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Conductance of molecular wires: Analytical modeling of connection to leads
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The on-top and on-hollow connections of a molecule to leads are studied in the context of the single-
molecule conductance measured by STM-related techniques. In the framework of the Landauer-Bu¨ttiker ap-
proach, the lead effects on the electrical properties of metal-molecular heterojunctions are expressed in terms
of the spectral density~SD!. The exact analytical expression of this quantity is obtained forn-dimensional
(n51, 2, 3! semi-infinite tight-binding leads. It has been used to examine the SD energy dependence in three
and one dimensions. In most realistic cases, SD is shown to be an asymmetric~with respect to the Fermi level!
function of energy which is pronouncedly distinctive from the related local density of states~LDOS! on the
metal surface. For different models of molecule-to-metal connection, the LDOS on an adsorbed atom, as well
as the parent LDOS on a molecular tip-facing atom and respective transmission spectrum~TS! are discussed in
detail. The LDOS and TS are exemplified by thep system of 4-aminothiophenol. The approach developed is
applicable straightforwardly to a fully analytical description of electrical current through conjugated oligomers
with arbitrary length and chemical structure of monomers.
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I. INTRODUCTION

Recent development of new techniques for fabricat
and evaluating atomic and molecular scale devices has m
it possible to measure and control the conductance of si
molecules.1 The strong experimental interest in the emerg
field of molecular electronics is accompanied by an incre
ing theoretical effort aimed at understanding of the relati
ship between the electronic structure of molecules use
close an electric circuit, the nature of the molecule-to-me
electronic coupling and the observed current-voltage~I-V !
characteristics. To describe the atomic/molecular cond
tance in a typical scanning tunneling microscope~STM! and
quantum point contact arrangements, a variety of approa
based on analytical modeling,2–6 semiempirical7–9 and more
elaborateab initio and density functional calculations10–12

~see also references therein! has been invented.
Mujica et al.2 proposed an experimentally sound analy

cal theory of molecular conductance. They showed that
zero-temperature zero-bias ballistic conductance, that is
2e2/h times the transmission coefficientT(E) ~taken at the
Fermi energyE5EF) ~Refs. 13–15! can be put in a conve
nient factorized form

T~E!54D1~E!DN~E!uG1,N~E!u2 ~1!

expressing the linear response of the junction to the app
voltage in terms of the lead spectral densityD1(N)(E) and the
Green function matrix elementG1,N(E) referred to the mol-
ecule binding sites 1 andN. In the latter quantity the
molecule-metal interaction is included exactly making it d
pendent onD1(N)(E) which is determined by a combinatio
PRB 620163-1829/2000/62~15!/10480~14!/$15.00
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of the ~semi-infinite lead! Green function matrix element
associated with the metal surface atoms connected to
molecule.

The approach which has led to Eq.~1! is, in essence, a
variation on that described by Caroliet al.16 Similar equa-
tions have been obtained afterwards by several authors in
framework of different techniques and in different contex
including the cases of multichannel transmission and in
acting electrons. The relevant literature is too large to
reviewed here. Some basic concepts associated with Eq~1!
are discussed for example, in Ref. 17 where an exten
citation is given.

Equivalents of Eq.~1! have been extensively used as
tool for studying the molecular conductance.2–9 Nevertheless
a variety of scanning tunneling spectroscopy~STS! data on
substrates coated by self-assembled molecular monola
has not yet received an adequate explanation. In partic
the role of metal-molecule interfaces in forming the curre
across molecular monolayers is far from well understood
terms of Eq.~1! this problem concerns the spectral dens
which determines the perturbation of the molecular spectr
by the interaction with the leads.

The main contributions of this paper are as follows.~i!
The exact analytical expression of the spectral density fo
three-dimensional~3D! lead modeled by a cubic sem
infinite lattice with an arbitrary number of atoms in the su
face and subsurface layers interacting with the molecule.~ii !
An analysis of the real and imaginary parts of the effect
molecule-to-metal coupling as functions of energy for t
on-top and on-hollow placements of the molecule end at
on the contacting surface.~iii ! The use of the on-top and
on-hollow models of the molecule-to-metal connecti
10 480 ©2000 The American Physical Society
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~chemisorption! to examine the adsorbed atom and prot
sion effect on the local density of states of the ideal surfa
In a way the work contributes to the chemisorption theo
where the analytical results have mostly been restricted
one-dimensional~1D! models.18,19

Since the origin of Eq.~1! is important for the understand
ing of the results of this work, a very compact and rigoro
derivation of the transmission coefficient is first given in S
II. Section III proceeds with a brief discussion of STM
oriented approximations of the exact formula for the tra
mission coefficient. It introduces the local density of sta
on the outermost atom of a chemisorbed molecule, a ch
like surface protrusion, and an adsorbed atom. Section I
central in this presentation. It specifies the on-top and
hollow connections of a molecule~protrusion or adsorbed
atom! to one- two-, and three-dimensional leads. The ene
dependence of effective molecule-to-metal coupling is exa
ined in 3D and 1D cases. For the latter, the exact analyt
expression of the Newns chemisorption function19,20 is gen-
eralized to include a subsurface atom. The asymmetry of
energy dependence of effective coupling with respect to
Fermi level in the tight-binding band is shown to be a co
mon property. The physics of the asymmetry is explained
terms of Feynman pathways in electron-transmission eve
Section V exemplifies the tip and substrate local densitie
states, and the transmission spectrum. Methodologicall
presents a self-contained scheme for calculating I-V cha
teristics on the basis of a fully analytical description whi
recently has been used for the interpretation of r
experiments.21 The discussion is concluded with Sec. V
while the mathematical details of the basic equations are
ranged in three appendixes.

II. TRANSMISSION COEFFICIENT

The Landauer-Bu¨ttiker theory13–15 relates the elastic con
ductance of a junction to the probability that an electron w
the energyE injected in one ideal lead@here the substrate~s!
or tip (t)] will be transmitted to another lead through a sc
tering region@here a molecule~m! and its contacts with the
leads#. The transmission probability~or coefficient! is thus
the principal quantity to be found. This task always requi
some assumptions. In our model of metal-molecular hete
junctions, these are as follows.

Firstly, we assume that in the absence of the interac
between the substrate/tip and molecule the eigenstatesCa of
the Hamiltonian operatorĤa of the substrate, tip, and mo
ecule (a5s, t, and m, respectively! can be expanded in
series of the respective basis set of atomic orbitalsur &

Ca5 (
rP$r %a

c r
aur &, ~2!

wherer denotes discrete coordinates of ther th atom in either
of the subsystems.

Secondly,Ĥs andĤt, which describe the regionss and t,
are treated as free electron Hamiltonians of semi-infinite
bic lattices with the electron on-site energy«a and nearest-
neighbor electron-transfer interactionLa , a5s, t. The tip-
to-substrate drop of the applied potentialU is taken into
-
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account as a uniform shift of the site energies by value
eUs(t) so that Ut2Us5U. The operatorĤm needs to be
specified only at the stage of conductance analysis for a c
crete molecule.

And finally we consider a simplified model of meta
molecular interaction which involves only two of all mo
ecule atoms. For the convenience of further use, the coo
nates of these ‘‘binding’’ atoms are denoted as 1X andNY .
The interaction operator is then given by

FIG. 1. A schematic representation of substrate-~chemisorbed
molecule!-tip structure~up! and possible connections of the mo
ecule end-atom~or chainlike protrusion! to the substrate or tip. Both
substrate and tip are semi-infinite~in r z direction! cubic lattices
with ~001! surface planes ofN3N atoms facing each other; sepa
rate coordinate systems used for the subsystems are shown b
axis unit vectors; for the substrate and tipr x(y)51,2, . . .N, r z

51,2, . . .`. In the lower-right-hand-side corner: a side view
protrusion ~molecule! connection with tip~substrate!, as is pre-
scribed by model2.
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V̂5 (
rP$r %s

V1X ,r
s u1X&^r u1 (

rP$r %t

VNY ,r
t uNY&^r u1H.c., ~3!

with V1X ,r
s (VNY ,r

t ) denoting the substrate-molecule~tip-

molecule! coupling constants. Without any loss of general
these constants are supposed to be real and to have no
values for atoms lying at the substrate and tipx,y surface or
subsurface monatomic layers;r5(r' ,r z), r'5(r x ,r y), see
Fig. 1, andr z runs over an arbitrary but bounded number
monolayers.

As mentioned in the introduction, the derivation of th
transmission coefficient is well known. Due to simplifyin
model assumptions, this principal quantity is obtained her
a fully analytical form via solving the Lippman-Schwinge
equation with the HamiltonianĤs1Ĥt1Ĥm1V̂ that yields
~see Appendix A!

T~EF!54As
I~EF!At

I~EF!uG1X ,NY
~EF!u2, ~4!

which is nothing else but Eq.~1! in the present notations.
In Eq. ~4!, the matrix element of the system Green fun

tion G1X ,NY
(EF) refers to the 1Xth andNYth molecular at-

oms whose on-site energies are perturbed by the interac
with the substrate and tip. Its explicit expression in terms
the substrate and tip spectral densities and the molec
Green function is given in Eq.~A6! and exemplified by
model calculations in Sec. V. The effective coupling b
tween the molecule and substrate~tip! is represented as
simple sum of known functions

As(t)
I ~EF!5

1

uLs(t)u
( 8
j'

sinkj'

3S (
rP$r %s(t)

sinkj'
r z

sinkj'

x j'
~r'!Vr ,1X(NY)

s(t) D 2

, ~5!

where the prime indicates that summation is performed o
over the propagating modes of transverse electron motio
a semi-infinite cubic lattice with theN3N cross-section
coinciding with ~001! plane of the metal-molecule
interfaces. The latter is described byx j'

(r')

5@2/(N11)#sin@pj1rx /(N11)#sin@pj2ry /(N11)#, j 1 , j 2
51,2, . . . , N. In Eq. ~5! kj'

stands for the electron wav

vector of the transmitted modej'5( j 1 , j 2); these three
quantum numbers are related by the energy conservation
~A10!.
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For the models of molecule-to-metal connections invo
ing few metal atoms, the convergence of the sum with
increase ofN is very quick. Except probably some energ
values, to obtainN-independent results, one can safely us
50350 atoms plane. In the case of very sharp depende
As(t)

I (E) on E, the use of a somewhat largerN may be nec-
essary in a small energy interval. Hence from the compu
tional point of view, the influence of various factors whic
play a role can be examined very easily. In particular,
difference between one-, two-, and three-dimensional mo
of a lead can be conveniently compared. This is to be d
cussed in Sec. IV.

III. STM-RELATED APPROXIMATIONS

The above consideration is free of any restrictions w
regard to the values of coupling constants. To make c
references to the STM theory, we briefly discuss the parti
lar case of one strong~with the substrate! and one weak
~with the tip! molecule-metal interaction which is equivale
to the Bardeen approximation.22 Particular attention will be
paid to the conditions under which the transmission coe
cient is expressed in terms of the local density of sta
~LDOS! on the tip-facing molecular atom~i.e., the substrate
LDOS! and the tip LDOS.

A. Substrate local density of states

The conductance exhibited by conjugated molecules
STM experiments is, as a rule, by orders of magnitu
smaller than that associated with a single spin degener
level, i.e., 2e2/h that corresponds to the unit transmissio
The analysis of Eq.~4! shows that the unit transmission
only attainable in completely symmetric systems.6 This is
unlikely to be the case in the above mentioned experime
since by its one end-atom the molecule is usually che
sorbed on a substrate, while the opposite end of the mole
faces an STM tip. An explanation of the low conductan
can therefore be seen, in the weakness of the tip-mole
coupling controlled by the through-air tunneling in compa
son with the substrate-molecule interaction that results in
creation of a chemical bond.23

If uAtu!uAsu, the exact expression~4! with G1X ,NY
(EF)

defined in Eq.~A6! transforms into

T~EF!54pAt
I~EF!rs~EF!, ~6!

where the quantity
rs~EF!5
1

p

As
I~EF!@G1X ,NY

m ~EF!#2

@12As
R~EF!G1X,1X

m ~EF!#21@As
I~EF!G1X,1X

m ~EF!#2
52

1

p
Im GNY ,NY

~EF!, ~7!
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with As
R(E)5p21P*2`

1`As
I(E8)/(E2E8)dE8, has the

meaning of the LDOS on atomNY of the molecule which is
chemisorbed on the substrate surface in the absence o
tip; the notationGn,n8

m (EF)5^nu(EF2Ĥm)21un8& is used for
the molecular Green function matrix elements. The sec
equality in Eq.~7! can be proved by using the relations b
tween the Green functions of the substrate and molecule
that related to the composed system: substrate
molecule.24

The proportionality of transmission coefficient~i.e.,
Ohmic current! to the LDOS of probed sample which
stated by Eq.~7! reconfirms the corner stone of the Terso
and Hamman STM perturbative theory.25 However accord-
ing to this equationT(EF) is not proportional to the LDOS
on a tip surface atomr t(EF) unless there is the only on
which interacts with the molecule, i.e.,Vr ,NY

t 5d r ,r0
V. In

such a caseAt
I(EF)5pV2r t(EF) so that

T~EF!54p2V2r t~EF!rs~EF!. ~8!

We now specify the expression of the tip LDOS.

B. Tip local density of states

Literally the definition ofAs(t)
I (EF) given in Eq.~5! refers

to plane substrate and tip surfaces without any imperfectio
The tip LDOS on the~001! surface of a semi-infinite cubic
lattice can be obtained from that equation and takes the f

r t~EF!5
4

p~N11!2uLtu
( 8

j 1 , j 251

N
sin~kj 1 , j 2

!, ~9!

where j 1 and j 2 are odd numbers only@see Appendix A and
Eq. ~11!#.

A likely protrusion on the tip surface can be taken in
account as follows. Suppose that on the otherwise ideal
face there is a single imperfection consisting of one or a
atoms in a row, as illustrated in Fig. 1. Such a structure
be considered as a ‘‘molecule’’m8 chemisorbed on the tip
surface. Let also the tip-molecule interaction be domina
by only one coupling constantV that corresponds to the ou
most atom of the protrusion apex. Then as can easily
shown, the expression ofr t(EF) in Eq. ~8! is given by the
expression ~7! with As

I(EF)→At
I(EF) and Gm(EF)

→Gm8(EF). Thereby the definition of the former quantit
does not change but refers to the effective coupling betw
the first of the atoms lying out of the tip surface plane. C
respondingly the labeling ofGm8(EF) components refers to
the two particular atoms in the protrusion chain, namely
closest to~the 1Xth) and the most remote from~the NYth)
the tip surface. Thus defined Eq.~8! describes the electro
transmission between two arbitrary moleculesm and m8
chemisorbed on the substrate and tip surfaces and fa
each other with their end atoms.

In the case of only one extra atom on the tip surfa

i.e., G1X,1X

m8 (EF)5GNY ,NY

m8 (EF)5G1X ,NY

m8 (EF)5(EF2« t

2eUt)
21, the expression of the LDOS on the adsorbed at

is especially simple
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r t~EF!5
1

p

At
I~EF!

@EF2« t2eUt2At
R~EF!#21@At

I~EF!#2

~10!

showing a likely resonance-type character of the tip LDO
Of course it cannot pretend to reproduce the electronic st
ture of real tips; the task requires a much more sophistica
modeling such as that developed for example, by Va´zquez de
Pargaet al.,26 see also references therein. However it refle
the essential factors responsible for the formation of
LDOS resonance structure which will be discussed in Sec

There are two more points to note regarding the equati
represented above. Firstly, it is that electron tunneling
tween the tip and molecule can be included in Eq.~8! by
settingV5V0 exp„2\21A2m* (F2EF) l …, wherem* is the
effective electron mass,l is the tip-molecule shortest dis
tance, andF represents the work function of the tip or su
strate with a proper account for the substrate-tip poten
difference. The approximation of the transmission coeffici
by a product of the sample and tip LDOS multiplied by t
WKB exponential factor has been used in many studies
particular Lang27 has discussed the tunnel current betwe
two planar metal electrodes, each having an adsorbed a
on its surface. Secondly, Eqs.~7!, ~8!, and~10! imply that the
resonance type dependence of the transmission on ener
governed by both the substrate LDOS and tip LDOS. The
as well as the energy dependence of the tip-substrate
pling via tunneling across the air gap, are important~and
unavoidable! factors in STS experiments on molecul
monolayers which can thus be reasonably modeled b
simple yet physically rich formula.

IV. MODELS OF THE MOLECULE-TO-METAL
CONNECTION

In order to be used for practical estimates, Eq.~4!, as well
as its approximations~6! and~8!, require specifying assump
tions regarding the coupling constants. Here we discuss t
particular models of the interaction between the metal ato
and end atom of the molecule~or protrusion!; see Fig. 1.
Two of them refer to the on-top position, i.e., the end atom
in front of metal atom~in the middle of the surface,N is
odd!. And the third is a model of on-hollow chemisorptio
where the molecule-terminating atom faces the center of
square between four surface atoms (N is even!.

In this and subsequent sections, there is no need to
serves and t labeling. By no means does this imply that th
two leads must be of identical metals. Also without a
change in notations,AI(E) andAR(E), as well as~negative!
coupling constants will be expressed in units ofuLu.

A. On-top coupling

1. Model 1

This model assumes that one surface atom and a sub
face atom next to it are involved in the metal-molecule
teraction characterized by coupling constantsV1 andV2, re-
spectively. Then Eq.~5! may be rewritten as the following
@compare with Eq.~9!#:
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AI~E!5
4

~N11!2 ( 8
j 1 , j 251

N
sin~kj 1 , j 2

!sin2
p j 1

2
sin2

p j 2

2

3~V112V2 coskj 1 , j 2
!2. ~11!

For obvious reasons, this is the only model that admit
one-to-one comparison of the molecule-to-lead connectio
one, two, and three dimension.

In the 1D case,N51 andkj 1 , j 2
→k. Hence there is no

summation in Eq.~11!. Therefore with regard to the energ
dependence on the wave vector in one dimension,E5«
22uLucosk ~the applied potential is included into the si
energy! the expressions ofAI(E) andAR(E) are accessible
in an analytical form. For the former Eq.~11! gives

AI~E!5S V12V2

E2«

uLu D 2A12
~E2«!2

4L2
, ~12!

if uE2«u<2uLu, andAI(E)50 otherwise. And for the rea
part of effective coupling we obtain from Eq.~A12!

AR~E!5Q~E!, ~13!

if uE2«u<2uLu, and

AR~E!5Q~E!2sgn~E2«!

3S V12V2

E2«

uLu D 2A~E2«!2

4L2
21, ~14!

if uE2«u.2uLu, where

Q~E!5
E2«

2uLu S V12V2

E2«

uLu D 2

12V1V22V2
2E2«

uLu
.

~15!

The above equations withV250 reconfirm an old resul
of Newns20 who found AI(E)5V1

2A12(E2«)2/(4L2),
AR(E)5@V1

2/(2uLu)#(E2«), if uE2«u<2uLu, and
AI(E)50, AR(E)5V1

2 @(E2«)/(2uLu)2sgn(E2«)
3A(E2«)2/(4L2)21#, otherwise. In that casep21AI(E)
5r(E) has the meaning of the LDOS on the end atom o
semi-infinite tight-binding chain.@In the chemisorption
theory, AI(E) is also called the chemisorption function.19#
Just that expression ofAI(E) taken atE5« ~i.e., AI5V1

2

and hence,AR50) was used in Ref. 2, to discuss the line
conductance properties on the basis of 1D model of me
molecular junctions.

The right hand side of Eq.~12! where the molecule end
atom interacts with one (V1Þ0, V250) and two (V1 ,V2
Þ0) atoms of 1D lead is shown in Fig. 2. The integral sp
tral density increases/decreases in proportion withV1

21V2
2

1

pE2`

1`

AI~E8!dE85V1
21V2

2 ~16!

(E8 is in units ofuLu). To cancel this effect, all curvesAI(E)
are multiplied by factor (V1

21V2
2)21. For the 3D models

integral ~16! can also be calculated explicitly~as shown in
Appendix B!.
a
in

a

r
l-

-

A basic distinction between the Newns chemisorpti
function and its more general definition given in Eq.~12!
@see also Eq.~A.7!# is that the latter includes a nondiagon
component of the Green function and thus,AI(E) cannot be
interpreted in terms of the LDOS ifV2Þ0. The asymmetry
of the spectral density as a function of energy is entirely d
to the nondiagonal matrix element of the Green function t
implies the interference origin of the effect. The differen
between the spectral density and LDOS becomes stro
pronounced even for small ratios (V2 /V1); see Fig. 2. As it
follows from Eq.~12!, for V1Þ0 functionAI(E) is symmet-
ric with respect to«(5EF) only if V250. It is not symmet-
ric otherwise. The spectral density is larger for energies ly
below the Fermi energy in a half-filled band.

2. Model 2

In this model, the coupling constantV2 describes the in-
teraction of the binding/adsorbed atom with the atoms n
to the opposite one on the surface while constantV1 has the
same meaning as in model1. Hence in all, there are five
surface atoms involved in the interaction with the chem
sorbed molecule or adsorbed atom/protrusion, see Fig. 1.
such an~on-top! model Eq.~5! transforms into

AI~E!5
4

~N11!2 ( 8
j 1 , j 251

N
sin~kj 1 , j 2

!sin2
p j 1

2
sin2

p j 2

2

3FV112V2S cos
p j 1

N11
1cos

p j 2

N11D G2

. ~17!

FIG. 2. Imaginary part of the effective coupling@Eq. ~12!# nor-

malized to the integral spectral densityV1
21V2

2. Ē denotes (E
2«)/2uLu; V2 /V150, 0.2, 0.5, and 1;V1 andV2 are dimensionless
~in units uLu) parameters of the interaction between the molec
binding atom~filled circle! and, respectively, ‘‘surface’’ and next to
it atoms ~unfilled circles! of 1D semi-infinite lead. If 0,V2 /V1

,0.5, AI(Ē) has one maximum atĒ1 , and if V2 /V1.0.5,

there are two maxima at Ē1 and Ē2 ; Ē65(21

6A1196V2
2/V1

2)/(12uV2 /V1u), 0<Ē1,A2/3, and 21<Ē2

,2A2/3. InteractionV2 breaks the symmetry ofAI(Ē). The sym-
metric curve (V250) is justp times LDOS on the end atom of
semi-infinite chain.
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Unlike the 1D case, for 3D leads, in order to obtain
explicit expression of the dependence of effective coupl
on energy, it is necessary to perform the summation ana
cally. This seems not to be possible. However for the giv
model it can be strictly proved that (V1Þ0)

AI~E2«,V2 /V1!5AI~2E1«,2V2 /V1!, ~18!

which implies that for arbitrary but finite values ofV2, the
spectral density is a symmetric function ofE2« only if V2
50.

In Fig. 3, the real and imaginary parts of effective co
pling are calculated for different values ofV2 /V1. As in the
1D case, to exclude the effect of the proportional increa
decrease of the integral spectral density, the dependen
AI(E) and AR(E) are multiplied by factor (V1

214V2
2)21.

Basically the same effect as was just discussed in the
case is easily recognizable. If more than one surface a
interacts with the molecule, the nondiagonal matrix eleme
of the metal lead Green function come into play produc
noticeable if not dramatic changes in the energy depende
of the effective coupling.

Qualitatively the role of the nondiagonal Green functi
components in determining the energy dependence of e
tive coupling is similar for the one- and three-dimension
models of molecule-to-metal connection. However, their
vergence in many important details as to the shape ofAI(E)
andAR(E) curves is obvious. Therefore the predictions o
tained within the 1D and 3D models regarding the electri

FIG. 3. Imaginary and real parts of the normalized effect
coupling calculated for the 3D model2 of on-top connection~see
Fig. 1! with V2 /V150.2 and 0.5~labeled curves!, andV150 ~un-
labeled curves!. Only in the special caseV150, is the imaginary
~real! part of effective coupling a symmetric~antisymmetric! func-

tion of Ē5(E2«)/(6uLu).
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properties of metal-molecular heterojunctions can even
controversial. It is needless to say that the 1D model a
fails to reproduce a variety of possible connections betw
the molecule and a real metal surface.

B. On-hollow coupling

Under the assumption that the binding/adsorbed atom
equally coupled only with four nearest-neighbor atoms o
~001! surface modeled by a square lattice, Eq.~5! takes the
form

AI~E!5
64V3

2

~N11!2 ( 8
j 1 , j 251

N
sin~kj 1 , j 2

!sin2
p j 1

2

3sin2
p j 2

2
cos2

p j 1

2~N11!
cos2

p j 2

2~N11!
. ~19!

Changing the sign ofE2« is equivalent to the following
replacements in Eq.~19!: cos2@pj1/2(N11)#→sin2@pj1/
2(N11)# and cos2@pj2/2(N11)#→sin2@pj2/2(N11)#
showing that the spectral density is an asymmetric funct
of E2«.

It thus seems that except in some very special cases~see
Fig. 3! the asymmetry of the effective coupling is its inhere
property whenever more than just one surface atom is
volved in the metal-molecule interaction. As an illustratio
in Fig. 4 the effective coupling is calculated for on-top~mod-
els 1 and2! and on-hollow position. Interestingly the curve
corresponding to the on-hollow connection in Fig. 4 a
those that correspond to the on-top-2 connection with
V2 /V150.5 in Fig. 3 are nearly identical. This implies th
the underlying net interference effect is nearly the same.

The asymmetry of the effective coupling as a function
energy has far-going implications regarding the transmiss
spectrumT(E) and, eventually I-V characteristics. For in
stance, the tip-to-substrate potential difference of the op
site signs may result in different current intensities~a diode
effect!. It is also noteworthy that the shape of the transm
sion spectrum is strongly influenced by the dependence oAI

and AR on energy. The simple examples given above in
cate that this dependence and, particularly the ra
AI(E)/AR(E) may vary significantly reflecting differen
ways in which molecules interact with the leads to ‘‘comm
nicate’’ with the outer world.

C. The physics of effective coupling

The asymmetric shape ofAI(E) with respect to the Ferm
energy may seem to be in conflict with the symmetry of t
molecule-to-metal connection models which are under d
cussion. A contradiction to intuitive expectations can eas
be resolved by a closer look at the ‘‘internal structure’’
effective coupling.

The binding atoms on the metal surface play t
role of gate sites which let electrons in and out of the m
ecule in the process of transmitting electrons from o
lead to another. According to Eq.~A7! the effective cou-
pling is determined by a weighted sum of the le
Green function matrix elements which refer to the bin
ing sites, for instance, in the case of the on-hollo
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connection,V3
22AI54GN,N11,1;N,N11,1

I 18GN,N11,1;N11,N11,1
I

14GN,N11,1;N11,N,1
I @Gr ,r8

I [2uLu Im Gr ,r8 defined in Eq.
~A9!#. Each of these contributions to the spectral density
shown in Fig. 5 where we use simplified notations for t
coordinates of the gate sites denoted as 1,2,3, and 4.

The given definition can be ‘‘translated’’ in terms o
Feynman pathways as shown in the inset in Fig. 5. In suc
representation, any event of the metal-molecule ‘‘commu
cation’’ via, let us say, the binding sites 1 and 2, correspo
to all possible electron trajectories which start at site 1 a
finish at 2, andvice versa. The contribution of all such path
into the spectral densityAI is proportional to the propagato
GN,N11,1;N11,N11,1

I . The propagators which enter the defin
tion of the spectral density can be classified either as ‘‘eve
or as ‘‘odd’’ according to the required number of jumps
the corresponding Feynman pathways. In the given exam
the propagatorsGN,N11,1;N,N11,1

I , GN,N11,1;N11,N,1
I , and the

like fall into the category ‘‘even,’’ whereas propagato
GN,N11,1;N11,N11,1

I and the like are ‘‘odd.’’ An important
point is that the former are even functions ofE2« while the
latter are odd functions ofE2«. Since for the majority of the
molecule-to-metal connections conceived, the spectral d
sity includes the propagators of both categories, its symm
ric dependence on energy, if it occurs, should be regarde

FIG. 4. The same dependencies as in Fig. 3 for 3D model
molecule-to-metal connection indicated in Fig. 1 as1 and2 ~on-top
connections withV250 andV2 /V150.2, respectively!, and3 ~on-

hollow connection!; Ē5(E2«)/(6uLu). As in 1D case~Fig. 2!,

AI(Ē) is normally an asymmetric function ofĒ whenever more
than one surface atom is involved in chemisorption. Different c
nections of a molecule to a metal surface imply different depend

ciesAI on Ē.
is
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an exotic property. For the models in focus it exists only
two special cases:V250 andV150 in the on-top connection
models1 and2, respectively.

V. ILLUSTRATIVE EXAMPLES

The aim of this section is to illustrate possible effects
the on-top and on-hollow adsorbed-atom/molecule pla
ment on the electrode surface. From a more practical p
spective this is to show how the results obtained in preced
sections can be used for modeling the STS data on elect
transport across metal-molecular junctions. At first we co
sider the LDOS on an adsorbed atom which may be view
as a prototype of the tip apex atom.

A. LDOS at adatom

Energy dependencies of the adsorbed atom LDOS for
on-top ~model 1 with V250 and model2! and on-hollow
positions are shown by solid lines in Fig. 6. These are c
culated from Eq.~10!. The dashed-dotted curve correspon
to Eq. ~9! which gives the LDOS on the ideal~001! surface.
The parameters of adsorbed atom~filled circle! are the same
as for a bulk atom so that all differences in the behavior
r t(E) as a function of energy are connected with differenc
in the structure. Obviously these effects are beyond the
model of chemisorption since if the same atom is added
semi-infinite chain, the latter remains unchanged.

Probably the most important message of these calc
tions is that in the vicinity of the Fermi energy the adsorb
atom LDOS may have a pronounced resonance-type st
ture which is very different from what is expected for a
ideally flat Au surface.28

of

-
n-

FIG. 5. The decomposition of the dimensionless spectral den
into the contributions of Green function matrix elements~on-hollow
connection!. These contributions can be classified as ‘‘even’’ (G11

I ,
G13

I ) and ‘‘odd’’ (G12
I ) according to the parity of the require

number of jumps in the corresponding Feynman pathways.Inset:
top view of the contacting metal surface with four binding~gate!
sites. Solid, dashed, and dotted lines show three of all the pos
pathways of an electron incident from the bulk at the gate sit
before entering the molecule through the gate site 2~representing
the contribution ofG12

I ). All such trajectories contain an odd num
ber of elementary jumps of the electron between the near

neighbor atoms.G12
I is therefore an odd function ofĒ.
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The narrowing of the LDOS on the adsorbed atom is, fi
of all, due to the change of dimensionality 3D~of the lead! to
1D ~of the adsorbed atom connected to the lead!. Therefore it
is not surprising that the width of, e.g., model-1 LDOS peak
is roughly three times smaller than the full band width, th
is in the same proportion as the ratio of the band widths
three and one dimension: 12uLu and 4uLu, respectively. A
similar effect is known in the electron transmission throug
1D system where the narrowing of the energy interval of
system transparency occurs. For example, in a 2D-1D
system with~2D-bandwidth!/~1D-bandwidth!52, the trans-
parency interval is two times smaller than the bandwidth
the 2D subsystem.29

The effect of the maximum shift and narrowing observ
for the on-top-2 and on-hollow models in Fig. 6 is in obviou
correlation with the behavior of effective coupling as a fun
tion of energy. Namely for both models the LDOS redsh
with respect to the Fermi energy must be nearly the sa
since the corresponding dependenciesAR(E) in Figs. 3 and
4 differ only slightly. Similarly higher intensity and smalle
bandwidth of the on-top-2 and on-hollow peaks is in a direc
relation with a much smaller value ofAI(E) at E'«.

Physically the red shift and sharpness of the adsor
atom LDOS peaks in the case of on-top-2 and on-hollow
chemisorption can be understood as follows. If separa
from the bulk, the adsorbed atom and surface atoms
turbed by the interaction with the former would give six a
five discrete levels~i.e., d-peaks in the LDOS! for the on-
top-2 and on-hollow models, respectively. The interacti
with the bulk smears all the peaks except one of adsor
atom which is coupled to the bulk more weakly. For t
same reason it is redshifted.

FIG. 6. LDOS on an adsorbed atom~filled circle! as described
by Eq. ~10! for three possible adsorbed atom-surface connectio
V1521, V250 andV1521/A2, V2521/(2A2) ~on-top models

1 and 2!, and V3521/2 ~on-hollow model!; Ē5(E2«)/(6uLu).
Dashed-dotted line shows the LDOS of the ideal surface give
Eq. ~9!. The latter quantity is nearly constant in the vicinity of th

Fermi energy (Ē50) while the adsorbed atom LDOS exhibits
resonance-type dependence on energy. The half-width and pos
of the LDOS peak are in obvious correlation with the energy
pendence of effective coupling, see Fig. 4.
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Note that the interpretation given above assumes that
interactionV2 andV3 is comparatively weak.~In Fig. 6, the
choice of these parameters is such that it maintains the s
value of the integral spectral density for all three models
chemisorption.! An increase ofV2 or V3 results in a further
redshift and narrowing of the adsorbed atom resonance
addition a new~much less intense and blueshifted! peak ap-
pears which in fact represents unresolved resonances
duced by the perturbed surface atoms.

The above observations clearly indicate that the resona
structure of the adsorbed atom LDOS originates from
difference in local environment between the adsorbed
bulk atoms. For more realistic tip geometries the nature
resonances is basically the same30 but it can be additionally
influenced by the number of orbitals per atom which a
forced to hybridize by a particular tip geometry,26 and by
other factors which are not taken into account in our sim
models.

So the existence of tip LDOS resonances predicted at
ferent levels of sophistication has to be considered as a lik
attribute in the STS experiments. Recently it was dem
strated that I-V measurements on bare metal substrates
be dominated by the tip electronic structure with two inten
peaks.26 The resonance structure of tip LDOS is also sho
to be the necessary component in order to understand a
riety of STS data obtained for metal substrates coated w
self-assembled molecular monolayers.21,31

B. LDOS at tip-facing molecular atom

An analysis of the molecular LDOS~7! requires the
knowledge of the molecular Green function and thus, so
specification of the molecular Hamiltonian. Of course t
effects of molecule-to-metal connection on the LDOS o
particular molecule depend on details of its electronic str
ture. However there are many common features of how
effective coupling reveals itself in the behavior of the m
lecular LDOS and respective transmission spectrum~TS! as
a function of energy. Here these principal conductan
related quantities are calculated for illustrative purposes
ing a simple model Hamiltonian of 4-aminothiophen
(ATP5SHC6H4NH2). Above all, this section describes th
theoretical model and calculation scheme used to model
experiments on gold substrates covered by ATP and che
cally related phenyl-based oligomer monolayers.21

The chemical structure of an ATP molecule is rough
sketched in Fig. 1. Such molecules can form stable s
assembled monolayers on gold32 which have been studied b
means of a STS technique.21,33 We restrict ourselves solely
to thep electron subsystem of the molecule that suggests
most efficient pathways for transmitting electrons. Thep
electron Hu¨ckel Hamiltonian of ATP and the molecula
Green function matrix elements that one needs to calcu
the transmission coefficient and/or substrate LDOS are gi
in Appendix C. If a sulfur-headed molecule is chemisorb
on gold, the substrate-sulfur interaction is strong but it h
little effect on the rest of molecular atoms.23,34 Therefore to
choose the parameters of the model Hamiltonian, our st
egy was as follows.

The p electronic structure of aniline (5C6H5NH2),
which is the molecule of interest but without sulfur en

s:
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group, has been agreed with semiempirical SCF calculat
performed with the PM3 Hamiltonian~MOPAC’97 pack-
age!. Table I shows a remarkably good reproducibility of t
SCF results by our model Hamiltonian. With the success
set of parameters as specified in Table I, the same calcula
routine has then been used to determine the sulfur par
eters: the site energy 1.3b and the S-C hopping integra
0.5b, b (,0) is the C-C hopping integral within the phen
ring. Though these parameters agree with SCF data rea
ably well, they are less certain; particularly, because the
fect of sulfur-substrate interaction has not been taken
account.

According to Eq.~7! the portrait of the molecular elec
tronic structure exposed by STS of a molecular monolaye
mostly determined by two factors. These are on the
hand, the molecular characteristics and on the other hand
energy dependence of effective coupling and the~dimension-
less! coupling strength constantsVi5Vi

2ubu/uLu, i 51, 2, 3. It
is seen that any of these constants includes three indepen
parameters: the squared matrix element of the me
molecule interaction divided by the characteristic scales
the metallic and molecular one-electron spectra. By usinguLu
or ubu as the energy unit, the number of parameters wh
enter the coupling strength can be reduced to the two, sayVi
in units of ubu and the ratioubu/uLu.

By fixing Vi and varyingubu/uLu one can trace how the
perturbation, which is identical in terms of the molecu
energy scale but produced by metals with the different wi
of the actual free electron band, affects the display of m
lecular electronic structure~that is LDOS! and consequently
the transmission spectrum. To our knowledge, the LDOS
TS dependence on the parameters of molecule-to-lead
nection has never been examined in such a context be
though implicitly it is present in any calculations of the co
ductance related properties of metal-molecular junctions

The calculations of TS and LDOS with the use of t
molecular Green function found in Appendix C have be
performed for the values of coupling constants and mole
lar parameters indicated in figure captions. The LDOS a
TS curves in Fig. 7 refer to the on-hollow position of th
binding sulfur atom. The LDOS is calculated exactly~left-
hand-side curves! and approximately with the use of tw
choices of a constant effective coupling A(E)5A(«).
Namely, the real and imaginary parts ofA(«) were pre-
scribed to be as if they were for the on-hollow chemisorpt

TABLE I. Molecule of aniline C6H5NH2: energies and molecu
lar orbital coefficients of the occupiedp electron levels obtained in
PM3 SCF calculations and for the Hu¨ckel model withaC526.1
eV, b523.5 eV,« N̈51, andg N̈50.7. The upper line of each pa
of lines refers to the SCF calculations. Thep electron state with
zeroC1 andC4 coefficients (E529.6 eV! is skipped.

E ~eV! C1 C2 C3 C4 C5 C6 N

28.1 0.43 0.12 20.36 20.28 20.36 0.12 0.66
28.3 0.42 0.13 20.34 20.35 20.34 0.13 0.66
210.9 20.50 20.34 20.01 0.38 20.01 20.34 0.61
210.9 20.48 20.33 0.02 0.36 0.02 20.33 0.65
213.4 0.31 0.34 0.40 0.51 0.40 0.34 0.3
213.4 0.33 0.35 0.40 0.48 0.40 0.35 0.3
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model ~solid lines! and on-top-1 model withV250 ~dashed
lines!. In the latter caseAR(«)50 so that the role of othe
factors which influence the molecular wire performance
easier to understand. However, such an approximation
pears to be only in a rough qualitative agreement with
exact results. Therefore it may be used but with a good d
of caution. In particular, it is obvious that the constant effe
tive coupling approximation fails to reproduce the real d
ference between the on-top and on-hollow connections o
molecule to the substrate.

Since energetically the two models of chemisorption
not differ much,23 both can be met in real samples. The co
responding LDOS and TS are compared in Figs. 7 an
which represent the on-hollow and on-top models, resp
tively. As one can see, distinctions between the two mod
are strongly pronounced even in the logarithmic scale u
for drawing. In both figures, the parent LDOS on the ti
facing nitrogen atom of ATP~left-hand-side curves! can be
compared with the respective TS. In the center column
Fig. 8, TS curves are calculated for the symmetric coupl
~the substrate and tip coupling constants are equal,uV1u

FIG. 7. The local density of statesuburs(E) ~7! and transmis-
sion coefficient for molecule SHC6H4NH2 chemisorbed on a mode
substrate with sulfur atom in the on-hollow position above the~001!
surface; the substrate and tip coupling constants~in units of ubu) are
fixed at valuesV3520.25 and20.025, respectively. Thep elec-
tronic structure parameters are«S51.3, gS50.5, and those speci
fied in Table I. The model exact LDOS~left-hand-side column! is
compared with the approximation of constant effective coupl
~center column! for different values of the substrate paramete
uLu/ubu and («2aC)/ubu: ~from top to bottom! 1 and 0; 0.4 and 0;

0.4 and 0.5;Ē5(E2«)/(6uLu). The approximate curves are calcu

lated with A(E)5A(Ē50) for the on-hollow~solid line! and on-

top-1 ~dashed line! models. In the latter case,A(Ē50)52 ip
3LDOS(EF) of the surface. The LUMO~lowest unoccupied mo-
lecular orbital! and HOMO ~highest occupied molecular orbita!
levels correspond to the second and third peaks of LDOS~TS! from
the right, respectively.
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50.25); in the right-hand-side columnsuV3u ~in Fig. 7! and
uV1u ~in Fig. 8! are set to be equal to 0.25 for the substra
and uV1u5uV3u50.025 for the tip.

The shape of LDOS and TS is strongly affected by
relative position of the substrate Fermi energy with respec
the molecular levels. In Figs. 7 and 8, this factor is rep
sented by the parameter («2aC)/ubu. Again even in the
logarithmic scale, the effect of a mismatch betweenEF
(5«) andaC is well noticeable. The Fermi energies of mo
metals are tabulated. For AuEF55.2 eV so that with the
values of aC and b specified in Table I we have («
2aC)/ubu'0.26 which, within the present scheme, may
advised as a reasonable choice of the mismatch param
Unfortunately, this value as well as other model parame
cannot be unambiguously inferred from the experiment. T
use of the theory is then seen in the possibility of fixing t
parameters associated with the metal-molecule interactio
fitting STS data for a particular molecular monolayer and
predict changes in the current along related molecules w
presumably the same characteristics of the metal-molec
interface. As demonstrated in Ref. 21, such a strategy all
us to explain in a consistent manner a variety of factors
their interplay in forming the apparent I-V relation fo
phenyl-based oligomers of different lengths, at different s
points of the tunnel current, and with essentially one and
same set of input parameters.

VI. CONCLUDING REMARKS

The above calculations exemplify the strongest effects
the metal-to-leads connection on the molecule ability as

FIG. 8. In the left-hand side column, the same LDOS with t
same parameters as in Fig. 7 but for the on-top placement of s
~model 1 with V1520.25 andV250). In central and right-hand
side columns, TS is calculated with the same parameters as
LDOS; the tip-molecule coupling constantV1 is equal to20.25
~central column! and 20.025 ~right-hand side column!. The on-
hollow and on-top chemisorption produce LDOS and TS of diff
ent shapes, in particular, differences in relative intensities of
HOMO and LUMO peaks are well distinct for the two models ev
in the logarithmic scale.
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electron transmitter. They also aim to illustrate the potent
of a fully analytical modeling. It is worthy of note that it
takes seconds to obtain LDOS, TS, the respective I-V
other desired characteristics for the givenp electronic struc-
ture of short molecules. Minutes are required to obtain si
lar data for conjugated oligomers of any reasonable leng

For this class of molecules the Green function is e
pressed analytically in terms of the monomer Gre
function.24 Moreover for long molecular wires, the tunnelin
decay constant is explicitly related to the monomer el
tronic structure.5,35,36The approach is also readily applicab
to thes electron systems.6

A question may be raised as to the relevance of the mo
simplifications, in particular, the use of single particle a
proximation. The generalizations beyond that are likely to
possible. The simplest way is to fit the input parameters w
the data of reliable semiempirical orab initio calculations as
it has been exemplified by calculations of the molecular s
system.

Our model assumes only one molecular atom to be e
tronically coupled with each of two electrodes. And only o
atomic state~atomic orbital! from the either side of the mol
ecule is supposed to be responsible for the coupling with
source/drain electrode. Such assumptions are supporte
experimental data1,9,21 and theoretical estimates2,4–9,11which
suggest thep electron subsystem plays the major role
maintaining the electrical current mediated by conjuga
oligomers.

Further improvements are in progress. The analytical
sults obtained provide a helpful guide for developing mo
realistic models which take into account the real structure
the substrate surface~e.g., 111 surface of fcc lattice and oth
ers!, which also use extended basis sets, and which go
yond the nearest-neighbor and one-particle approximatio
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APPENDIX A: DERIVATION OF TRANSMISSION
COEFFICIENT

For the HamiltonianĤs1Ĥt1Ĥm1V̂ ~as is defined in
Sec. II! the Lippman-Schwinger equation37 determining the
scattering states outside the molecule (r¹$r%m) takes the
form

c r
s5c r

s01 (
r8P$r %s

Gr ,r8
s V1X ,r8

s c1X

m , ~A1!

c r
t 5 (

r8P$r %t

Gr ,r8
t VNY ,r8

t cNY

m , ~A2!

where

ur

for

-
e
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c1X

m 5 (
rP$r %s

G1X,1X

m V1X ,r
s c r

s1 (
rP$r %t

G1X ,NY

m VNY ,r
t c r

t ,

~A3!

cNY

m 5 (
rP$r %s

GNY,1X

m V1X ,r
s c r

s1 (
rP$r %t

GNY ,NY

m VNY ,r
t c r

t ,

~A4!

Gr ,r8
a

5^r u(E2Ĥa)21ur 8&, andc r
s0 is an eigenstate ofĤs de-

scribing incident and reflected electron waves in the b
substrate. To simplify notations, the indication of an expli
dependence ofc r

s0 , c r
a , and Gr ,r8

a on the incident electron
energyE and applied voltageU is omitted.

For a5m the Green function matrix elements are real b
for a5s, t, they are complex functions. However as is se
there is no infinitesimal imaginary part of energy in t
substrate/tip Green function definition. Instead we use
solution of the Green function problem with the Hamiltoni
of a semi-infinite lead that behaves as outgoing waves at
infinity.

By definition the transmission coefficient is determin
by the amplitudes of the transmitted waves. This means
we have to find the functionc r

t which satisfies the above se
of equations. It is easy to see that the solution to the se
Eqs.~A1! and ~A2! is given by

c r
t 5G1X ,NY (

r8P$r %s

V1X ,r8
s c r8

s0 (
r8P$r %t

Gr ,r8
t Vr8,NY

t , ~A5!

where

G1X ,NY
5

G1X ,NY

m

~12AsG1X,1X

m !~12AtGNY ,NY

m !2AsAt~G1X ,NY

m !2

~A6!

having the meaning of the molecular Green function ma
element referring to the 1Xth andNYth atoms whose on-site
energies are perturbed due to the interaction with the s
strate and tip by complex energy-dependent values of

As5 (
r ,r8P$r %s

V1X ,r
s Gr ,r8

s Vr8,1X

s ,

At5 (
r ,r8P$r %t

VNY ,r
t Gr ,r8

t Vr8,NY

t , ~A7!

respectively. These quantities play the role of the self ene
which determines the shift and broadening of molecu
levels.2,7,17

The solution~A5! is valid for any shape and electron
structure of the substrate, tip, and molecule. To obtain
explicit form, we make further use of the model assumptio
Let the contact surfaces beN3N square lattices coinciding
with ~001! planes ofs and t cubic lattices. Then,

c r' ,r z

s0 52i sin~kj
'8
8 r z!x j

'8
~r'! ~A8!
e
t

t
n

e

he

at

of

x

b-

y
r

ts
.

and

Gr' ,r z ;r
'8 ,r

z8
a

5
1

La
(
j'

eik j'
r z

sinkj'
r z8

sinkj'

x j'
~r'!x j'

~r'8 !,

~A9!

if r z>r z8 ; for r z,r z8 in the right-hand side of Eq.~A9!, the
replacementr z↔r z8 has to be made.

In Eqs.~A8! and~A9!, a5s, t; kj
'8
8 is the incident electron

wave vector, j'8 5( j 18 , j 28) is the quantum number of th
transverse electron motion described byx j

'8
(r')5@2/(N

11)#sin@pj18rx /(N11)#sin@pj28ry /(N11)#; kj'
and j' have

similar meanings for the transmitted~or reflected! electron
waves.

At the given energyE, the values ofkj
'8
8 and j'8 , as well as

kj'
and j' are not independent since they have to satisfy

energy conservation lawE
k

j
'
8
8 , j

'8
s

1eUs5Ekj'
, j'

t 1eUt5E.

For the leads modeled by nearest-neighbor tight-bind
semi-infinite lattice the allowed values of wave vectors c
be found from

E2eUa5«a22uLauS coskj 1 , j 2
1cos

p j 1

N11
1cos

p j 2

N11D .

~A10!

The wave vector of scattered waveskj'
in Eq. ~A10! takes

real and imaginary (kj'
56 iq j'

, kj'
5p6 iq j'

) values
which correspond to the propagating and evanescent mo
respectively.

With regard to Eqs.~A7! and~A9!, the imaginary part of
the effective coupling constantsAa5Aa

R2 iAa
I can be repre-

sented in an explicit form

As(t)
I ~EF!5

1

uLs(t)u
( 8
j'

sinkj'

3S (
rP$r %s(t)

sinkj'
r z

sinkj'

x j'
~r'!Vr ,1X(NY)

s(t) D 2

,

~A11!

where the prime indicates the summation over propaga
modes. ThusAs(t)

I Þ0 only within thes(t) electron energy
band.

Note that in Eqs.~A10! and ~A11!, the sign ofLa ~as-
sumed to be negative! is explicitly taken into account. Henc
Aa

I which is usually called the spectral density is a positive
defined quantity.

The expression ofAa
R also follows from Eqs.~A7! and

~A9!. But actually it is not needed since as a linear com
nation of the retarded Green function components, the
and imaginary parts of the effective coupling must satisfy
Kramers-Kronig dispersion relation38,39which is discussed in
many textbooks.40,41 This means thatAa

R(E) andAa
I(E) are

related by the Hilbert transform
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Aa
R~E!5

1

p
PE

2`

1`Aa
I~E8!

E2E8
dE8, ~A12!

whereP denotes the Cauchy principal value.
Except the Green functionG1X ,NY

all the quantities that
determine transmitted waves are now represented in an
lytical form. The substitution of expressions~A8! and ~A9!
in Eq. ~A5! yields

c r' ,r z

t 5(
j'

tkj'
, j' ;k

j
'
8
8 , j

'8
~r'!exp~ ik j'

r z!, ~A13!

tkj'
, j' ;k

j
'
8
8 , j

'8
~r'!5

2i sinkj
'8
8

Lt
x j'

~r'!x̃ j
'8

s
x̃ j'

t G1X ,NY
,

~A14!

wherex̃ j'
a 5( r8P$r %a

(sinkj'
rz8/sinkj'

)xj'
(r'8 )VNY ,r

'8
a

. By using

Eq. ~A14! in the definition of the transmission coefficient

T5(
j'8

8(
j'

8(
r'

vkj'

t

vk8 j
'
8

s utkj'
, j' ;k

j
'
8
8 , j

'8
~r'!u2, ~A15!

with the group velocities ratio given byvk8 j
'
8

s /vkj'

t

5uLsusinkj
'8
8 /(uLtusinkj'

) one obtains Eq.~4!.

Note that generalizations of Eq.~4! to the case of arbitrary
number of molecular atoms interacting with the leads c
vert the obtainedcloseddefinition of the transmission coef
ficient into a set of equations to be solved. Equally it can
represented in the form of a product of the self-energy ma
and anunknownmatrix of the system Green function.17,42

It is also noteworthy that the method of the Lippma
Schwinger equation which is used here to derive the tra
mission coefficient is self-contained and does not require
auxiliary quantities. The system wave function is obtained
an intermediate result. Thus the method gives the most
tailed description of the system that may be difficult to att
in the framework of other approaches.

APPENDIX B: INTEGRAL SPECTRAL DENSITY

For the model1 of on-top molecule-to-metal connectio
specified in Eq.~11! the integral spectral density is given b
a-

-

e
ix

s-
y
s
e-

1

pE2`

`

AI~E!dE5
4p21

~N11!2 (
j 1 , j 251

N
sin2

p j 1

2

3sin2
p j 2

2 E
ucos(kj 1 , j 2

)u<1
sin~kj 1 , j 2

!

3@V112V2 cos~kj 1 , j 2
!#2dE, ~B1!

whereN is odd, andE ~in units of uLu) andkj 1 , j 2
are related

by the energy conservation law~A10!. Introducing a new
variable of integration

x5
«a1eUa2E

2
2 cosS p j 1

N11D2 cosS p j 2

N11D ,

we calculate

E
ucos(kj 1 , j 2

)u<1
sin~kj 1 , j 2

!dE52E
21

1
A12x2dx5p,

~B2!

E
ucos(kj 1 , j 2

)u<1
sin~kj 1 , j 2

! cos~kj 1 , j 2
!dE52E

21

1

xA12x2dx

50, ~B3!

E
ucos(kj 1 , j 2

)u<1
sin~kj 1 , j 2

! cos2~kj 1 , j 2
!dE52E

21

1

x2A12x2dx

5
p

4
. ~B4!

Using these results in Eq.~B1! and taking into account tha
( j 51

2N11 sin2(pj/2)5N11, one gets

1

pE2`

`

AI~E!dE5
4~V1

21V2
2!

~N11!2 (
j 1 , j 251

N
sin2

p j 1

2
sin2

p j 2

2

5V1
21V2

2 . ~B5!

Similarly, the calculation of the integral spectral dens
for the on-top-2 model withAI(E) given in Eq.~17! yields
1

pE2`

`

AI~E!dE5
4

~N11!2 (
j 1 , j 251

N
sin2

p j 1

2
sin2

p j 2

2 FV112V2S cos
p j 1

N11
1cos

p j 2

N11D G2

5V1
214V2

2 , ~B6!

where the equalities( j 51
2N11cos@pj/(2N12)#sin2(pj/2)50 and( j 51

2N11cos2@pj/(2N12)#sin2(pj/2)5(N11)/2 have been used.
For the on-hollow model, the integral spectral density@see Eq.~19!# is given by
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1

pE2`

`

AI~E!dE5
64~V3!2p

~N11!2 (
j 1 , j 251

N
sin2

p j 1

2
sin2

p j 2

2
cos2

p j 1

2~N11!
cos2

p j 2

2~N11!

5
16~V3!2

~N11!2 (
j 1 , j 251

N
sin2

p j 1

2
sin2

p j 2

2 F11cos
p j 1

N11GF11cos
p j 2

N11G54V3
2 , ~B7!

where( j 51
2N sin2(pj/2)5N, ( j 51

2N cos@pj/(2N11)#sin2(pj/2)5 1
2 . To recall, in Eq.~B6! N is odd, and in Eq.~B7! N is even.

With the coupling constants set equal to unit the value of the integral spectral density is equal to the number of met
which are in contact with the molecule.

APPENDIX C: MOLECULAR HAMILTONIAN AND GREEN FUNCTION

Thep electron Hamiltonian of benzene with two hydrogens substituted by heteroatoms X and Y~in an ATP molecule these
are sulfur and nitrogen! can be represented as

Ĥm5(
i 51

6

@aCuCi&^Ci u1b~ uCi 11&^Ci u1H.c.!#

1b$«Xu1X&^1Xu1«YuNY&^NYu1@gXuC1&^1Xu1gYuC4&^NYu1H.c.#%, ~C1!

whereuCi& has the meaning of the 2pz atomic orbital of thei th C atom within a phenyl ring (C7[C1), while u1X& and uNY&
refer to the heteroatom orbitals;aC andaX(Y) are the Coulomb integrals~thep electron site energies! of C and X~Y! atoms,
respectively;b is the resonance integral between the nearest-neighbor carbons;b«X(Y) 5aX(Y) 2aC, and bgX(Y) is the
resonance integral between C and X~Y! atoms.

For the matrix elementsGr ,r8
m which appear in Eq.~A6!, the inversion of the matrix

EI2b21Hm51
E2«X gX 0 0 0 0 0 0

gX E 1 0 0 0 1 0

0 1 E 1 0 0 0 0

0 0 1 E 1 0 0 0

0 0 0 1 E 1 0 0

0 0 0 0 1 E 1 0

0 1 0 0 0 1 E gY

0 0 0 0 0 0 gY E2«Y

2 ~C2!

yields

bG1X,1X

m 5@~E2«Y!~E221!~E224!2gY
2E~E223!#D 21, ~C3!

bGNY ,NY

m 5@~E2«X!~E221!~E224!2gX
2E~E223!#D 21, ~C4!

bG1X ,NY

m 52gXgYD 21, ~C5!

where

D5gX
2gY

2 ~E221!2E~E223!@gX
2 ~E2«Y!1gY

2 ~E2«X!#1~E2«X!~E2«Y!~E221!~E224! ~C6!

and, to simplify the expressions of molecular Green function components,E stands for (E2aC)/b.
For ATP molecule«X[«S, gX[gS, «Y[« N̈ , andgY[g N̈ are the parameters of sulfur and nitrogen used in the main b

of the paper.
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