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We propose a model of electrical conduction through self-assembled monol8yévis) of organic mol-
ecules that bridge the gap between a pair of nanoscale metallic contacts. In this model each molecule bonds
chemically to only one of the contacts. For dense SAM'’s the dominant electric current path is through two
overlapping molecules each bonded to a different metal contact whereas for dilute SAM'’s the current flows
through a single molecule. The model accounts quantitatively for the experimental data of M. AetReed
[Science278 252 (1997] on gold break junctions containing benzene-dit{BDT) SAM's, including the
magnitude of the measured differential conductance. It also accounts for the striking differences between the
data on the Au/BDT system and the recent measurements of J. Reéthart{cond-mat/0106219, 2001
(unpublished] on a somewhat different system, namely, the strong asymmetry of the current-voltage charac-
teristic and the larger size of the differential conductance found in latter experiments. We also present calcu-
lations of electron transport through dense and dilute SAM’s qf-f§6-CH; molecules. Experiments on these
systems should test the validity of the proposed model.
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[. INTRODUCTION conductance in the range from4 to +4 volts and some
asymmetry at higher bias. The measured conductance was
During the past few years there have been several remarkauch lower than the quantume2h that sets the conduc-
able experiments measuring electrical conduction througkance scale for single-channel metallic nanowires; the first
small organic molecules connecting nanoscale metalli€onductance plateau occurred at a resistance of 22M ohm.
contacts~® The experiments showed that these novel moMore recently, experiments have been performed with simi-
lecular wire systems have a variety of interesting transpor@f but somewhat larger molecules, with SAM’s of much
properties such as rectificatién,negative differential lower coverage on the gold tisThese systems displayed
resistancé, and switching behavibrto name just a few. quite different properties than in the first experiment: The

There has also been theoretical work providing insights intdlifferential conductance was sometimes asymmetric and the
the measured phenomehé 15 current could only be measured to approximately 1 volt be-

Some of these molecular wire experiments involved the{ore breakdown occurred. The measured current was also
measurement of the electrical conductance of self-assembl%%é?nzr :rrwlsgslgrégeaftlrzt bﬁ;ge(;lcrrle\r}t,_ra;]éersels;sggse fgfr %hl\e/lsgh(;nif-
molecular monolayerSSAM's) bridging a mechanically ferences are not fully understdod however it has been

controlled_ metal break WnCt'OhQA break J“”C“O'." IS madg suggestelithat the conductance asymmetry observed in the
by spanning two metallic contacts by a metallic nanowire, e experimenfsmay be due to the molecule being more
which is thgn stretched and broken using piezos. This y'eld§trong|y coupled electrically to one metal tip than to the
two atomically sharp metallic nanocontacts. In thegiher
experiments® the break junction was exposed to a solution  There have been several theoretical studies of the BDT/
of the organic molecule of interest. The molecules, WhiChgo|d break-junction system and they have yielded qualita-
were functionalized at both ends with a chemical group thatively similar results:**3~2°All of these studies considered a
binds with the metal, self-assembled onto both of the metalsingle molecule bridging the two gold contacts with a chemi-
lic tips. The solution was then evaporated, leaving behinctal bond formed between each gold tip and the molecule.
two metal tips coated with organic molecules. The tips wereThey all found a region of lower differential conductance at
then brought together, a bias voltage was applied betweelow bias due to the Fermi level of the gold contacts falling
them and the resulting electric current that flowed from tip towithin the HOMO-LUMO gap of the molecule, and strong
tip through the SAM’s was measured. increases in the differential conductance at higher biases due
In the first experiment of this type 1,4 benzene-dithiolto the onset of transport through resonant states of the mol-
(BDT) molecules formed the self-assembled monolayers orcule hybridized with the metal tips. The calculated conduc-
the tips of a gold break junctiohThe break junction was tance curves were symmetric in the bias voltage since the
exposed to a solution of BDT for a long period of time, molecule was assumed to be bonded symmetrically to the
resulting in high coverage SAM’s on both gold tips. Mea-two gold contacts. These features of the calculated conduc-
surements on this system at room temperature displayed aance resemble the experimental data qualitatively and the
apparently insulating region for bias values between approxiincreases in the calculated conductance occur at values of the
mately —0.7 and 0.7 volts, nearly symmetric differential bias voltage similar to those in the experiment. However the
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magnitudes of the calculated electric currents and differentiadtructures of the two tips. For experiments where the SAM
conductancéd®* 1 exceeded the experimentally measuredcoverage is low, asymmetric coupling can occur between the
valued by factors ranging from approximately 20 to severaltwo metallic contact§ This has been shown to lead to asym-
hundred, depending on the specifics of the molecular wirenetric differential conductanc€.The break down at rela-
geometry being modeled. tively low bias in the second experiment occurs because the
In this article, we explore an alternate explanation of thegold tips form a short, since they are not stabilized by a
first experimentt and find that it is able to account for the dense SAM. _ _ .
observed data. The first puzzle that it addresses is why the Finally an experiment comes readily to mind that would
observed conductance is so low, even though it has bedgst the above explanation: Instead of using a molgcule that
demonstrated theoretically*3-'Sthat the system has the po- has thiols on both ends, consider a molecule that is capped
tential to exhibit much higher conductances. A second que<2n one end by a group such as £ifat is known not to form
tion that it addresses is why the observed current-voltagé chemical bond to_go}a so that a single moleculeannot
characteristic of the system changes little when the breaROnd tobothmetal tips. We show below that if the tips are
junction with the SAM's is pulled apart and brought back coated with dense SAM’s of such molecules then behavior

together many times at room temperatbreyen though VerY similar to that observed in the BDT break junctio_n
within the framework of the previous theoretical models thisSystent should occur because the current would be carried
process would require the breaking of chemical bonds anf1"0ugh a pair of overlapping molecules rather than through
the attendant local disruption and possible rearrangement & Single molecule. However, for low density SAM's where
the SAM's and/or gold atoms involved in the bonding. Af[he occurrence of an c_)verl_applng_ pair of molecules at the tips
third question that it addresses is why one experimdist 'S unlikely, asymmetric differential conductance should be

plays a symmetric differential conductance curve while thePbserved. Our calculations for the gidapped BDT system
othef is occasionally asymmetric. It also accounts for the@lso indicate that if the current flows from contact to contact

magnitude of the measured conductance being considerabijrough asingle molecule quite high electron transmission

larger in the second experiménhan in the first probabilities can be obtained even if only one end of the
In the model that we propose here, each molecule ignolecule bonds chemically to a metal contact. This offers a

chemically bonded to only one contact. In the first possible explanation as to why the conductance observed in

experiment where the SAM coverage is high, we suggestne second experi'meemv.as larger than in the ﬁré,f' ,

that the current is carried not through one single molecule, M Sec. Il we briefly discuss the possible configurations of
but through(at least an overlapping pair of molecules, with the BDT—gold break-junction system that have been pro-
one molecule bonded to each tip. It has been previous|0S€d previously together with our proposal of overlapping

shown theoretically, that having neighboring moleculesSPT molecules bonded to the opposing metal tips, in rela-
through which the current can flow can have important!!on to what is known experimentally and theoretically about
consequencesHere we consider the effects that overlappingthe structure and energetics of SAM’s of similar molecules
BDT molecules may have in the break-junction measure®" gold surfaces. In Sec. Il we summarize the method that
ment. we use to calculate the electron transport properties of the
In the present model the low observed conductance in thgyStéms in Sec. Il, and then present the results of our calcu-
first experimeritis a consequence of the weak electrical cou-lations. We also present our results for a system that can be
pling between the two overlapping molecules: Although eacty'sed for an experimental test of our suggestion that the cur-
molecule may have strong electrical coupling to the lead td€nt flows through overlapping molecules in the BDT—gold
which it is attached, the rate limiting step is the transmissiorPré2k-junction system. Our conclusions are given in Sec. V.

of electrons between the two molecules. This is akin to elec-

trical conduction in graphite, which _cpns_ists of .stack(.ad Il. STRUCTURAL AND ENERGETIC CONSIDERATIONS
graphene layers: The in-plane conductivity is metallic, while

the conductivity perpendicular to the planes is lower by two Figures 1a) and Xb) show a single 1,4 benzene-dithiol
or more orders of magnitud&.In the present model because (BDT) molecule bridging a pair of gold nano-contacts. The
no chemical bonds are formed between the overlapping mokwo configurations shown are representative of those that
ecules or between the two leads, the SAM’s are easily pulletiave been studied theoretically to d&té3°In Fig. 1(a) the
apart with no requirement for bond breaking and the processulfur end groups bind over a hollow site on the gold {ips

is reversible. Regarding the observed symmetric behavior dhis case a fourfold site ofL00) gold tips. In this configu-
the differential conductandewe argue that this symmetry ration there is strong chemical and electrical coupling be-
arises from the system having the ability to sample all postween the golds and d valence orbitals with ther and o
sible energetically favorable configurations of the overlap-states on the molecule. In Fig(k, the sulfur atoms chemi-
ping molecules. Hence even though a given configuration ofally bind over a single gold atom on each tip. In this case,
the two molecules may be asymmetric, because of thermdhe valences orbital on the gold atom is only electrically
fluctuations the mirror configuration will also be sampled.coupled to thes states on the molecule because of symme-
Hence the average over the transport properties of all cortry, while thed andp orbitals on the gold atom have electri-
figurations yields a symmetric result, the small residualcal coupling to bothr ando states on the molecule. There is
asymmetry of the current voltage characteristic in the firsno overwhelming evidence in the literature for either con-
experiment being due to differences between the atomicfiguration(a) or (b). A self-consistent study of SGHbn gold
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molecules on each tip overlap as is shown in the figure. The
ends of the molecules that do not bond chemically to a gold
surface remain as thiolSH).

Since two molecules are involved it is necessary to con-
sider the orientation of each molecule with respect to the
other: Because the experiment was done at room
temperaturkit is reasonable to assume each molecule to be
subject to vibrational and rotational excitations. With two
neighboring molecules, steric constraints also should play a
role. Although, undoubtedly, both molecules rotate and vi-
brate with respect to each other we argue that on average the
faces of the two benzene rings should be oriented perpen-
dicularly to each other because of electrostatic effects. The
rings of carbons in similar molecules have been shown to
have negative charge on their sides, whereas the hydrogens
all have positive charg®. Thus a favorable configuration of
two rings which minimizes the electrostatic energy should be
one in which they are oriented perpendicularly to each other;
this has been found to give rise to herring-bone patterns in
molecular dynamics simulations of SAM’s of benzene-thiol
and similar molecules on gofd.Figure Ic) shows a pos-
sible configuration, where each molecule on the tip is bonded
over a hollow site and the molecules orient themselves to
avoid steric clashes and minimize the electrostatic forces be-
tween them. In this configuration there is strong chemical
and electrical coupling between a given molecule and the
gold lead to which it is attached, but weak electrical coupling
O [ (0] ° between the overlapping molecules.

AU C S H

(a)

(b)

(©)

. . . . . IIl. ELECTRON TRANSPORT CALCULATIONS
FIG. 1. Schematic of the molecular wire configurations consid-

ered. In all cases, the gold clusters shown correspoittid gold Before presenting the results of our transport calculations
tips. The molecule depicted is 1,4 benzene-dithig (BDT). (&)  for the above systems, we comment briefly on the theoretical
Hollow site binding of the end sulfur atoms to the gold tils}  method that we usE.In the literature a variety of techniques
On-site binding of the end sulfur atoms to the gold tig3.Over-  have been used to evaluate the transport properties of mo-
lapping BDT molecules with rings oriented roughly perpendicularly lecular wire systems. Most calculate the current using the
to each other, with hollow site binding to the gold tips. Landauer approach which relates the electric current to
single-electron scatterirfg:?* Where they differ is in how
showed that it is energetically favorable for the sulfur to sitthey solve the scattering problem. Here, methods range from
over hollow sites on the gold surfabéExperimental work semiempirical tight-binding approackés>*? to self-
on SAM’s made of thiol-containing molecules seem to giveconsistent  techniques with  varying degrees of
evidence of both configuratior®?! SAM's where the sul-  sophisticatio®'*?*~?6and more recently full many-body
furs bind over hollow sites tend to have the molecules oritreatment® Depending on the system being studied, the ap-
ented perpendicular to the surface, while those where bongroaches yield qualitatively and often quantitatively similar
ing occurs on top of a Au atom or on a bridge site tend toresults'®3°
have the molecules tilted with respect to the surface In this study our principal objective is to compare the
normal?? In the next section, transport results will be pre- currents and conductances calculated for quite different mod-
sented for these two configurations showing that neither oéls that involve large numbers of atoms, and to include the
them adequately explains the experimental findings. effects of disorder. The calculated currents and conductances
Instead of the above configurations that involve only adiffer from model to model by orders of magnitude. Because
single molecule in an essential way, we propose that thef this a semiempirical tight-binding approach to the solution
current may flow through overlapping molecules as is illus-of the scattering problem is sufficiently accurate for the
trated in Fig. 1c). For the experiment where the break junc- present purpose while being well suited to treating the large
tion was exposed to a solution of BDT for a long period of numbers of atoms involvedHowever later in this section
time! it is reasonable to assume that most of the possibleve also discuss qualitatively some of the effects that should
binding sites on each gold surface would be occupied. Henclke expected from self-consistent corrections to the scattering
when the SAM-coated tips are brought together it seems urpotential) In order to make a proper comparison between the
likely that a single molecule would be able to form chemicalpredictions of the different models possible we present our
bonds toboth contacts. Instead, we suggest that opposingesults for the new model introduced in this article together
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with the results of new calculations for the systems shown in (a) 1.0
Figs. I@and 1b) for the same values of the model param-
eters.

In our calculations we solve Schiimger’s equation m
H({q},V)|P*)=E|¥*) for the single particle scattering =
state| ¥ “) for all propagating mode$a} with energyE in
both the left and right leads. We use an extendeakel 0.2
HamiltonianH, which implicitly depends on the charge dis-
tribution {q} and explicitly depends on the voltage bisls
applied between the leads. The boundary conditions imposec
on a given scattering state are the following: In the source
lead the wave function is an initial propagating mode plusa 10
sum over reflected propagating and evanescent modes; o1 i
the molecule the wave function is a linear combination of = 10 L
atomic orbitals; in the drain the wave function is a sum over
transmitted propagating and evanescent modes. From the
calculated scattering states we evaluate the transmissior 10
probability T(E) for an electron to scatter at energyfrom (c) 1°°
one lead to the other via the molecular junction. The current
is then calculated via the Landauer expressiéh

2¢e? L|I_‘J’ “
I(V):TJ dET(E)[F(us, T)—F(ug, M1, (D) 10 | |

where F(u,T) is the equilibrium Fermi distribution with 107 ‘
nga=Er*eV/2 the source/drain electrochemical potentials, -13 -n -9 -7

Er the common Fermi energy, afidis the temperature. The E (V)

differential conductance is calculated by taking the deriva- g, 2. calculated average transmission probability at zero ap-

tive of the current with respect to bias voltagd/dV. plied bias over 20 different atomic configurations far the system
The transmission probability and differential conductanceshown in Fig. 1a), (b) Fig. 1(b), and(c) Fig. 1(c).

were calculated for each of the systems depicted in Fig. 1,

Sec. Il. We simulate the junction region using gold clustersoverlapping ring system, we consider one molecule to as-
to which we attach the BDT molecy®. Each(100) gold  sume a random tilt anglédetween 20 and 40°) with respect
cluster consists of aX4, 3X3, and 2<2 layer of atoms, to the normal from the gold surface and then orient the sec-
forming a 29 atom cluster which forms each tip of the metalond BDT molecule so that its ring is oriented perpendicular
break junction[In the case of on-site binding, an extra gold to the first, allowing for 20° fluctuations. We impose steric
atom is placed on top of the>2 layer as shown in Fig. constraints by demanding that the atoms between the two
1(b).] The full s, p, d set of gold valence orbitals is used to BDT molecules be at distances3 A. The transmission
model these clusters except where it is explicitly stated othprobabilities shown below are the average of transmission
erwise. The BDT molecule consists of a benzene ring withprobabilities over 20 atomic configurations for each system
the 1 and 4 hydrogens replaced with sulfur atoms. For thehown in Sec. Il.

case where we consider overlapping BDT molecules, one In Figs. 4a) and Zb), the average transmission probabil-
end remains a thiol, which has a hydrogen bonded to théy is shown as a function of incident electron energy for the
sulfur as shown in Fig. (). The sulfur atoms that bond to two cases where a single molecule bridges the break junc-
the gold are positioned 2 A from the ends of the gold clus+ion. The case of binding over a hollow site is shown in Fig.
ters. We use the standard extendecckel parameters to  2(a). There are several broad resonances where strong trans-
represent the valence orbitals of each atom in the system, amdission occurs. These resonances are due to highly hybrid-
evaluate the necessary site energies, hopping energies azéd molecule/gold states, with the resonances below
overlaps that make up the Hamiltonian and overlap matrices-10 eV being due to the molecular HOMO states and those
that go into the solution of Schdinger’s equation. We attach above —9 eV arising from the LUMO states. The weak
to this molecular junction, semi-infinite>65 simple cubic resonance at- 8.2 eV is due to the LUMO#* state which
multimode leads to act as source and drain. Each atom in thie localized on the benzene ring. Similar behavior can be
lead is simulated using just a single goldlike s orbital. Weseen for the solid line in Fig.(B) which corresponds to the
include disorder by randomly displacing each atom in theon-site binding configuration. The resonances occur at
gold clusters by a distance consistent with the Debye-walleslightly different incident energies due to the different hy-
factor for gold. For the BDT molecule, we consider randombridization which arises from the different coupling of the
displacements of each atom in the plane of the ring. We danolecule to the metal contacts. The multiple resonances near
this to approximate the vibrational disorder that will be —8.2 eV are due to the single LUMO state. Because cou-
present in the above systems at room temperature. For thging to it is weak, the effects of disorder are most clearly

o
o
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(@ 60 . . Figure Zc) shows the average transmission probability
for the configurations of two overlapping molecules that are
described in Sec. Il. Because of the weak electrical coupling
between the two BDT molecules, the overall magnitude is
down by 2—3 orders from Figs.(® and 2b).3? With the
weaker coupling, the molecular resonances are sharper as the
broadening due to hybridization is reduced. The additional
o . ‘ . resonances at the LUMO are now due not only to vibrational
®b) 6o . . disorder but also to the fact that the wave function overlap
between the two molecules results in a splitting of the almost
degenerate LUMO levels. In the limit of averaging over an
40 | 1 infinite number of configurations these peaks would smear
into one broad peak. Figurd@ shows the calculated differ-
ential conductance at room temperature for the case of over-
lapping molecules. The first rise in conductance is due to
resonant transmission between the LUMO of the molecules.
0 . . The second rise can be attributed to transmission between the
(c) o015 - ‘ - next LUMO state and also the HOMO state. The qualitative
and quantitativeagreement with the experimental daia
quite striking: Not only do the features in the calculated dif-
ferential conductance curve appear at same values of the bias
as in the experimental data, but alse magnitude of the
0.05 | : calculated conductance is close to that which was observed
in the experiment
: ‘ . We now address briefly the effects that the changes in the
-4 -2 0 2 4 self-consistent potential that result from the bias applied be-
Bias Voltage (V) tween the contacts should have on the transport results, as
the above differential conductance plots were calculated
from the transmission probabilities evaluated at zero bias. As
a test of the sensitivity of our results to such corrections we
calculated the transmission probabilities at several applied
voltage biases for all the above systems making plausible
seen, as the energy level shifts due to vibrational effects. Ofissumptions regarding the form of the self-consistent poten-
note is the dashed curve in Figb2 This corresponds to a tial profile across the molecule. For cagasand (b) which
calculation where only gold valenceorbitals are used. In had only a single molecule bridging the junction, it was as-
this case, ther states of the HOMO and LUMO are much sumed that the voltage drops only at the metal contasts
more weakly coupled to the gold because of the orthogonalassumption that is supported qualitatively by the results of
ity between thes orbital and thew orbitals. The magnitude self-consistent calculations for some strongly coupled mo-
of the transmission is down significantly. However, the solidlecular wire systent§~2% and determined that the reso-
curve, which corresponds to using all the valence orbitals ofiances do not shift appreciably. For the case of overlapping
gold, reveals that there is in fact strong electrical couplingmolecules, we assumed that 75% of the voltage drops be-
even in the situation where the sulfurs bind directly over atween the two molecules while the other 25% drops at the
single gold atom. The HOMO states couple to the valathce metal contactgthis is a simple assumption which may or
orbitals of gold while the LUMO states couple to theor-  may not reflect the true potential profile of the systelive
bitals as well. Hence, extended ¢kel theory predicts the found that the resonances do shift somewhat and that the
electrical coupling to be strong for both hollow site and on-transmission probability is asymmetric as a function of volt-
site binding situations. agefor a given configuration of the two overlapping mol-
Because of the strong electrical coupling, the calculate@cules This might lead one to conclude that the conductance
conductance of the molecular junction for the above twoproperties then must also be asymmetric as a function of
configurations is much higher than that found voltage, which would be in disagreement with what was
experimentally. This is shown in Figs. @ and 3b), in  found experimentally.However, because all possible orien-
which we present the calculated differential conductance fotations of the two molecules are being sampled in the course
the two cases. The Fermi energy was chosen te-BeeV,  of a measurement, for each orientation of the two molecules,
which is consistent for the parameters used for gold in théhe mirror image of that orientation will also occur. For ex-
above simulations. The peaks in the differential conductancample, given configuration A of the overlapping molecules,
can be attributed to conduction through the hybridizedand configuration B being its mirror image, we found the
LUMO and HOMO states. Quantitatively, the conductancedollowing relations between transmission probabilities:
in Figs. 3a) and 3b) are 2—3 orders of magnitude greater To(E,V)# TA(E,—V), butTA(E,V)=Tg(E,—V). The total
than those found experimentally. transmission at nonzero bias in this system will be an aver-

50
& 40
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FIG. 3. Calculated differential conductance at room temperatur
assuming a Fermi energy ef9 eV for each configuratiota), (b),
and(c) shown in Fig. 1.
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03 | ] FIG. 5. Transmission probability as a function of incident elec-
— tron energy for several applied biases for a single BDT molecule
‘g_ capped with a single methyl (GH group on one end in a gold
= 02 1 break junction(Solid line: 0 V; short-dash line=2 V; long-dash
° line: 2 V)
©
oty | is the same as a BDT molecule except that one of the sulfurs
/\ is capped by a methyl group. The methyl group should not
\ form a chemical bond with the gold surface. Hence the mol-

-4 -2 2 4 ecule will only bond chemically to the gold via the sulfur at

the end of the molecule not capped with the methyl group.

FIG. 4. Transport properties of two overlapping BDT molecules, When the break junction is brought together, the molecules
each capped with a single methyl (gHgroup on one end(a) on the gold tips should overlap but not be able to form a
Average transmission probability over 20 different atomic configu-chemical bond to a second gold tip. Thus the possibility of a
rations.(b) Calculated differential conductance at room temperaturesingle molecule bonding symmetrically to the two gold tips
assuming a Fermi energy ef9 eV. is ruled out in this experiment arfdr dense SAM’¢he domi-

nant path for electron transport will be from one molecule to

age over configurations A and their mirror images B, yield-the other. Figure @) shows the average transmission prob-
ing T(E,V)=1/XTA(E,V)+Tg(E,V))=1/2TA(E,V) ability for this system. The magnitude is similar to that of
+TA(E,—V)) which is symmetric as a function of voltage. Fig. 2(c). The differences between the transmission probabil-
Hence, the situation where the current would be carried byty of BDT and that of BDT capped with a methyl group is
overlapping molecules does yield symmetric differential con-due to the slightly different orbitals that arise by capping
ductance characteristics consistent with what was found exwith the CH;. The calculated differential conductance is
perimentally. It is also important to note that the orders ofshown in Fig. 4b). Again it displays features similar to those
magnitude of the differential conductances calculated for théor the overlapping BDT molecules. The first rise in conduc-
model configurationga), (b), and(c) did not change overall tance is again due to resonant transport through the LUMO’s
when these changes were made in our model potential praf the two molecules. This is followed by a sharp rise in
files, further supporting the validity of our conclusions. conductance corresponding to the strong resonance with the

The present interpretation of the results of the BDT/AuUHOMO near 3 volts. Hence we predict that capped BDT
break junction experimehmay be tested experimentally by molecules should yield similar transport characteristics to
carrying out measurements on a system in which the SAM’shose of BDT when the two dense SAM's overlap.
consist of molecules such that only one end of the molecule Finally we argue that for a measurement where the SAM
may bond chemically to a gold contact. In an experimentdensity is low, and only a single molecule of the £tapped
where SAM’s of high coverage are allowed to form on bothBDT bridges the gap, asymmetric differential conductance
contacts, we predict that similar behavior to that observed ishould result. Because of the weak coupling at one contact,
the BDT/Au break junction experiménshould be seen, the system is asymmetric and the transport characteristics at
namely, very weak conductance and symmaethitddV as a  negative bias will be different from those at positive bias. To
function of applied bias. If the current is actually being car-verify this we have calculated the transmission probability
ried via a single molecule, then we would expect asymmetridor this system at an applied biasef2 V,0V and+2 V
conductance due to the asymmetric coupling of the singlevhich is shown in Fig. 5. A simple potential profile was
molecule to the metal contacts. assumed—the potential drops linearly across the weak con-

We have modeled the transport properties of two overlaptact. (We base this assumption on self-consistent calculations
ping SAM’s made of SgH,S-CH; molecules. This molecule which have shown that in systems that have a weak contact,

0
Bias Voltage (V)
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the potential drops roughly linearly across the §3dt can  that bridge mechanically controlled metal break junctions. In
be seen that the transmission probability for the case whenis model each molecule bonds chemically to only one of
the applied bias is-2 V (short-dashis different from the the contacts. For dense SAM’s the dominant electric current
+2 V (long-dash situation. Because of this asymmetry, the path is through two overlapping molecules each of them
differential conductance will not be symmetric betweenhonded to a different metal electrode whereas for dilute
negative and positive bias. Although a simple potential prosaM's the current flows through a single molecule. The
file was assumed, we believe that qualitatively similar result$nodel accounts quantitatively for the experimental findings
woulq also be obtained _if the potential were c:’_ilculated selfyf Reedet all on electron transport through gold break junc-
consistently. Hence, a single BDT-Gltholecule in a break-  {jons containing benzene-dithiol SAM's, including the mag-
junction should display asymmetric transport characteristicgy e of the measured differential conductance that was not
as a function of applied bias. We predict that qualitatively g, qineq satisfactorily in previous theoretical work. The
similar behavior should be seen for benzene-thiol SAM's 4%nodel also accounts qualitatively for the striking differences

well. - eetdal !
It should also be noted that the strengths of the transmist—)ewveen the experimental result; of R6 " and the
ore recent measurements of Reicletral.” on a somewhat

sion resonances in Fig. 5 are considerably larger than tho i i t v th t f th t
in Fig. 4(a). This implies that the magnitude of the conduc- merent system, namely the asymmetry ot the current-
tance of a break junction bridged by a single BDT-Qfol- voltage characteristics and the much larger size of the differ-

ecule can be larger overall than the conductance of an ovefntial conductance_found in latter experiments. We have also
lapping pair in a junction with dense SAM’s, even though thepresgnted calcu_la_tlons of electron tranqurt through break
methyl group does not bond chemically to the ggldere we  junctions containing both dense and dilute SAM's of
have assumed that the gold surface is clean with no adsorba®%HsS-CH; molecules. Experiments on these systems
between it and the methyl groupwithin our model this  should provide a convincing test of the validity of the present
result is consistent with the observation that the measure@odel.

resistancél M ohm at a 1 V biapof the junction bridged by

a single molecule in the second experiniéatmuch smaller
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