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Scanning tunneling spectroscopy onp-conjugated phenyl-based oligomers:
A simple physical model
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The current-voltage~I-V ! characteristics obtained by scanning tunneling spectroscopy~STS! on uncoated
gold substrates and gold substrates coated with self-assembled monolayers of aromatic thiols are shown to be
in good quantitative agreement with the Landauer-Bu¨ttiker approach to the heterojunction conductance. The
self-assembled monolayers consist of one and three chained phenyl rings, forming an azomethine oligomer;
both monomer and trimer are chemisorbed on gold via sulphur while terminated from the opposite side by an
amine head group. It is found that if the electrostatic energy of the applied potential is ramped within the
HOMO-LUMO energy gap~highest occupied molecular orbital-lowest unoccupied molecular orbital! the par-
ticular form of the apparent I-V relations reflect an interplay of~i! the WKB factor that accounts for the
through-air tunneling between the STM tip and the coated/uncoated substrate,~ii ! resonancelike structure of the
tip-apex local density of states~LDOS!, and~iii ! the relative position and intensity of the HOMO and LUMO
level peaks in the molecular LDOS. The latter two factors give rise to asymmetry of I-V characteristics. The
tunneling spectroscopy measurements and their theoretical evaluation indicate that the STM tip probes a
molecular carbon atom rather than the uppermost nitrogen, possibly due to plowing through the molecules. The
findings of the work are supported by a close similarity of measured and calculatedI (V) curves, which is
obtained on different but genetically related samples, at different setpoints of the tunnel current, and with
essentially one and the same set of parameters~inferred from experiments and semi-empirical self-consistent
modeling of the molecular electronic structure!.
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I. INTRODUCTION

In this paper, we will investigate electron transport pro
erties in single molecular chains. The study of conducta
in such chains is generally complicated by a random mole
lar orientation and a distribution of chain lengths. In ad
tion, for many experiments the contacts between metal p
and the molecule are ill-defined and cross-linking betwe
chains is not excluded. In contrast, the segment by segm
growth we have pursued~see the experimental part! yields an
ordered array of parallel andp-conjugated oligomers, where
in principle, the coupling to the substrate can be known
atomic detail. Above all such a structure would offer t
possibility to address individual molecules by making use
a scanning tunneling microscope~STM! tip as a second con
tact. Since the tunnel current is exponentially decaying w
substrate-tip distance, it is reasonable to assume that
one or few molecules are addressed in a current-voltage m
surement.

A successful attempt is presented to obtain satisfac
quantitativeagreement between the theory describing el
tron transport in metal-molecular heterojunctions and a se
of experiments on related molecules performed with one
the same experimental setup. The measurements discuss
this paper refer to both a bare gold substrate and gold
strates covered with a chemisorbed monolayer of a co
gated monomer and respective oligomer~trimer!.

A theoretical model used for interpreting experimental
PRB 610163-1829/2000/61~16!/11118~7!/$15.00
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sults is based on a Green function version of the Landa
Büttiker approach to the heterojunction conductance~de-
scribed in detail elsewhere1!. Unlike previous related
experimental-theoretical studies,2,3 in addition to the molecu-
lar electronic structure we also explicitly take into accou
the tunneling through the gap between the tip and coa
uncoated substrate by means of the WKB approximation
will be shown that a good correlation can be obtained
tween the experiment and theoretical estimates of the
substrate distance at different setpoints of the tunnel curr
This supports the accepted model of the metal-molec
junctions as is described further on.

It is argued that the resonancelike structure of the tip lo
density of states on one hand and, on the other hand,
identity of a molecular conjugated atom, which is actua
probed by the STM tip~not necessarily the outermost one!,
are playing a crucial role in forming the apparent I-V rel
tion. The agreement between theory and STM spectrosc
experiment on different but related samples is obtained o
if both of the above mentioned factors are properly tak
into account. The fact that one and the same set of par
eters is used to model all molecules is an indication for
strength of the suggested theoretical approach.

II. EXPERIMENT

Gold substrates are prepared as follows: a clean Si~100!
wafer is oxidized to obtain a flat SiO2 layer of about 200 nm
11 118 ©2000 The American Physical Society
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thickness, and cut afterwards into samples of 6319 mm. By
e-beam evaporation, a 100-nm Au film is deposited on top
this layer. The substrates are then annealed inN2 ambient for
3 hours at 300 °C. This process results in a relatively smo
gold ~111! surface with small~50 nm! atomically flat ter-
races, as evidenced by STM topography measurements

Gold substrates prepared in this way were used as a s
ing point to synthesize conjugated oligomers from their c
stituting monomer building blocks. The molecules conta
ing one central aromatic ring and two functional groups
the para positions were bonding to the substrate by mean
a gold-thiol bond or were linking to the monolayers belo
and above~in the growth process! by means of an imine
bond. The monomers were deposited alternately on the
substrate by making use ofself assembly: the substrates ar
immersed in a 10 to 20 mM solution of the organic buildi
blocks in deoxygenated ethanol. Immersion times vary
from a few hours up to a day are sufficient to cover t
substrate with molecules and let them react with all availa
surfaces. A detailed analysis of the growth process is gi
elsewhere.4 In Fig. 1, the resulting family of the related mo
ecules is shown. In this paper, we will concentrate on 4-A
and ATD, since they are most similar.

Scanning tunneling microscopy and spectroscopy m
surements are done on a Digital Instruments Nanoscope
system with a TipView head using freshly cut Pt0.80Ir0.20 tips.
All experiments shown here were performed with the spe
men in air. Typical tunneling parameters are: bias volta
(V) of 500 mV and tip current of 50 to 500 pA.I (V) data
represent the average of 20-50 consecutiveI (V) sweeps
taken on a gold~111! terrace, at a fixed position on th
terrace. Control measurements in nitrogen and on diffe
spots of one and the same sample were also performed. F
the collectedI (V) curves, only those were included in ave

FIG. 1. Schematic picture of the molecules under investiga
after their successful growth from solution by self-assembly. Fr
left to right are shown, respectively: 4-ATP~formed by depositing
4-ATP molecules on bare gold substrates!, AT ~formed by deposit-
ing TDA molecules on a thin film of 4-ATP!, and ATD~formed by
depositing DAB on a thin film of AT!.
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aging that were going through~0, 0! and the setpoint. As-
suming mostly fluctuations inz as the source of noise in th
I (V), we have averaged ln(I) versusV. The polarity of the
bias voltage is defined, in the conventional way, as repres
ing the voltage on the substrate. This means that for nega
sample bias voltage electrons tunnel from sample to S
tip.

III. THEORETICAL MODELING AND INTERPRETATION

The total current in a scanning tunneling experiment c
be described on the basis of a transfer Hamiltonian form
ism developed by Bardeen.5 Tersoff and Hamman6 have
made the first successful attempt to apply it in the contex
an STM set up. In the limit of low temperature and under t
assumption of weak STM tip-sample interaction the tunn
ing current can be expressed as

I ~V!5I 0E
EF

EF1eV

rs~E!r t~E2eV!

3exp@21.025dAF1eV/22~E2EF!#dE, ~1!

whereI 05(2e/h)3(e.s.); e.s. stands for an appropriate e
ergy scale; under the integral the Fermi energyEF , the dif-
ference in the electron electrostatic energy between the
and substrateeV, and the metal work functionF are in units
of e.s.;rs(E) is the ~dimensionless! local density of states
~LDOS!, which refers to an atom on the substrate surfa
which is probed by the STM tip;r t(E) has the same mean
ing but with regard the tip-apex atom; the exponential fac
in Eq. ~1!, whered is the distance between the substrate a
tip ~in Ångströms! and e.s. is one electron volt, accounts f
the through air sample-to-tip tunneling in the WKB approx
mation.

Equation~1! is equally applicable to describe the electr
tunneling between an uncovered metal~bare gold! substrate
and STM tip, and when the former is replaced by a subst
with a chemisorbed molecular monolayer. The difference
tween the substrates used in these experiments has t
properly reflected in a definition of substrate LDOS. We st
the discussion from the data obtained on bare gold substr
in which casers(E) refers to the LDOS of a presumabl
ideal metal surface.

A. Bare surface gold substrate

Typical experimental I-V curves obtained for bare su
strate surfaces are shown in Fig. 2 by filled squares. A n
worthy feature of these data is a systematically larger de
tion of the registered current from the Ohm law for negat
voltages. This indicates a larger electron current from sam
to tip, than that in the opposite direction.

The observed sublinear increase of the current is con
tent with an exponential dependence of the tunneling pr
ability on the tunnel barrier height which, as is implied b
Eq. ~1!, is effectively lowered when the applied voltage i
creases. However, the asymmetry of I-V curves cannot
understood in this way, since the suppression of the poten
barrier should be the same for both signs ofV, unless the
electronic structures of the substrate and tip are not ident

n
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11 120 PRB 61A. I. ONIPKO et al.
According to previous estimates3 the local density of
states at the substrate metal surface is nearly constan
deed, if the quality of the metal surface is good enough, th
are no physical reasons for a significant variation of
LDOS in the vicinity of the Fermi energy. As an examp
the LDOS at a~100! surface of a cubic lattice exhibits
small variation within the range ofEF62 eV ~Fig. 2! which
has been an actual interval of the electrostatic potential
ergy in our experiments. So, to model I-V characteristics
the bare gold substrate-STM tip contact, in the first appro
mation we can neglect the energy dependence of LDOS
clean metal surface, i.e., in the given casers(E) is set to be
a constant value.

Unlike the substrate metal surface, the quality of wh
was carefully controlled, the real shape of the ‘‘workin
part’’ of STM tip is never known. It is for sure, however, th
it is far from being ideally flat. Therefore, forr t(E) the
approximation of a constant LDOS is obviously not app
cable.

Here, it is reasonable to use some simple model wh
accounts for the atomic structure of tip apex. As such
consider an atom placed on the otherwise ideal surface.
well known7 that the LDOS at an adsorbed atom may hav
pronounced resonancelike structure. The question is at w
energy the resonance associated with the presence of an
tom has to be expected?

Suppose for simplicity that an atom is adsorbed in
on-hollow position of a~100! N3N square surface of sem
infinite cubic lattice described by the tight-binding Ham
tonian with the nearest-neighbor hopping integralL. Then,

FIG. 2. Upper part: Tight-binding local densities of states at
ideal square lattice surface of semi-infinite cubic crystal@rs(E), to
the left# and LDOS of an adatom on such a surface in an on-hol
position@r t(E), to the right#. Lower part: I-V relations~solid lines!
are calculated withrs(E)5const50.17; Va51.8,L521 eV @these
parameters determiner t(E)#; and the WKB factor withF52.2, d
57.3 ~left hand side curve!, andd56.8 ~right hand side curve!. In
this and other figures, filled square plots representI on V dependen-
cies measured at two set points as indicated; andE50 corresponds
to the Fermi energy of the noninteracting substrate and tip.
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the tip LDOS can be expressed in terms of the effect
coupling1 A(E)5AR(E)2 iAI(E)

r t~E!5
1

p

AI~E!

@E2«a2AR~E!#21@AI~E!#2 , ~2!

with the spectral densityAI(E) given by

AI~E!5
64V a

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!
, ~3!

where the summation runs over propagating modes only
In the above equations, e.s.5uLu,«a is the electron on-site

energy at the adatom,Va5La /L, La is the hopping integral
between the adatom and one of its four nearest neighbor
the metal surface, andkj 1,j 2

is related toE by the energy

conservation law ~in units uLu! E2EF522$coskj1,j 2
1cos@pj1 /(N11)#1cos@pj2 /(N11)#%; AR(E) is then de-
termined by the Hilbert transform ofAI(E): pAa

R(E)
5P*2`

1`AI(E8)/(E2E8)dE8. In calculations we setN550
that insuresAI(E) to be independent of the transverse d
mension. Practically, the convergence to anAI(E)’s constant
value is attained atN>20.

The distance between the extra atom and its nea
neighbors on the surface is likely to be somewhat sma
than the interatomic distance of the surface square lattice
a consequence, the corresponding electron hopping inte
has to be larger than its counterpart within the support
surface.

The calculations of Eq.~2! show that, ifVa.1, there are
two peaks in the adatom LDOS, see Fig. 2. One of th
peaks which is more intense lies above the middle of
tight-binding band determined by the parameterL. The other
one is belowEF . The latter is either very weak or~for larger
values ofVa! it is far more distant fromEF and also less
intensive. Physically, the adatom LDOS resonance struc
originates from the adatom electron state~the more pro-
nounced peak! and the electron states of the four surfa
atoms perturbed by the interaction with the adatom emb
ded between them.

Thus, the model suggests that there is a peak in the
LDOS lying close to and above the Fermi energy. An ad
tional argument in support of shifting the resonance upwa
is that the apex atom has a smaller number of neighbo
atoms to interact and hence, its on-site energy must be so
what higher.

The LDOS of the apex atom just described gives an
planation of the I-V characteristic asymmetry observed
the bare gold substrate-tip tunnel contact. It is as follows,
increase of the substrate electrochemical potential result
an accompanying increase of the density of unfilled elect
states due to approaching to the intense peak of the
LDOS. Thus, an additional enhancement of the negative
rent~as is observed in our experiments! has to be regarded a
a likely occurrence.

To calculate theI on V dependence~1! with the substrate
LDOS rs(E)5const, and tip LDOS as defined above, t
zero voltage barrier, i.e., the work functionF has been de-

n
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duced ~of value '2 eV! from the I 2V spectroscopy data
obtained in the ohmic regime. The value ofI 0 can easily be
found from the ohmic slope at a low current, e.g., the
point I 50.2 nA, V50.5 V.

As is seen from Fig. 2, with the only fitting paramet
Va51.8, our model of STM tip LDOS agrees well with ex
perimental data. It is used, therefore,~with an unchanged
value of F52.2 eV! in further modeling of tunnel contact
with gold substrates covered by molecular monolayer.

B. I-V characteristics of metal-molecular contacts

In the molecules which are used in these experiments
highest occupied molecular orbital~HOMO! and the lowest
unoccupied molecular orbital~LUMO! associate with thep
electron states. It is reasonable to assume that just the
lecularp electronic subsystem plays a major role in formi
the tunnel current between a monolayer-coated substrate
STM tip.

Denoting the molecular~p system! Hamiltonian byĤm,
and the pz orbitals of the molecular atoms, which a
coupled electronically to the substrate and tip, respectiv
by u1& and uN&, the molecular electronic structure can be
cluded into the substrate local density of statesrs(E) as1

rs~E!5
1

p

AI~E!@G1,N
m ~E!#2

@12AR~E!G1,1
m ~E!#21@AI~E!G1,1

m ~E!#2 ,

~4!

where the modulus of hopping integralb between phenyl-
ring carbons is used as the energy scale~e.s.!, G1,1(N)

m

5^1u(E2Ĥm/ubu)21u1(N)& is the ~dimensionless! matrix
element of the molecular Green function, which refers to
statesu1& andu1& ~uN&!. Equation~4! implies that sulphur is in
the on-hollow position, i.e., thatAI(E) is defined in Eq.~3!
with Va replaced byVs5Ls /b, Ls has the same meaning a
La but refers to the sulphur atom.

The p subsystem parameters~see for reference Figs.
and 4! which are needed to calculate the LDOS of a mole
lar monolayer coated substrate, have been found as follo
As a first step, they have been agreed with semi-empir
SCF calculations with the use of the PM3 Hamiltonian for
optimized geometry of the given molecule but without s
phur head group. The values of Hu¨ckel parameters indicate
in Fig. 4 ensure a remarkably good reproducibility of t
SCF results not only for the eigenenergies but also for
full p electronic structure in the molecular ground state,
Table I.

To describe accurately thep subsystem of phenyl-base
oligomers headed by a thiol group, the use of the lone ato
orbital approximation for sulphur atom is not sufficien
However, for orientational estimates of the tunnel curren
is good enough to use the sulphur parameters that agree
the shift of the HOMOp level, which is produced by a thio
end group attached to the main body of the molecule.
above, the latter effect has been calculated at the PM3
level. The sulphur parameters obtained in this way are r
resented in Fig. 4. The sulphur-metal coupling constantVs
has been treated here as a fitting parameter.
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1. 4-ATP monolayer

With the system parameters just specified the LDOS~4!
calculated at nitrogen and the closest carbon atom of 4-A
molecule chemisorbed on a substrate is shown in Fig. 3.
a characteristic feature of this molecule electronic struct
that the HOMO and LUMO peaks of LDOS~labeled in the
figure as H and L, respectively! have a pronouncedly differ
ent intensity. In the nitrogen LDOS the

FIG. 3. Upper part: LDOS@rs(E)# at the amine group nitrogen
~to the right! and at the neighboring carbon~to the left! of 4-ATP
chemisorbed on gold. LDOS at carbon with the parameters:
5ubu53.5 eV~see Ref. 8! and those indicated in Fig. 4 was used
rs(E) in Eq. ~1! to calculate I-V relations in the lower part of th
figure, solid lines. To obtainI (V), we setVs50.58 ~Va is of the
same value as in Figs. 2 and 5!, the right-hand side maximum o
r t(E) is lower in energy by 1.32 eV as compared with Fig. 2, a
d54.5 andd54 for, respectively, the smaller and larger curre
set-points.

FIG. 4. Schematic structure of the ATD
~5 HS-C6H4-N-CH-C6H4-CH-N-C6H4-NH2! molecule ~trimer!
chemisorbed on gold with an indication of Hu¨ckel parameters used
to calculate the LDOS at the nitrogen atom of the amine end gr
and C4 atom of the second phenyl ring. For the respective monom
~H5C6-NH2! and dimer~H5C6-N-CH-C6H4-NH2!, the eigenvalues
and eigenvectors of the molecular Hamiltonian with the same
rameters as given here are represented in Table I.



. In

9
7

11 122 PRB 61A. I. ONIPKO et al.
TABLE I. State labeling (H5HOMO); energies and molecular orbital~MO! coefficients obtained for the PM3 SCF and Hu¨ckel
Hamiltonians of the molecules H5C6-NH2 and H5C6-N-CH-C6H4-NH2. The upper of each pair of lines refers to the SCF calculations
parentheses, a value is given only if it differs. For the respective trimer an agreement between the PM3 SCF and Hu¨ckel models is equally
good; the corresponding data are not presented because their volume is too big.

Molecule H5C6-NH2

State energy~eV! MO coefficients

C1 C2 C3 C4 C5 C6 N
H 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
H-2 210.9 20.50 20.34 20.01 0.38 20.01 20.34 0.61

210.9 20.48 20.33 0.02 0.36 0.0220.33 0.65
H-3 213.4 0.31 0.34 0.40 0.51 0.40 0.34 0.32

213.4 0.33 0.35 0.40 0.48 0.40 0.35 0.31
Molecule H5C6-N-CH-C6H4-NH2

State energy~eV! MO coefficients
First phenyl ring Second phenyl ring

C1 C2~C6! C3~C5! C4 N C C1 C2~C6! C3~C5! C4 N
H 28.4 20.19 20.05~20.08! 0.16~0.15! 0.17 20.30 20.18 0.41 0.18 20.27 20.33 0.45

28.2 20.18 20.05 0.15 0.14 20.30 20.10 0.46 0.18 20.36 20.39 0.69
H-1 29.5 20.44 20.14~20.25! 0.30~0.21! 0.44 20.16 20.32 20.12 0.06~0.04! 0.20~0.17! 0.09 20.37

29.3 20.47 20.21 0.27 0.46 20.18 20.31 20.06 0.08 0.13 0.0420.33
H-4 210.9 0.28 0.18 20.04~20.03! 20.23 20.32 20.13 0.35 0.26~0.29! 0.03~0.06! 20.25 20.52

210.8 0.25 0.16 20.02 20.20 20.31 20.10 0.39 0.30 0.0120.28 20.57
H-5 212.2 20.31 20.25~20.26! 20.12~20.14! 0.04 0.43 0.45 0.24 0.04 20.16 20.33 20.29

212.1 20.32 20.28 20.16 0.01 0.47 0.44 0.21 0.03 20.16 20.31 20.30
H-6 213.6 20.24 20.25~20.26! 20.27~20.29! 20.33 20.18 20.06 0.16 0.19 0.24 0.32 0.1

213.4 20.30 20.31 20.35 20.41 20.23 20.06 0.26 0.29 0.34 0.42 0.2
H-7 214.0 20.16 20.18 20.22~20.23! 20.32 20.34 20.32 20.33 20.25~20.26! 20.23~20.24! 20.26 20.13

213.8 20.15 20.17 20.22 20.33 20.39 20.34 20.34 20.26 20.24 20.26 20.15
er
-

ha
y
g
x-
id
in
th
p

th
re

ith
t

ng

th
a
s

ug
e

ol
o
l
th

rge
an-
tip

e
nre-
of

e is
he

rs
on
p-
e
nse
lar
an
t
the
ith

la-
O-
.

HOMO peak is much more intense than its LUMO count
part. For the LDOS at thea carbon the situation is just re
versed.

The above observation is of importance. It indicates t
depending on which molecular atom is actually ‘‘probed’’ b
the STM tip, the current response to the positive and ne
tive tip-sample bias will be substantially different. For e
ample, if the tip sees nitrogen then, from the LDOS cons
eration the substrate-to-tip current must be larger. Tak
also into account the negative current enhancing effect of
tip electronic structure, as discussed above, one has to ex
a much stronger nonlinearity of the negative current in
I-V characteristic of 4-ATP samples in comparison with ba
gold samples.

However, such an expectation is in obvious conflict w
the experimental data represented in Fig. 3. One can see
the presence of the molecular monolayer results in a stro
nonlinearity for both signs of the applied voltage.

To remove the contradiction, we have to admit that
nonlinear increase of the tip-to-sample current is due to
intense LUMO peak in the molecular LDOS. In other word
we assume that the tip is coupled witha carbon more
strongly than with nitrogen. The experimental data also s
gest that the actual maximum of the tip LDOS has a som
what lower energy in comparison with the case of bare g
substrate. Then, a good agreement of theory with the
served current response can be obtained under a natura
sumption that the Fermi energy of unbiased sample fits
-

t
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middle of the molecular HOMO-LUMO gap~see caption of
Fig. 3 for the values of other fitting parameters!.

A point to emphasize is that despite a seemingly la
number of the model parameters, theoretical I-V curves c
not agree with experiment unless we accept a stronger
coupling with thea carbon of phenyl ring, and not with th
nitrogen. Such an occurrence cannot be ruled out as no
alistic, if one takes into account that the average deviation
the molecular axis from the normal to the substrate surfac
about 30° and the fact that nitrogen is ‘‘screened’’ from t
tip by two hydrogens, see insets of Fig. 3.

Thus, according to our model the following three facto
are responsible for the current nonlinearity observed
4-ATP samples:~i! suppressing the tunnel barrier by the a
plied electric field~the effect is independent of the voltag
sign!; ~ii ! the current enhancement due to a more inte
LUMO peak and less intense HOMO peak of the molecu
LDOS ~larger contribution to the positive tip-substrate, th
to the negative current!; and ~iii ! the substrate-tip curren
enhancement due to the tip LDOS peak associated with
tip apex atom. This physical picture is also consistent w
the experimental data on ATD-based samples.

2. ATD monolayer

The model molecular Hamiltonian used in these calcu
tions predicts nearly one third decrease of the HOM
LUMO gap of ATD in comparison with 4-ATP molecule
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This agrees well with a general trend in the dependenc
the electronic structure of linear conjugated molecules on
molecular length.9,10 One would prepare, therefore, to see
much more pronounced nonlinearity ofI to V response for
samples with a trimer ATD monolayer on gold; at least fro
the side of a more intense molecular LDOS peak. In fact,
actual nonlinearity increase, which was observed experim
tally, turned out to be quite modest; compare the experim
tal data represented in Figs. 3 and 5. The reason is that, a
molecular electronic levels are approaching each other w
the increase of the oligomer length, the LDOS peaks wh
correspond to these levels are narrowing, see inset Fig
Not surprisingly therefore, that in terms of the molecu
ability to transmit electrons, the two effects mentioned abo
nearly cancel each other.

Furthermore, the current measured on ATD samples i
the same order as that maintained by 4-ATP samples. H
ever, according to Eqs.~1!, ~2!, and ~4!, if the substrate-
molecule coupling constants of these samples do not d
much ~both molecules are attached to metal via sulphur
therefore, we do not see any reason for a large differenc
the sulphur-metal coupling constants between 4-ATP
ATD samples! then, even at the distanced52 between the
tip and ATD terminating nitrogen or next to it carbon atom
the tunnel current must be at least one order of magnit
weaker than that observed experimentally. We have to
sume therefore, that the tip sees an atom between the se
and the third phenyl rings of the trimer. Again, compari
the calculations with the corresponding experimental d
~including a comparison of the molecular length with es
mates of a likely distance between the tip apex and subs
metal surface! it was concluded that the atom interactin
with the tip apex is C4 of the second phenyl ring. A reason

FIG. 5. Same dependencies as in Fig. 3 butrs(E) is at the
amine nitrogen and C4 atom of the second phenyl ring of ATD
molecule, see Fig. 4. All parameters are the same as in Fig
exceptd53 and 2.5 for the smaller and larger current set-poin
respectively; and the right-hand side maximum ofr t(E) is lower in
energy by 1.58 eV as compared with Fig. 2.
of
e

e
n-
n-
the
th
h
5.

r
e

of
w-

er
d
in
d

,
e
s-
ond

ta
-
te

able agreement of theoretical curves with experiment,
Fig. 5, supports such a conclusion.

3. Inelastic scattering effects

The physical picture of tunnel current across a molec
spanned between metal electrodes that is developed a
does not include energy dissipation effects. In the pres
context, many likely mechanisms have been discussed
literature.3,11,12 The basic equation of this analysis has be
derived from the exact expression of the ballistic current
tained within the Green function formalism.1 The latter can
be generalized, to take into account the effects of inela
scattering.11,13

Technically, such a generalization may be quite a diffic
task, since it requires the precise definition of scatter
mechanisms. To avoid unnecessary complications, we
the constant energy damping approximation that proved
give a rough but useful estimate of how the tunnel curr
can be changed by the electron interaction with phon
and/or other subsystems.

For the purpose, a small imaginary part of the electr
energy has been assumed at the level of the exact expre
of I (V) in terms of the Green function. As an example, t
tip LDOS and the bare gold substrate-STM tip current
represented in Fig. 6 for the different values of dampi
factor. As expected, the energy dissipation effect suppre
the LDOS peaks and increases their half width. The co
sponding effect on the tunnel current is in a clear correlat
with these changes of the tip LDOS. A reasonable choice
the damping factor improves the agreement between the
and experiment: for the damping factor of 0.01uLu
('0.01 eV) the calculated and measured I-V relations
almost indistinguishable.

IV. CONCLUSION

We have established a model to describe tunneling e
tron transport through related small conjugated molecu

3,
,

FIG. 6. Comparison of the tip LDOS and I-V relation of Fig.
obtained with disregard of inelastic scattering effects with tho
calculated in the constant energy damping approximation as is
plained in the text. Solid, dashed, and dashed-dotted curves c
spond to the damping factor equal to zero, 0.01 and 0.05 eV,
spectively.
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We have shown that agreement between experiment
theory can be obtained for these molecules, by only vary
the substrate-tip distance, while keeping the different h
ping integrals and on-site energies constant. This is a
markable result which indicates the strength of the model
order to get agreement with tunneling experiments, it is
sential that an appropriate local density of states is used
the tip. Also, the intrinsic molecular properties are importa
to take into account, since the molecular electronp system
governs the tunnel current between the coated substrate
STM tip.

Agreement with ellipsometry experiments on these k
of molecules by Rosinket al.4 was also found. From thei
thickness measurements it was established that the mole
are tilted slightly with respect to the surface normal. In th
paper, it is shown that the tip does not necessarily probe
outermost atoms, but instead that it is likely to be coupled
the C4 carbon atoms in the first and second aromatic ring
0

ic
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a

t,
nd
g
-

e-
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4-ATP and ATD, respectively. The observation that the tip
apparently not probing the outermost atom of the molecul
possibly due to plowing of the tip through the molecul
monolayer, combined with the molecule tilted configuratio
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