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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 Landtiker-8or
proach, the lead effects on the electrical properties of metal-molecular heterojunctions are expressed in terms
of the spectral densitySD). The exact analytical expression of this quantity is obtainednfdimensional
(n=1, 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 asyn{mikricespect to the Fermi level
function of energy which is pronouncedly distinctive from the related local density of StaD&3S) 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 sp@@juare discussed in
detail. The LDOS and TS are exemplified by thesystem 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.

I. INTRODUCTION of the (semi-infinite lead Green function matrix elements
associated with the metal surface atoms connected to the
Recent development of new techniques for fabricatingmolecule.
and evaluating atomic and molecular scale devices has made The approach which has led to Ed) is, in essence, a
it possible to measure and control the conductance of singlgariation on that described by Caradt al® Similar equa-
molecules. The strong experimental interest in the emergingtions have been obtained afterwards by several authors in the
field of molecular electronics is accompanied by an increasframework of different techniques and in different contexts
ing theoretical effort aimed at understanding of the relationjnciuding the cases of multichannel transmission and inter-
ship between the electronic structure of molecules used tgcting electrons. The relevant literature is too large to be
close an electric circuit, the nature of the molecule-to-meta}eyiewed here. Some basic concepts associated witi1Eq.
electronic coupling and the observed current-voltage')  are discussed for example, in Ref. 17 where an extended
characteristics. To describe the atomic/molecular conducgitation is given.
tance in a typical scanning tunneling microsc¢s@M) and Equivalents of Eq(1) have been extensively used as a
quantum point contact arrangements, a variety of approachggo| for studying the molecular conductarfc@ Nevertheless
based on analytical modelifg® semiempiricai™ and more 5 variety of scanning tunneling spectrosca®TS data on
elaborateab initio and density functional calculatiofs™  gypstrates coated by self-assembled molecular monolayers
(see also references therelras been invented. ~has not yet received an adequate explanation. In particular
Mujica et al” proposed an experimentally sound analyti- the role of metal-molecule interfaces in forming the current
cal theory of molecular conductance. They showed that thgcross molecular monolayers is far from well understood. In
zero-temperature zero-bias ballistic conductance, that is jugbrms of Eq.(1) this problem concerns the spectral density
2€’/h times the transmission coefficieM(E) (taken at the  \yhich determines the perturbation of the molecular spectrum
Fermi energyE=E) (Refs. 13-15can be putin a conve- py the interaction with the leads.

nient factorized form The main contributions of this paper are as followis.
The exact analytical expression of the spectral density for a
T(E)=4A(E)AN(E)|Gn(E) |2 (1)  three-dimensional(3D) lead modeled by a cubic semi-

infinite lattice with an arbitrary number of atoms in the sur-
expressing the linear response of the junction to the appliefhce and subsurface layers interacting with the molediile.
voltage in terms of the lead spectral dengity,(E) and the  An analysis of the real and imaginary parts of the effective
Green function matrix elemeii@, \(E) referred to the mol- molecule-to-metal coupling as functions of energy for the
ecule binding sites 1 andN. In the latter quantity the on-top and on-hollow placements of the molecule end atom
molecule-metal interaction is included exactly making it de-on the contacting surfaceiii) The use of the on-top and
pendent oM\, (,(E) which is determined by a combination on-hollow models of the molecule-to-metal connection
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(chemisorption to examine the adsorbed atom and protru-
sion effect on the local density of states of the ideal surface.
In a way the work contributes to the chemisorption theory
where the analytical results have mostly been restricted to
one-dimensional1D) models*®*°

Since the origin of Eq(l) is important for the understand-
ing of the results of this work, a very compact and rigorous
derivation of the transmission coefficient is first given in Sec.
II. Section Il proceeds with a brief discussion of STM-
oriented approximations of the exact formula for the trans-
mission coefficient. It introduces the local density of states
on the outermost atom of a chemisorbed molecule, a chain-
like surface protrusion, and an adsorbed atom. Section IV is
central in this presentation. It specifies the on-top and on-
hollow connections of a moleculgrotrusion or adsorbed
atom) to one- two-, and three-dimensional leads. The energy
dependence of effective molecule-to-metal coupling is exam-
ined in 3D and 1D cases. For the latter, the exact analytical
expression of the Newns chemisorption functitiis gen-
eralized to include a subsurface atom. The asymmetry of the
energy dependence of effective coupling with respect to the
Fermi level in the tight-binding band is shown to be a com-
mon property. The physics of the asymmetry is explained in

terms of Feynman pathways in electron-transmission events.

Section V exemplifies the tip and substrate local densities of
states, and the transmission spectrum. Methodologically it
presents a self-contained scheme for calculating I-V charac-
teristics on the basis of a fully analytical description which
recently has been used for the interpretation of real
experiment$? The discussion is concluded with Sec. VI
while the mathematical details of the basic equations are ar-
ranged in three appendixes.

II. TRANSMISSION COEFFICIENT

The Landauer-Bitiker theory®* °relates the elastic con-
ductance of a junction to the probability that an electron with
the energ)E injected in one ideal leakhere the substraie)
or tip (t)] will be transmitted to another lead through a scat-
tering region[here a moleculém) and its contacts with the
leadd. The transmission probabilitor coefficienj is thus
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the principal quantity to be found. This task always requires FIG. 1. A schematic representation of substr@tgemisorbed
some assumptions. In our model of metal-molecular hetergnoleculg-tip structure(up) and possible connections of the mol-

junctions, these are as follows.

ecule end-atonfor chainlike protrusionto the substrate or tip. Both

Firstly, we assume that in the absence of the interactiogubstrate and tip are semi-infiniten r, direction cubic lattices

between the substrate/tip and molecule the eigensiaiesf

the Hamiltonian operatoh?la of the substrate, tip, and mol-
ecule @=s, t, andm, respectively can be expanded in a
series of the respective basis set of atomic orbitals

wa= > ), 2

reiria
wherer denotes discrete coordinates of ttile atom in either
of the subsystems.
Secondly,H® andH', which describe the regiorsandt,

with (001) surface planes oV X N atoms facing each other; sepa-
rate coordinate systems used for the subsystems are shown by the
axis unit vectors; for the substrate and fig,,=1,2, .. N, 1,
=1,2,...%. In the lower-right-hand-side corner: a side view of
protrusion (molecule connection with tip(substratg as is pre-
scribed by modeP.

account as a uniform shift of the site energies by value of
eUgy so thatU—Ug=U. The operatori™ needs to be
specified only at the stage of conductance analysis for a con-
crete molecule.

And finally we consider a simplified model of metal-

are treated as free electron Hamiltonians of semi-infinite cumolecular interaction which involves only two of all mol-

bic lattices with the electron on-site energy and nearest-
neighbor electron-transfer interactiary, a=s, t. The tip-
to-substrate drop of the applied potentldlis taken into

ecule atoms. For the convenience of further use, the coordi-
nates of these “binding” atoms are denoted gsahdNy .
The interaction operator is then given by
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. For the models of molecule-to-metal connections involv-
V=2 VI |+ > Vi, AINY)(rl+H.c, (3 ing few metal atoms, the convergence of the sum with the
reirs retr increase of\ is very quick. Except probably some energy
values, to obtainV-independent results, one can safely use a
with ViX’, (V}va) denoting the substrate-moleculéip- 50X 50 atoms plane. In the case of very sharp dependence

. . AL
moleculé coupling constants. Without any loss of generality Astn(E) onE, the use of a somewhat largaf may be nec-
these constants are supposed to be real and to have nonz&&sary in a small energy interval. Hence from the computa-
values for atoms lying at the substrate andxtjp surface or tional point of view, the influence of various factors which

Fig. 1, andr, runs over an arbitrary but bounded number ofdifference between one-, two-, and three-dimensional models

monolayers. of a lead can be conveniently compared. This is to be dis-

As mentioned in the introduction, the derivation of the cussed in Sec. IV.
transmission coefficient is well known. Due to simplifying
model assumptions, this principal quantity is obtained here in
a fully analytical form via solving the Lippman-Schwinger
equation with the HamiltoniaiiS+H!+H™+V that yields
(see Appendix A The above consideration is free of any restrictions with
regard to the values of coupling constants. To make clear
references to the STM theory, we briefly discuss the particu-
lar case of one strongwith the substrateand one weak
(with the tip molecule-metal interaction which is equivalent
to the Bardeen approximatich.Particular attention will be

which is nothing else but Ed1) in the present notations. ~ Paid to the conditions under which the transmission coeffi-
In Eq. (4), the matrix element of the system Green func-Ciént is expressed in terms of the local density of states

tion G, (Ef) refers to the 4th andNyth molecular at- (LDOS) on the tip-facing molecular atorti.e., the substrate

oms whose on-site energies are perturbed by the interactioIﬁDOS) and the tip LDOS.

with the substrate and tip. Its explicit expression in terms of

the substrate and tip spectral densities and the molecular

Green function is given in Eq(A6) and exemplified by A. Substrate local density of states
model calculations in Sec. V. The effective coupling be-
tween the molecule and substrdt®) is represented as a
simple sum of known functions

Ill. STM-RELATED APPROXIMATIONS

T(Ep) =4Ag(Er)A{(Ep)|Gy, n,(EF)I%, (4)

The conductance exhibited by conjugated molecules in
STM experiments is, as a rule, by orders of magnitude
smaller than that associated with a single spin degenerated
level, i.e., 2°/h that corresponds to the unit transmission.
The analysis of Eq(4) shows that the unit transmission is
only attainable in completely symmetric systetmshis is

I _ ! .
AS(t)(EF)_|LS(t)| %“ sink, unlikely to be the case in the above mentioned experiments,
since by its one end-atom the molecule is usually chemi-
sin khrZ 2 sorbed on a substrate, while the opposite end of the molecule
X = X, (rOViQw, | » (5 faces an STM tip. An explanation of the low conductance
relfsy SINK, can therefore be seen, in the weakness of the tip-molecule

coupling controlled by the through-air tunneling in compari-

where the prime indicates that summation is performed only©n With the substrate-molecule interaction that results in the
over the propagating modes of transverse electron motion if€ation of a chemical borfd. _ _

a semi-infinite cubic lattice with theVX A/ cross-section It [A]<|Aq[, the exact expressiof) with Gy . (Er)
coinciding with (001) plane of the metal-molecule defined in EQ(A6) transforms into

interfaces. The latter is described beu(U)

=[2/(N+ 1)Isinaj r /(N+ 1) Isiamjory N+ 1)1, 1, 2

=12,...,N. In Eq. (5) kh star?ds fqr the electron wave T(EF):47TAtI(EF)Ps(EF)1 (6)
vector of the transmitted mode, =(j1,j,); these three

guantum numbers are related by the energy conservation law

(A10). where the quantity

1 ALER)[GY, n (ER)T?
ps(Ep)=—

1
=-_ImG Er), 7
7 (1= AN(En Gl o (En) P+ AERGT y (B 7 =) "
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with  AKE)=m'P[IZAJE")/(E-E')dE', has the 1 AX(Ef)
meaning of the LDOS on atomy of the molecule which is p(Ep)=— = 5 = 5
chemisorbed on the substrate surface in the absence of the T [Er—e—eU—Ar (Ep) °+[A{(Ef) ]

tip; the notatioanm’n,(EF)=<n|(E,:— H™~%|n’) is used for (10

the molecular Green function matrix elements. The second ) ) i
equality in Eq.(7) can be proved by using the relations be- showing a likely resonance-type character of the tip LDOS.

tween the Green functions of the substrate and molecule arfdf course it pannot pretend to_ reproduce the electron_ic _struc-
that related to the composed system: substrate pludire of real tips; the task requires a much more sophisticated
molecule?* modeling such as that developed for example, bydtez de

The proportionality of transmission coefficieni.e., ~ Pargaet al,?® see also references therein. However it reflects

Ohmic currenk to the LDOS of probed sample which is the essential factors responsible for the formation of tip
stated by Eq(7) reconfirms the corner stone of the Tersoff LDOS resonance structure which will be discussed in Sec. V.
and Hamman STM perturbative thedf/However accord- There are two more points to note regarding the equations
ing to this equatiorT(Eg) is not proportional to the LDOS fepresented above. Firstly, it is that electron tunneling be-
on a tip surface atonp,(Eg) unless there is the only one tWeen the tip and m9|lecule can be included in Eg). by
which interacts with the molecule, i.e\! =5, V. In  SettingV=Voexp(—#~"y2m* (®—Eg)l), wherem” is the

I o Ty o effective electron masd, is the tip-molecule shortest dis-
such a casé; (Er) = 7V°py(Ef) so that tance, andb represents the work function of the tip or sub-
strate with a proper account for the substrate-tip potential

T(Ep)=4mV?p(Er) ps(EF). (8)  difference. The approximation of the transmission coefficient
by a product of the sample and tip LDOS multiplied by the
We now specify the expression of the tip LDOS. WKB exponential factor has been used in many studies. In

particular Land’ has discussed the tunnel current between
two planar metal electrodes, each having an adsorbed atom
on its surface. Secondly, EdS), (8), and(10) imply that the
Literally the definition ong(t)(EF) given in Eq.(5) refers  resonance type dependence of the transmission on energy is
to plane substrate and tip surfaces without any imperfectiongoverned by both the substrate LDOS and tip LDOS. These,
The tip LDOS on thg001) surface of a semi-infinite cubic as well as the energy dependence of the tip-substrate cou-
lattice can be obtained from that equation and takes the formling via tunneling across the air gap, are importémd
unavoidablg¢ factors in STS experiments on molecular

B. Tip local density of states

4 N monolayers which can thus be reasonably modeled by a
E)= — " sink; i), 9 simple yet physically rich formula.
pt( F) W(N—f— 1)2|Lt| ].1%=1 n( Jl!JZ) ( )
wherej; andj, are odd numbers onlysee Appendix A and IV. MODELS OF THE MOLECULE-TO-METAL
Eq. (11)]. CONNECTION

A likely protrusion on the tip surface can be_ taken into | order to be used for practical estimates, &), as well
account as folloyvs. Syppose that on the cherW|se ideal sulg jts approximationgs) and(8), require specifying assump-
face there is a single imperfection consisting of one or a feWjqns regarding the coupling constants. Here we discuss three
atoms in a row, as |Il‘l‘Jstrated n f:'g- 1. Such a structure camaticular models of the interaction between the metal atoms
be considered as a “moleculet’ chemisorbed on the tip 5nq end atom of the moleculer protrusion; see Fig. 1.
surface. Let also the tip-molecule interaction be dominateeryq of them refer to the on-top position, i.e., the end atom is
by only one coupling constaivt that corresponds to the out- 5 front of metal atom(in the middle of the surface\ is
most atom of the protrusion apex. Then as can easily b§yq And the third is a model of on-hollow chemisorption
shown, the expression q‘f}(EF) In Eq- (8) is given by the  \yhere the molecule-terminating atom faces the center of the

. . m .
expression (7) with  AJ(EF)—~Ai(Er) and G™(Efr)  square between four surface atomé i even.
—G™ (Eg). Thereby the definition of the former quantity  In this and subsequent sections, there is no need to pre-
does not change but refers to the effective coupling betweeserves andt labeling. By no means does this imply that the
the first of the atoms lying out of the tip surface plane. Cor-two leads must be of identical metals. Also without any

respondingly the labeling d&8™ (E;) components refers to  change in notation#\*(E) andA®(E), as well agnegative
the two particular atoms in the protrusion chain, namely thecoupling constants will be expressed in units lof.
closest to(the 14th) and the most remote frorfthe Nyth)
the tip surface. Thus defined E(B) describes the electron
transmission between two arbitrary molecul@sand m’
chemisorbed on the substrate and tip surfaces and facing 1. Model 1
each other with their end atoms.

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

A. On-top coupling

This model assumes that one surface atom and a subsur-
. o o o face atom next to it are involved in the metal-molecule in-
e, G1, 1, (Er) =GN, N (EF) =Gy, N (EF)=(Er—&¢ teraction characterized by coupling constavitsandV,, re-
—eU,) 1, the expression of the LDOS on the adsorbed atonspectively. Then Eq(5) may be rewritten as the following
is especially simple [compare with Eq(9)]:
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4 N 7Tj 3 ‘ I
A E)=—— " sin(k sm2 sln2 2
(& (N+1)211%=1 ki iz
><(v1+2v2coskj1,,-2)2. (11)

For obvious reasons, this is the only model that admits a
one-to-one comparison of the molecule-to-lead connection in
one, two, and three dimension.

In the 1D caseN=1 andk; ;,—k. Hence there is no
summation in Eq(11). Therefore with regard to the energy
dependence on the wave vector in one dimenskon,e
—2|L|cosk (the applied potential is included into the site
energy the expressions oA’(E) and A*(E) are accessible
in an analytical form. For the former E¢L1) gives

spectral density

-1 p 1

v E—g\? 1 (E—g)?
b VTER

AXE)=|V (12 FIG. 2. Imaginary part of the effective coupliffg. (12)] nor-
malized to the integral spectral densi§+V53. E denotes E
—¢&)/2L]; V,/V,=0,0.2, 0.5, and 1y, andV, are dimensionless
(in units |L|) parameters of the interaction between the molecule
binding atom(filled circle) and, respectively, “surface” and next to

it atoms (unfilled circleg of 1D semi-infinite lead. If &<V,/V;

if |E—e|<2|L|, andAZ(E)=0 otherwise. And for the real
part of effective coupling we obtain from EGA12)

AR(E)=Q(E), 13
(B)=Q(E) (13 <0.5, AZ(E) has one maximum aE+, and if V2/V1>05
if [E—¢|<2|L|, and there are two maxima atE, and E_ L=(-1
R +1+96VIVY)/(12)V,/V,|), O<E,<\2/3, and —1§E_
A™(E)=Q(E)—sgnE—e) < —\/2/3. InteractionV,, breaks the symmetry o¥’(E). The sym-
5 5 metric curve ¥/,=0) is justm times LDOS on the end atom of a
E—e (E—e) semi-infinite chain.
X Vl_VZ L 2 _1, (14)
IL| aL

A basic distinction between the Newns chemisorption
function and its more general definition given in EG2)
E_s E_g\2 E_s [see also Eq(A.7)] is that the latter includes a nondiagonal
Q(E)= (Vl V,——— ) +2V1V2—V§—. component of the Green function and thag(E) cannot be
2|L| L L interpreted in terms of the LDOS W,#0. The asymmetry
(15 of the spectral density as a function of energy is entirely due
to the nondiagonal matrix element of the Green function that
0 N implies the interference origin of the effect. The difference
OfR Newn§2 who found AI(E)__Vl\/l_(E_S)Z/(A'LZ)' between the spectral density and LDOS becomes strongly
AZ(E):[V1/(2|7|;|)](E_§)’ if |[E-e[<2|L|, and pronounced even for small ratio¥{/V,); see Fig. 2. As it
A(E)=0, A%E)=Vi [(E-#)/(2|lL))—sgn€—=e) follows from Eq.(12), for V,#0 functionAZ(E) is symmet-
X J(E—¢)?/(4L%) —1], otherwise. In that case™ *A*(E) ric with respect tas(=E) only if V,=0. It is not symmet-
=p(E) has the meaning of the LDOS on the end atom of &ic otherwise. The spectral density is larger for energies lying
semi-infinite tight-binding chain.[In the chemisorption pelow the Fermi energy in a half-filled band.
theory, AZ(E) is also called the chemisorption functi
Just that expression d&’(E) taken atE=¢ (i.e., AI=V§
and henceA®=0) was used in Ref. 2, to discuss the linear
conductance properties on the basis of 1D model of metal- In this model, the coupling constawt, describes the in-
molecular junctions. teraction of the binding/adsorbed atom with the atoms next
The right hand side of Eq12) where the molecule end to the opposite one on the surface while constanhas the
atom interacts with oneM;#0, V,=0) and two {/;,V, same meaning as in modé&l Hence in all, there are five
g&O) atoms of 1D lead is shown in F|g 2. The |ntegra| Spec.surface atoms involved in the interaction with the chemi-

tral density increases/decreases in proportion With- V2 sorbed molecule or adsorbed atom/protrusion, see Fig. 1. For
such an(on-top model Eq.(5) transforms into

if [|E—&|>2|L|, where

The above equations wittl,=0 reconfirm an old result

2. Model 2

1 [+=
;f AXE")dE'=Vi+V; (16) y
o 4 ’ 7T]2
I = e—
(E’ is in units of|L|). To cancel this effect, all curves’(E) A(E) (N+1)2 11%7 sin(kj, Jz)s'n2 sif—~

are multiplied by factor Y5+V3) ™. For the 3D models
integral (16) can also be calculated explicitias shown in
Appendix B).

2

j s
X|V,+2V, cosN+ 1 +COSN+ 1 (17)
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1 ' properties of metal-molecular heterojunctions can even be

I o controversial. It is needless to say that the 1D model also

A 0®o0 fails to reproduce a variety of possible connections between
° the molecule and a real metal surface.

0.5 2 B. On-hollow coupling

Under the assumption that the binding/adsorbed atom is
equally coupled only with four nearest-neighbor atoms on a
(001) surface modeled by a square lattice, Eg). takes the

imaginary part

é" form
[=H
e O eavi N 7]
£ 05 ' ' ' A(E)=——— > sink;. )sif—+
2 ® (N+1)211%=1 "1
[}
L, T2 T P
XSIHZTCOSZZ(N+1) CO§2(N+ % (19

Changing the sign ot — ¢ is equivalent to the following
replacements in Eq(19): coS[mj/2(N+1)]—sir[ i,/
2(IN+1)] and  cod mjl2(N+1)]—sir mjl2(N+1)]
showing that the spectral density is an asymmetric function
of E—e.

. . It thus seems that except in some very special césess

-1 E 1 Fig. 3 the asymmetry of the effective coupling is its inherent
property whenever more than just one surface atom is in-
volved in the metal-molecule interaction. As an illustration,
in Fig. 4 the effective coupling is calculated for on-t@pod-
els1 and2) and on-hollow position. Interestingly the curves
corresponding to the on-hollow connection in Fig. 4 and
those that correspond to the on-tBpeonnection with
V,/V;=0.5 in Fig. 3 are nearly identical. This implies that

Unlike the 1D case, for 3D leads, in order to obtain anthe underlying net interference effect is nearly the same.

explicit expression of the dependence of effective coupling '€ @symmetry of the effective coupling as a function of

on energy, it is necessary to perform the summation analyti(_anergy has far-going implications regarding the transmission

cally. This seems not to be possible. However for the giversP€CtrumT(E) and, eventually |-V characteristics. For in-
model it can be strictly proved thav/+0) stance, the tip-to-substrate potential difference of the oppo-

site signs may result in different current intensitiesdiode
ANE—g,V,IV)=A —E+e,—V,y/V,), (18)  effecd. It is also noteworthy that the shape of the transmis-
o ) . sion spectrum is strongly influenced by the dependené¢ of
which implies that for arbitrary but finite values b, the AR on energy. The simple examples given above indi-
spectral density is a symmetric function®f-e only if Vo cate that this dependence and, particularly the ratio
=0. . _ AXE)/AR(E) may vary significantly reflecting different
/In Fig. 3, the real and imaginary parts of effective cou-\yays in which molecules interact with the leads to “commu-
pling are calculated for different values @4 /V,. As inthe  nicste” with the outer world.

1D case, to exclude the effect of the proportional increase/

decrease of the integral spectral density, the dependencies ] ] )

AX(E) and A®(E) are multiplied by factor {2+4V3) 1, C. The physics of effective coupling

Basically the same effect as was just discussed in the 1D The asymmetric shape &(E) with respect to the Fermi
case is easily recognizable. If more than one surface atomnergy may seem to be in conflict with the symmetry of the
interacts with the molecule, the nondiagonal matrix elementsnolecule-to-metal connection models which are under dis-
of the metal lead Green function come into play producingcussion. A contradiction to intuitive expectations can easily
noticeable if not dramatic changes in the energy dependends resolved by a closer look at the “internal structure” of
of the effective coupling. effective coupling.

Qualitatively the role of the nondiagonal Green function The binding atoms on the metal surface play the
components in determining the energy dependence of effecele of gate sites which let electrons in and out of the mol-
tive coupling is similar for the one- and three-dimensionalecule in the process of transmitting electrons from one
models of molecule-to-metal connection. However, their di-lead to another. According to E¢A7) the effective cou-
vergence in many important details as to the shap&’¢E) pling is determined by a weighted sum of the lead
and AR(E) curves is obvious. Therefore the predictions ob-Green function matrix elements which refer to the bind-
tained within the 1D and 3D models regarding the electricaing sites, for instance, in the case of the on-hollow

FIG. 3. Imaginary and real parts of the normalized effective
coupling calculated for the 3D modgl of on-top connectior{see
Fig. 1) with V,/V;=0.2 and 0.5labeled curves andV,;=0 (un-
labeled curves Only in the special cas¥;=0, is the imaginary
(rea)) part of effective coupling a symmetriantisymmetri¢ func-

tion of E=(E—&)/(6|L]).
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connection. These contributions can be classified as “evefi(,

00 GZ,) and “odd” (GI,) according to the parity of the required
number of jumps in the corresponding Feynman pathwinset
top view of the contacting metal surface with four bindifgate
sites. Solid, dashed, and dotted lines show three of all the possible
. . . pathways of an electron incident from the bulk at the gate site 1
-1 = 1 before entering the molecule through the gate sifeepresenting
the contribution ofGZ,). All such trajectories contain an odd num-

FIG. 4. The same dependencies as in Fig. 3 for 3D models ober of elementary jumps of the electron between the nearest-
molecule-to-metal connection indicated in Fig. 1128nd2 (on-top  neighbor atomsG?, is therefore an odd function &.
connections with/,=0 andV,/V;=0.2, respectively and3 (on-
hollow connectioly E=(E—¢)/(6|L|). As in 1D case(Fig. 2,  an exotic property. For the models in focus it exists only in
AZ(E) is normally an asymmetric function & whenever more WO special cased/,=0 andV;=0 in the on-top connection
than one surface atom is involved in chemisorption. Different con-models1 and2, respectively.
nections of a molecule to a metal surface imply different dependen-
ciesAT onE.

real part
=)

V. ILLUSTRATIVE EXAMPLES

The aim of this section is to illustrate possible effects of
ConneCtionvvngI:4Gﬁ,N+1,1;N,N+1,1+8Gﬁ,N+l,l;N+l,N+l,1 the on-top and on-hollow adsorbed—atom/moleculg place-
+4Gﬁ,N+1,1;N+1,N,1 [GrIr’E_“‘l ImG, ,, defined in Eq. ment on the_electrode surface. From a more p_ractlcal per-
(A9)]. Each of these contributions to the spectral density jgpective this is to show how the_results obtained in precedl_ng
showln in Fig. 5 where we use simplified notations for thesechons can be used for modeling the STS data on electrical
rdinat g.f th te sites denot % 123 and 4 transport across metal-molecular junctions. At first we con-
coc;_he Zi(\e/ser? de:n?t?oi Scaens bz ?‘trean;zlte, d’,' i,naterm.s of sider the LDOS on an adsorbed atom which may be viewed

as a prototype of the tip apex atom.
Feynman pathways as shown in the inset in Fig. 5. In such a P yp Pap

representation, any event of the metal-molecule “communi-
cation” via, let us say, the binding sites 1 and 2, corresponds ]
to all possible electron trajectories which start at site 1 and Energy dependencies of the adsorbed atom LDOS for the
finish at 2, andrice versaThe contribution of all such paths ©n-top (model 1 with V,=0 and model2) and on-hollow

; SnT ; itions are shown by solid lines in Fig. 6. These are cal-
into the spectral densiti” is proportional to the propagator posi
G%I,N+l,1;N+1,N+1,1' The propagators which enter the defini- culated from Eq(10). The dashed-dotted curve corresponds

o0 fhe specia densi can e lasied cieras “ever s E%. 9 WCh ges e LOOS on e (Go@01 urace.

or as “odd ac_cordlng to the required number _Of JUMPS 1N 55 for a bulk atom so that all differences in the behavior of
the correspondmg Feynman pathv;ays. In the given examplé, (g a5 4 function of energy are connected with differences
the propagator&y n+ 11w n+1,10 Gnn+rin+1n1, @Nd the iy the structure. Obviously these effects are beyond the 1D
like fall into the category “even,” whereas propagators model of chemisorption since if the same atom is added to a
Guns1iniini1s @nd the like are “odd.” An important semi-infinite chain, the latter remains unchanged.

point is that the former are even functionsif e while the Probably the most important message of these calcula-
latter are odd functions d& — ¢. Since for the majority of the tions is that in the vicinity of the Fermi energy the adsorbed
molecule-to-metal connections conceived, the spectral deratom LDOS may have a pronounced resonance-type struc-
sity includes the propagators of both categories, its symmeture which is very different from what is expected for an
ric dependence on energy, if it occurs, should be regarded ageally flat Au surfacé®

A. LDOS at adatom
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Note that the interpretation given above assumes that the
interactionV, andV5 is comparatively weak(In Fig. 6, the
choice of these parameters is such that it maintains the same
value of the integral spectral density for all three models of

- chemisorption. An increase oV, or V5 results in a further
redshift and narrowing of the adsorbed atom resonance. In
addition a new(much less intense and blueshiftgukak ap-
pears which in fact represents unresolved resonances pro-
duced by the perturbed surface atoms.

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

FIG. 6. LDOS on an adsorbed atdffilled circle) as described Models. ) ) ) ]
by Eq. (10) for three possible adsorbed atom-surface connections; SO the existence of tip LDOS resonances predicted at dif-
Vi=—1, V,=0 andV,=— 12, V,= —1/(24/2) (on-top models ~ ferent levels of sophistication has to be considered as a likely

1 and 2), and Vy=—1/2 (on-hollow model; E=(E—&)/(6|L|). attribute in the STS experiments. Recently it was demon-
Dashed-dotted line shows the LDOS of the ideal surface given iptratéd that I-V-measurements on bare metal substrates can
Eq. (9). The latter quantity is nearly constant in the vicinity of the Pe donglnated by the tip electronic structure with two intense
Fermi energy E=0) while the adsorbed atom LDOS exhibits a peaks®® The resonance structure _of tip LDOS is also shown
resonance-type dependence on energy. The half-width and positidR P€ the necessary component in order to understand a va-
of the LDOS peak are in obvious correlation with the energy de-iety of STS data obtained for metal substrates coated with
pendence of effective coupling, see Fig. 4. self-assembled molecular monolay&ts:

LDOS

The narrowing of the LDOS on the adsorbed atom is, first B. LDOS at tip-facing molecular atom
of all, due to the change of dimensionality 3&f the lead to

1D (of the adsorbed atom connected to the Je@tierefore it An analysis of the molecular LDO%7) requires the

: o : knowledge of the molecular Green function and thus, some
is n rprising that the width of, e.g., model-DOS peak e . o '
S not surprising g P specification of the molecular Hamiltonian. Of course the

is roughly three times smaller than the full band width, thateffects of molecule-to-metal connection on the LDOS of a

'tir'geﬂ;jag;i F:jri(r)r?grr]tsl?onn?ﬁ_;hznrgtfﬁf trgipkﬁ;iw;dtzs Inparticular molecule depend on details of its electronic struc-

S . : A ture. However there are many common features of how the
similar effect is known in the electron transmission through a, ¢ -ive coupling reveals itself in the behavior of the mo-

1D system where the narrowing of the energy interval of thqa1ar LDOS and respective transmission spect(@i) as
system transparency occurs. For example, in a 2D-1D-2 fynction of energy. Here these principal conductance-

system with(2D-bandwidth/(1D-bandwidth=2, the trans-  yejated quantities are calculated for illustrative purposes us-
parency interval is two times smaller than the bandwidth ofhg 3 simple model Hamiltonian of 4-aminothiophenol
the 2D subsysterfr. (ATP=SHG;H,NH,). Above all, this section describes the
The effect of the maximum shift and narrowing observedtheoretical model and calculation scheme used to model STS
for the on-top2 and on-hollow models in Fig. 6 is in obvious experiments on gold substrates covered by ATP and chemi-
correlation with the behavior of effective coupling as a func-cally related phenyl-based oligomer monolay@rs.
tion of energy. Namely for both models the LDOS redshift The chemical structure of an ATP molecule is roughly
with respect to the Fermi energy must be nearly the sameketched in Fig. 1. Such molecules can form stable self-
since the corresponding dependendé<E) in Figs. 3 and assembled monolayers on gifldvhich have been studied by
4 differ only slightly. Similarly higher intensity and smaller means of a STS techniqé&® We restrict ourselves solely
bandwidth of the on-tof2-and on-hollow peaks is in a direct to thes electron subsystem of the molecule that suggests the
relation with a much smaller value &¢(E) atE~e¢. most efficient pathways for transmitting electrons. The
Physically the red shift and sharpness of the adsorbedlectron Hickel Hamiltonian of ATP and the molecular
atom LDOS peaks in the case of on-tpand on-hollow  Green function matrix elements that one needs to calculate
chemisorption can be understood as follows. If separatethe transmission coefficient and/or substrate LDOS are given
from the bulk, the adsorbed atom and surface atoms pein Appendix C. If a sulfur-headed molecule is chemisorbed
turbed by the interaction with the former would give six andon gold, the substrate-sulfur interaction is strong but it has
five discrete leveldi.e., 5-peaks in the LDOSfor the on- little effect on the rest of molecular atorfig>* Therefore to
top-2 and on-hollow models, respectively. The interactionchoose the parameters of the model Hamiltonian, our strat-
with the bulk smears all the peaks except one of adsorbedgy was as follows.
atom which is coupled to the bulk more weakly. For the The = electronic structure of aniline {CgHsNH,),
same reason it is redshifted. which is the molecule of interest but without sulfur end
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TABLE I. Molecule of aniline GHsNH,: energies and molecu- LDOS TS
lar orbital coefficients of the occupied electron levels obtained in _exact approx
PM3 SCF calculations and for the ekel model withac=—6.1
eV, B=—-3.5eV,e; =1, andy=0.7. The upper line of each pair
of lines refers to the SCF calculations. Theelectron state with
zeroC,; andC, coefficients E=—9.6 eV) is skipped.

EeV) G C, Cs C, Cs Cs N

\

—-8.1 0.43 0.12 -0.36 —0.28 —-0.36 0.12 0.66
—-8.3 0.42 0.13 -0.34 -0.35 —-0.34 0.13 0.66 8 r 1 7 1 T 1
—-109 —-050 -0.34 —-0.01 0.38 -—-0.01 —0.34 0.61 a %oo
—10.9 —-048 -0.33 0.02 0.36 0.02 —0.33 0.65 o W —
—-134 0.31 0.34 0.40 0.51 0.40 034 032 ~
—13.4 0.33 0.35 0.40 0.48 0.40 035 0.31 ' - ‘ )

2 . — 2
group, has been agreed with semiempirical SCF calculation: Or I 1 7T 10
performed with the PM3 HamiltoniatMOPAC’'97 pack-
age. Table | shows a remarkably good reproducibility of the
SCF results by our model Hamiltonian. With the successful v M |

set of parameters as specified in Table I, the same calculatio -1
routine has then been used to determine the sulfur param-
eters: the site energy 183and the S-C hopping integral FIG. 7. The local density of statég|p(E) (7) and transmis-
0.58, B (<0) is the C-C hopping integral within the phenyl sion coefficient for molecule SHE,NH, chemisorbed on a model
ring. Though these parameters agree with SCF data reasosubstrate with sulfur atom in the on-hollow position above(0@)
ably well, they are less certain; particularly, because the efsurface; the substrate and tip coupling constéintanits of|3|) are
fect of sulfur-substrate interaction has not been taken intdixed at values/;=—0.25 and—0.025, respectively. The elec-
account. tronic structure parameters asg=1.3, ys=0.5, and those speci-

According to Eq.(7) the portrait of the molecular elec- fied in Table_l. The model exact LDO@eft-hand-side c_olum)nis .
tronic structure exposed by STS of a molecular monolayer jsompared with the e.tpproxmatlon of constant effective coupling
mostly determined by two factors. These are on the Onicenter colump for different values of the substrate parameters
hand, the molecular characteristics and on the other hand, thel/8l @1d €= ac)/|B]: (from top to bottom 1 and 0; 0.4 and 0;
energy dependence of effective coupling and(timension- ~ 0-4 and 0.5E=(E~#)/(6|L|). The approximate curves are calcu-
les9 coupling strength constants= Vi2|:8|/||-|- i=1,2, 3.1t lated withA(E)=A(E=0) for the on-hollow(solid line) and on-
is seen that any of these constants includes three independd@i-1 (dashed ling models. In the latter caseh\(E=0)=—im
parameters: the squared matrix element of the metal¥LDOS(Ef) of the surface. The LUMGlowest unoccupied mo-
molecule interaction divided by the characteristic scales ofecular orbita] and HOMO (highest occupied molecular orbital
the metallic and molecular one-electron spectra. By ulifhg Ievel_s correspond_ to the second and third peaks of LIDCH} from
or | 8| as the energy unit, the number of parameters whicfi® 1ght, respectively.
enter the coupling strength can be reduced to the two\say,
in units of | 3] and the ratigd B|/|L|. model(solid lines and on-topt model withV,=0 (dashed

By fixing V; and varying|8|/|L| one can trace how the lines). In the latter casé\™(s)=0 so that the role of other
perturbation, which is identical in terms of the molecularfactors which influence the molecular wire performance is
energy scale but produced by metals with the different widtheasier to understand. However, such an approximation ap-
of the actual free electron band, affects the display of mopears to be only in a rough qualitative agreement with the
lecular electronic structurghat is LDOS and consequently, exact results. Therefore it may be used but with a good deal
the transmission spectrum. To our knowledge, the LDOS andf caution. In particular, it is obvious that the constant effec-
TS dependence on the parameters of molecule-to-lead cotive coupling approximation fails to reproduce the real dif-
nection has never been examined in such a context beforé&rence between the on-top and on-hollow connections of a
though implicitly it is present in any calculations of the con- molecule to the substrate.
ductance related properties of metal-molecular junctions. Since energetically the two models of chemisorption do

The calculations of TS and LDOS with the use of thenot differ much?® both can be met in real samples. The cor-
molecular Green function found in Appendix C have beenresponding LDOS and TS are compared in Figs. 7 and 8
performed for the values of coupling constants and molecuwhich represent the on-hollow and on-top models, respec-
lar parameters indicated in figure captions. The LDOS andively. As one can see, distinctions between the two models
TS curves in Fig. 7 refer to the on-hollow position of the are strongly pronounced even in the logarithmic scale used
binding sulfur atom. The LDOS is calculated exactlgft-  for drawing. In both figures, the parent LDOS on the tip-
hand-side curvgsand approximately with the use of two facing nitrogen atom of ATRleft-hand-side curvgscan be
choices of aconstant effective coupling A(E)=A(g). compared with the respective TS. In the center column of
Namely, the real and imaginary parts 8{c) were pre- Fig. 8, TS curves are calculated for the symmetric coupling
scribed to be as if they were for the on-hollow chemisorption(the substrate and tip coupling constants are equ4l

E 1
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LDOS TS electron transmitter. They also aim to illustrate the potentials
‘ ' of a fully analytical modeling It is worthy of note that it
10 1 takes seconds to obtain LDOS, TS, the respective |-V or

other desired characteristics for the giverelectronic struc-
M ture of short molecules. Minutes are required to obtain simi-
1

lar data for conjugated oligomers of any reasonable length.

For this class of molecules the Green function is ex-
pressed analytically in terms of the monomer Green
function?* Moreover for long molecular wires, the tunneling
decay constant is explicitly related to the monomer elec-
tronic structure:>>*%The approach is also readily applicable
to the o electron systemS.

MJ A question may be raised as to the relevance of the model

simplifications, in particular, the use of single particle ap-
proximation. The generalizations beyond that are likely to be
Jo possible. The simplest way is to fit the input parameters with
the data of reliable semiempirical ab initio calculations as
it has been exemplified by calculations of the molecular sub-
system.
Our model assumes only one molecular atom to be elec-
1 tronically coupled with each of two electrodes. And only one
atomic statgatomic orbital from the either side of the mol-
FIG. 8. In the left-hand side column, the same LDOS with theecule is supposed to be responsible for the coupling with the
same parameters as in Fig. 7 but for the on-top placement of sulfusource/drain electrode. Such assumptions are supported by
(model 1 with V,=—0.25 andV,=0). In central and right-hand experimental dafe?*and theoretical estimate® ' which
side column§, TS is calculatgd with the sa.me parameters as f%ruggest therr electron subsystem plays the major role in
LDOS; the tip-molecule coupling constakt is equal 0-0.25  maintaining the electrical current mediated by conjugated
(central columh and —0.025 (right-hand side column The on- oligomers.

ent Shapes, in pardodlar, cferences in relatve imensties of the, FUrNET Improvements are in progress. The analytical re-
HOMO and LUMO peaks are well distinct for the two models even Sults obtained provide a helpful guide for developing more

X o realistic models which take into account the real structure of
in the logarithmic scale. the substrate surfade.g., 111 surface of fcc lattice and oth-
=0.25); in the right-hand-side colummh¥;| (in Fig. 7 and  ers, which also use extended basis sets, and which go be-
|V,| (in Fig. 8 are set to be equal to 0.25 for the substrateyond the nearest-neighbor and one-particle approximations.
and|V,|=1|V3|=0.025 for the tip.

The shape of LDOS and TS is strongly affected by the
relative position of the substrate Fermi energy with respect to ACKNOWLEDGMENTS

thitmglicuﬁr Ieverlsr.nlr][ Figs. 7/Tmf i thl'r? fez/ct(r)]riir? trﬁpre— This work was financially supported by Swedish Research
sented by the parametes { ac)/|5]|. Again eve € council for Engineering Science€lFR), and by Royal
logarithmic scale, the effect of a mismatch betwdep Swedish Academy of Sciences, StockhdlKVA ). The au-
(=#) andac is well noticeable. The Fermi energies of moStthors wish to thank Dr. L.J. Geerligs and J.J.W.M. Rosink

metals are tabulated. For AE-=5.2 eV so that with the for di . d qivi blished . tal dat
values of ac and B specified in Table | we haves( or discussions and giving unpublished experimental data.

—ac)/| B|~0.26 which, within the present scheme, may be
advised as a rea_\sonable choice of the mismatch parameter. AppENDIX A: DERIVATION OF TRANSMISSION
Unfortunately, this value as well as other model parameters
X ; X COEFFICIENT
cannot be unambiguously inferred from the experiment. The

use of the theory is then seen in the possibility of fixing the  £qr the HamiltonianAs+Ft+HA™+V (as is defined in

parameters associated with the metal-molecule interaction byq. I) the Lippman-Schwinger equatindetermining the
flttlng STS data fpr a particular molecular monolayer and to cattering states outside the molecutes(r},,) takes the
predict changes in the current along related molecules wit m

presumably the same characteristics of the metal-molecular

interface. As demonstrated in Ref. 21, such a strategy allows

us to explain in a consistent manner a variety of factors and s 0 s s "

their interplay in forming the apparent I-V relation for b=y + 2 Gr,r’le,r"vzllxi (A1)
phenyl-based oligomers of different lengths, at different set- relrs

points of the tunnel current, and with essentially one and the

same set of input parameters.

[\
[\

===

-1

t t t m
= G, .V , , A2
VI. CONCLUDING REMARKS o r,;{r}t rrr Vi o O (A2)

The above calculations exemplify the strongest effects of
the metal-to-leads connection on the molecule ability as amhere
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. and
YT = rezr Gl Vi, r¢r+r2 GT, NV NY W
(A3) . smk] r;
G =—2 ek fe——— k. x,i(u)x,i(u)

P T m
Lot > GR, N,V NY s (A9)

I‘E r
(A4) if r,=r_; for r,<r, in the right-hand side of EqA9), the
replacement ,<r, has to be made.
In Egs.(A8) and(A9), a=s, t; kj', is the incident electron
1

= > GNY

1
Y rer X

G?, =(r[(E-H¥Yr'), andy;" is an eigenstate df* de-
scribing incident and reflected electron waves in the bare
substrate. To simplify notations, the indication of an explicitwave vector,j| =(j;,j5) is the quantum number of the
dependence of°, 42, and Gir, on the incident electron transverse electron motion described lvy (r))=[2/(NV
energyE and applied voltagé) is omitted. +1)Isin(7jir /(N+ 1) Isin arjor, (N+ 1)1 k; _andj, have

Fora=m the Green function matrix elements are real butgmijar meanings for the transmitte@r reflected electron
for a=s, t, they are complex functions. However as is seenyyes.
there is no infinitesimal imaginary part of energy in the
substrate/tip Green function definition. Instead we use the . _ . _
solution of the Green function problem with the Hamiltoniank; andj, are notindependent since they have to satisfy the
Ic;:‘ﬂarlufyeml -infinite lead that behaves as outgoing waves at th@nergy conservation Iav\Ek ,+eU= Ek +eU,=E

iL’ I

By definition the transmission coefficient is determinedFor the leads modeled by nearest-neighbor tight-binding
by the amplitudes of the transmitted waves. This means thalemi-infinite lattice the allowed values of wave vectors can
we have to find the functiog! which satisfies the above set be found from
of equations. It is easy to see that the solution to the set of
Egs.(Al) and(A2) is given by

At the given energ¥, the values okj', andj| , as well as
1

N

E—eU,=e,—2|L,|| cosk; +co'=7Tj +co L
a a 1112 QN ON+1

Ui=Giny 2 VI oW 2 GV, (A5) (A10)
r'e{r}s r'e{rk

The wave vector of scattered wavie,sL in Eq. (A10) takes

where real and imaginary l(] +|qu kh: wiiqjl) values
which correspond to the propagating and evanescent modes,
1mx Ny respectively.
Gy N~ With regard to Eqs(A7) and(A9), the imaginary part of

(1-AGT 1 )(1-AGR n,)~AA(CT n)* the effective coupling constants,= AX—iAZ can be repre-
(AB) sented in an explicit form

having the meaning of the molecular Green function matrix

element referring to theth andNyth atoms whose on-site 1

energies are perturbed due to the interaction with the sub- Ag(t)(EF)= Z'sinkj

strate and tip by complex energy-dependent values of |LS(t)| L .

sinkjlrZ o 2
X —X (I‘J_)stl N y
z le rGr r’V e relNs Slhkl-L in 11 (Ny)
rr’efr}s (All)
where the prime indicates the summation over propagating
E Vi, Gy Vr, Ny (A7) modes. ThusAZ,+0 only within thes(t) electron energy
nrlelrth band.

respectively. These quantities play the role of the self energy Note that in Egs(A10) and (A1l), the sign ofL, (as-
which determines the shift and broadening of moIecuIau’SlJm'EOI to be negatiyés explicitly taken into account. Hence
levels2 7’17 AL which is usually called the spectral density is a positively
The solution(A5) is valid for any shape and electronic deflned guantity.

structure of the substrate, tip, and molecule. To obtain its The expression oAZf also follows from Egs(A7) and
explicit form, we make further use of the model assumptions(A9). But actually it is not needed since as a linear combi-
Let the contact surfaces b€x A square lattices coinciding nation of the retarded Green function components, the real
with (001 planes ofs andt cubic lattices. Then, and imaginary parts of the effective coupling must satisfy the
Kramers-Kronig dispersion relatidt®®which is discussed in
many textbook4%*! This means thaf%(E) and AZ(E) are

SO o cinle! ,
v, = 2 Sm(kiirZ)XM(ri) (A8) related by the Hilbert transform
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- N :
1 (+=ALE'") 1 (= 47t i1
AR(E =—PJ = dE, A12) —f AY(E)dE= > siP—=
al ) i —w E—E’' ( ) - (N+1)2 j1.2=1 2
whereP denotes the Cauchy principal value. X Sir? ”j2f sin(k; )
Except the Green functio®, , all the quantities that 2 Jlcost, j)l=1 Jil2

determine transmitted waves are now represented in an ana-
lytical form. The substitution of expressiofid8) and (A9)
in Eq. (A5) yields

X[Vi+2Vycogk; )]°dE, (B

whereis odd, ancE (in units of [L[) andk; ;, are related
by the energy conservation lagA10). Introducing a new

_ able of i :
‘ﬁh,rz:jz tkh,ii:kj’, J(rexplik; 1), (ALY variable of integration

X
2i sink].', 2

- = Yo
K ,JL(H) L, X]L(rL)inX]Lelx,NYr
(A14)

_gateU—E COS( T
S 2 AN+

~eod M2
N+1

te i
Kj dus

we calculate

Ta _ H ! ’ . 1
Where)(jl—Er,E{r}a(smkjirzlsmkJ-l)XJ-L(rL)V‘:IY’ri . By using f . Sin(kjl,jz)dEzzf lmdx: m,
Eq. (A14) in the definition of the transmission coefficient |cosj, ,j )< -

(B2
t
’ ’ Ukjl 1
T=2"2"2 —lt ;. «, j(T)A  (AL5) f sin(k;. ;) cogk; j)dE=2f Xv1—x2dx
T T, U, I [cosk; i )|<1 172 172 -1
In i L1 k j’ 1142

i

=0, (B3)
with the group velocities ratio given byui,_,/v}(j
I 1

=|Lg/sin kj',/(lLt|sinkji) one obtains Eq(4). 1
L sin(k; ;) co§(kj1,j2)dE=2ﬁlx2\/1—x7dx

Note that generalizations of E@}) to the case of arbitrary
number of molecular atoms interacting with the leads con-
vert the obtainedloseddefinition of the transmission coef- T
ficient into a set of equations to be solved. Equally it can be = - (B4)
represented in the form of a product of the self-energy matrix
and anunknownmatrix of the system Green functidf Using these results in EqB1) and taking into account that

It is also noteworthy that the method of the Llppman-22N+1Sin2(7Tj/2):N+1 one gets

. . . . . =1 ’
Schwinger equation which is used here to derive the trans-!
mission coefficient is self-contained and does not require any
auxiliary quantities. The system wave function is obtained as - 2.\ N ; ;
an intermediate result. Thus the method gives the most de- —| A%(E)dE= Vit Vo) > sinzﬂsinzﬂ
tailed description of the system that may be difficult to attain 7~ —= (N+1)? 1lp=1 2 2
in the framework of other approaches.

|cos(kjl’j2)\s1

=V2+V3, (B5)
APPENDIX B: INTEGRAL SPECTRAL DENSITY

For the modell of on-top molecule-to-metal connection  Similarly, the calculation of the integral spectral density
specified in Eq(11) the integral spectral density is given by for the on-top2 model with AZ(E) given in Eq.(17) yields

N 2

_
x =VZ+4vZ,  (B6)

4 ) L, T2 T P
SiP——=sin—=| V, +2V,| cos + cos
(N+1)2 i, 55-1 2 2 |V oA N+ N+1

1 o)
—f AXE)dE=
T) -

where the equalities ™7 ‘cog mj/(2N+2)]sin¥(@j/2)=0 and3 Y] *cos mj/(2N+2)]sin¥(mj/2)= (N+1)/2 have been used.
For the on-hollow model, the integral spectral dengitge Eq.(19)] is given by
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N _ _ _ _
1 (= 64(V3)27T P E R ) T, 75
— T, — )1 T2
o| e W07 a2 S D S A
N1 o, STy ST | L oS || 1 oSt = 4Vs, (B7)

whereX Y, sin(@j/2)=N, =N cogmj/(2N+1)]sin¥(7j/2)= 5. To recall, in Eq.(B6) 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 metal atoms
which are in contact with the molecule.

APPENDIX C: MOLECULAR HAMILTONIAN AND GREEN FUNCTION

The 7 electron Hamiltonian of benzene with two hydrogens substituted by heteroatoms X(@mdrYATP molecule these
are sulfur and nitrogercan be represented as

6
AM=2, [aclC)(G|+B(ICa)(Gl+H.c)]

+ Blex|1x){(1x] + e y|Ny)(Ny| + [ vx| C){(Ix|+ yy| CoH(Ny|+H.c]}, (Cy

where|C;) has the meaning of thep2 atomic orbital of theth C atom within a phenyl ring ($&=C,), while |1x) and|Ny)
refer to the heteroatom orbitalac and ey, are the Coulomb integralshe 7 electron site energig®f C and X(Y) atoms,
respectively; 3 is the resonance integral between the nearest-neighbor carBegs; = axw)—ac, and Byxgy, is the
resonance integral between C and¥) atoms.

For the matrix eIement@Tr, which appear in Eq(A6), the inversion of the matrix

E-exy v« 0 0 0 0 O 0
y« E 1 0 0 0 1 0
0 1 E 1 O O O 0
- 0 0O 1 E 1 0 O 0 -
E-BH™=l 6 0 01E1 0 o0 €2
0 0O 0 0 1 E 1 0
0 1 0 0 0 1 E vy
0 0 0 0 0 0 vy E—¢gy
yields
BGY 1 =[(E—sy)(E*~1)(E*~4)— E(E*~3)]D ", (C3)
BGR, n,=[(E=&x)(E*~1)(E*~4)— yXE(E*~3)]D %, (Ca)
BGT N, =2vxwD %, (CH)
where
D= y4¥5(E?—1)—E(E*-3)[ yx(E—ev) + YY(E—ex) ]+ (E—ex)(E—ey)(E?— 1)(E*— 4) (C6)

and, to simplify the expressions of molecular Green function componErgtgnds for E— ac)/B.
For ATP moleculeex=¢eg, yx=vs, ey=¢y, andyy= 5 are the parameters of sulfur and nitrogen used in the main body
of the paper.
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