely to occur in these
samples, we show that under S-rich conditions a sulfur antisite is found to be the energetically most stable
defect, and under Mo-rich conditions a sulfur vacancy has the lowest formation energy. Our results also reveal
that these defects present local reconstruction that can be clearly identified by the simulated scanning tunneling
microscopy images. Furthermore, through a detailed analysis of the electronic structure, we verify that with the
exception of the Mo interstitial and S antisite, all defects preserve the metallic behavior of the MoS nanowires.
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I. INTRODUCTION

Nanoelectronics aims at the development of nanoscaled
devices operating in the quantum regime in order to face the
dramatic challenges at the end of the road map for highly
scaled complementary metal-oxide semiconductor (CMOS)
devices [1–3]. A difficult task in the pursuit of ultrasmall
electronic components is the obtention of novel materials with
reduced dimensions [4,5].

However, with the isolation of graphene, a new era in the
field of materials science has started [6,7]. Thus, the interest
of the scientific community in graphene [8–11] and other
low-dimensional materials, such as hexagonal boron nitride
(h-BN) [12,13], silicene (h-Si) [14–16], germanene (h-Ge)
[17,18], black and blue phosphorene [19–22], transition-metal
oxides (TMOs) [23–25], and transition-metal dichalcogenides
(TMDCs) [26–28], has increased since these materials can ex-
hibit novel physical and chemical properties [29–31] that will
open new routes for different applications in nanotechnology.

In particular, TMDCs present a unique combination
of atomic-scale thickness, interesting transport and
mechanochemistry properties, the existence of an electronic
band gap, and strong spin-orbit coupling, which make them
interesting for fundamental studies and for applications
in high-end electronics, spintronics, optoelectronics,
energy-harvesting, flexible electronics, and biomedical
applications [32–37].

On the other hand, metallic nanowires [38–44] are another
class of materials which have attracted strong interest for
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applications, ranging from transistor electronics to intercon-
nects, due to their versatile properties such as high electrical
and thermal conductivity, optical transparency, chemical in-
ertness, quantum conductance, and the capacity to produce
atomic chains [41,45–47], which are quite challenging to
obtain since they are often unstable and fragile.

Nevertheless, recent investigations have revealed that
metallic subnanometer wires interconnecting domains of
monolayer transition-metal dichalcogenides can be control-
lably fabricated by using the electron beam from a scanning
transmission electron microscope (STEM) [48–50]. Simi-
lar experimental realizations were already successfully per-
formed to determine the structure and the quantized conduc-
tance behavior of coinage metals such as copper (Cu) [51],
silver (Ag) [52], and gold (Au) [53]. This technique was also
employed for deriving carbon atomic chains from graphene
[54].

Essentially, the experiments are carried out at room tem-
perature and the possible local heating caused by the collision
of the electron is thermalized in a matter of picofemtoseconds
considering the single-layer TMDC thermal conductivity and
the dimensions of the nanoconstriction. The energy of the
incident electrons is between 60–80 kV, which might either
cause the creation of a hole by the extraction of Mo (or W)
and S (or Se) atoms or the formation of defects, in a specific
region of the monolayer. Repeating the process in an adja-
cent region creates a nanoribbon confined by the two holes.
The nanoribbon reconstructs and shrinks to form the wire
via atomic diffusion. By the processes described above, the
structure changes its stoichiometry from MoS2 to MoS [48].

Intrinsic defects may be present at all stages of the sub-
nanometer nanowire formation [50,55]. It is verified that both
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natural sources or laboratory-grown transition-metal dichalco-
genides have defects such as antisites, vacancies, divacan-
cies, line defects, and even impurities [56–60]. The intrinsic
defects can also be created when the TMDC monolayer is
under intense electron beam irradiation [61,62]. Since the
introduction of well-controlled defects plays a crucial role
in the physical properties of nanostructured materials, and
therefore a potential route for tuning new functionalities, it
is very important to investigate how defects can affect the
structural and electronic properties of the TMDC nanowires.

Motivated by these recent experiments, in this work, by
performing state-of-the-art solid-state simulations, we investi-
gate the structural and electronic properties of pristine and de-
fective MoS nanowires. We show that the pristine nanowires
are mechanically stable, presenting a metallic character. Our
results also reveal that vacancies, antisites, adatoms, and
interstitial defects present a local reconstruction that can be
clearly identified by scanning tunneling microscopy (STM)
images. In addition, we verify that the molybdenum antisite
has the lowest formation energy at S-rich conditions, while the
sulfur interstitial is more stable at Mo-rich conditions. From
the electronic point of view, the Mo-interstitial and S-antisite
defects create narrow band gaps in the nanowire, whereas
the others defects preserve the metallic feature of the MoS
nanowire.

II. COMPUTATIONAL DETAILS

All calculations of the atomic structure and electronic
properties of the MoS nanowires were performed within the
density-functional-theory (DFT) framework [63–65] as im-
plemented in the open-source package for material explorer
(OPENMX) [66,67]. For the exchange-correlation functional,
we use the generalized gradient approximation (GGA) in the
scheme of Perdew-Burke-Ernzerhof (PBE) [68]. The core
Coulomb potential is treated by a norm-conserving pseu-
dopotential proposed by Morrison et al. [69], which is a
norm-conserving version of the ultrasoft pseudopotential by
Vanderbilt [70]. A basis set consisting of a linear combination
of the localized pseudoatomic orbitals and an energy cutoff
of 300 Ry were used to expand the Kohn-Sham orbitals
and to represent the charge density on the grid [66,71]. The
spin-orbit interaction was included via a norm-conserving,
fully relativistic, j-dependent pseudopotentials scheme, in the
noncollinear spin-DFT formalism [72]. The Brillouin zone
was sampled according to the Monkhorst-Pack scheme [73]
with a grid of 1 × 1 × 10 �k points. We used periodic boundary
conditions with a supercell of 60 atoms (5 unit cells) for
the isolated pristine MoS nanowires. To avoid the interaction
between the neighboring wires, a vacuum space between them
was set larger than 15 Å in the directions perpendicular to
the wire axis. The structural relaxation was performed until
the forces acting on each atom were less than 0.01 eV/Å. To
investigate the rupture process, the supercell was increased
in steps of 0.2 Å and, for each new length, the system was
fully relaxed. This procedure was followed until the rupture.
The force was calculated as F = (∂Etot/∂�L), where Etot is
the total energy of the system at each stretching and �L
stands for the elongation of the system. The STM images
(using the WSXM software package [74]) were simulated by

FIG. 1. (a) Ball-and-stick representations (top and front views)
of the optimized geometric structure of a pristine MoS nanowire. The
dashed black lines indicate the unit cell. (b) STM-simulated images
of the MoS nanowire. The STM images were simulated by using a
voltage between the tip and the sample of EF + 0.5 eV (upper panel)
and EF − 0.5 eV (lower panel). The scale bar in the STM images
is given in Å. (c) Electronic band structure and density of states.
The Fermi energy is set to zero. (d) Low frequencies of the phonon
spectrum for the pristine MoS nanowire.

using the procedure proposed by Tersoff-Hamann [75]. The
stability of the system was determined by calculating the
phonon dispersion with the PHONOPY code [76].

III. RESULTS AND DISCUSSION

A. Structure

The unit cell of an isolated MoS nanowire consists of
two staggered triangles composed of MoS units. In Fig. 1(a),
we show the top and front views the atomic structure of
the nanowires, which are taken from STEM images from
Ref. [48]. In these experimental images, it is possible to
determine the atomic positions of the wires. The calculated
equilibrium lattice parameter along the axis wire was 4.39 Å,
in good agreement with previous theoretical and experimental
results [48,77,78]. We also obtained Mo-S (Mo-Mo) bond
lengths of 2.52 Å (2.79 Å), if they lie in the same plane, and
2.55 Å (2.72 Å), if the atoms are in adjacent planes. These
interatomic distances are in very good agreement with the
values of 2.49 Å (2.74 Å), for in-plane distances, and 2.62
Å (2.69 Å), for the distances between the planes, obtained
by Vilfan [77]. In Fig. 1(b), we show DFT-simulated STM
images for the empty [Fig. 1(b), upper panel] and occupied
[Fig. 1(b), lower panel] states within EF ± 0.5 eV for a pris-
tine MoS nanowire. The brighter regions are associated to the
sulfur atoms. There is no pronounced difference between the
images. However, it is worthwhile to mention that the brighter
regions in Fig. 1(b) (lower panel) are a little wider as a conse-
quence of the higher density of states in that region of energy.
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FIG. 2. Pristine MoS nanowire: (a) DFT-calculated total density
of states (DOS). (b),(c) Projected density of states (PDOS) of S and
Mo, respectively. The Fermi level is set to zero.

Our DFT results for the electronic structure of the pristine
MoS nanowire are presented in Fig. 1(c). The results show that
the subnanometer pristine MoS nanowire is indeed a metal.
To investigate the mechanical stability of the pristine one-
dimensional (1D) nanowire, we calculated its phonon disper-
sion. We have considered, in this work, the finite-displacement
approach with supercell sizes of 1 × 1 × 4 primitive unit cells.
The result is presented in Fig. 1(d). We do not verify the
presence of imaginary frequencies in the Brillouin zone. In
this way, our results indicate that this system is mechanically
stable. In addition, four acoustic modes are clearly visible.
The two linear modes correspond to the longitudinal and
torsional modes. The other two modes correspond to flexural
modes, which are characteristic for quasi-one-dimensional
systems. This result is in agreement with previous works
[79,80].

In Figs. 2(a)–2(c), we present the total density of states
(DOS) and partial density of states (PDOS) for the optimized
structure of the pristine MoS nanowire presented in Fig. 1(a).
From the projected density of states shown in Figs. 2(b) and
2(c), we can see that the region in the vicinity of the Fermi
energy is mainly contributed by the 4d orbitals of Mo atoms.
In particular, the Mo dxy, dx2−y2 , and dz2 orbitals play a crucial
role in the determination of the metallic characteristics of this
nanowire (see the Supplemental Material [81]).

As the nanowire can be created from the MoS2 sheet, to
understand the origin of the metallic behavior, we start the
discussion from monolayer MoS2. The 2D MoS2 presents a
hexagonal lattice with a single Mo atom intercalated between
two S atoms and it exhibits a direct band gap of 2.06 eV
(at the K point) [82,83]. The valence band at the K point is
composed of S px and py orbitals, and Mo dxy and dx2−y2

orbitals, which are oriented along the in-plane direction. The
conduction band, at the K point, is mainly contributed by S
px and py orbitals and Mo dz2 orbitals [82]. As a consequence
of the structural confinement, the stoichiometry of the system

changes since now the formula unit is MoS. The nanowire
now exhibits metallic Mo-Mo bonds [see Fig. 1(a)]. Such
bonds do not appear in monolayer MoS2. The effect in the
electronic structure is that the Mo dz2 orbital is shifted to the
Fermi energy. Also, in the vicinity of the Fermi energy, a
strong hybridization between the Mo dxy and dx2−y2 orbitals
occurs. Furthermore, there is an additional hybridization be-
tween the d orbitals of the Mo atoms with the px and py

orbitals of the S atoms (see Supplemental Material [81]). All
of these contributions together explain the metallic character-
istics of this subnanometer nanowire.

B. Structural evolution

One important point about those 1D structures is the dy-
namics of rupture of the systems. It provides valuable infor-
mation about the stiffness of the system and others mechanical
properties. Moreover, as the MoS nanowires may be used
as interconnects in future flexible nanocircuits and since the
variation of the transport properties is strongly correlated with
structural changes of the material, it is an important first
step to understand the stretching process (until the rupture).
Thus, the full structural evolution of a pristine MoS nanowire
until the breaking point is investigated. Nine representative
geometries and 2D contour plots of the electronic charge
density, as a function of the strain, are shown in Fig. 3 (upper
panels). As the nanowire is pulled, for small strains [Fig. 3,
ball-and-stick models (1)–(3)], the Mo-S and Mo-Mo bond
lengths increase. However, no significant reconstructions, lat-
tice distortions, or even chemical bond breaking is observed
(the first elastic stage). By increasing the strain [ball-and-stick
models (4) and (5)], it is possible to verify some recon-
structions in the central region of the nanowire. For slightly
higher strains [Fig. 3, ball-and-stick models (6) and (7)],
lattice distortions are present. Moreover, it is possible to see
additional reconstructions and other Mo-Mo and Mo-S bond
breaking now, distributed along the nanowire. The final elastic
stage is characterized by the increasing of the Mo-S and Mo-
Mo bond lengths [Fig. 3, ball-and-stick model (8)]. Lastly,
the rupture of the nanowire occurs [Fig. 3, ball-and-stick
model (9)].

In Fig. 3 (lower panels), we also present the total energy
and stress (σ ) as a function of the strain (ε). The strain (in
percentage) was calculated as ε = l−l0

l0
, where l0 is the equi-

librium supercell length along the nanowire growth direction.
Stress was calculated from the energy-strain curve as

σ = 1

V

dE

dε
,

where σ is the longitudinal stress, V is the volume of the MoS
nanowire, ε is the strain, and E is the strain energy of the
nanowire. We consider the volume of an isolated nanowire
as V = Al = πr2l , where r is the radius of the wire and l
is the length of the nanowire supercell. Due to the difficulty
in defining the cross-sectional area, we assume the area of
the wire as the area of a circle whose radius is equal to the
distance of the S atoms to the axis of the wire (A = 0.27 nm2).
Thus, a value for Young’s modulus, defined as the slope of
the stress-strain curve in the first elastic deformation region,
of approximately 740 GPa is achieved. A comparable value
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FIG. 3. Upper panels: (1–9) Ball-and-stick representations and
2D contour plots of the electronic charge density of the different
stages along the stretching process of a pristine MoS nanowire. The
red arrow, in panel 8, indicates the rupture point. Lower panels: Total
energy (eV) and stress (GPa) as a function of the strain. The total-
energy values are displayed relative to the lowest-energy structure
(shown in panel 2). The inset in the stress-strain plot is the computed
value for the Young’s modulus.

(705 GPa) was obtained by performing DFT plane-wave cal-
culations using the VASP code [84,85] (see the Supplemental
Material [81]). The existence of negative stresses means that
the system is under compression. The calculated breaking

FIG. 4. DFT-PBE electronic band structure as a function of the
strain for the pristine MoS nanowire. The dotted lines indicate the
Fermi energies.

stress was roughly 18.9 GPa at a strain of ≈0.4. In addition,
we calculate a value for the applied force just before the
rupture of ≈7.1 nN (see the Supplemental Material [81]).

In Fig. 4, we show the band structures as a function of
strain. The first point to note is that when slightly compressed
(strain −3.64%), the isolated MoS nanowire preserves its
metallic character. Under stretching, the metallic behavior is
kept until ≈5% of strain. After that, as can be seen in Fig. 3,
ball-and-stick models (4)–(9), the Mo-Mo and Mo-S bonds
start to break and bond reconstructions in the atomic structure
are verified, which leads the nanowire to exhibit a small-gap
semiconductor character. Also, as a function of the stretching,
more and more atomic bonds are broken and, consequently, it
is possible to see localized flat-band states.

C. Defect formation energies, STM fingerprints,
and electronic band structures

In order to verify the thermodynamic stability of the inves-
tigated defect complexes, we follow the approach derived by
van de Walle and Neugebauer [86]. The formation energy of
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FIG. 5. Calculated formation energies (in eV) for native defects
in MoS nanowires at the neutral charge state in Mo- and S-rich
growth conditions.

a neutral defect in a wire is thus defined as

E f = Edefect
tot − Eperfect

tot −
∑

i

niμi,

where Edefect
tot is the total energy of a defective wire, Eperfect

tot is
the total energy of a perfect MoS wire, ni is the number of de-
fect atoms of type i that have been added to or removed from
the wire, and μi is the corresponding chemical potential of
each species. The lower bound of the chemical potential corre-
sponds to the total absence of impurities/defects in the mate-
rial. An upper bound on the chemical potential is given by the
energy of the elemental bulk phase or other solubility-limiting
phases. The formation of metallic Mo can be avoided by im-
posing its chemical potential to obey to μMo � μMo(Mo−bulk),
where Mo bulk is the total energy of molybdenum bulk in
a bcc structure. Similarly, the sulfur chemical potential is
set to obey μS � μS(S−bulk). We chose μS−bulk as the total
energy of the solid α structure. The accessible range of chem-
ical potentials is governed by the MoS2 formation enthalpy
�HMoS2 = μMoS2 − μMo(Mo−bulk) − μS(S−bulk). However, the
sulfur and molybdenum chemical potentials are not indepen-
dent, but related by μMoS2 = μMo + 2μS. By combining the
former two equations, we obtain the limits for the sulfur
chemical potential �HMoS2 � μS − μS−bulk � 0. We neglect
the temperature dependence on the sulfur chemical potential.
The formation enthalpy of the molybdenum disulfide sheet
is calculated to be �HMoS2 = −2.72 eV compared with the
experimental value of −2.44 eV at room temperature [87].
The formation enthalpy of a pure MoS nanowire is found to
be −1.00 eV, meaning that such a nanostructure is thermody-
namically stable.

The calculated formation energy for the considered intrin-
sic defects in MoS nanowires is presented in Fig. 5. There
are three defects which are stable in the wire. Under S-rich
conditions, a sulfur antisite is found to be stable. Under Mo-
rich conditions, a sulfur vacancy has the lowest formation
energy. An additional structure containing a molybdenum
vacancy is stable at intermediate values of the sulfur chemical
potential.

FIG. 6. (a),(d) Ball-and-stick representations of the optimized
structures of the defective MoS nanowires. (b),(c),(e),(f) DFT-
simulated STM images of the defective nanowires. The STM images
were simulated by using a voltage between the tip and the sample of
(b),(e) +0.5 eV and (c),(f) −0.5 eV. The scale bar is in Å.

Aiming to understand how the native defects modify the
structural and the electronic properties of the MoS nanowires,
in Fig. 6 we show the reconstructed structures and the
DFT-simulated constant-height STM images of the defec-
tive nanowires. The Tersoff-Hamman approach was used to
simulate STM images of both occupied and empty states,
within EF ± 0.5 eV. On the STM images, the higher atoms
are brighter than the lower atoms. The important point to
note is that the presence of vacancies (VMo, VS), antisites
(MoS, SMo), or adatoms (Moad, Sad) leads to localized surface
reconstruction, while interstices (IMo, IS) induce extended re-
constructions in this TMDC nanowire. In particular, the most
stable defect under Mo-rich conditions (VS) can be easily
second column of Figs. 6(a), 6(b), and 6(c).

In Fig. 7, we present the DFT-calculated electronic band
structure of the considered defects. We verify that all native
defects considered, except the Mo interstitial (S antisite),
preserve the intrinsic metallic character of the nanowire. The
presence of a Mo interstitial (S antisite) modifies the structure
of the nanowire. The obtained narrow band gap for this defect
was ≈0.1 eV (≈0.06 eV). However, as shown in Fig. 5,
this kind of defect has a high formation energy in both
Mo-rich and S-rich conditions, indicating that it is
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FIG. 7. DFT-calculated electronic band structure of the consid-
ered defects: (a) Mo vacancy, (b) S vacancy, (c) Mo antisite, (d) S
antisite, (e) Mo interstitial, (f) S interstitial, (g) Mo adatom, and
(h) S adatom. The Fermi energy is set to zero and indicated by the
horizontal dotted line.

energetically unfavorable. Another interesting point to be
noted is that the density of states in the vicinity of the
Fermi energy is tunable, suggesting that under an appropriated
defect engineering, the conducting properties of the nanowire
can be tailored (see the Supplemental Material [81]). The
maintenance of the metallicity for most of the native defects
is an important result since this kind of nanowire has a huge
potential to be used as interconnect elements in nanoelectronic
devices.

IV. CONCLUSION

In conclusion, we used ab initio calculations based on den-
sity functional theory to investigate the structural evolution
under the stretching process and the role of native defects
in the electronic properties of metallic subnanometer MoS
nanowires. By pulling the wire quasistatically, we obtain val-
ues for the applied force and stress right before the breaking
of the nanowire around 7.1 nN and 18.9 GPa, respectively.
In addition, we show that under S-rich conditions, a sulfur
antisite is found to be the energetically most stable defect,
and under Mo-rich conditions, a sulfur vacancy has the low-
est formation energy. Moreover, we show that these defects
present a local reconstruction that can be clearly identified by
STM images and, with the exception of the Mo-interstitial and
S-antisite, all defects preserve the metallic feature of the MoS
nanowires. Our findings shed light on the electronic structure
and its potential implications on the electrical properties of
these 1D materials.
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