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Abstract: We report on the effect of modifying the molectielectrode binding interface of am,o/-xylyl-

dithiol molecular wire. We find that except for the length of the surface bond, the conductance is not affected
by variations of the surface geometry. We also compare the conductance of different terminatktcinode

metal combinations and find that the conductance is substantially larger when the wire is terminated by selenium
rather than sulfur or oxygen. We also find that gold makes a better electrode than silver.

1. Introduction whereg is the conductancey is the quantum of conductance,
AL and Ag measure the strength of the coupling between the
. ; . . molecule and the left and right electrodes and the Green’s
measzuremeqt techniques including scanning probe SPectrosynction matrix element(, depends on the structure of the
copy? break junctiory, and other specialized techniqé¢mve molecule. The separation of the conductance into two parts, one

permitted the preparation and measurement of currents in Sir‘glethat depends on the interface and one that depends largely on
molecular strands or molecular wires. In these structures (typical

Synthetic advances based on molecular self-assérably

examples include aromatic dithiclarbon spherésor nano-
tubes® or alkene thiolg), the conductance is measured directly.

the molecule, is a central feature of this thedifhe result is
obtained from a scattering approach used by several gtolips
and the NewnsAndersor® chemisorption description of the

The task of molecular wire theory is to understand the factors coypling of the molecule with the electrodes.

that influence the flow of current through a single molecule

Theoretical work has so far focused on understanding the

connecting two electrodes and subsequently to make predictionsmgjecular contributionG.2-11 Different from the case of atomic

for suitable moleculeelectrode systems. When the molecule

wires 1415 previous work has concentrated on finding criteria

couples to each electrode through a single orbital, the theory for selecting molecular wires (usually based on electron delo-

predicts that in the linear regirhe

9= gA AG 1)
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calization in one direction) and on assessing the impact of
geometrict® energetic, and structufdlor thermal effectd® on
the conductance.

Less attention has been paid to the molec@ectrode
interface. Recent work by Emberly and Kirczenow shows that
the surface bonding can be strong enough to distort the electronic
structure of the molecule Work by Joachim’s group shows
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that changing the contact geometry can substantially affect thethat no matrix elements connect the two electrodes, we find
conductancé! Extension of the formalism to two-dimensional that the zero voltage conductance is
electrodes shows a definite effect of electrode dimensiondlity.

These results suggest that along with changing the molecule, g=g.Tr(CA T AR) (2)

transport control might also be achieved by modifications at

the interface. Here,I', M, A, and} are matrices. The Green'’s functidn, is
Experimentally, the geometry of the molectieectrode defined by

interface is poorly understood. A major experimental concern

has been the “alignment” of the molecule to the electrode. In M-z —2)=1 3)

either the break junction or the scanning tunneling microscope
(STM) setup, neither the terminal atermetal bond length nor ~ whereM is restricted to the molecular subspakkis calculated
the angle between the molecule and the metal plane is likely to at the Fermi level. The self-energy matrix,, is defined by
be optimal. Additionally, it is not clear where the terminal atom

4)

sits on the surface, whether at the hollow site or on top of a
surface atom. As Joachim’s group observednd as calcula-
tions on model systems demonstratédhe conductance can  where M and L refer to the molecule and to the left electrode,
be sensitive to the contact geometry. In view of this, one should respectively. A similar expression follows fQir. Finally,
question the accuracy of theoretical conductance calculations
if they are based on ideal geometries. It is possible to make
predictions, however, if we turn the problem around. Starting
with a geometry, we can compute the conductance and then ) i .
repeat the calculation with a slightly different geometry. Using  This generalizes the previous conductance formula of eq 1
this procedure, we can assess whether a given geometrical factol? three essential ways. First, it allows for multiple orbital

3= MMLMELlMLM

A== ZIm(z,) )

is crucial.

interaction between the molecule and the electrode. Second, it

The majority of systems studied so far use thiol-terminated SUPPOrts nonorthogonal orbitals on the molecule. Finally, it

molecules, because of sulfur’s ability to bond to gold surf&&es.

handles an arbitrary number of nonorthogonal orbitals per site

There is substantial interest in other terminal group/electrode in the electrodes.

metal combination$ A priori, it is difficult to assess which will
be the optimal combination of electrodmolecule-electrode

Equations 2, 3, and 5 are straightforward to compute. The
calculation of the self-energy matrixes is fairly involved. The

junctions for conductance. essential difficulty lies in the fact that the self-energy can have

In this article, we address these issues focusing on thean imaginary part only in the continuum limit, and solving for
experimentally relevant molecuteo’-xylyl-dithiol (XDT). Of a continuum is only possible in very few cases (like the Newns
prime concern is the clear necessity to perform realistic Anderson problem discussed in refs 8 and 19). A method has
calculations. In section 2, we present the essential theoreticalt0 be devised that applies to cases of arbitrary complexity.
details. In section 3, we address three experimentally relevant \We solve this problem as follows. We make the assumptions
aspects of the interface problem and their effect on the that the molecule only interacts with the atoms on the first
conductance: (i) variations in the surface geometry, (ii) the electrO(_je plane aljd that, within the e_Iectrode, only the nearest
chemical nature of the terminal atom, (iii) and change of the planes interact. Given these assumptions, we can show that the
electrode metal. We will show that, other than the distance > Matrixes only depend on the Green'’s function matrix elements
between the electrode and the terminal atom, the conductancedt the surface. Next, we derive a self-consistent equatiofi for
is relatively insensitive to geometrical surface variations. after observing that adding a plane to a semi-infinite solid
Furthermore, we will show that, for this molecule, selenium is réproduces the same semi-infinite solid. Defining labels 1 and
a better terminal atom than sulfur or oxygen, with a factor of 2 to refer to the first apd second plane, we finally find that the
25 increase in conductance upon Se substitution for S. Finally, Surface Green's function obeys
we find that gold is better than silver by a factor of 5. These

: 4 My = Mppl'Mpy) =1 (6)

results are analyzed and discussed in section 4.
We note that self-consistency alone is enough to produce a
complex self-energy matrix, as can be verified by applying eq

2. Theory

2.1. ExtensionsTo address the effects of geometry, terminal 6 1o the simple NewnsAnderson model
atom, and electrode metal, we need to extend the formalism Equati 2 . trivial t ve b ) th f h
leading to eqg 1. Similar extensions have been used by Joachim’s __. quation © 1S nontrivial to solve because the surtace has
group, Emberly and Kirczenow, and the Purdue grau. Infinite extent. Taking advantage of the 2D translational

We consider a semi-infinite right electrode R, a semi-infinite fymmew n thpi plane, the equation can be mapped and solved
left electrode L, and a moleculd sandwiched between. The or In reciprocal space.

Hamiltonian matrix element between two orbitakndj is Hj. mc?l.ezc;ufaarraem:rtgfr air;d Sr?c?rwwzt(;yg helsg::mlgg(t:lﬁ nm(()aftatlh Ztom
The overlap between the orbitals$p. g yisp y p g

We defineM = ES— H, whereE is the Fermi energy. Using in a trigonal metal cage (extended molecule). There are many

. . . . reasons to include the metal atoms at this level. One is to take
multiple-channel scattering the nd making the assumption . . -
P _ g theofya 9 P into account the different nature of the local environment around
50‘(‘139) Yaliraki, S. N.; Ratner, M. AJ. Chem. Phys1998 109, 5036~ the atomic contact. Second, from this extended molecule we
(20) Zhou, C.; Deshpande, M. R.; Reed, M. A.: Jones, L., II: Tour, J. C@N extract information about the molectlaterface complex,
M. Appl. Phys. Lett1997, 71, 611-613. ' R "7 such as the self-energy and the amount of electronic charge
(21) Andres, R. P.; Bein, T.; Dorogi, M.; Feng, S.; Henderson, J. |.; transfer.
Kubiak, C. P.; Mahoney, W.; Osifchin, R. G.; Reifenberger,Sience
1996 272 1323-1325.
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The molecular Hamiltonian and overlap matrix are calculated av —— -
at the extended-Hikel level (see for example refs 24 and 25).

This method has the advantage of intuitive clarity, and from
chemisorption studies of small clusters and other metal systems, -
it is known to be at least qualitatively correct. In view of the
nature of the method, we must emphasize that the most
important conclusions of our calculations are trends rather than
absolute numbers. Nevertheless, the extendeskélumolecular
description has been successful in describing experimental
results in both conductance calculatidrd 18 as well as the
related problem of STM imaging§:2” Additionally, preliminary 10
calculations with the simplified model of ref 8 has given results

very close to reported experimental vald&or the system of

ref 7 the calculated resistance was 9.2Nb the experimental W P
6—9 MQ, and for the system of ref 5 the resistance was 116.6 Fermi Level (eV)
MQ from theory and 54.8 13 MQ from the experiment.

For the bare molecule, we use the standard parametrization
of the ZINDO package. For gold and silver, we use the
parameters of ref 29. The reason for this choice is that the orbital
exponent parameters are adjusted so as to make the density of
states of a cluster (s,p,d basis set) similar to that of the bulk.
The experimental valence state ionization potential values
(VSIP) are taken from ref 30. Thus, there are 6 valence electrons
on each chalcogen atom and 11 on each of the noble metal
atoms.

The starting point geometry at the molecukdectrode
interface is either taken from ab initio results (sulfur on gold
and silve?!) or inferred from chemisorption studies (oxygen
and selenium on gofd).

The Hamiltonian and overlap matrix in the electrodes are Voltage (V)
colr.r:jpl;ged using a standard parametrization for bulk elemental Figure 1. (a) Conductance spectrumfo’-xylyl-dithiol on Au(111).
solids?
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conduction
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The interface geometry is variationally optimal. The spectrum has three
parts: the valence peak neatll eV, the conduction peak neai7
eV, and the gap between. The computed conductance decreases by 4

, . orders of magnitude in the gap. (b) Corresponding cufrealtage
We chooseu,o'-xylyl-dithiol (XDT) as the core molecule  characteristic. The current, given in units of the quantum of current, is
for our study. The conductance of this molecule has been given by

extensively studied, both experimentdtynd theoretically®
The sulfur atom is placed on the hollow site of a Au(111)
surface, equidistant from three gold atoms at 2.4 A. Ab initio
geometry optimization of thiols on gold and silver shows that where the Fermi level of the donor defines the zero of energy. Nere,
this is the preferred geometry for this surféédhere is also = 0 corresponds t& = —8 eV. The conductanag(E) is obtained at
ample experimental evidence supporting #igve refer to this zero voltage. It is this function that is used to obtain the current at
as the optimal configuration throughout the paper. different voltages corresponding to the conductance computed at

Th d . h in Fi 1 Th different Fermi energies, that is, the current is the sum of all of the
e conductance spectrum Is shown in Figure 1. € conductances from the states between the two Fermi levels The results

spectrum ConSiSISI of a series .Of valleys and peaks. From agerefore are only valid for low voltage. TheV has to be symmetric
transport perspective, the most important peaks are the valenceys expected from the system we are describing.

peak, at—11 eV, and the conduction peak, a¥ eV. In the _
gap between the valence and conduction peaks, the conductance The conduction peak corresponds to the benzene LUMO.

3. Results

I = fo_ev dE f5(E) (1 — fA(E + eV)) g(E)e

decreases by up to 4 orders of magnitude.
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Because of the energy mismatch, the LUMO mixes very weakly
with the sulfur atoms.

The valence peak is more complex. Unlike the LUMO, the
benzene HOMO is quasi-degenerate with the six sulfur p
orbitals. Consequently, the valence peak is made of eight levels,
four of which are purely made of sulfur p orbitals. The other
four involve a mixture of benzene HOMO and sulfur p.

These results are similar to those reported in the literdfure.
We find a smaller conductance at the valley minimum and only
one broad valence peak, instead of two resolved peaks, as
predicted by the Purdue group. These differences arise, we think,
because of the different bond length choice (see Figures 2 and
6).

3.1. Surface Geometry Effects: XDT on Au(111). 3.1.1.
Bond Length Variation. We assume that initially the molecule
is bonded optimally at both the base and tip electrodes, that is,
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Figure 2. Effect of stretching/shortening the A8 bond length. The Figure 3. Effect of tilting the gold plane around the optimal
x-axis shows the perpendicular distance from the terminal sulfur to the configuration. The conductance is not affected by the angle.
gold plane, rather than the actual A8 bond length. Optimal bonding
is shown by the dashed line. As expected, the conductance decreases w
exponentially when the bond is stretched.

the perpendicular distance of the S to the surface of a triangle
of gold atoms is 1.905 A, and the S is sitting on top of the
hollow site so that it is equidistant from each gold atom. Then,
we move the tip toward and away from the molecule. This
mimics a typical STM experiment. It also mimics the stretching
and shortening of the A4S bond, as is believed to happen in
a break junctiorf.We change the perpendicular distance of the
S to the gold surface, while the S remains equidistant from each 10
gold atom.

For practical purposes, we locate the Fermi energy at 3 eV
above the HOMO level. We justify this choice in section 4. 10’ o -
The effect on the conductance is shown in Figure 2. We find Fermi Level (eV)
that the conductance decreases exponentially withstifffur Figure 4. Comparison of hollow and on-top spectra. In the gap, the
distance, at a rate of 1 decade per A. on-top conductance increases slightly. The conduction peak is not

This result was expected. Typically, the STM current on a affected by the change in configuration, and the valence peak shifts
clean surface decreases exponentially with increasing STM gap slightly.
at a rate of about 1 decade pef&

3.1.2. Tip Angle Variation. We initially assume optimal energy difference between these configurations, both are
bonding at the base and tip electrodes. In this case the normakxpected to be important under experimental conditions.
to the gold plane and the line throught the-€ bond coincide. Two very different behaviors can arise due to this freedom.
Keeping the Au-S bond length constant, we then consider the If the conductances of the two configurations are very different,
effect of tilting the tip plane with respect to the molecular axis. the conductance will flicker in time-dependent fashion each time
The S is still equidistant from the three gold atoms, but the the sulfur jumps from one configuration to the other. If, on the
C—S bond forms an angle with the normal to the original plane. other hand, the two conductances are similar, motion of the
This corresponds, for example, to an STM experiment performed sulfur will have no measurable effect. It is therefore important

-
c\

Conductance (g,)

with a slanted tip or to bonding with the side of the tip. to compare the conductances in the hollow and in the on-top
The effect on the conductance is shown in Figure 3. We find configurations.
that the conductance is almost independent of tilt angle. Figure 4 shows the effect of moving the tip sulfur between

The absence of directionality is reasonable. The metal surfacethe two positions (optimal bonding is assumed at the base
presents the terminal sulfur with a smooth electronic distribution. electrode). We find that the conductance spectrum is not affected
Because of the equivalence of the three sulfur p orbitals, the by the change. The only observable effect we find is a small
surface bonding lacks directionality. The result is also consistentincrease of the conductance in the HOMOUMO gap.
with the conclusions reached in ref 31, where it was attributed However, this effect is small and might even be an artifact of
to rehybridization of the Au orbitals, and to the high degree of the model.

7 character of the molecular orbitals. In view of this, we predict that the conductance will not

From an experimental point of view, this is a welcome result. flicker in time. Also, and important from an experimental
It shows that fluctuations of the surface bond angle do not affect perspective, we conclude that the precise configuration assumed

the value of the measured conductance. by the system does not affect significantly the value of the
3.1.3. Terminal Sulfur Location. Ab initio calculationg* measured conductance.

show that there are two energetically favorable configurations 3.2 Effect of Terminal Atom: O, Se on Au(111).At
for a sulfur atom on a Au(111) surface: at the hollow site of @ present, most experimental systems use thiol-terminated mol-
gold triangle and on top of a gold atom. Because of the small ecules because of sulfur’s ability to make a strong bond with a

(35) Kuk, Y. In Scanning Tunneling Microscopy Guntherodt, H. J., gold surface..Squur’s strong bonding to golq suggests that other
Wiesendanger, R., Eds.; Springer: Berlin, 1992; pp-37. chalcogens, i.e., oxygen and selenium, might be good substit-
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Figure 5. Effect of changing the terminal atom. In going from oxygen Figure 6. Effect of changing the electrode metal. The conductance in
to sulfur to selenium, (i) the conductance in the gap increases, (i) the the gap increases. The conduction band peak is not affected by the
gap decreases, and (iii) the conduction and the valence peak shift up.change. The position of the valence band peak does not change, but
Selenium is by far the best terminal atom, conducting 25 times better the levels that comprise it are better resolved for silver.

than sulfur in the gap.

-6

tronic; the number of valence orbitdlsdoes not enter. From

uents. Chemisorption studies of these three atoms on other (111Xperimental studies, we know that thiols bond more strongly
surfaces strongly suggest they will also bind to Au(1%®13TM to Ag(111) than to Au(111). However, this occurs concomitantly
characterization of benzeneselenol monolayers on Au(111) alsoWith a weakening of the adjacent- bond. The energy of
supports this conjectur. the bond between the organic thiolate and the gold substrate is
Figure 5 compares the conductance spectra of the molecule@Pproximately 46-45 kcal/mol** o o
when it is terminated by oxygen, sulfur, and selenium. In all ~An experiment that provides comparative information is
three cases, the electrode surface is Au(111), and the terminafurface Raman scattering of alkanethiols adsorbed on Au and
atom sits at the hollow site. Two trends can be recognized from Ag-* The frequencies of both(C—S) bands are lower on Ag
the spectra: (i) Going down the periodic table, the conductance Surfaces than on Au, suggesting a stronger bond between S and
at the spectrum minimum increases (1 to 3 to 75 from O to S AQ: Anot.her experiment that investigates the adsorption of
to Se). Selenium provides, by far, the largest conductance for €thanethiol on Au(110) and Ag(110) uses temperature-pro-
this junction. (i) Going down the periodic table, both the grammed reaction spectroscoplyAn increase in strength of
HOMO and the LUMO shift up in energy. These results will the S-Ag bond compared to the-SAu is observed. Simulta-
be discussed in section 4; they suggest that selenium makes #€ously, a weakening of the-€5 bond from the stronger MS
better contact than oxygen and sulfur. In view of the factor of Pond is inferred from decomposition studies of the adsorbed
25 enhancement, we think this conclusion is robust against SPecies at high temperatures. Namely, it is easier to cleave the
Hamiltonian parametrization and believe it should be tested C—S thiolate bond on silver than it is on gold. This is also
experimentally. consistent with the relative enthalpies of formation of the
3.3. Effect of Electrode Metal: XDT on Ag(111).Sulfur’s sulfides AHi(Au,S) = +29 kJ/mol vs AH(Ag:S) =
good bonding to gold suggests we also analyze the effect of_3_2 k_J/moI?9 Similar conclusions are obt_alned from photo-
replacing gold with silver. Chemisorption studies show that the mission spectroscopy of hexadecanethiol monolayers self-

bonding of sulfur on silver is stronger. From eq 1, the assembled on Ag(111) and Au(11P). . .
conductance on silver may be larger. For selenols on metal substrates, the experimental work is

more limited. In benzeneselenol monolayers, the selenium Au-
when the electrodes are made of gold and silver. We find that (111) bond is stronger thar! the COfresponding thiophetfols.
within the gap, the silver conductance is smaller than that of On the contrary, docosanethiol chemisorbs more strongly to Au-
gold by about a factor of 5. We find no change in the position (111) than the docosaneselenol monolagers. _
of the conductance maxima, except for the better resolution of The implication for molecular wire conductance is that the
the Ag-valence peak levels. Because of the factor of 5 reduction Stréngth of the bond at the interface should be strong, but not
that we find, we think this conclusion is robust against SO strong that it weakens the bonding between the terminal atom
Hamiltonian parametrization. An explanation for this trend will @nd the rest of the molecule. (Formally, the stronger chemi-
be given in the Discussion. sorption will mcregse&, but weaker intramolecular binding will
decreases). As will also become apparent below, the whole
4. Discussion molecular orbital needs to be considered. Due to this interplay,
it is difficult at this stage to identify simple general design rules.

In Figure 6, we compare the conductance spectra of XDT

4.1. On the Bonding between Terminal Atom and Inter- 0@ C T Lo Vevai A ManRodero APhvs R
FR H H H a uevas, J. C.; Levy Yeyall, A.; Marnrodero, A.Fnys. Re.
face. How_can we kn0\_/v a priori which Fermmal atom is best | .~ 1998 80, 1066-1069. (b) Scheer, E.. AgiaiN.: Yeyati, A. L.
for a particular metallic electrode? It is clear that a strong Ludolph, B.; Martn-Rodero, A.; Bollinger, G. R.; van Ruitenbeek, J. M.;
chemical bond is essential, but not determinative. We have Urbina, C.Nature 1998 394, 154-157.
compared three atoms of the same group of the periodic table__(38) Bryant, M. A.; Pemberton, J. B. Am. Chem. So991, 113 8284~
(O, S, Se) as terminal atoms of the same molecule attached to " (39) jaffey, D. M.; Madix, R. JSurf. Sci.1994 311, 159-171.

two noble metals (Ag, Au). All of these systems are isoelec-  (40) Chenakin, S. P.; Heinz, B.; Morgner, Burf. Sci.1998 397, 84—
100.

(36) Dishner, M. H.; Hemminger, J. C.; Feher, FLAngmuir1997 13, (41) Samant, M. G.; Brown, C. A,; Gordon, J. GLaBngmuir1992 8,
4788-4790. 1615-1618.
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S\ r 3 Finally, since the terminal p orbital energy increases as we
H2C—1©LCH2\ go down the periodic table, the gap between valence and
6 s S conduction peaks decreases from O to S to Se. The reduction

Figure 7. Sketch ofa,o’-xylyl-dithiol, showing the locations of C1 N gap is the main reason that the selenium system is more
to C6. conductive than that with sulfur or oxygen.
4.3. Electrode Metal.A similar explanation helps clarify the

4.2. Terminal Atom. To understand the effect of terminal reason gold conducts better. Figure 6 shows that the positions
atom, we need to return to the conductance spectrum shown inof the valence and conduction peaks are the same for the two
Figure 1. Three elements of the spectrum are relevant to thematerials. While the gold valence peak is smooth, for silver
discussion: the valence peak-all eV, the conduction peak the peak splits into three resolved components. This is a
at —7 eV, and the gap between. consequence of sulfur's weaker coupling to theystem when

The valence peak has a complex structure. The sulfur p the electrode is silver. The weaker coupling also means that
orbitals lie at—12 eV, and are nearly degenerate with the being narrower, the levels do not extend as deeply in the gap.
benzene HOMO. Consequently, the valence peak is made ofConsequently, the conductance of silver at midgap is smaller.

eight energy levels. The levels are not resolved because of the 4.4. On the Position of the Fermi Level.The absolute
broadening caused by the electrodes. Four of the levels arepositions of either the isolated metal Fermi level or the gas-
entirely located on sulfur. The other four levels consist of a phase molecular levels are relatively straightforward to obtain.
mixture of sulfur p’s and benzene HOMO. On the other hand, finding the relative position of the Fermi

Going to oxygen has the following effect. The oxygen p level to the HOMO, after contact is established, is more difficult.
orbitals lie near—16 eV too deep to mix with the HOMO.  From a predictive standpoint, this difficulty is disastrous. In
Consequently, the valence peak of the oxygen spectrum isevery study reported so far (see for instance Figures—B,4
entirely due to benzene. and refs 8-11), the conductance in the HOMQUMO gap

For selenium, the p’s lie at-10 eV, above the benzene was found to be extremely sensitive to the Fermi level position
HOMO. Because of the energy mismatch, benzene and seleniuma change of 0.1 eV is enough to change the conductance by a
weakly mix. Consequently, the valence peak is almost entirely factor of 5). For the purpose of making quantitative predictions,
due to selenium. The Au/Se example is an unusual situation ina method for finding the Fermi level position is needed. This
which the valence peak position is not necessarily determined point is also discussed in ref 10a.

by the molecule. o , Experimental access to this information is essential. Photo-
The conduction peak is 5|mpler to understand. It consists of amission spectroscopy (P8)widely used to extract information
two levels, almost entirely localized on the benzene ring. These gpout metallic surfaces on which foreign atoms and small
levels correspond to the two degenerate benzene LUMO levels.molecules or polymers are chemisorbed or physisorbed, can be
They do not mix with the sulfur p orbitals because of the 4 eV ¢ompined with work function measurements to determine the
energy mismatch and because the methylenes that separate the,sition of the Fermi level with respect to the molecular HOMO,
terminal p’s from the benzene act effectively as a tunneling 4¢ar adsorption of the molecule on the surf4tg? Two very
barrier. . . . . different types of behaviors have been observed. When the
The small interaction with the terminal p's breaks the chemisorption is accompanied by substantial charge transfer and
degeneracy. The two LUMO levels have different structures. creation of a dipole layer, the molecular levels are tied to the
The first one, called, has weight on C2, C3, C5, and C6 (see eta| Fermi level. This is the case of botky€ and 8-hydroxy-
Figure 7). The other, has weight on C.l and C4. Bothand ~ quinoline aluminum (Alq}” (2.25 eV for Go on Ag, Au, Mg,
E haver character. Becaudehas no weight at C1 and C4, it cr. 1 7 eV for Alg on Au, Mg). In the opposite case of negligible
is largely independent of substitutions performed outside the charge transfer, i.e., alkanes and other wide-gap molecules, the
ring. For that reason| remains unchanged when sulfur is ok function changes, but the HOMO remains uncharfged.
replaced with oxygen or selenium. The other letghas weight Here, the HOMO is tied to the vacuum.
at C1 and C4, and consequently, its energy depends on the

terminal atom. The molecule we study in this article,o’-xylyl-dithiol, is

We can understand wi§moves up in energy as we go down closer to the first case than to the second. This justifies the
P gy 9 assumption of constant HOM&Fermi level spacing when

the periodic table. l\/_IodeImg the _termmaLUMO t_ermlnal studying the Au-S bond length and tilt angle dependences.
complex as a three-site system, with the last two sites degener- - g

. - . However, we have found no experimental report giving the exact
ate, a simple calculation shows that, as the terminal energy

; . : ?’ |ocation of the Fermi level. For that reason, only the trends we
increases, the energy of the highest eigenstate moves up. GOIn%ee rather than the exact values for the conductance, should be
from oxygen to sulfur to selenium, the energy of the p orbitals ’ ’

increases. Consequently, the LUMO energy increases. Wecon3|dered.

expect 'that this moleculgr orbital is more Important for' (43) See, for examplePhotoemission and the Electronic Properties of
conduction than the one with nodes at para position. Indeed, it SurfacesFeuerbacher, B., Fitton, B., Willis, R. F., Eds.; John Wiley: New
has been recently fouffor poly(p-phenylene vinylene) that,  York, 1978.

; i (44) Ito, E.; et al.Chem. Phys. Lettl99§ 287, 137—142.
when the molecular orbital has nodes at the C1 and C4 positions, (45) Yoshimura, D.; et all. Electron. Spectrosc, Relat. PhendrB96

there is negligible delocalization of charges among rings, that 7g 359362
is, the charges are localized on the benzene ring. When, on the (46) Ohno, T. R.; Chen, Y.; Harvey, S. E.; Kroll, G. H.; Weaver, J. H.;
other hand, there is substantial charge on the carbons at C1 andfaufler, R. H.; Smalley, R. EPhys. Re. 1991, B44, 1374713755,

. - - (47) Lee, S. T.; Hou, X. Y.; Mason, M. G.; Tang, C. Wppl. Phys.
C4, the charge can delocalize on neighboring atoms or even| o 1995 72 1593-1595.

over the whole chain. (48) Bagwell, P. F.; Orlando, T. Phys. Re. B 1989 40, 1456-1464.
(49) The calculated conductance of Figure 1a will be broadened by

(42) Kohler, A.; dos Santos, D. A.; Beljonne, D.; Shuai, Z.; 8as, J.- inelastic scattering2 and by disorder effects on the wit& The correct

L.; Holmes, A. B.; Kraus, A.; Miien, K.; Friend., R. HNature1998 392, calculation of the —V curve require&!821%areplacingg(E) by g(E,V) and

903-906. knowledge of the self-consistent electrostatic potential at all points.
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The absence of this information also makes a comparisononly factor that alters the conductance substantially is the
with the experimentally reported values of the resistance of this distance between the electrode and the terminal atom.
type of moleculé” difficult. Our numbers in the valley of the We find a strong dependence of the conductance on the
conductance spectrum on all figures are too low compared to chemical nature of the terminal atom. The conductance in the
experiment, but a small adjustment in the position of the Fermi gap increases from 1 to 3 to 75, for O to S to Se, respectively.
level can account for this. It will also make the conductance of Se is by far the best terminal atom for the molecule we consider.

these junctions more comparable to an electrical wire. Finally, we find that changing the electrode metal affects the
conductance. In particular, Au(111) conducts 5 times better than
Summary Ag(111).
We have considered three aspects of the moleliectrode
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