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Transport in S2 molecules sandwiched between Au electrodes is investigated with a combination of

density functional theory and the non-equilibrium Green’s function method. We consider four

different configurations and find that their conductances are related to the details of the bonding

geometry. When S2 connects to pyramidal-shaped electrodes at the top site, the transmission is

governed by a resonance and is strongly affected by the bias. In contrast, the transport of the

remaining three configurations is through several closely spaced broad molecular orbitals, and the

transmission coefficient is almost flat around the Fermi level. VC 2012 American Institute of
Physics. [doi:10.1063/1.3665614]

The long envisioned possibility of trapping single mole-

cules between metallic break junctions (MBJs) has become a

reality only in the mid-nineties,1–3 when the difficulties in

establishing stable and reproducible molecule/electrode con-

tacts have been overcome. At present, several experimental

investigations demonstrate that diatomic molecules can form

a molecular contact with metals such as Au, Ag, Pt, and Pd.4,5

These contacts are stable enough to perform statistical MBJs

transport experiments, where conductance histograms are col-

lected over subsequent cycles of the junction breaking. Such

experiments provide a fundamental understanding of the mol-

ecule/metal interaction and of the molecules’ ability of trans-

ferring electrons. Theory has played a fundamental role in

explaining existing experiments and in designing new ones.6,7

In particular, quantum transport calculations based on accurate

electronic structure theories have helped in directly correlating

the electron transfer process to the details of the molecule/

electrode interaction. In the spirit of using theoretical predic-

tions ahead of experiments, here, we propose the investigation

of S2 in Au-based MBJs. Interestingly, although S is usually

rather reactive, we find here that S2 forms several stable mo-

lecular junctions, whose transport properties depend sensi-

tively on the orientation of the molecule with respect to the

electrodes. This is not the first time that molecular junctions

can be made with reactive materials. For instance, although

Pd absorbs H extremely efficiently, transport experiments

have been successfully conducted for H2 molecules sand-

wiched between Pd electrodes.5 We wish to stress here that

the agreement between theory and experiments for electron

transport in these small molecules is usually good,5–7 so that

we expect that our theoretical predictions might find soon an

experimental verification.

Sulphur is an ubiquitous element in molecular electron-

ics as thiol is the mostly used chemical group for anchoring

molecules to Au,8–10 but still, the thiol chemistry on Au

presents fascinating aspects.11,12 In general, there are advan-

tages and disadvantages in using S as linking group. On the

one hand, the S-Au bond is strong, although the high surface

mobility of Au may still result in thermally unstable junc-

tions.10 On the other hand, as thiol bonds to Au, it looses any

useful subsequent chemical functionality so that little further

chemical manipulation is possible. Such a disadvantage is

overcome in Sn clusters that naturally bond to Au but still

preserve a rich chemical activity. Note, however, that in gen-

eral, devices made with molecules that remain reactive may

be difficult to handle and their reproducibility may be low.

Recently, we have studied the transport properties of S9 clus-

ters, which show strong bonding to Au and good conducting

properties.13 Here, we explore S2, the end of the Sn series,14

and compare the bonding structure, the conductance and the

I-V curves of four different Au(100)-S2-Au(100) molecular

junctions as they are broken apart.15

The electronic structure and the transport properties

have been calculated with the ab initio transport code

SMEAGOL,16 which combines the non-equilibrium Green’s

function17 formalism with density functional theory.18 We

use the Perdew-Zunger local-density approximation19 to the

exchange-correlation functional and a double-zeta plus

polarization basis set. Nonlocal scalar-relativistic Troullier-

Martins pseudopotentials are generated from the configura-

tions: Au (5d106s1), S (3s23p4). Periodic boundary conditions

are applied in the plane orthogonal to the transport direction

with four k-points in the two-dimensional Brillouin zone. A

k-grid sampling of 2� 2� 100 for the Au electrodes is

employed, together with a mesh cut-off of 200 Ry. We con-

sider 128 real and 50 complex energy points when integrat-

ing the Green function.

The scatterng region includes the S2 molecule and,

respectively, seven and six Au atomic layers, (001)-oriented

and with 3� 3 cross-section, at each side of the junction.

Four S2 anchoring geometries are investigated (see insets of

Fig. 1): (a) S2 connected to pyramical-shaped electrodes at

the top site with the molecular axis parallel to the transport

direction (z-axis), (b) same as in (a) but with the molecular

axis perpendicular to z, (c) S2 connected to pyramical elec-

trodes at the hollow site to the left and at the top site to the

right (molecular axis parallel to z), and (d) S2 connected to

two hollow sites with the molecular axis parallel to z. The

most stable structures are found by geometry relaxation with

a)Authors to whom correspondence should be addressed. Electronic

addresses: x.r.chen@qq.com, sanvitos@tcd.ie, and ycheng@scu.edu.cn.
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the bulk Au leads kept fixed.15 The ground state energy is

calculated as a function of the distance dz between the outer

Au layers, i.e., we simulate a slow junction breaking process.

Fig. 1 presents the cohesion energy, DE¼E(Au

electrodeþ S2)�E(S2)�E(Au electrode), as a function of

dz for all the configurations. This is the energy of the junction

(S2 plus the Au atoms in scattering region) relative to the

sum of the energy of S2 in the gas phase and that of the Au

layers included in the scattering region. We find that, for (a),

(c), and (d), DE(dz) is a parabola with minima located,

respectively, at the equilibrium distances, dz,eq¼ 14.049 Å,

dz,eq¼ 11.509 Å, and dz,eq¼ 8.969 Å. Thus, dz,eq describes

the optimal device, which is the device that will naturally

form if the electrodes are free to relax. For (a), the Au-S

bond-length, dS�Au, is 2.36 Å, while it is, respectively,

2.63 Å at the hollow site and 2.37 Å at the top site for (c).

Finally, for (d), dS�Au¼ 2.61 Å at the hollow site. At var-

iance with (a), (c), and (d), there is no local minimum in

DE(dz) for (b), which changes as follows as the electrodes

are pulled apart. For small dS�Au (compression), the electro-

des’ apexes sit in the middle of the S-S bond, which is

stretched. As the MBJ is pulled, the S-S bond-length gets

compressed while dS�Au increases. We find that for

dz¼ 11.86 Å, the S-S bond-length is close to the experimen-

tal value of 1.889 Å (Ref. 20) and dS�Au� 2.54 Å. Overall,

for all the configurations, the obtained dS�Au is consistent

with previous literature.8,13,21

Together with DE(dz), we also calculate the conductance

as a function of distance dz (also Fig. 1). This is evaluated by

using the Landauer formula G¼G0 T(EF; V¼ 0), where

G0¼ 2e2/h is the conductance quantum and T(EF; V¼ 0) is

the transmission coefficient at zero�bias (V¼ 0) calculated

at the Fermi level, EF. In general, for all the configurations,

we find that G increases as the contact is pulled apart. This is

a similar to what happens to a single S atom and demon-

strates the sensitivity of the conductance to the local atomic

re-arrangement of the contact region.22 Going into more

details, we observe that for (a), G increases from 2.28G0 to

2.85G0 as dz goes from 13 Å to 15.5 Å. Then, for dz> 15.5 Å,

the Au-S bond breaks, the junction snaps, and G jumps

abruptly from �2.85G0 to �1.06G0 (dz� 16 Å) and then

remains small for any larger dz. A similar trend is observed

for (c) and (d) with G increasing monotonically [from

1.03G0 to 1.25G0 for (c) and from 0.73G0 to 1.15G0 for (d)]

until the bond breaking point. Finally, (b) behaves differently

as G first decreases from 1.47G0 to 1.19G0 for dz going from

�10 Å to �11 Å and then it increases until the Au-S bond

breaking point.

The differences in conductance between the anchoring

geometries can be understood by analysing the transmission

function T(E;V) and the orbital resolved projected density of

states (PDOS) of the Au-S2-Au junctions at the equilibrium

distance (Fig. 2). For (a), EF of Au is located at a peak in the

transmission function where it pins. Thus, T(EF;0) is domi-

nated by a resonance corresponding to the energy of the

highest occupied molecular orbital (HOMO), eHOMO. This

provides a large G so that (a) has the largest transmission

among all the junctions. Such a highly conductive transport

channel is mainly formed by the S px and py orbital, with an

almost negligible contribution from pz (not shown; note that

pz points towards the electrodes). Therefore, for (a), the

transport is via p–conjugation across the junction. In fact,

the PDOS also reveals that the S2/electrodes electron cou-

pling is through S px and py and the Au s, dxz, dyz.

In (b), EF is located just above the molecule HOMO, but

this time G is no longer due to the S px and py orbitals but to

the coupling between S pz and Au dxz, dyz, reflecting the 90�

rotation of the molecule when going from (a) to (b). Note

that, although in a tight-binding picture, there is no hopping

integral between pz and dxz, dyz if the bond axis is along the z
direction; this is true here where the bond direction forms an

angle with z. Still, the electronic coupling remains weak. For

this reason, the HOMO contributes little to G. For the

remaining (c) and (d) configurations, where S2 binds at least

at one side at the hollow site, the electronic coupling is con-

siderably stronger than in (a). This affects the S2 HOMO

FIG. 1. (Color online) Conductance (circles

and left-hand side axis) and cohesion energy

(squares and right-hand side axis) for the

four configurations investigated as a func-

tion of distance dZ between the two

Au (100) electrodes: (a) top-top parallel

configuration, (b) top-top perpendicular

configuration, (c) top-hollow configuration,

and (d) hollow-hollow configuration. In the

insets, we present the geometrical structures

of the junctions at different electrodes’

elongations.
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broadening to a point where it becomes indistinguishable in

the PDOS. As a consequence, there is no resonance at EF,

but instead, T(E) is flat and featureless. In all cases, the con-

ductance is around 1 G0 at EF, which is what is expected for

a single s channel.

We now look at the dependence of T(E;V) upon bias

(upper panels of Fig. 2). In this case, (a) behaves completely

differently from all the others. In fact for (a), we observe a

significant drift of the HOMO resonance to lower energies as

V is increased. Such a drift moves the HOMO away from the

EF. However, the transmission peak does not leave the bias

window, and therefore, the current (see later) and the con-

ductance remain relatively large. In contrast, for the configu-

rations (b), (c), and (d), little happens to T(E;V) around EF as

V is increased. This is what expected from a metallic-like

junction.

The dependence of T(E; V) on bias sets the shape of the

I-V characteristics (Fig. 3). In general, there is little differ-

ence between the four anchoring geometries, as one may

expect from devices showing metallic-like transmission with

zero-bias conductance around G0 and featureless T(E; V) for

E�EF. Thus, all the I-V are linear and featureless. Still,

some qualitative differences exist. For instance, (a) shows a

clear slope change in the I-V for jVj> 0.25 V. This corre-

sponds to the saturation of the contribution to the current

originating from the HOMO. Since other junctions do not

have a distintive peak contributing T(EF), they do not display

any slope change. The only other exception is for configura-

tion (c) which displays an asymmetric I-V curve, with the

conductance (dI/dV) being larger for V> 0 than for V< 0.

Such an asymmetry is expected and originates from the

asymmetric anchoring geometry and from a slightly different

molecule charging for the two bias polarities.

In conclusion, we have presented a density functional

theory and non-equilibrium Green’s function (DFT-NEGF)

study of the electron transport of four geometrically different

S2/Au MBJs. In general, all the junctions show large zero-

bias conductance and linear I-V curves. This demonstrates

the rather strong electronic coupling between S2 and the

electrodes, which manifests itself in the large and featureless

T(E;V¼ 0) around EF. The only exception is when S2 mole-

cule is parallel to the transport direction and attaches at the

top sites, (a). In this case, the transmission originates most

from a narrow peak in the PDOS corresponding to the mole-

cule HOMO. Such a peak is responsible for the low bias

conductance and for a change in slope in the I-V curve at

jVj> 0.25 V.

As S is the most popular linking element for molecules

on Au, the relevance of our calculations goes beyond the

determination of the conductance of S2. In particular, we

have demonstrated that the S p–bonding can sustain a very

large current. It is then expected that p–conjugated mole-

cules linked to Au by S may exhibit large transmission.

FIG. 2. (Color online) Transmission coef-

ficient as a function of energy (top panels)

and PDOS (lower panels) for an S2 mole-

cule attached to gold (100) electrodes: (a)

top-top parallel configuration, (b) top-top

perpendicular configuration, (c) top-

hollow configuration, and (d) hollow-

hollow configuration.

FIG. 3. (Color online) I-V curves calculated for four configurations between

the S2 cluster and the electrodes at the equilibrium positions: (a) top-top par-

allel configuration, (b) top-top perpendicular configuration, (c) top-hollow

configuration, and (d) hollow-hollow configuration.
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Furthermore, we anticipate that it will be possible to verify

experimentally our calculations by either MBJs or by scan-

ning tunnel microscopy (STM) experiments. In the case of

STM, these may also reveal important information about cat-

alytic processes of S on Au.
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