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The transport properties of S9 clusters sandwiched between gold electrodes are investigated with a combi-
nation of density-functional theory and the nonequilibrium Green’s-function method. In general we find a
rather large conductance both when the cluster is oriented with its symmetry axis parallel to the transport
direction and when it is perpendicular to it. In both cases the transmission is dominated by several closely
spaced and extremely broad cluster molecular orbitals so that the transmission coefficient is almost flat around
the gold Fermi level. This is only marginally affected by the external bias so that the I-V characteristic remains
almost linear at least up to 1 V and for both the orientations. Furthermore the electron transport is only little
affected by the bond length between the cluster and the electrodes, with the largest sensitivity found for the
perpendicular orientation. Our results are rationalized by analyzing the device density of states projected over
the various molecular orbitals.
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I. INTRODUCTION

Quantum transport across atomic-scaled conductors has
recently received great attention since molecules may be-
come building blocks for future logic devices and sensors.1,2

In response to the experimental effort the last few years have
also witnessed a substantial progress in developing
materials-specific theories for electronic transport at the
nanoscale.3–9 Among the possible molecules used to make
devices, small clusters have been intensively
investigated10–16 and studies have emerged about
semiconductor,10–13 transition metal either magnetic14 or
not,15 and alkaline-earth metal clusters,16 just to name a few.
Also of interest is the transport across molecular objects,
whose internal degrees of freedom can be manipulated
electrically17 since these can form electrically accessible mo-
lecular switches. As far as we know, there are to date no
investigations over the electrical transport properties of non-
metallic clusters. This is the aim of our work.

In a conventional molecular device one wishes to attach
the molecule of interest to the electrodes in a controlled way.
This is because the typical electrical response depends not
only on the intrinsic characteristics of the molecule itself but
also and often more importantly on the interaction with the
electrodes, its binding structure and bonding properties.18,19

Currently the most common materials combination com-
prises gold electrodes and organic molecules anchored via
the S atom of a thiol group.20–24 This has the advantage that
usually the S-Au bond is strong but also the drawback that
the Au surface may be thermally unstable.23,24 An additional
disadvantage is that as thiol bonds to Au it looses any useful
subsequent chemistry so that little further chemical manipu-
lation is possible. Thus we find natural to look at all sulfur
clusters, which naturally bond to Au but still preserve a rich
chemical activity.

Recently, we have investigated the structures of sulfur
clusters Sn �2� �n�9� by using a finite-difference pseudo-
potential real-space density-functional theory �DFT� scheme

combined with a Langevin molecular-dynamics annealing
technique.25,26 Here we focus on the n=9 sulfur cluster, S9,
which can be prepared in microcrystalline form27–30 and can
be found naturally in biological systems.31 We report a first-
principles investigation on the electrical response of S9 sand-
wiched between semi-infinite gold electrodes with �100� ori-
entation. The remaining of the paper is organized as follows:
in Sec. II, we briefly describe the theoretical method and we
provide some calculation details. Then, we present our re-
sults and the associated discussion. Finally, we summarize
the paper and draw some conclusions.

II. THEORETICAL METHOD AND
CALCULATION DETAILS

Our computational scheme combines DFT �Ref. 32� and
the nonequilibrium Green’s-function �NEGF� method33,34 to
calculate the electronic structure and the transport properties
of two-terminal devices. In particular, we use the SMEAGOL

code,9,35,36 which implements the NEGF formalism for the
single-particle Kohn-Sham Hamiltonian obtained from DFT
calculations performed with SIESTA.37 SMEAGOL is capable of
the fully self-consistently modeling of the electrical proper-
ties of two-terminal devices formed by an atomic-scale ob-
ject attached to two semi-infinite current/voltage electrodes.
In brief, it is based on the standard three-region partition of
the device of interest: a left-hand �L� and a right-hand side
�R� current/voltage electrode �leads� and a central extended
molecule �EM�, which includes a few atomic layers of the
leads.

The Green’s function of the entire system is defined by
direct inversion

��†S − H�GR�E� = I , �1�

where H is the Hamiltonian matrix, S is the overlap matrix, I
is the infinitely dimensional identity matrix, �†=lim�→0+E
+ i�, and E is the energy �note that here we assume the elec-
tronic structure to be expended over a local-orbital basis set,
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as done in SIESTA and SMEAGOL�. Unfortunately this is an
infinite-dimensional object that cannot be calculated directly.
However, owning the fact that the electrodes are good metals
and they actively screen the perturbation introduced by the
molecule, all the information concerning the scattering prop-
erties can be extracted solely from the retarded Green’s func-
tion for the extend molecule, GM

R , which is defined as

GM
R �E� = ��+SM − HM − �

L

R

�E� − �
R

R

�E��−1

, �2�

where the retarded self-energies for the left- and right-hand
side leads are

�
L

R

�E� = ��+SML − HML�GL
0R�E���+SLM − HLM� ,

�
R

R

�E� = ��+SMR − HMR�GR
0R�E���+SRM − HRM� . �3�

Here GL
0R and GR

0R are the retarded surface Green’s function
of the leads.36,38 The Green’s function in Eq. �2� is a matrix
with finite dimension and the conductance associated to the
two-probe device can be calculated by using the Fisher-Lee’s
relation34,39

G =
2e2

h
Tr��LGM

R+�RGM
R � , �4�

where

���E� = i��
�

R

�E� − �
�

R

�E�+� . �5�

Finally the two-terminal current, I, can be calculated by in-
tegrating the conductance over the bias window

I =
e

h
� dE Tr��LGM

R+�RGM
R ��f�E − �L� − f�E − �R�� . �6�

Note that when an external electrical potential �bias voltage�
is applied, the conductance entering in Eq. �6� should be
calculated by iterating self-consistently the Green’s function
of Eq. �2� together with an equation providing the single-
particle Hamiltonian of the EM �the Kohn-Sham Hamil-
tonian in this case�. More calculation details on how this
procedure is performed in SMEAGOL can be found in the
literature.35,36

Our DFT calculations use the Perdew-Zunger form40 of
the local-density approximation to the exchange-correlation
functional. We use respectively a double-zeta basis set for
the S atom and the single-zeta basis set for the gold atoms in
the electrodes.20 The scalar-relativistic Troullier-Martins
pseudopotentials41 in nonlocal form generated from the
5d106s1 reference configuration for gold atom and 3s23p4 for
sulfur atom were employed, respectively. The periodic
boundary conditions are applied in the basal plane �orthogo-
nal to the transport direction� with four irreducible k points
in the two-dimensional Brillouin zone. A k-grid sampling of
2�2�100 for the gold electrodes was employed, together

with a mesh cutoff of 200 Ry. The same mesh cutoff is used
also in the self-consistent transport calculations. We consider
100 real and 50 complex energy points when integrating the
Green’s function.

III. RESULTS AND DISCUSSION

The device geometries investigated in this work are pre-
sented in Fig. 1. In both cases the EM, in addition to S9,
includes four and five Au atomic layers, respectively, to the
left- and right-hand sides of the cluster. These have the same
crystal structure of the leads and they are sufficient to screen
the perturbation that the S9 cluster has over the electrodes’
electronic structure.9 We consider two orientations of S9 with
respect to the electrodes. In the first �Fig. 1�a�� the symmetry
axis of S9 is parallel to the transport direction �parallel
configuration—PAC�. The anchoring structure has two S at-
oms at the Au �100� hollow site positions on one side while
a single S is placed at atop position at the other side. In
contrast, the S9 symmetry axis of the second configuration
�Fig. 1�b�� is perpendicular to the direction of transport �Per-
Pendicular configuration—PPC� and the binding S atoms are
both placed at Au atop sites.

In both cases, the electrodes have an ideal fcc �100� struc-
ture with the lattice parameter of bulk gold. The equilibrium
geometry of the S9 cluster is taken from our previous work26

while the geometry of the entire device is evaluated by per-
forming total-energy calculations for different cluster to elec-
trodes distances �without further relaxing the internal struc-
ture of the electrodes and of S9�. The optimization is
performed by fixing the distance between the two electrodes
and by moving rigidly the cluster along the direction perpen-
dicular to the leads’ surfaces �the position in the plane re-
mains fixed�. We found that the total energy is minimized for
a symmetric position, i.e., when the distance between the
cluster and the surface is identical for the two electrodes.
This gives us an equilibrium distance of 2.4 Å for both the
hollow and the atop site �see Fig. 2�. Note however that in

FIG. 1. �Color online� Atomic configuration of the two devices
investigated in this work comprising an S9 cluster and gold elec-
trodes. In �a� the symmetry axis of S9 is parallel to the direction of
transport �PAC� and in �b� it is perpendicular �PPC� �color code: Au
yellow and S bright yellow�.
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the case of the hollow site the distance of 2.4 Å is that
between the plane of the hollow site and S and it corresponds
to an S-Au bond length of about 2.65 Å. Our simulations
also confirm the intuitive idea that the device with the larger
number of Au-S bonds is the most stable, as demonstrated by
the fact that at the equilibrium position the PAC has a lower
energy than the PPC.

Since the S9 cluster is not a rigid object and it is well
known that the presence of S in a molecular junction may
introduce a substantial structural relaxation42,43 we have per-
formed additional geometry optimization of the S9 cluster in
the Au /S9 /Au device. We start the simulations with the clus-
ter sitting at the previously calculated equilibrium positions
for both the PAC and the PPC. Furthermore we relax by
conjugate gradient only the S atoms and keep fixed to the
bulk positions the Au. We find that the internal structure
relaxation of S9 is marginal in the PAC with the exception of
a modest shift �0.07 Å� of the bonding site from atop to
hollow. In contrast the PPC relaxes much more. In particular,
we observe that the S9 symmetry axis rotates toward the
transport direction. The final optimized geometry is ex-
tremely similar to the PAC, corroborating our previous con-
clusion based on total-energy considerations about the sta-
bilities of the two geometries. This essentially means that
there is only one stable bonding configuration. Still in order
to study the effect of bonding over the transport we have
carried out calculations also for the original �unrelaxed� PPC.

In Fig. 3, we display the transmission coefficients as a
function of energy at zero bias, T�E ;V�, and the I-V charac-
teristics of both the geometrical configurations. As one can
easily see there are no important differences between the two
geometries and in general T�E ;V� appears always rather
smooth with energy. In particular, the transmission at around
the Au Fermi level �EF� is characterized by a multiplet of
closely spaced peaks, corresponding to characteristic mo-
lecular orbitals, that spreads over about 1 eV. These states
however are quite broad because of the strong electronic in-
teraction of S9 with the electrodes so that the resulting trans-
mission coefficient is almost featureless. Going into more

details the only appreciable change in going from the PAC to
the PPC is the exact position of EF with respect to the mul-
tiplet. In fact in the case of the PAC the Au Fermi energy is
placed in between two transmission peaks while it is actually
pinned at one peak in the PPC. The conductance at zero bias
�i.e., the conductance in the linear-response limit� reflects
this difference and it is 3.04G0 �G0=2e2 /h� for PAC and
3.5G0 for PPC. There is also a second minor difference that
distinguishes the two configurations, namely, that the width
of the highest occupied molecular orbital �HOMO� transmis-
sion peaks in the PAC is narrower than that of the PPC. This
is attributed to the different Au-S bond length of the hollow
and atop sites, although a fully quantitative assessment14,44 is
difficult in this case since T�E� here is rather too smooth.

In general and for both the geometries this is quite modest
with little modifications as the electric field is increases and
as expected in a strong electronic coupling situation. For
both the PAC and PPC there are almost no changes in the
shape and amplitude of T�E ;V� with V, except for a some
minor rearrangement of the peak structure at around EF.
Therefore the only effect of the bias is that of including more
spectral range in the integral giving the current �see Eq. �6��.
As a consequence the I-V shows a monotonic behavior with
a rather constant slope. Finally in both the PAC and PPC the
I-V’s appear rather symmetric, as a result of both the strong
electronic coupling and, in the case of the PPC, of the sym-
metric device geometry.

The influence of the S9 bonding to the electrodes over the
transport properties is investigated, where we compare the
zero bias T�E� for different distances between the terminal S
atoms and the Au surface, dS-Au�100�. Again the variations are
rather small, both when the junctions are compressed
�dS-Au�100��2.4 Å� and when they are stretched �dS-Au�100�
	2.4 Å�. In general an elongation of the Au-S bond reduces
the electronic coupling between the cluster and the elec-
trodes and produces a sharpening of the transmission peak.

FIG. 2. �Color online� Total energy as a function of the distance,
dS-Au�100�, between the S9 cluster and the electrodes for the PAC
�black square� and the PPC �red circle�. The zero points of the
energy have been chosen with respect to the optimal structure of
PAC.

FIG. 3. �Color online� Transport properties of an S9 cluster at-
tached to gold �100� electrodes. In the top panels we present the
transmission coefficients as a function of energy at zero bias,
T�E ;V�, while in the lower ones the I-V curves. Black line is for the
PAC and red line for the PPC. The blue dashed vertical line mark
the zero-bias windows.
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Compression has the opposite effect and T�E� becomes even
smoother than at equilibrium. Interestingly for both the PAC
and the PPC the relative position of the peak multiplet re-
sponsible for the transport and EF remains essentially un-
changed under both bond compression and elongation within
the range investigated here. This means that EF is kept in
between two transmission peaks for PAC while it stays
pinned at one of them for the PPC. This is essentially due to
a small realignment of the HOMO of the molecule to EF of
gold, which counterbalances a reduction in width of the as-
sociated transmission peak. Such a dynamics is driven by the
dependence of the charge transfer between the molecule and
the metal as a function of dS-Au�100� and it has been previ-
ously reported for the S-Au bond of the thiol group in or-
ganic molecules anchored to Au at undercoordinated sites.21

Certainly upon further increase in dS-Au�100� one expects the
transmission to eventually be suppressed and the transmis-
sion coefficient to became smaller. Finally it is worth notic-
ing that the peak structure of T�E� around EF for long bond
distances �dS-Au�100�=2.65 Å� is sharper for the PPC then for
the PAC indicating that the atop site is more sensitive to
changes that the hollow position.

The different I-V characteristics of the system calculated
at different dS-Au�100� are reported in Fig. 4. In the low-bias

region and for the PAC the conductances are calculated to be
3.3G0, 3.04G0, 3.25G0, and 2.58G0, respectively, for
dS-Au�100� 2.3 Å, 2.4 Å, 2.5 Å, and 2.65 Å. The PPC also
presents a similar situation. Here there we find low-bias con-
ductances of 3.0G0, 3.5G0, 3.1G0, and 2.3G0, respectively,
for dS-Au�100� of 2.3 Å, 2.4 Å, 2.5 Å, and 2.65 Å. Apart
from these quantitative differences, then the various I-V’s
look rather similar to each other. We note that the I-V of the
PAC is less sensitive to bond-length changes than that of
PPC. For this latter we observe that as the bond distance
increases there is a gradual development of a two-slope fea-
ture in the I-V. For instance, for dS-Au�100�=2.65 Å there is a
change in conductance at around 0.75 V. This reflects the
more sharp transmission peak structure of the PPC at large
bond distances.

The influence of the electronic structure on the transport
properties can be investigated by analyzing the projected
density of states �PDOS� over the various atomic orbitals
around the Au Fermi energy �see Fig. 5�. In Fig. 5, we plot
the PDOS of the Au and S atoms bonded at the atop position
and that of the remaining eight S for the PAC. We note that
there is an expected one-to-one mapping between the S DOS
and the position of the transmission peaks for the two de-
vices. In particular, we observe that the Au Fermi level is
placed in between a large peak in the DOS mostly originat-
ing from S atoms and a smaller one, which receives equal
contribution from S and Au. This confirms our previous at-
tribution of the current due to the interpeak energy region
between the HOMO and the lowest unoccupied molecular
orbital for the PAC. A similar analysis can be carried out for
the PPC confirming the HOMO conductance at low bias.
Going into more details about the orbital content of the DOS
we note that for both PAC and PPC most of the S-related
DOS around EF originates from the s orbitals, with some
smaller contributions from px and py �here the z axis is along
the transport direction while the x-y plane is orthogonal to
it�. Likewise for Au the s orbital dominates the DOS al-

FIG. 4. �Color online� I-V curves calculated for different dis-
tances between the S9 cluster and the electrodes, dS-Au�100�: �a� PAC
and �b� PPC.

FIG. 5. �Color online� DOS projected over the sulfur atoms of
the S9 cluster and the Au atom corresponding to the adatom position
for PAC. The middle panels are for the S atom adjacent to the
adatom while the top ones are for the remaining S in the cluster.
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though contributions from dx2−dy2 and dxy account for a part
of it especially near the Fermi level.

IV. CONCLUSIONS

We have presented the DFT-NEGF electron-transport cal-
culations for S9 clusters attached to Au �100� electrodes. In
particular, we have considered two geometrical configura-
tions in which the S9 is attached to the electrodes with its
symmetry axis either parallel or perpendicular to the trans-
port direction. It is found that the transmission coefficient in
the spectral window relevant for the current up to about 1 V
is characterized by several closely spaced and extremely
broad cluster molecular orbitals so that the transmission co-

efficient is almost flat around the gold Fermi level. This
yields rather linear I-V curves for both the device configura-
tions. Interestingly the bond distance between S9 and the
electrodes affects little this picture and the I-V’s are pre-
dicted rather stable with geometrical changes. In this respect
the PPC is more sensitive because of the double adatom
anchoring geometry.
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