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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 l0§) the presence of an additional Au atom at the contact (@nd
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 PhysidDOI: 10.1063/1.1851496

I. INTRODUCTION natural approach to molecular electronics. One route works
. explicitly with scattering states via the Lippmann—Schwinger
Understanding electron transport through nanoscale P .y6_19 9 P N9
. . . . équatior. The more common method, however, is to
junctions or molecular devices connected to metallic elec- . ; . .

. .~ combine DFT using a localized basis set for molecular elec-
trodes may be the basis of future molecular electronic

5 o . . . ?ronic structure with the nonequilibrium Green function
technology ™ One of the critical issues in this regard is to method(NEGP (Refs. 20 and 2ifor electron transpof®2"

construct contact structures which can provide both usefull thi thod s of the electrod f 2 LML svst
stability and high contact transparency. N this method some parts of the electrodes ot a N system
can be included in the device region to form an “extended

In many recent experiment$;® Au electrodes were ecule.” and therefore th “ .
used as leads for transport measurements because of the higf'€ct'€.” an therefore the specific contact atomic structure

conductivity, stability, and well-defined fabrication tech- and relaxation can be fully considered in principle although
niques involved. A common way to construct a lead-M p-ractlce the atomic strupture |s&l$§goally preQetermlned to
molecule-lead LML) system is by using a break junction, 2v0id the heavy computational effGft.” In the implemen-
These can be made either through electromigritigror  tations of this approach, some researchiers”**“adopted
through direct mechanical medn%3 [i.e., mechanically quantum chemistry methods for the DFT calculation in
controllable break junctiofMCB)]. In these break-junction Which ?Z%Ig?§§r4geometry is used for the device region, while
experiments the detailed atomic structure of the moleculeother§>?>?"**Yised a periodic geometias in solid state
lead contacts of a LML system is unknown. In fact, becausdhysics for the device region. The advantages of the latter
of the atomic scale roughness of the break surface, differerre that the electronic structure of the device region and the
atomic scale structures of the contact may occur in differentwo leads can be easily treated on the same footing and the
experiments. Up to now, it has been difficult to investigateinfinite LML system is nearly perfect in geometry without
and control experimentally the detailed contact atomic strucany artificially introduced surface effect and scattering.
ture and find out its influence on the electron transport ~Previously we developed a self-consistent approach
through a molecular device. Here theoretical modelingwithin the DFT+NEGF method for calculating electron
simulation free from empirical parameters may play an im-transport through molecular devicgs.Our approach is
portant role in understanding, interpreting observed experisimple while strict: the nonequilibrium condition under a
mental behaviors, or doing predesigns for good contacbias is fully included in the NEGF rather than the DFT part.
structures. Therefore, it is straightforward to combine with any elec-
Because of the need for an atomic scale descripabn, tronic structure method that uses a localized basis set. More
initio density functional theoryDFT) (Refs. 14 and 1bis a  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-denoted by 1Au and 2Au, respectively. We use the structural
tential jumps at the two boundaries of the DFT supercell. Inabel (001)_1Au, for instance, to denote the system with the
our method large parts of the two metallic leads of a systenfAu(001) leads and an additional Au atom at one of its con-
are included in the device region so that the molecule-leathcts. To show the effect of change in the molecule-lead
interactions(including electron transfer and atomic relax- separation, we change rigid{ye., without any further struc-
ation) are fully included, and the electronic structures of theture relaxationthe contact Au-S distandéy,, <) in the ver-
molecule and the two leads are treated exactly on the santial direction. The purpose of all these considerations is to
footing. simulate possible situations in break-junction experiments in
Based on this method, here we report an investigation ohich different contact atomic structures may occur because
the molecular conductance of benzene connected to two Aaf atomic fluctuations on the break surfaces and the
leads with finite cross section. At each step, the reasonabilitynolecule-lead separation can be adjusted by the MCB tech-
of the present systematic results are discussed in comparisoique. To show the effect of contact atomic relaxation, we
with the prior results from Xue and RatA&r° for an unre- calculate the electron transmission for two independent
laxed S-anchored A@ll) system and from Di Ventragt  cases{(1) Atoms in the leads are fixed at their bulk positions,
al.*®*who used a jellium model. We focus on the effects ofand the molecule is fixed at the optimized structure of the
changing the atomic structure around the contacts, includingolated molecule with the dangling bond on the S atom satu-
the presence of an additional Au atom and changes in theted by an Au atom. The distance between the S atom and
molecule-lead separation, both of which are simple but imthe Au surface, however, is optimized. This structure is
portant situations in break-junction experiments. In our cal<alled “unrelaxed.”(2) The structure of the molecule, the
culation the effects of contact atomic relaxation and differenfirst two atomic layers of the lead surfaces, as well as the
lead orientations are fully considered. Also considered arenolecule-lead separation are fully relaxed. The in-plane po-
different group-VI anchoring atoms. Our calculations show asition of the S atom is, however, fixed at the hollow site. This
dramatic effect of contact atomic configuration on electronstructure is called “relaxed;” the structure of the relaxed sys-
transport through the molecule: an additional Au atom at théems are shown in Fig. 1.
contacts can increase the equilibrium conductance by two We use the efficient full DFT package SIESTRef. 43
orders of magnitude due to a resonance peak around the do the electronic structure calculation. It adopts a finite-
Fermi energy from the lowest energy unoccupied molecularange numerical basis set and makes use of pseudopotentials
orbital (LUMO). We find that the dependence of the equilib- for the atomic cores. We adopt a high level doublelus
rium conductance on the molecule-lead separation can hegolarization(DZP) basis set for all atomic species. The PBE
complicated: either very weak or very strong depending orversion of the generalized gradient approximati®ef. 44
the separation regime. is adopted for the electron exchange and correlation, and
optimized Troullier—Martins pseudopotentiaRef. 45 are

used for the atomic cores. The atomic structure of the relaxed
IIl. SYSTEMS INVESTIGATED AND COMPUTATIONAL systems are optimized until the maximum residual force on

DETAILS all atoms is less than 0.02 eV/A.

The systems we have studied consist of a benzene mol- For the transport calculation, we divide an infinite LML
ecule connected to two Au leads of finite cross-sectiorsyStem into three parts: left ledd right leadR, and device
through a S atom located at the hollow site of the(801) or regionC which contains the molecule and large parts of the
Au(111) surface. While the use of leads with a finite crossl€ft and right leads, as shown in Fig. 1, so that the molecule-
section is more efficient in our method it is an approximation/€ad interactions can be fully accommodated. Under a bias
to real experimental situations. In MCB technique a metalVo the regionC will be driven out of equilibrium. We have
wire is elongated and broken by the bending of the substraté’.evempegj a simple while strict full self-consistent
Experiment§>*? have shown that well before a metal wire approach’ to hantjle a stgady state b.IaSZ Thel bias is included
breaks a very thin bridge region is formed which contributesthrough the density matrix of the regi@(Dc) in the Green
only severalG, (=2€?/h, conductance quantunof conduc- function cqlpulatlon instead of the potenti#lc) in the DFT
tance to the wire. This means that in a real LML system th?@rt. Specifically, we calculat®c under the boundary con-
molecule is usually connected to a very thin nanowire whichfition that there is a potential differendg between the left
is then connected to the extended part of the metal leacide of regionC (together with the left legdand the right
Therefore the real experimental situation is between the folside ofC (together with the right lead
lowing two limits: a lead of thin nanowire and a lead of 1 (* eV,
infinitely wide surface. In this paper we adopt the former  D¢= 2—f dE[GC(E)FL(E+ 7)GE(E)f(E—,uL)
limit and the width of the Au leads is set to be2x 242 for i

the (001) lead and 2 for the (111) lead. To see the pos- e\ -+

sible effect of the small width on the results we also carry out + GC(E)FR<E - 7)GC(E)f(E R | 1)
calculations using wider leadsy2x 312 and 4/2 x 42 for

(001), 3X 3 and 4x 4 for (112). whereG(E) is the retarded Green function of regi@n(in

To investigate the role of contact atomic structure, herevhich all the potential shifts are includ&y f is the Fermi
we consider a very simple but possible situation: the presfunction, andw, and ug the chemical potentials of the leads.
ence of an additional Au atom at either one or both contactd’ (E) and I'g(E) reflect the coupling at energy between
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FIG. 1. Optimized atomic structures of the LML systems investigated, obtained by relaxing fully the molecule, the first two atomic layers of tlie two lea
surfaces, and the molecule-lead separatian.(b), and(c): The Au leads are in thé€D01) direction, and there are 0, 2, and 1 additional Au atoms at the
contacts, respectivelyd), (e), and(f): The Au leads are if111) direction, and there are 0, 2, and 1 additional Au atoms at the contacts, respectively. The
dashed line indicates the interface between the device ré@ipand the left or right leadL or R). The in-plane adsorption site of the molecule is indicated

by a dark-colored ball irig) for (001) and in(h) for (111).

the C region and the leads andR. The self-consistent loop Our calculations of optimized atomic structure show that

is—H(DFT) —Gc— Dc(NEGFH —H(DFT)—---  until both parts are very small, as can be seen in Fig. 1. The small
H¢ andDc convergé’’ The electron transmission through  relaxation of the bare Au leads is consistent with the very
is then related to Green functions by small surface relaxation of unreconstructed infinite Au sur-

eV, eV faces. The small molecule-lead relaxation is understandable
T(E,Vp) =Tr FL<E+ _>GC(E)FR(E_ —)GE(E) . because the hollow site corresponds to a bulk atomic posi-
2 2 . ) )
tion, and so the absorptiorf @ S atom will not markedly
2 change the directional binding of the surface. Because the

Note how\V,, again appears i’ here. Finally, the steady- Ccontact atomic relaxation is very small, its effect on electron

state current is obtained by simply integrating the transmistransmission is only minor: as seen in Fig. 2 and Table |, the
sion over the energy window. induced change in equilibrium conductance is less than

100%. The very small molecule-lead relaxation justifies the
Il RESULTS AND DISCUSSION reasona_l:nhty of changing r|g|dl3dAu_S_ for simulating the
change in the molecule-lead separation.
A. Equilibrium transmission and electron transfer The results in Table | show that if there is no additional
In Fig. 2 we show the transmission functions for both theA,u atom at the contactéAu systems the- AU00)) lead
unrelaxed and the relaxed systems. The calculated values ¥€'dS @ larger conductance than (A@1). This may be un-
equilibrium conductance are given in Table I, together withderstood by considering the contact atomic configuration in
the molecule-lead electron transfer determined by a Mullikerh€® two cases: the S atom touches four Au atoms on the
population analysiga positive value means electrons areAu(001) surface[see Fig. 1g)] but only three on A(L11)
transfered from the Au leads to the molecule, including thdsee Fig. 1h)]. Note that this difference in conductance is
two S atoms significantly reduced by adding additional Au atoms to the
Because we use the bulk Au structure for the leads in th€ontacts. This is obvious according to the above analysis: the
unrelaxed cases, the contact atomic relaxation consists @dditional Au atom reduces the structural difference for elec-
two parts:(1) the relaxation of the bare Au lead with respecttron transport between the £/201) and Au1ll) contacts.
to its bulk structure, an?) the relaxation of both the leads Another difference between the two lead orientations is in
and the molecule induced by the molecule-lead interactionthe overall structure o (E), as shown in Fig. 2: Th&(E)
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FIG. 2. Comparison between the transmission functions of the unre{dastied lingand the relaxedsolid line) systems. Different systems are indicated by
their structure labels as defined in the tea, (b), (c), and(d) correspond to the atomic structures(af, (b), (d), (e) in Fig. 1, respectively.

functions of the A@111) systems have more sharp structuresadditional Au atoms changes the sign of the electron transfer
than those of the A@021) systems. This difference is related so that more electrons are transferred from the leads to the
to the thinner A@111) lead and its much lower symmetry. molecule, finally causing thébroadenepmolecular LUMO
This behavior of the A(L11) lead has also been found in level to line up with the chemical potential of the leads. This

other calculationg®

point will be confirmed directly later. To show more clearly

The introduction of Au atoms to the contacts causes ahe difference between the systems with and without the ad-
dramatic change in the conductance of the system. The catitional Au atoms we show in Fig. 3 the local density of
culated values of equilibrium conductance in Table | showstates within the energy windofw0.05, +0.05 around the

that an additional Au atom at both contacts increases thgermi energy for the systent®01) 0Au and(001) 2Au. The
conductance by a factor of 14 for the @@1) lead and 61 for

Au(111). From the calculated transmission functions in Fig.ne| in the (001) 2Au system which is absent in the

2, we see clearly that the two additional Au atoms produce gop1) 0Au case. Note that the spatial shape of the density of
large resonance around the Fermi energy. It will be showRyaies on the molecule indicates that the channel is formed
later that this originates from the LUMO level of the isolated o1, the LUMO level. When we add the Au to only one of

molecule(i.e., S—GH,—S). The driving forces causing the
resonance peak are the molecule-lead electron transfer arm)], the increase in conductance is only misee the rows
coupling. As seen in Table I, the introduction of the two with label “1Au” in Table ), especially for the A(D0Y) lead,

TABLE I. Calculated equilibrium conductand&, in units of 2%/h) and
molecule-lead electron transféhQ, in units of electron, a positive value
means that electrons are transferred from lead to molgditete the large

effect of adding additional Au atoms.

Unrelaxed Relaxed
AQ G AQ G

S (001 0Au -0.026 0.061 -0.048 0.053
1Au +0.169 0.059
2Au +0.200 0.590 +0.261 0.740

(111 OAu +0.044 0.016 +0.053 0.0080

1Au +0.204 0.025
2Au +0.178 0.380 +0.228 0.490

two additional Au atoms clearly lead to a conductance chan-

the two contact§see the atomic structures in Figel and

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: \2x 3v2 and 42X 442
for (001), 3%x 3 and 4x4 for (111). Here we adopted the
unrelaxed structures as described previously and a smaller
basis set, singlg plus polarization(SZP, to reduce the
much larger computational effort. The results are list in Table
Il. To have a consistent comparison, in Table Il 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 thg001)_2Au system, for which the DZP basis set
gives a conductance two times larger than the SZP result. For
the same bais sdi.e., SZB the wider leads give quantita-
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TABLE lIl. Calculated equilibrium conductandgs, in units of 22/h) and
molecule-lead electron transféAQ, in units of electroi for the Se- and
Te-anchored systeméThe notations are the same as those in Tablall
the trends seen in the S anchored systems are also evident here.

¢ 8§
Unrelaxed Relaxed
. ¢
¢ o AQ G AQ G
Se (001 0AuU -0.190 0.036 -0.206 0.031
1Au +0.099 0.044
2Au +0.220 0.490 +0.283 0.660
(111 OAu -0.042 0.010 -0.010 0.0047

1Au +0.167 0.036

2Au +0.198 0.357 +0.235 0.550

Te (001 OAu -0.318 0.017 -0.294 0.014
1Au +0.052 0.024
2Au +0.228 0.260 +0.290 0.420
(111 OAu -0.088 0.0050 -0.044 0.0024
1Au +0.155 0.022
2Au +0.216 0.240 +0.261 0.430

(

& l
:; here we calculate the equilibrium conductance as a function

FIG. 3. Local density of states within the energy windaw0.05, of the change irtly,_s (Ada,_g) With regard to its equilibrium
+0.09 eV around the Fermi energy for the systef@81) OAu (uppe) and ~ Vvalue for three systems: unrelax¢@d01)_2Au, (001)_OAu,
(00D)_2Au (lower). Note the channel with LUMO-like character in the latter and relaxed001)_1Au. For the first two casesl,,_g of both
which is absent in the former. contacts will be changed rigidly while maintaining the sym-
_ _ _ metry of the system, while for the third case omly,_g of
tively somewhat different results from the thinner leads, buthe contact without the additional Au atom will be changed
the conclusion concerning the significant role of the addirigidly. As mentioned previously, the very small molecule-

tional Au atoms remains the same. lead relaxation justifies this treatment. The results are shown
in Fig. 4.
B. Other anchoring atoms There is a large resonance peak in the conductance curve

. . . for all three systems. For tH801) 2Au case, the equilibrium
In order to examine whether this behavior is common for . ) o
Au-S distance is very close to the position of the resonance

other group-V1 anchoring atoms, we carry out the same cal eak, while for the other two systems the equilibrium Au-S

culation for systems having similar geometry but anchore distance is about 1.4 A away from the position of the reso-

by Se and Te atoms. The results of equilibrium CondUCtanCﬁance cak_ Alona with the increase/d the amount of
and molecule-lead electron transfer are listed in Table IlI. peak. g Au-S

) . charge transferred from the leads to the molecule increases
Clearly, the conclusions reached in the S-anchored systems ) .
and reach its maximum around the resonance peak. If we
also holds for the Se- and Te-anchored systems. . : )
assume the mechanism producing the resonance is the same
for the three systems, th&iE) at pointC in Fig. 4(b) should
be similar to that at poinA in Fig. 4(a), even though trans-
In MCB experiments the molecule-lead separation maymission at pointsA and B are very differen{see Fig. 2b)
not be at its equilibrium value but rather may be lengthened@nd 2a)]. To check our point we plot the transmission func-
or compressed because of the mismatch between the moledign for pointC in Fig. 4(d). It is clear that, as expected, this
lar length and the junction break. To simulate this situation,T(E) is quite similar to that of Fig. ().
Before continuing to investigate the mechanism of the
TABLE 1. Equilibrium conductancéin units of 2?/h) calculated by using ~ resonance, we briefly pause to compare to previous calcula-
the wider leads and the smaller basis set as mentioned in the text. Fortions available for the S-anchored system. In Refs. 29 and
consistent comparison, we also list the results from the small-bais-set caB0Q, Xue and Ratner reported on a systematic calculation for
culation for the small leads. Note the same effect of adding additional Authe unrelaxed S(111) h system adopting a cluster method

atoms, as shown in Table 1. . . . .
in which six Au atoms of each lead surface are included to

C. Dependence on molecule-lead separation

s (001) 2\2x2\2 32x3\2  42x442 form the extended molecule. They found that an additional
0Au 0.072 0.090 0.089 Au atom introduced at each contact will increase signifi-
2Au 0.273 0.255 0.260 cantly the equilibrium conductance and that this effect is

quite similar to that from increasing the contact Au-S dis-

11 2x2 3x3 4% 4 o )
(119 0AU 0.017 0.010 0.057 tance. Although there are some quantitative differences be-
2AU 0.292 0.470 0581 tween the two sets of results, our results are consistent with

their findings despite the fact that the techniques adopted in
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FIG. 4. Equilibrium conductance and lead-to-molecule electron transfer as
functions of the change in Au-S distan€Ad,, o), for (a) unrelaxed
(001)_2Au system, (b) unrelaxed (001 OAu system, and(c) relaxed .
(001)_1Au system. In(a) and (b) du,_g Of the two contacts is rigidly and -1.04 ; ' r r
symmetrically changed, while ifc) only da,_g of the contact without the 0.0 0.5 1.0 1.5 2.0 25 3.0
additional Au is rigidly changed. The transmission function for p@nis A
Adau-s (A)

shown in(d), while those for point#\ andB are already shown in Figs(?
and Za), respectively. Note the large resonance conductance peak in panels
(a—(c) accompanied by significant electron transfer to the molecule. TheFIG. 5. Contour plots of transmission as a function of both energy and
similarity of (d) to Fig. 2b) shows that increased Au-S separation has anAdau_s for (8) unrelaxed(001)_2Au system,(b) unrelaxed(001) OAu sys-
effect comparable to that of the extra Au atoms. tem, and(c) relaxed(001)_1Au system. The meaning dfd,, s is the same
as in Fig. 4. The contributions from the HOMO and LUMO orbitals of the
isolated moleculéS—GH,—9S) are indicated ifa) and (b).

the two calculations are very differeritt) In our calculation

both the lead and molecule are treated by DIREf. 40  gnt from those of the DFT+NEGF-based calculations with
while in Refs. 29 and 30 the molecule is treated by DFT butyiomic |eads. The reason for this discrpancy is so far not

the lead is treated by a tight-binding approa(). Periodic  ¢jear: one possibility might be the artificial scattering at the
boundary conditions for DFT are used here with large part?ellium-Au interface.

of the leads(more than 45 Au atoms in each lgadcluded

into the device regioH while the cluster geometry is used in D. Resonance mechanism

Refs. 29 and 30. On the other hand, in Ref. 41 Ventra, Lang, "

and Pantelides reported a systematic calculation of the con- In order to show more clearly the mechanism of the
ductance of the 1,4-dithiol-benzene molecule by using a jelresonance peak around the Fermi energy and the modifica-
lium model for the Au lead. They found that the introduction tion in transport properties caused by changing the contact
of an additional Au atom at each contact will decrease sigAu-S distance, we show in Fig. 5 contour plots of transmis-
nificantly the equilibrium conductance. Although their calcu-sion coefficient as functions of energy addl,,_s for the
lation also shows the strong contact structure dependence tifree S-anchored systemg001) 2Au, (001) OAu, and

the molecular conductance, the result is qualitatively differ(001)_1Au. For the(001) 2Au system, when the Au-S dis-
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tance is larg€Ad,, s> 1.0 A) there are three energies in the 18 e e
energy window which contribute to the electron transmis- [FLRORZOSNSNIY: o "N ZOTO )
sion. Comparison with the level structure of the isolated mol- 16 1 SRR DADZON)Z
ecule (S-GH,—9 shows that these three energies corre- 14_‘

spond to the LUMO, highest energy occupied molecular |

orbital (HOMO), and HOMO-1 of the isolated molecule, re- 124

spectively. AsAd,, s decreases, the increasing molecule- . |

lead coupling broadens these three levels. The two HOMO E 10 4

states shifts gradually to lower energies as well. It is clear € 1 10

that the resonance peak arouAd,, s=0.2 A in Fig. 4a) g 8 08
originates from th€broadened LUMO contribution. (@] 1 '

For the (001) OAu case and large Au-S distance 6 06
(Adp,_s>1.4 A), the result is completely similar to that for 1 04

TE)

the (001)_2Au system. This is a further indication that the 4 65

two resonance peaks in Fig(a} and 4b) have the same 2_'

character, as we already argued from the similafit) in | %0 1517005 00 05 10
Figs. 2b) and 4d). The role of the two additional Au atoms ) S o i M

at the contacts is equivalent to that from increasing the 00 02 04 06 08 1.0 12 14 16 18 20
surface-S distance. A&d,,_s is decreased to smaller than Bias (V)

1.0 A the strong molecule-lead coupling changes signifi-

Cantly the. |O?§| eleCtrom_C St_rUCturea and we cannot d.|5t|n‘FlG. 6. 1-V curve of the smallef001)_2Au system shown in the upper inset,

guish the individual contribution from the molecular orbitals whose transmission function under zero bias is shown in the lower inset.

anymore. Finally aAdAu = 0.0 A the transmission function Note that there is a large resonance peak(ig) around the Fermi energy
T - which causes a large negative differential conductance inlt{iecurve

becomgs tptally different from that for larg&d,, s as aroundV,=0.2-0.5 V.

shown in Fig. 2a).

An interesting thing we should notice in Figi® is that
within the large range ofAd,, s~0—1 A the equilibrium We would like to say that the use of the extremely thin lead

conductance is actua”y very insensitive to the Au-S disinay have some artificial effects on the result because in this

tance. This indicates that the molecule-lead separation déase almost all the atoms in the leads are surface atoms and
pendence of the equilibrium conductance can be quite conthe screening is certainly not good, therefore, the result may
p|icated: it can be either very Stror(g_fpr |arge AdAu—S) or not be quantitatively reliable. However, as we have shown
very weak(for small Ad,, o). above, the main features of thHEE) function around the
For the (001)_1Au system, because of the strong cou- Fermi energy are still Captured by USing this very thin lead,
pling on the left siddsee Fig. {c)] we cannot recognize the SO we can expect that the result here is still qualitatively
individual contributions from the molecular orbitals in Fig. meaningful.
5(b) even for largeAd,,_s However, there is a similar
LUMO-like contribution to the resonance peak in Figcy
and the equilibrium conductance is also insensitive to th
Au-S distance forAd, s~0-1 A. This indicates that the
total electron transmission is dominated by the weakly By using a density functional theory calculation for mo-
coupled contact. 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
The large resonance peak in the equilibrium transmissionf contact atomic relaxation, two different lead orientations,
function around the Fermi energy suggests the possibility oand different anchoring atoms are fully considered. We fo-
negative differential conductance when a bias voltage is apsused on the effects of the change in atomic structure around
plied. We would like to show this explicitly. In order to avoid the contacts, including the presence of an additional Au atom
the large computational effort for tHeV curve of this sys- and changes in the molecule-lead separation, as an effort to
tem, we use a similar but slightly smaller system. The strucsimulate possible situations in break-junction experiments.
ture and equilibrium transmission function of the small sys-Our findings are the following.
tem are shown in Fig. 6. As can be seen, the cross section of (1) The presence of an additional Au atom at each of the
the lead here is smaller than that shown in Fi@) li.e., the  two contacts can increase the equilibrium conductance by
atoms in the surface layers in Figlgl are removefl It can  one to two orders of magnitudegardlessof the contact
be seen that its transmission function is somewhat differeritomic structure or group-VI anchoring atom. The mecha-
from that of the large system, but the feature of the largenism is the creation of a LUMO-like resonance peak around
resonance peak around the Fermi energy is the same. Thige Fermi energy, which also leads to negative differential
calculated!-V curve given in Fig. 6 shows clearly a large conductance under applied bias.
negative differential conductance arount~0.2—-0.5 V. (2) The presence of the additional Au atom at only one

V. SUMMARY

E. I-V curve
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