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Using benzene sandwiched between two Au leads as a model system, we investigate from first
principles the change in molecular conductance caused by different atomic structures around the
metal-molecule contact. Our motivation is the variable situations that may arise in break junction
experiments; our approach is a combined density functional theory and Green function technique.
We focus on effects caused bys1d the presence of an additional Au atom at the contact ands2d
possible changes in the molecule-lead separation. The effects of contact atomic relaxation and two
different lead orientations are fully considered. We find that the presence of an additional Au atom
at each of the two contacts will increase the equilibrium conductance by up to two orders of
magnitude regardless of either the lead orientation or different group-VI anchoring atoms. This is
due to a resonance peak near the Fermi energy from the lowest energy unoccupied molecular orbital.
In the nonequilibrium properties, the resonance peak manifests itself in a negative differential
conductance. We find that the dependence of the equilibrium conductance on the molecule-lead
separation can be quite subtle: either very weak or very strong depending on the separation
regime. ©2005 American Institute of Physics. fDOI: 10.1063/1.1851496g

I. INTRODUCTION

Understanding electron transport through nanoscale
junctions or molecular devices connected to metallic elec-
trodes may be the basis of future molecular electronics
technology.1–5 One of the critical issues in this regard is to
construct contact structures which can provide both useful
stability and high contact transparency.

In many recent experiments,3,6–8 Au electrodes were
used as leads for transport measurements because of the high
conductivity, stability, and well-defined fabrication tech-
niques involved. A common way to construct a lead-
molecule-leadsLML d system is by using a break junction.
These can be made either through electromigration9–12 or
through direct mechanical means6–8,13 fi.e., mechanically
controllable break junctionsMCBdg. In these break-junction
experiments the detailed atomic structure of the molecule-
lead contacts of a LML system is unknown. In fact, because
of the atomic scale roughness of the break surface, different
atomic scale structures of the contact may occur in different
experiments. Up to now, it has been difficult to investigate
and control experimentally the detailed contact atomic struc-
ture and find out its influence on the electron transport
through a molecular device. Here theoretical modeling/
simulation free from empirical parameters may play an im-
portant role in understanding, interpreting observed experi-
mental behaviors, or doing predesigns for good contact
structures.

Because of the need for an atomic scale description,ab
initio density functional theorysDFTd sRefs. 14 and 15d is a

natural approach to molecular electronics. One route works
explicitly with scattering states via the Lippmann–Schwinger
equation.16–19 The more common method, however, is to
combine DFT using a localized basis set for molecular elec-
tronic structure with the nonequilibrium Green function
methodsNEGFd sRefs. 20 and 21d for electron transport.22–27

In this method some parts of the electrodes of a LML system
can be included in the device region to form an “extended
molecule,” and therefore the specific contact atomic structure
and relaxation can be fully considered in principle although
in practice the atomic structure is usually predetermined to
avoid the heavy computational effort.28–40 In the implemen-
tations of this approach, some researchers23,24,26,28–32adopted
quantum chemistry methods for the DFT calculation in
which a cluster geometry is used for the device region, while
others22,25,27,33–40used a periodic geometrysas in solid state
physicsd for the device region. The advantages of the latter
are that the electronic structure of the device region and the
two leads can be easily treated on the same footing and the
infinite LML system is nearly perfect in geometry without
any artificially introduced surface effect and scattering.

Previously we developed a self-consistent approach
within the DFT+NEGF method for calculating electron
transport through molecular devices.27 Our approach is
simple while strict: the nonequilibrium condition under a
bias is fully included in the NEGF rather than the DFT part.
Therefore, it is straightforward to combine with any elec-
tronic structure method that uses a localized basis set. More
importantly, in this way we avoid the problem of solving for
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the Hartree potential under a bias field with unphysical po-
tential jumps at the two boundaries of the DFT supercell. In
our method large parts of the two metallic leads of a system
are included in the device region so that the molecule-lead
interactionssincluding electron transfer and atomic relax-
ationd are fully included, and the electronic structures of the
molecule and the two leads are treated exactly on the same
footing.

Based on this method, here we report an investigation of
the molecular conductance of benzene connected to two Au
leads with finite cross section. At each step, the reasonability
of the present systematic results are discussed in comparison
with the prior results from Xue and Ratner29,30 for an unre-
laxed S-anchored Aus111d system and from Di Ventra,et
al.18,41 who used a jellium model. We focus on the effects of
changing the atomic structure around the contacts, including
the presence of an additional Au atom and changes in the
molecule-lead separation, both of which are simple but im-
portant situations in break-junction experiments. In our cal-
culation the effects of contact atomic relaxation and different
lead orientations are fully considered. Also considered are
different group-VI anchoring atoms. Our calculations show a
dramatic effect of contact atomic configuration on electron
transport through the molecule: an additional Au atom at the
contacts can increase the equilibrium conductance by two
orders of magnitude due to a resonance peak around the
Fermi energy from the lowest energy unoccupied molecular
orbital sLUMOd. We find that the dependence of the equilib-
rium conductance on the molecule-lead separation can be
complicated: either very weak or very strong depending on
the separation regime.

II. SYSTEMS INVESTIGATED AND COMPUTATIONAL
DETAILS

The systems we have studied consist of a benzene mol-
ecule connected to two Au leads of finite cross-section
through a S atom located at the hollow site of the Aus001d or
Aus111d surface. While the use of leads with a finite cross
section is more efficient in our method it is an approximation
to real experimental situations. In MCB technique a metal
wire is elongated and broken by the bending of the substrate.
Experiments13,42 have shown that well before a metal wire
breaks a very thin bridge region is formed which contributes
only severalG0 s=2e2/h, conductance quantumd of conduc-
tance to the wire. This means that in a real LML system the
molecule is usually connected to a very thin nanowire which
is then connected to the extended part of the metal lead.
Therefore the real experimental situation is between the fol-
lowing two limits: a lead of thin nanowire and a lead of
infinitely wide surface. In this paper we adopt the former
limit and the width of the Au leads is set to be 2Î232Î2 for
the s001d lead and 232 for the s111d lead. To see the pos-
sible effect of the small width on the results we also carry out
calculations using wider leads: 3Î233Î2 and 4Î234Î2 for
s001d, 333 and 434 for s111d.

To investigate the role of contact atomic structure, here
we consider a very simple but possible situation: the pres-
ence of an additional Au atom at either one or both contacts,

denoted by 1Au and 2Au, respectively. We use the structural
label s001dI1Au, for instance, to denote the system with the
Aus001d leads and an additional Au atom at one of its con-
tacts. To show the effect of change in the molecule-lead
separation, we change rigidlysi.e., without any further struc-
ture relaxationd the contact Au–S distancesdAu–Sd in the ver-
tical direction. The purpose of all these considerations is to
simulate possible situations in break-junction experiments in
which different contact atomic structures may occur because
of atomic fluctuations on the break surfaces and the
molecule-lead separation can be adjusted by the MCB tech-
nique. To show the effect of contact atomic relaxation, we
calculate the electron transmission for two independent
cases:s1d Atoms in the leads are fixed at their bulk positions,
and the molecule is fixed at the optimized structure of the
isolated molecule with the dangling bond on the S atom satu-
rated by an Au atom. The distance between the S atom and
the Au surface, however, is optimized. This structure is
called “unrelaxed.”s2d The structure of the molecule, the
first two atomic layers of the lead surfaces, as well as the
molecule-lead separation are fully relaxed. The in-plane po-
sition of the S atom is, however, fixed at the hollow site. This
structure is called “relaxed;” the structure of the relaxed sys-
tems are shown in Fig. 1.

We use the efficient full DFT package SIESTAsRef. 43d
to do the electronic structure calculation. It adopts a finite-
range numerical basis set and makes use of pseudopotentials
for the atomic cores. We adopt a high level doublez plus
polarizationsDZPd basis set for all atomic species. The PBE
version of the generalized gradient approximationsRef. 44d
is adopted for the electron exchange and correlation, and
optimized Troullier–Martins pseudopotentialssRef. 45d are
used for the atomic cores. The atomic structure of the relaxed
systems are optimized until the maximum residual force on
all atoms is less than 0.02 eV/Å.

For the transport calculation, we divide an infinite LML
system into three parts: left leadL, right leadR, and device
regionC which contains the molecule and large parts of the
left and right leads, as shown in Fig. 1, so that the molecule-
lead interactions can be fully accommodated. Under a bias
Vb the regionC will be driven out of equilibrium. We have
developed a simple while strict full self-consistent
approach27 to handle a steady state bias: The bias is included
through the density matrix of the regionC sDCd in the Green
function calculation instead of the potentialsHCd in the DFT
part. Specifically, we calculateDC under the boundary con-
dition that there is a potential differenceVb between the left
side of regionC stogether with the left leadd and the right
side ofC stogether with the right leadd,

DC =
1

2p
E

−`

+`

dEFGCsEdGLSE +
eVb

2
DGC

†sEdfsE − mLd

+ GCsEdGRSE −
eVb

2
DGC

†sEdfsE − mRdG , s1d

whereGCsEd is the retarded Green function of regionC sin
which all the potential shifts are included27d, f is the Fermi
function, andmL andmR the chemical potentials of the leads.
GLsEd and GRsEd reflect the coupling at energyE between
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the C region and the leadsL andR. The self-consistent loop
is→HCsDFTd→GC→DCsNEGFd→HCsDFTd→¯ until
HC andDC converge.27 The electron transmission throughC
is then related to Green functions by

TsE,Vbd = TrFGLSE +
eVb

2
DGCsEdGRSE −

eVb

2
DGC

†sEdG .

s2d

Note how Vb again appears inG here. Finally, the steady-
state current is obtained by simply integrating the transmis-
sion over the energy window.

III. RESULTS AND DISCUSSION

A. Equilibrium transmission and electron transfer

In Fig. 2 we show the transmission functions for both the
unrelaxed and the relaxed systems. The calculated values of
equilibrium conductance are given in Table I, together with
the molecule-lead electron transfer determined by a Mulliken
population analysissa positive value means electrons are
transfered from the Au leads to the molecule, including the
two S atomsd.

Because we use the bulk Au structure for the leads in the
unrelaxed cases, the contact atomic relaxation consists of
two parts:s1d the relaxation of the bare Au lead with respect
to its bulk structure, ands2d the relaxation of both the leads
and the molecule induced by the molecule-lead interaction.

Our calculations of optimized atomic structure show that
both parts are very small, as can be seen in Fig. 1. The small
relaxation of the bare Au leads is consistent with the very
small surface relaxation of unreconstructed infinite Au sur-
faces. The small molecule-lead relaxation is understandable
because the hollow site corresponds to a bulk atomic posi-
tion, and so the absorption of a S atom will not markedly
change the directional binding of the surface. Because the
contact atomic relaxation is very small, its effect on electron
transmission is only minor: as seen in Fig. 2 and Table I, the
induced change in equilibrium conductance is less than
100%. The very small molecule-lead relaxation justifies the
reasonability of changing rigidlydAu–S for simulating the
change in the molecule-lead separation.

The results in Table I show that if there is no additional
Au atom at the contactss0Au systemsd, the Aus001d lead
yields a larger conductance than Aus111d. This may be un-
derstood by considering the contact atomic configuration in
the two cases: the S atom touches four Au atoms on the
Aus001d surfacefsee Fig. 1sgdg but only three on Aus111d
fsee Fig. 1shdg. Note that this difference in conductance is
significantly reduced by adding additional Au atoms to the
contacts. This is obvious according to the above analysis: the
additional Au atom reduces the structural difference for elec-
tron transport between the Aus001d and Aus111d contacts.
Another difference between the two lead orientations is in
the overall structure ofTsEd, as shown in Fig. 2: TheTsEd

FIG. 1. Optimized atomic structures of the LML systems investigated, obtained by relaxing fully the molecule, the first two atomic layers of the two lead
surfaces, and the molecule-lead separation.sad, sbd, and scd: The Au leads are in thes001d direction, and there are 0, 2, and 1 additional Au atoms at the
contacts, respectively.sdd, sed, andsfd: The Au leads are ins111d direction, and there are 0, 2, and 1 additional Au atoms at the contacts, respectively. The
dashed line indicates the interface between the device regionsCd and the left or right leadsL or Rd. The in-plane adsorption site of the molecule is indicated
by a dark-colored ball insgd for s001d and in shd for s111d.
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functions of the Aus111d systems have more sharp structures
than those of the Aus001d systems. This difference is related
to the thinner Aus111d lead and its much lower symmetry.
This behavior of the Aus111d lead has also been found in
other calculations.25

The introduction of Au atoms to the contacts causes a
dramatic change in the conductance of the system. The cal-
culated values of equilibrium conductance in Table I show
that an additional Au atom at both contacts increases the
conductance by a factor of 14 for the Aus001d lead and 61 for
Aus111d. From the calculated transmission functions in Fig.
2, we see clearly that the two additional Au atoms produce a
large resonance around the Fermi energy. It will be shown
later that this originates from the LUMO level of the isolated
moleculesi.e., S–C6H4–Sd. The driving forces causing the
resonance peak are the molecule-lead electron transfer and
coupling. As seen in Table I, the introduction of the two

additional Au atoms changes the sign of the electron transfer
so that more electrons are transferred from the leads to the
molecule, finally causing thesbroadenedd molecular LUMO
level to line up with the chemical potential of the leads. This
point will be confirmed directly later. To show more clearly
the difference between the systems with and without the ad-
ditional Au atoms we show in Fig. 3 the local density of
states within the energy windowf−0.05, +0.05g around the
Fermi energy for the systemss001dI0Au ands001dI2Au. The
two additional Au atoms clearly lead to a conductance chan-
nel in the s001dI2Au system which is absent in the
s001dI0Au case. Note that the spatial shape of the density of
states on the molecule indicates that the channel is formed
from the LUMO level. When we add the Au to only one of
the two contactsfsee the atomic structures in Fig. 1sed and
1sfdg, the increase in conductance is only minorssee the rows
with label “1Au” in Table Id, especially for the Aus001d lead,
indicating that the electron transmission through the mol-
ecule is then choked off by the less transparent contact.

In order to check possible influences of the small lead
width on these results, we carried out further calculations
using the following wider leads: 3Î233Î2 and 4Î234Î2
for s001d, 333 and 434 for s111d. Here we adopted the
unrelaxed structures as described previously and a smaller
basis set, singlez plus polarizationsSZPd, to reduce the
much larger computational effort. The results are list in Table
II. To have a consistent comparison, in Table II we also list
the results from the small-basis-set calculation for the small
leads. As can be seen, the basis set effect is quite small
except for thes001dI2Au system, for which the DZP basis set
gives a conductance two times larger than the SZP result. For
the same bais setsi.e., SZPd the wider leads give quantita-

FIG. 2. Comparison between the transmission functions of the unrelaxedsdashed lined and the relaxedssolid lined systems. Different systems are indicated by
their structure labels as defined in the text.sad, sbd, scd, andsdd correspond to the atomic structures ofsad, sbd, sdd, sed in Fig. 1, respectively.

TABLE I. Calculated equilibrium conductancesG, in units of 2e2/hd and
molecule-lead electron transfersDQ, in units of electron, a positive value
means that electrons are transferred from lead to moleculed. Note the large
effect of adding additional Au atoms.

Unrelaxed Relaxed

DQ G DQ G

S s001d 0Au −0.026 0.061 −0.048 0.053
1Au +0.169 0.059
2Au +0.200 0.590 +0.261 0.740

s111d 0Au +0.044 0.016 +0.053 0.0080
1Au +0.204 0.025
2Au +0.178 0.380 +0.228 0.490

074704-4 Ke, Baranger, and Yang J. Chem. Phys. 122, 074704 ~2005!

Downloaded 06 Mar 2005 to 152.3.182.56. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



tively somewhat different results from the thinner leads, but
the conclusion concerning the significant role of the addi-
tional Au atoms remains the same.

B. Other anchoring atoms

In order to examine whether this behavior is common for
other group-VI anchoring atoms, we carry out the same cal-
culation for systems having similar geometry but anchored
by Se and Te atoms. The results of equilibrium conductance
and molecule-lead electron transfer are listed in Table III.
Clearly, the conclusions reached in the S-anchored systems
also holds for the Se- and Te-anchored systems.

C. Dependence on molecule-lead separation

In MCB experiments the molecule-lead separation may
not be at its equilibrium value but rather may be lengthened
or compressed because of the mismatch between the molecu-
lar length and the junction break. To simulate this situation,

here we calculate the equilibrium conductance as a function
of the change indAu–S sDdAu–Sd with regard to its equilibrium
value for three systems: unrelaxeds001dI2Au, s001dI0Au,
and relaxeds001dI1Au. For the first two cases,dAu–S of both
contacts will be changed rigidly while maintaining the sym-
metry of the system, while for the third case onlydAu–S of
the contact without the additional Au atom will be changed
rigidly. As mentioned previously, the very small molecule-
lead relaxation justifies this treatment. The results are shown
in Fig. 4.

There is a large resonance peak in the conductance curve
for all three systems. For thes001dI2Au case, the equilibrium
Au–S distance is very close to the position of the resonance
peak, while for the other two systems the equilibrium Au–S
distance is about 1.4 Å away from the position of the reso-
nance peak. Along with the increase ofDdAu–S the amount of
charge transferred from the leads to the molecule increases
and reach its maximum around the resonance peak. If we
assume the mechanism producing the resonance is the same
for the three systems, thenTsEd at pointC in Fig. 4sbd should
be similar to that at pointA in Fig. 4sad, even though trans-
mission at pointsA and B are very differentfsee Fig. 2sbd
and 2sadg. To check our point we plot the transmission func-
tion for pointC in Fig. 4sdd. It is clear that, as expected, this
TsEd is quite similar to that of Fig. 2sbd.

Before continuing to investigate the mechanism of the
resonance, we briefly pause to compare to previous calcula-
tions available for the S-anchored system. In Refs. 29 and
30, Xue and Ratner reported on a systematic calculation for
the unrelaxed SI s111d Ih system adopting a cluster method
in which six Au atoms of each lead surface are included to
form the extended molecule. They found that an additional
Au atom introduced at each contact will increase signifi-
cantly the equilibrium conductance and that this effect is
quite similar to that from increasing the contact Au–S dis-
tance. Although there are some quantitative differences be-
tween the two sets of results, our results are consistent with
their findings despite the fact that the techniques adopted in

FIG. 3. Local density of states within the energy windows−0.05,
+0.05d eV around the Fermi energy for the systemss001dI0Au supperd and
s001dI2Au slowerd. Note the channel with LUMO-like character in the latter
which is absent in the former.

TABLE II. Equilibrium conductancesin units of 2e2/hd calculated by using
the wider leads and the smaller basis set as mentioned in the text. For a
consistent comparison, we also list the results from the small-bais-set cal-
culation for the small leads. Note the same effect of adding additional Au
atoms, as shown in Table I.

S s001d 2Î232Î2 3Î233Î2 4Î234Î2
0Au 0.072 0.090 0.089
2Au 0.273 0.255 0.260

s111d 232 333 434
0Au 0.017 0.010 0.057
2Au 0.292 0.470 0.581

TABLE III. Calculated equilibrium conductancesG, in units of 2e2/hd and
molecule-lead electron transfersDQ, in units of electrond for the Se- and
Te-anchored systems.sThe notations are the same as those in Table Id. All
the trends seen in the S anchored systems are also evident here.

Unrelaxed Relaxed

DQ G DQ G

Se s001d 0Au −0.190 0.036 −0.206 0.031
1Au +0.099 0.044
2Au +0.220 0.490 +0.283 0.660

s111d 0Au −0.042 0.010 −0.010 0.0047
1Au +0.167 0.036
2Au +0.198 0.357 +0.235 0.550

Te s001d 0Au −0.318 0.017 −0.294 0.014
1Au +0.052 0.024
2Au +0.228 0.260 +0.290 0.420

s111d 0Au −0.088 0.0050 −0.044 0.0024
1Au +0.155 0.022
2Au +0.216 0.240 +0.261 0.430
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the two calculations are very different:s1d In our calculation
both the lead and molecule are treated by DFTsRef. 46d
while in Refs. 29 and 30 the molecule is treated by DFT but
the lead is treated by a tight-binding approach.s2d Periodic
boundary conditions for DFT are used here with large parts
of the leadssmore than 45 Au atoms in each leadd included
into the device region47 while the cluster geometry is used in
Refs. 29 and 30. On the other hand, in Ref. 41 Ventra, Lang,
and Pantelides reported a systematic calculation of the con-
ductance of the 1,4-dithiol-benzene molecule by using a jel-
lium model for the Au lead. They found that the introduction
of an additional Au atom at each contact will decrease sig-
nificantly the equilibrium conductance. Although their calcu-
lation also shows the strong contact structure dependence of
the molecular conductance, the result is qualitatively differ-

ent from those of the DFT+NEGF-based calculations with
atomic leads. The reason for this discrpancy is so far not
clear; one possibility might be the artificial scattering at the
jellium-Au interface.

D. Resonance mechanism

In order to show more clearly the mechanism of the
resonance peak around the Fermi energy and the modifica-
tion in transport properties caused by changing the contact
Au–S distance, we show in Fig. 5 contour plots of transmis-
sion coefficient as functions of energy andDdAu–S for the
three S-anchored systems,s001dI2Au, s001dI0Au, and
s001dI1Au. For thes001dI2Au system, when the Au–S dis-

FIG. 4. Equilibrium conductance and lead-to-molecule electron transfer as
functions of the change in Au–S distancesDdAu–Sd, for sad unrelaxed
s001dI2Au system, sbd unrelaxed s001dI0Au system, andscd relaxed
s001dI1Au system. Insad and sbd dAu–S of the two contacts is rigidly and
symmetrically changed, while inscd only dAu–S of the contact without the
additional Au is rigidly changed. The transmission function for pointC is
shown insdd, while those for pointsA andB are already shown in Figs. 2sbd
and 2sad, respectively. Note the large resonance conductance peak in panels
sad–scd accompanied by significant electron transfer to the molecule. The
similarity of sdd to Fig. 2sbd shows that increased Au–S separation has an
effect comparable to that of the extra Au atoms.

FIG. 5. Contour plots of transmission as a function of both energy and
DdAu–S for sad unrelaxeds001dI2Au system,sbd unrelaxeds001dI0Au sys-
tem, andscd relaxeds001dI1Au system. The meaning ofDdAu–S is the same
as in Fig. 4. The contributions from the HOMO and LUMO orbitals of the
isolated moleculesS–C6H4–Sd are indicated insad and sbd.
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tance is largesDdAu–S.1.0 Åd there are three energies in the
energy window which contribute to the electron transmis-
sion. Comparison with the level structure of the isolated mol-
ecule sS–C6H4–Sd shows that these three energies corre-
spond to the LUMO, highest energy occupied molecular
orbital sHOMOd, and HOMO-1 of the isolated molecule, re-
spectively. AsDdAu–S decreases, the increasing molecule-
lead coupling broadens these three levels. The two HOMO
states shifts gradually to lower energies as well. It is clear
that the resonance peak aroundDdAu–S=0.2 Å in Fig. 4sad
originates from thesbroadenedd LUMO contribution.

For the s001dI0Au case and large Au–S distance
sDdAu–S.1.4 Åd, the result is completely similar to that for
the s001dI2Au system. This is a further indication that the
two resonance peaks in Fig. 4sad and 4sbd have the same
character, as we already argued from the similarityTsEd in
Figs. 2sbd and 4sdd. The role of the two additional Au atoms
at the contacts is equivalent to that from increasing the
surface-S distance. AsDdAu–S is decreased to smaller than
1.0 Å the strong molecule-lead coupling changes signifi-
cantly the local electronic structure, and we cannot distin-
guish the individual contribution from the molecular orbitals
anymore. Finally, atDdAu–S=0.0 Å the transmission function
becomes totally different from that for largeDdAu–S, as
shown in Fig. 2sad.

An interesting thing we should notice in Fig. 5sbd is that
within the large range ofDdAu–S,0–1 Å the equilibrium
conductance is actually very insensitive to the Au–S dis-
tance. This indicates that the molecule-lead separation de-
pendence of the equilibrium conductance can be quite com-
plicated: it can be either very strongsfor large DdAu–Sd or
very weaksfor small DdAu–Sd.

For the s001dI1Au system, because of the strong cou-
pling on the left sidefsee Fig. 1scdg we cannot recognize the
individual contributions from the molecular orbitals in Fig.
5sbd even for largeDdAu–S. However, there is a similar
LUMO-like contribution to the resonance peak in Fig. 4scd,
and the equilibrium conductance is also insensitive to the
Au–S distance forDdAu–S,0–1 Å. This indicates that the
total electron transmission is dominated by the weakly
coupled contact.

E. I-V curve

The large resonance peak in the equilibrium transmission
function around the Fermi energy suggests the possibility of
negative differential conductance when a bias voltage is ap-
plied. We would like to show this explicitly. In order to avoid
the large computational effort for theI-V curve of this sys-
tem, we use a similar but slightly smaller system. The struc-
ture and equilibrium transmission function of the small sys-
tem are shown in Fig. 6. As can be seen, the cross section of
the lead here is smaller than that shown in Fig. 1sgd si.e., the
atoms in the surface layers in Fig. 1sgd are removedd. It can
be seen that its transmission function is somewhat different
from that of the large system, but the feature of the large
resonance peak around the Fermi energy is the same. The
calculatedI-V curve given in Fig. 6 shows clearly a large
negative differential conductance aroundVb,0.2–0.5 V.

We would like to say that the use of the extremely thin lead
may have some artificial effects on the result because in this
case almost all the atoms in the leads are surface atoms and
the screening is certainly not good, therefore, the result may
not be quantitatively reliable. However, as we have shown
above, the main features of theTsEd function around the
Fermi energy are still captured by using this very thin lead,
so we can expect that the result here is still qualitatively
meaningful.

IV. SUMMARY

By using a density functional theory calculation for mo-
lecular electronic structure and a Green function method for
electron transport, we have calculated from first principles
the molecular conductance of benzene sandwiched between
two Au leads in different ways. In our calculation, the effects
of contact atomic relaxation, two different lead orientations,
and different anchoring atoms are fully considered. We fo-
cused on the effects of the change in atomic structure around
the contacts, including the presence of an additional Au atom
and changes in the molecule-lead separation, as an effort to
simulate possible situations in break-junction experiments.
Our findings are the following.

s1d The presence of an additional Au atom at each of the
two contacts can increase the equilibrium conductance by
one to two orders of magnituderegardlessof the contact
atomic structure or group-VI anchoring atom. The mecha-
nism is the creation of a LUMO-like resonance peak around
the Fermi energy, which also leads to negative differential
conductance under applied bias.

s2d The presence of the additional Au atom at only one

FIG. 6. I-V curve of the smallers001dI2Au system shown in the upper inset,
whose transmission function under zero bias is shown in the lower inset.
Note that there is a large resonance peak inTsEd around the Fermi energy
which causes a large negative differential conductance in theI-V curve
aroundVb=0.2–0.5 V.
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contact will give only a minor increase in conductance be-
cause the electron transmission is then choked off by the
other nontransparent contact.

s3d Because of the different molecule-lead coupling, the
Aus001d and Aus111d leads will give different equilibrium
conductances. This difference is significantly reduced by
adding the additional Au atom at the contacts.

s4d The dependence of the equilibrium conductance on
the molecule-lead separation is subtle: it can range from ei-
ther very weak to very strong depending on the separation
regimes.
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