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Using the elastic-scattering quantum chemistry technique, it is shown that a surface atomic wire fabricated
by extracting a line of S surface atoms from the planar MoS2 lamellar substrate creates enough electronic states
in the MoS2 surface band gap for this wire to have a large conductance. The nature of the surface electronic
states introduced by the S vacancies is investigated for increasing numbers of vacancies for a wire length of up
to 10 nm. When contacted by the two Au nanoelectrodes, the wire creates surface pseudoballistic channels and
the wire conductance does not decrease with length. The effects of the nanoelectrode-wire distance and of the
lateral electrode-wire overlap on the conductance of the wire are also discussed. It is found that the conduc-
tance of the junction can be increased threefold by increasing the lateral overlap.
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I. INTRODUCTION

Current trends in the miniaturization of electronic devices
have generated much interest in fabricating and understand-
ing the properties of atomic-scale structures that can act as
wires, switches, transistors, or storage devices.1–3 Recently,
the possibility of manipulating and visualizing single atoms
and molecules with atomic precision by using scanning tun-
neling microscopy �STM� has facilitated the fabrication and
study of such structures.4,5 Besides moving and relocating
individual adsorbates on a surface,6,7 STM can also be used
to selectively remove atoms one at a time to create artificial
patterns such as atomic lines.8–12 Fabricated on the surface of
a solid substrate, such one-dimensional structures exhibit po-
tential to be used as atomic wires. Small metal islands de-
posited on such a surface will act as electrodes to contact
exactly one atomic wire.13 The combination of these tech-
niques allows the precise alignment of atomic wires and cre-
ates the possibility to experimentally characterize the electri-
cal properties of the wires through the terminal electrodes. In
contrast, molecular wires that are made of individual mol-
ecules or oligomers14 are difficult to be reproducibly aligned
on a surface with atomic precision that is essential for the
wires to be useful in circuit fabrication. Electrical measure-
ments of molecular wires by using crossed-wire junctions,
break junctions, and conducting atomic force microscopy are
difficult to control, and reliable and reproducible results are
challenging to generate.15

The creation of atomic lines by extracting atoms from
a substrate has been demonstrated on a H-terminated
Si�100�-2�1 surface.4,10–12 Using STM, H atoms can be se-
lectively removed from the Si surface to form an atomic wire
comprising of the dangling bonds �DBs� from the exposed Si
atoms. As determined by scanning tunneling spectroscopy,
such a wire of DBs exhibits a transverse finite density of
states near the Fermi energy. In contrast, the H-terminated Si
surface shows a wide semiconducting band gap.10,11 This ob-

servation agrees with the first principles theoretical studies
by Watanabe et al.. These authors also report how the elec-
tronic properties of the DB wire depend on the geometry of
the wire.16,17 In a theoretical study by Doumergue et al., the
longitudinal conductance of a DB wire was studied in more
detail. Taking into account the Peierls distortion of the DB
wire, the current was found to decrease with the length of the
wire and an inverse decay length of 0.09 Å−1 was
calculated.18

For the MoS2 surface, the extraction of individual surface
S atoms via voltage pulsing with an STM tip has been
demonstrated.19,20 MoS2 is also a semiconductor, with six S
atoms trigonal prismatically coordinated to each Mo atom.21

Caulfield and Fisher22 and Fuhr et al.23 have studied the elec-
tronic properties of single S vacancies on MoS2 and reported
that such vacancies introduce localized electronic states in-
side the MoS2 band gap. Therefore, an atomic line created by
the removal of the surface S atoms by using STM is expected
to introduce a finite density of states in the MoS2 band gap,
which is localized on the line of S vacancies, and hence
show potential for conduction along the atomic wire at low
voltage. In addition, different from the DBs on Si, S vacan-
cies on MoS2 have been found to be quite thermally stable.20

Furthermore, the deposition and STM manipulation of small
Au islands on the MoS2 surface have recently been
demonstrated.13 Such metallic nanopads can be manipulated
to be in electronic contact with the atomic wire of S vacan-
cies and serve as the nanoelectrodes to contact the wire.

In this paper, the electronic properties of a finite line of S
vacancies on a MoS2 surface are theoretically studied for up
to a 10 nm wire length. The influence of the two contacting
Au electrodes and of the supporting MoS2 substrate on the
electronic structure of the wire is fully taken into account in
the calculations. The conductance of the Au pad–MoS2-Au
pad junction is calculated with and without the line of S
vacancies. For the perfect MoS2 surface, the conductance
exponentially decreases with the distance between the two
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Au pads. S vacancies are found to introduce electronic states
in the MoS2 surface band gap. Such states near the Fermi
level dramatically enhance the conductance of the line. The
resulting wire of S vacancies is found to exhibit a conduc-
tance that does not decrease with the length of the wire and
hence creates pseudoballistic channels for electrons traveling
between the two electrodes. To investigate the ways to in-
crease the conductance of the Au pad–wire–Au pad junction,
the effect of the Au nanoelectrode-wire distance and the ef-
fect of the lateral overlap between the Au nanoelectrodes and
the wire on the conductance24 of the wire were considered.

II. MODELS

The conductance of the Au pad–MoS2-Au pad junction
and that of the line of S vacancies were calculated by using
the elastic-scattering quantum chemistry �ESQC� method,
which describes using quantum chemistry techniques the
scattering of electron waves by a defect embedded in a peri-
odic system.25,26 The atomic wire of S vacancies was mod-
eled by using the structure shown in Fig. 1, which illustrates
the defect as well as the first unit cell of the periodic parts.
The wire of S vacancies created on a single layer MoS2 slab
encompasses the defect. The weak interaction with bulk
MoS2 layers underneath was neglected in this study, as had
been done by other groups.22,27 When applying lateral peri-
odic boundary conditions, an eight S atom wide unit cell was
used in our study to minimize lateral interactions between
neighboring wires. Convergence of the conductance with re-
spect to the unit cell width was confirmed. Wires of 3–31 S
vacancies were considered, creating wires of 1.1–10 nm in
length, respectively. Surface relaxations introduced by the S
vacancies were neglected in this study since calculations by
Caulfield and Fisher have shown that the coordinates of the
other atoms change very little when a S vacancy is created

on MoS2.22 The atomic line of S vacancies is contacted by
semi-infinite Au nanopads that, together with the underlying
MoS2 substrate, form the periodic system �Fig. 1�.

The Bloch states propagating in the plane of the periodic
slab consisting of the MoS2 substrate and the Au nanopads
define the incoming and scattered electronic Bloch states that
are used to calculate the transmission amplitudes and the
junction conductance. Using ESQC, the valence electronic
structures of the wire, of the MoS2 substrate, and of the Au
pads are taken into account using a minimal linear combina-
tion of atomic orbital representation. Effects of the finite size
of the wire, of the contact resistance between the wire and
the Au pads, and of the coupling with the MoS2 substrate are
considered fully in our theoretical model. In our largest junc-
tion, the two Au nanopads define a 10 nm junction and the
defect region with the atomic line of S vacancies comprises
744 atoms and 4216 atomic orbitals, including the full va-
lence description of the S and Mo atoms. Because of the size
of the system, ab initio calculations become impractical and
the extended Hückel molecular orbital �EHMO� model28 was
used in ESQC to construct the electronic Hamiltonian. The
standard Hückel parameters29 were used in the calculations.
Within such a model, electron-phonon interactions, inelastic
scattering, and finite temperature effects are neglected.

To analyze the nature of the states introduced by the S
vacancies, their interactions, and also to elucidate the disper-
sive characteristics of the bands responsible for the surface
conductance of MoS2 and of the wire of S vacancies, a num-
ber of additional calculations were performed using the
EHMO model. The band structures and density of states
�DOS� of MoS2 �Fig. 2� and of an infinite line of S vacancies
on the surface of a MoS2 substrate �Fig. 7� were calculated
using BICON-CEDIT.30 The standard EHMO parameters were
used in these calculations, thus preserving consistency with
the ESQC results. Moreover, to corroborate the EHMO band
structures at a higher level of electronic correlation, density
functional theory �DFT� calculations were performed for
MoS2 and for an infinite wire of S vacancies by using the
Perdew–Burke–Ernzerhof �PBE� functional,31 plane aug-
mented wave pseudopotentials, and a fine k-point grid as
implemented in the Vienna Ab initio simulation package
�VASP�.32 Furthermore, EHMO calculations on large MoS2
clusters were employed using GAUSSIAN0333 to help identify
the states introduced by a S vacancy and their interactions. A
Mo83S166 cluster with D3h symmetry was used to model the
MoS2 slab. The size of the clusters was chosen to ensure that
the edge states, intrinsic in any finite cluster approximation,
would not contribute to the states of interest. Initially, a
single S atom was removed and the molecular orbitals �MOs�
of the resulting structure were examined. Sequentially, S at-
oms adjacent to the vacancy were removed to form a finite
line of up to ten S vacancies and the resulting MOs were
again investigated.

III. RESULTS

A. Surface MoS2 nanojunction

Before discussing the results for the atomic wires of S
vacancies, the electronic properties of an Au pad–MoS2-Au

FIG. 1. The atomic model of the junction used to calculate the
conductance of a surface atomic wire made of a finite line of S
vacancies fabricated on a MoS2 surface between two Au nanopads.
At both ends of the junction, the Au atoms and the MoS2 substrate
below them constitute the first unit cells of the periodic parts of the
interconnected semi-infinite wires. Laterally, this structure is re-
peated by using cyclic boundary conditions.
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pad junction are discussed. Since MoS2 is a semiconductor
with an estimated 1.0 eV electronic surface band gap, the
surface tunneling probability between the two Au nano-pads
will be very small for electrons in this energy range. The
results in this section will serve as a reference when calcu-
lating the conductance of a finite line of S vacancies. To
interpret the results, the MoS2 band structure and the corre-
sponding DOS are also shown in Figs. 2�a� and 2�b�, respec-
tively. The indirect 1 eV band gap is similar to the previous
calculations at the EHMO level34 and slightly lower than the
experimental transverse band gap of 1.3 eV.35 The EHMO
band structure is qualitatively similar to the DFT band
structure,36 although the band gap calculated by the PBE
functional is slightly larger at 1.5 eV. The transmission co-
efficient T�E� for a junction of 2.1 nm between two Au nano-
pads is displayed in Fig. 2�c�. For energies within the MoS2
conduction and valence bands, the Bloch states in the MoS2
surface band structure can freely propagate and the junction
does not scatter the incoming electrons. However, no states
are available in the junction for energies within the MoS2
band gap and T�E� is significantly reduced for electron
waves traveling on the Au pads within this energy range. The
parabolic shape of the logarithm �to base ten� of T�E� in the
band gap results from the overlap of the broadened states at
the top of the MoS2 valence band and at the bottom of the
MoS2 conduction band in the junction.37 When the electronic
states in the junction couple to the semi-infinite metal elec-
trodes, they broaden to the Lorentzian-type peaks. The width
of the peaks and hence the precise shape of the parabola
depend on the interfacial coupling between the state and the
electrodes. Close correspondence between the MoS2 band
structure and T�E� can be observed, indicating the direct re-
lationship between the energy dependence of the electronic

transparency of a junction and its electronic band structure.
The T�E� variation of the junction, as a function of the

surface distance between the two Au nanopads, is plotted in
Fig. 3, selecting, for example, the minimum of T�E� per wire
length. Following this plot, the junction electronic transpar-
ency exponentially decreases with its length, which is a char-
acteristic of a tunneling transport regime through a
junction.18,38 At the Fermi level, the variation of T�E� with
the junction length can be expressed as18,39

FIG. 2. The electronic characteristics of the MoS2 surface with �a� the MoS2 band structure calculated with a c�2�2� unit cell, �b� the
corresponding total density of states projected on the Mo �d� and S �p� orbitals, and �c� the MoS2 surface electronic T�E� transmission
coefficient for a 2.1 nm internanopads distance in the Fig. 1 junction. T�E� is calculated in the direction of the wire, while the total DOS is
integrated over the entire Brillouin zone.

FIG. 3. The variation of the transmission coefficient at the Fermi
level as a function of the distance between the two Au nanopads for
a surface MoS2 junction ��� and for an atomic wire of S vacancies
fabricated on the MoS2 surface ��� whose structure is given in Fig.
1.
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T�d� = T0e−�d, �1�

where � and d describe the inverse decay length and the
interpad distance, respectively. The inverse decay length � is
a damping factor that characterizes the intrinsic electronic
structure of the junction and depends on the destructive in-
terferences of the electron waves traveling on the MoS2 sur-
face. An inverse decay length of 0.22 Å−1 was calculated for
MoS2. This value is much smaller than for tunneling through
vacuum ��=2.21 Å−1� and slightly smaller than the value for
a hydrogenated Si�100�-2�1 surface ��=0.41 Å−1�, which
is consistent with the larger band gap of �2 eV for the
latter.18

Theoretical studies have expressed the inverse decay
length � as a function of the gap � between the highest-
occupied molecular orbital �HOMO� and the lowest-
unoccupied molecular orbital �LUMO� of the junction, the
position of the frontier orbitals, and the effective mass �m* �
of the electron tunneling between the Au electrodes.24,40 Spe-
cifically,

��E� =�2m*�E�
�2

�E − Eh��El − E�
�

, �2�

where Eh and El are the HOMO and LUMO energies, respec-
tively. For the MoS2 junction, ��EF�=0.22 Å−1 and � is
equal to the MoS2 band gap of 1.07 eV �Fig. 2�. With these
values, an effective mass m*�EF� of 0.70me is obtained,
where me is the rest mass of the electron.

B. Wire of S vacancies on a MoS2 surface

It had been experimentally shown that S atoms can be
selectively removed from a MoS2 surface via field evapora-
tion by using an STM tip.19,20 Theoretical studies of the elec-
tronic structure of a single S vacancy on MoS2 indicate that
removing a S atom introduces states in the MoS2 band
gap.22,23 Therefore, it is expected that an atomic wire con-
sisting of a number of neighboring S vacancies would exhibit
several electronic states within the band gap. The calculated
T�E� for a line of seven S vacancies �2.1 nm� is shown in
Fig. 4. At the Fermi level, −9.4 eV, the T�E� of the wire is
about 10−2 and a factor 104 larger than for a surface MoS2
junction of the same length but with no vacancies. The re-
moval of S atoms introduces a number of states in the sur-
face MoS2 band gap, as obvious from the sharp peaks in the
T�E� spectrum presented in Fig. 4. To help interpret such a
spectrum, calculations of the band structure and the corre-
sponding DOS for an infinite periodic S vacancy line were
performed.

Each S vacancy formed on a MoS2 surface creates three
dangling bonds, one on each of the Mo atoms, which was
coordinated to the extracted S. Accordingly, the transmission
spectrum for a MoS2 junction with a single vacancy shows
new peaks in the band gap, resulting from resonant tunneling
�not shown�. EHMO calculations on a large MoS2 cluster
corroborate such finding by showing three MOs centered on
the vacancy �Fig. 5�, with energies coinciding with the reso-
nant peaks in the transmission spectrum. Two of the MOs
�Figs. 5�a� and 5�b�� are degenerate by symmetry, as identi-

fied by the orientation of their nodal planes normal to the
surface. For the MO in Fig. 5�a�, this nodal plane is oriented
along the positive xy axis, and for the MO in Fig. 5�b�, it is
aligned with the negative xy axis. Because of the degeneracy
of these two states, they lead to a single peak in the trans-
mission spectrum. Energetically, the degenerate MOs lie near
the Fermi level and significantly contribute to the transmis-
sion. A third symmetric MO is found near the top of the
MoS2 valence band and coincides with a peak in the trans-
mission spectrum.

Based upon these observations, it is expected that a wire
of neighboring S vacancies introduces several electronic
states within the band gap, which spread over an energy
range around the Fermi level. This is confirmed by the
EHMO calculations shown in Fig. 6. Each additional S va-
cancy gives rise to new states in the gap, and the spacing
between the states is indicative of the interaction between
adjacent MOs. The MOs originating from the degenerate pair
split considerably after each S removal, which is an indica-
tion of the relatively strong interaction, while the MOs origi-
nating from the symmetric MO split considerably less and
remain located near the top of the valence band. Some of the
bonding combinations corresponding to the symmetric MO
shift below the top of the valence band and are not repre-
sented in Fig. 6. Consequently, for an infinite line of S va-
cancies, three bands emerge in the MoS2 band gap as can be
seen by comparison of the band structures for MoS2 and the
infinite line shown in Figs. 2�a� and 7�a�, respectively. To
generate the band structure for the infinite line, a rectangular
4�1 unit cell consisting of four MoS2 primitive unit cells
was used. A single S atom was removed per unit cell to
create an infinite line of S vacancies. The absence of disper-
sion for the three new bands in the X-M direction perpen-
dicular to the atomic wire verifies the one-dimensional char-
acter of the electronic states localized along the wire of S
vacancies. The EHMO band structure and DOS are again
qualitatively similar to the DFT-PBE band structure that was
calculated for comparison.36

FIG. 4. The ESQC calculated T�E� transmission coefficient
spectrum for a wire of seven S vacancies �2.1 nm� fabricated on a
MoS2 surface between two Au nanopads. The 16 resonances can be
identified whose attributions are discussed in the text.
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The transmission calculations were repeated for atomic
wires of different lengths and comparison of the results
shows that each removal of an additional S atom introduces
new states in the band gap while the previously introduced
states are redistributed in energy. The various states have
different strengths and widths, which can be attributed to the
difference in coupling of the states with the Au pads. Strong
�weak� coupling interactions produce broad �narrow� peaks.
Figure 3 shows the variation of the conductance of the
atomic wires with length as defined by the distance between
the Au pads. The conductance of an atomic wire of S
vacancy line does not decrease with length, as in the case
of a MoS2 junction. Hence, the atomic line creates pseudo-

ballistic channels for the conduction of electrons between
the two Au electrodes. Those are not exactly ballistic be-
cause of the finite length of the wire which preserves as
presented in Fig. 4 a distribution of resonances and not an
exact T�E�=1 over the full energy range of high electronic
transparency created by this wire. Furthermore, the reso-
nance maxima in T�E� spectra, as presented in Fig. 3, are less
than 1 because the electronic contact between the Au elec-
trode and the atomic wire scatters the incoming electron
waves. The oscillations of T�E� with the wire length are
caused by small shifts in the positions of the resonances with
respect to the Fermi level every time the length of the wire
increases by one S vacancy.

FIG. 5. �Color online� Representation of the molecular orbital changes introduced in the MoS2 band gap by extracting a S atom, which
is located at the origin of the coordinate system. �a� and �b� are the degenerate MO pair at the center of the MoS2 band gap and �c� is the
symmetric MO near the top of the MoS2 valence band. The different colors correspond to different phases of the wave function for the
molecular orbital.

FIG. 6. �Color online� Diagram illustrating the energy distribution of the states introduced in the MoS2 band gap by the successive
extraction of adjacent S atoms. The dashed lines indicate the bottom of the conduction and top of the valence band. Notice the slow process
of introducing states, created by S vacancies, in the range between the two bands near the center of the MoS2 surface band gap. Even for
N=10, there is still an apparent energy range between −9.41 and −9.31 eV without wire states.
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C. Contact conductance G0

In molecular electronics, good electrical contacts between
different circuit elements are critical for reliable transport of
current signals.41 Similarly, in the current Au pad–atomic
wire–Au pad junction, the electronic coupling of the atomic
wire with the Au electrodes determines the ease of electron
flow between the two electrodes through the atomic wire.
Such electronic interactions are characterized by G0, the so-
called contact conductance of the atomic wire, which is, in
turn, related to G, which is the low voltage conductance of
the junction. G can be determined from T�E� at the Fermi
level �Eq. �1�� using the Landauer formula,42

G =
2e2

h
T�EF� , �3�

which leads to a direct correspondence to Eq. �1� in terms of
G and G0 as given by24,40

G = G0e−�d. �4�

To increase the contact conductance G0 and hence increase
the current that can flow through the wire, the effect of the
distance h between the Au electrodes and the MoS2 surface
and of the lateral overlap of the Au electrode with the wire of
S vacancies on the conductance of the junction were ex-
plored.

To investigate the effect of the electrode height h on G0,
plots of T�E�, similar to that shown in Fig. 4, were obtained
for various lengths of the atomic wire. The transmission co-
efficients T�EF� at the Fermi level were collected for various
heights h and for various wire lengths. For each height h, the

average T�EF� for atomic wires of different lengths was cal-
culated. The contact conductance G0 as a function of the
electrode height h is shown in Fig. 8�a�. The contact conduc-
tance G0 reaches a maximum when Au electrode-surface dis-
tance is about 2.4 Å. When the Au pad is further away from
the MoS2 surface, the decreased overlap between the Au or-
bitals and the states on the wire reduces the coupling be-
tween the electrodes and the wire and reduces G0. When the
Au pad is too close to the MoS2 surface, the coupling be-
tween the electrode and the wire is very large. In this case,
the electronic structure of the Au nanopads nearby the wire is
also modified. This new electronic disorder creates a large
reflection of the incoming electron waves and the contact
conductance decreases again. Both effects can be well repro-
duced using a tight-binding model of an atomic wire that is
electronically coupled to two electrodes. This tight-binding
model, as shown in Appendix �Fig. 9�, demonstrates that an
optimal height h �or orbital overlap� leads to a maximal con-
tact conductance G0. In addition, our calculations confirmed
that the inverse decay length � for the Au
electrode–MoS2–Au electrode junction without the atomic
wire does not change for different heights h. This shows that
changes in the interaction between the junction and the Au
pads only affect G0 but not �, which is consistent with the
data for the conductance of oligomer wires.43

To investigate methods to increase the conductance of the
atomic wire junction, the effect of sliding the Au electrodes
over the wire of S vacancies, thereby increasing the lateral
overlap between the Au electrodes and the atomic wire, on
the conductance is also investigated. In the calculations, the
distance between the electrodes was kept constant at 3.3 nm,

FIG. 7. �Color online� The electronic characteristics of the MoS2 surface with an atomic line of S vacancies. �a� Band structure for an
infinite line of S vacancies, created by removing one S atom per unit cell for a rectangular �4�1� MoS2 unit cell, and �b� the corresponding
total density of states, projected on the Mo dz2, Mo dxy, dxz, and S p orbitals. For reference, the conduction and valence band edges for the
MoS2 slab are indicated by the dashed lines.
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but the length of the wire of S vacancies was gradually in-
creased from 3.3 to 7.8 nm. In this way, the overlap between
the electrodes and the wire was increased from 0 to 7 vacan-
cies per electrode, keeping the length of the junction con-
stant. The contact conductance G0 as a function of the num-
ber of S vacancies under the Au electrodes is plotted in Fig.
8�b�. The conductance of the junction can be increased by a
factor 3 by sliding the electrodes over the wire, but saturates
for an overlap of seven to eight vacancies per electrode.

IV. DISCUSSION

In the following and to investigate the states responsible
for the pseudoballistic channel of the surface atomic wire,
the nature and origin of the three MOs introduced by remov-
ing a S atom are now discussed further. The symmetric MO
�Fig. 5�c�� is almost uniquely composed of � bonded Mo dz2

atomic orbitals and is located near the top of the valence
band. The degenerate pair is mainly composed of Mo dxz and
dyz orbitals and lies at the center of the MoS2 band gap. The
three molecular orbitals do not show significant contributions

from the neighboring S atoms, as confirmed by the linear
combination of atomic orbital decomposition of the molecu-
lar orbitals. Looking more carefully at the formation of these
new states, it was possible to track their origin. In the origi-
nal MoS2, the S�p� and Mo�d� orbitals form bonding and
antibonding states located in the valence and conduction
bands, respectively. When the S atom is gradually removed
to create a vacancy, molecular orbital calculations indicate

(a)

(b)

FIG. 8. The contact conductance G0 for an Au pad–atomic
wire–Au pad junction as a function of �a� the height of the Au pad
above the MoS2 surface and �b� the overlap of the Au nanopads
over the atomic wire for a fixed interelectrode distance of 3.3 nm.

� = 1.4
� = 1.2

� = 1.0

� = 0.6

� = 0.8

� = 1.4
� = 1.6
� = 1.8
� = 2.0
� = 2.4

� = 3.2
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… �

� h h
e e e e
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Atomic wire of
N elementsElectrode Electrode

(a)

(b)
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(d)

FIG. 9. �a� Tight-binding model of the electrode-atomic wire-
electrode system used to study the effect of the wire-electrode cou-
pling � on T�E� for � in the range �b� from 0.6 to 1.4 and �c� from
1.4 to 3.2 �b�. Other parameters are �=1.0, h=2, e=	=−9.5, and
N=50. Variation of G0 as a function of � is shown in �d�. For
clarity, the wire resonances have been kept only for �=1.4.
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that the originally antibonding Mo�d�-S�p� state stabilizes
and localizes in the gap and transforms to the Mo�d� state
observed for the S vacancy, while the bonding state destabi-
lizes and becomes localized on the removed S atom.

Moving gradually toward the infinite line, it is helpful to
investigate the interactions observed for two to ten neighbor-
ing S vacancies. Each additional S vacancy introduces three
new states, and the orbitals on neighboring sites interact to
form bonding and antibonding combinations. Examination of
the symmetry and spatial characteristics of the MOs resulting
from the degenerate pair indicates that they mix, that is, that
the different symmetries of the MO pair evident in Figs. 5�a�
and 5�b� are not preserved during the formation of the va-
cancy line. Since the symmetric MO is more localized on the
vacancy, the states arising from it less strongly interact.
Thus, Fig. 6 evinces that the gradual formation of the line of
S vacancies leads to the formation of three bands in the gap.
By projecting the DOS onto the different orbitals, it is pos-
sible to characterize their contributions. This procedure re-
veals that the two bands originating from the degenerate
states consist of a mixture of all Mo d orbitals. Indeed from
the MO diagram in Fig. 6, it can be concluded that there is
no one-to-one correspondence between a band and a degen-
erate state, but rather that both degenerate states are mixed to
a different extend for different points in the Brillouin zone.
Further evidence for the mixing of the states can be obtained
from Fig. 7. The two bands near the center of the MoS2 gap
exhibit a cos�kx�-type energy dispersion along the wire be-
tween G and X and between M and Y. The corresponding
DOS indeed shows two corresponding peaks, and the central
peak shows a shoulder resulting from the overlap between
the top and bottom peaks of the two bands �Fig. 7�b��. For
the wire of ten S vacancies, the spread in the energy spec-
trum of the states originating from the degenerate pair span
nearly 0.7 eV, very similar to the dispersion of the bands for
the infinite wire.

Moreover, the projected DOS and the band structure of
the wire of S vacancies reveal a strong hybridization of the
Mo d orbitals on the vacancies. This hybridization accounts
for the broad peaks in the band gap. The dispersion of the
two bands originating from the degenerate pair arises from
�-type interactions between Mo d orbitals in the plane of the
wire, while interactions between Mo dz2 orbitals are respon-
sible for the smaller dispersion of the band originating from
the symmetric MO.

V. CONCLUSIONS

It has been theoretically demonstrated that a finite atomic
line of S vacancies created on a planar MoS2 substrate can
function as a pseudoballistic wire for electron transport. This
wire can be formed by extracting S atoms from the MoS2
surface. Removing surface S atoms introduces electronic
states within the surface MoS2 electronic band gap. Each S
vacancy introduces a symmetric molecular orbital of mainly
Mo dz2 character near the top of the valence band and a de-
generate pair of molecular orbitals of mainly Mo dxz and dyz
character near the center of the band gap. Mixing of the
degenerate orbitals on neighboring vacancies causes the
gradual formation of two overlapping energy bands near the
Fermi level, which create pseudoballistic electron transport
channels. The conductance of the wire is independent of its
length, but the overall channel transparency is not reaching
unity. The conductance of an Au electrode–atomic wire–Au
electrode junction can be enhanced by optimizing the Au
electrode-wire distance and by increasing the lateral Au
electrode-wire overlap by sliding the electrode over the wire.

ACKNOWLEDGMENTS

The authors wish to thank the A*STAR VIP “Atom Tech-
nology” project and NUS for financial support and N. Chan-
drasekhar for useful discussion.

APPENDIX: TIGHT-BINDING MODEL

To illustrate the influence of the electronic coupling be-
tween an atomic wire and its electrodes on the T�E� of the
wire, a tight-binding model was constructed �Fig. 9�a��. The
atomic wire has an intrawire coupling � and is coupled to the
electrodes by �. The hopping integral within the electrode is
h, while 	 and e are the energy levels for, respectively, the
wire and the electrodes. The T�E� for this system is calcu-
lated using standard formula.38 It can be shown that the con-
ductance depends on �, which is the electronic coupling be-
tween the wire and the electrodes. Figures 9�b� and 9�c�
show the variation of the T�E� as a function of the wire-
electrode coupling �. Under such situations �Eqs. �3� and
�4��, G0 is proportional to T�EF� and reaches an optimal
value of 1 when �=1.4 for h=2.0, �=1.0 eV, and e=	. The
variation of G0 as a function of � is plotted in Fig. 9�d� and
helps in the understanding of the result in Fig. 8�a�.
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