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Abstract

On a metal-molecule-metal nanojunction, the scanning tunneling microscope (STM) scans at the precise location of the elec-
tronic metal-molecule interaction permit a measurement of the contact conductance G,. The conversion curve between the change
in the STM contrast A/ due to this interaction and Gy is presented for a series of conjugated molecular wires. At chemisorption
distances, the two-valued character of the Gy(Ah) function is discussed, indicating experimental ways to evaluate Gy as a function

of Ah for different metal-molecule interaction ranges.
© 2005 Elsevier B.V. All rights reserved.

Molecular wires have attracted large interest due to
their possible applications in nano-electronics [1,2]. A
large variety of molecular wires have been synthesized
and studied experimentally as well as theoretically to
understand the conduction mechanisms supported by
their molecular orbitals [3]. In a ‘metal-molecular
wire-metal’ device, the molecular wire introduces an
electronic coupling between the two electrodes. As a re-
sult, electrons are transferred from one electrode to the
other through the molecular wire. The low voltage con-
ductance of this device is given by [1,4]

G(Ey) = Goe 71, (1)

where L is the distance between the two electrodes. At
the Fermi level Ep y(Ep) is the tunnel inverse decay
length of the tunnel process and Gy the so-called contact
conductance of the molecular wire. y(Ef) is an intrinsic
parameter of the molecular wire depending on its
HOMO-LUMO gap and on the effective mass of the
tunneling electrons [5]. Gy characterizes how both ends
of the molecular wire are interacting electronically with
the surface of the metal electrodes. The difference (if
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any) between L and the molecular wire length is taken
into account in G.

Using a scanning tunneling microscope (STM), y can
be measured by scanning along the molecular wire [6].
We have recently proposed to evaluate the effective elec-
tronic interaction o between the end of a molecular wire
and its pad (and therefore Gy) by recording the change
in the STM contrast at the metal surface location on
the pads where the molecular wire ends [7-9].

At this location, the STM contrast change results in a
‘contact bump’ of height Ak relative to the same metal
surface without the molecule. This is due to an increase
of the tip apex end atom to surface electronic coupling
through the end part of the molecular wire contacting
the pad as illustrated in Fig. 1. Both the longitudinal
tunnel barrier from the pad to the interior of the molec-
ular wire and the vertical tunnel barrier from the tip
apex to the surface of the pad are depending on a: G
is proportional to «® for a symmetric contacting (see
Fig. 1a) and the intensity of the vertical STM current
to off with f the tip apex to molecular wire electronic
coupling. Therefore, a constant current STM scan at
the contact location open the way to evaluate o. The
Ah value was measured on a series of Lander molecules
[7-9] and on a Cu phtaolcyanine molecule manipulated
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Fig. 1. Two different set-ups for measuring the conductance of a molecular wire. (a) A planar metal-molecular wire-metal junction (set-up A). (b)
An STM set-up (C) where one end of the molecular wire is interacting with a step edge on the Cu(110). (c) Electronic transparency 7(E) spectra for
set-up A (dashed lines) and set-up C (full line) calculated for z =3.5 A. For reference, the HOMO — 1 (d) and LUMO + 1 (e) resonances are
presented for the two set-ups A (dashed lines) and C (solid lines). The considered molecular wire is made of 5 unit cells of the molecular board of the

Lander molecule series [8,9].

to interact with two gold atomic wires [2]. The corre-
spondence between G, and Al through « is very useful
for optimizing the end position of a molecular wire rel-
ative the atomic surface structure of the metal electrode
[10]. For example, o is depending on the width of the
pad and on electronic density of states at the surface
of this pad.

In this Letter, we present and discuss the relationship
between Ah and G, for a given family of conjugated
molecular wires. First, Go(Ah) is calculated and dis-
cussed for a series of molecular wires as a function of
the distance z between the molecular wire end and the
metal surface. Then, Ak is calculated as a function of z
taking into account that A/ is L independent (like Gj).
Finally, the relation between G, and the electronic inter-
action I" between the molecular wire and the metal sur-
face is discussed.

For measuring G, the ideal experimental set-up A is
presented in Fig. 1a. The molecular wire is similarly ad-

sorbed at the end of two atomically clean metallic elec-
trodes. According to (1), Gy is evaluated by performing
such a measurement on a series of molecular wires of
different lengths to separate the exponential variation
from the contact contribution [11]. In set-up C (Fig.
1b), the molecular wire is adsorbed at one end on the
edge of an atomically defined step edge of a metal sur-
face. This first metal-molecule junction JI is identical
to those of set-up A. The second junction J2 is realized
with the metallic apex of an STM tip. Experimentally,
the STM tip is scanned along the molecular wire and
over the metal-molecule junction J/ to measure Ah rel-
ative to a step edge without a molecule [6-8]. From this
measurement, Gy is evaluated with the advantage of
using only one molecule and not a series of different
lengths as in set-up A.

A typical electronic transmission coefficient spectrum
T(E) through a molecular wire is presented in Fig. 1c for
the two set-ups. The molecular wire is made of the same
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unit cells as the board of the Lander series [7,8]. T(E)
was calculated using the elastic scattering quantum
chemistry (ESQC) technique [12]. In ESQC, the scatter-
ing matrix describing the metal-molecular wire—metal
device is obtained from a semi-empirical extended Hiic-
kel mono-electronic Hamiltonian taking into account all
the valence orbitals of the molecular wire and the va-
lence atomic orbitals of each metal atom in the junction
[12]. In ESQC, the effective Hamiltonian and propagator
techniques ensure the perfect matching and self-energy
between the junction and the semi-infinite metal periodic
parts of the device in a multi-channel approach. In
agreement with our recent experiments [8,9], a
Cu(110) surface was chosen and the tip apex of the
STM was supposed to be terminated by a small copper
cluster.

The two T(E) spectra presented in Fig. 1c are almost
identical because the tip apex distance and position at
the molecular wire were chosen to compensate the asym-
metry between J/ and J2. The tip apex is positioned in the
center of the naphthalene end of the wire and the tip apex
end atom height is 3 A relative to the molecular wire.
Each spectrum consists of characteristic resonant peaks
corresponding to the m and ¢ molecular orbitals of the
molecular wire. The large HOMO-LUMO 7n—rt* gap is
clearly visible. From these spectra and using the general-
ized Landauer formula [13], the multi-channel low volt-
age G of the devices in Fig. 1 was calculated as a
function of the number of unit cells included in the molec-
ular wire and of the distance z between the end of the
molecular wire and the Cu(110) surface electrode.

According to (1) and after checking the exponential
variation of G for each z value, G, was calculated as a
function of z (Fig. 2). For set-up C, the tip apex to
molecular wire end distance is the same as in Fig. 1. In
both cases A and C, there is a large G, variation as a
function of z because the electronic interaction between
the molecular wire and the metal surface decreases expo-
nentially with the distance. There is also an apparent sat-
uration of Gy, when approaching chemisorption
distances. At these small z values, the strong molecular
orbital mixing between the molecular wire end and the
surface states favors a large Gy. But such a large interac-
tion also modifies locally the electronic structure of the
metal surface. This increases the reflection coefficient
of the metal electrons at the metal-molecule junction
compared to the periodic electronic structure on the me-
tal electrodes away from the junctions. This effect has a
large influence on Ak as discussed hereafter.

The Gyc contact conductance of set-up C is combin-
ing the z dependence of two different metal-molecule
junctions: JI at the metal step edge and J2 between
the tip apex and the other end of the molecular wire.
This device asymmetry explains the large difference be-
tween Gga and Goc. The combination of this asymmetry
in Goc originates from the fact that in a first approxima-
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Fig. 2. Variation of the contact conductance as a function of the
distance z between the molecular wire ends and different contact pads.
Goa and Gyc for set-ups A and C are indicated by dash and point-dash
curves, respectively. Gog and Gyp for set-ups B and D are indicated by
circles and stars, respectively. The superposition law (2) leads to the
solid curve. The set-ups A and C are defined in Fig. 1 and the set-up B
and D are presented at the bottom of this figure.

tion the electronic transparency of a molecular device is
proportional to the square of the electronic coupling
introduced by the molecule between the two metallic
electrodes [5]. At low coupling values, the resulting elec-
tronic coupling of two coupling in series is the renormal-
ized product of these two [14]. Therefore, when a set-up
B (see Fig. 2) has a symmetric contact arrangement
(contact conductance Gyg ) and a set-up D (see Fig. 2)
has a two tip apex symmetric contact arrangement (con-
tact conductance Gyp), the conductance Gyc of set-up C
reflecting a type B contact on one side and a type D on
the other side is given by

Goc = v GosGop. (2)

Using z to tune the electrode-molecule interaction,
we have calculated the contact conductance of set-ups
B and D as presented in Fig. 2. The superposition rule
(2) works well as compared to the standard superposi-
tion rule of adding the contact resistances 1/2Gyg and
1/2Gyp arranged in series in a circuit to get Gyc starting
from Ggg and Gyp.

The saturation effect in Gy(z) at small z is better ob-
served by calculating A/ as a function of z because at
the contact location the vertical tip apex to metal surface
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tunneling intensity through the molecular wire end is
very sensible to any local change of the metal density
of states. To obtain AA for set-up C, the ESQC program
was used in its STM version by scanning at constant
current along the molecular wire junction with the
STM tip. The STM contrast increase A/ is obtained
by comparing the two scans with and without the molec-
ular wire positioned at the step edge in set-up C. The cal-
culations were done only for a molecular wire of three
unit cells, since we have first checked that-like Gy — Ah
does not depend on the wire length. In Fig. 3, AA(z) is
presented together with an example of a calculated
STM scan along the molecular wire.

In contrary to the Gyc(z) saturation shown in Fig. 2,
the Ah(z) curve in Fig. 3 shows a distinct maximum and
decreases when approaching chemisorptions distances
below 2.6 A. This is due to the same induced chemisorp-
tion modification of the surface local density of state as
discussed above. At JI, the vertical STM tunnel barrier
is more sensible to this effect than the horizontal one. In
the calculations, we can artificially re-enforced this effect
by slightly contracting the Slater exponent of the atomic
Cu 4s orbital describing the electronic structure of the
copper atoms located directly under the end of the
molecular wire. This contraction reduces the molecular
wire—surface electronic interaction and a A/ increase re-
sults at chemisorption distances. A/ is also very sensible
to the exact position of the molecular wire end at the
edge of the electrode. A maximum A/ =93 pm is calcu-
lated for z=2.7 A in a top adsorption geometry while
for a bridge adsorption site Ah=87.5pm. At
z=35A,aAh=70 pm is calculated in agreement with
the experimental Ak of a single Lander molecule ad-
sorbed on a nanowire in a tilted configuration [8].

100

Ah (pm)

z (A)

Fig. 3. Bump height A/ variation as a function of the distance z
between the molecular wire and the step edge. The curve with circles
was calculated for a top adsorption site while the curve with stars
corresponds to a bridge adsorption site. The inset shows an example of
a calculated constant current STM scan along the x direction of a
molecular wire connected to the surface step (as is schematically
presented at the bottom of this inset) in a set-up C for z = 2.8 A.

We have also studied how the width of each reso-
nance peak in the 7(FE) spectra (Fig. 1c) is changing with
z. As an example, the peak shape of both HOMO — 1
and LUMO + 1 were calculated with the tip apex lo-
cated exactly above JI in set-up C. A standard Lorentz-
ian resonance shape is found and for example the
effective half width I' of the HOMO resonance decreases
exponentially with a z increase (Fig. 4). I" gives the elec-
tronic interaction between the metal surface and the
molecular orbitals with a large weight on the carbon
atoms located at the end of the molecular wire. At J1,
the vertical tip apex metal surface tunnel barrier through
the molecular wire end is controlled by this interaction.
At chemisorption distances, I' is small compared to the
one usually obtained with a conjugated molecule com-
pletely chemisorbed on a metal surface. In fact, only a
small part of the molecular orbitals are interacting with
the metal surface in set-up C. For comparison, I" was
also calculated as a function of z when the full molecular
wire is interacting with a flat Cu(110) surface (Fig. 4).

Combining the curves in Figs. 2 and 3 gives the con-
version curve between Ak and Gy in Fig. 5a. To plot this
curve, we have first used Eq. (2) to separate the contri-
bution of the ‘tip apex—molecular wire end’ contact from
the one between the step edge and the other end of the
molecular wire. For small Az values, Gy can be unam-
biguously determined as shown in Fig. 5a. For A/ values
larger than 70 pm, two G, values are corresponding to
the same AA. This comes from the fact that the vertical
STM tunnel current at the contact location is very sen-
sitive to the local electronic change induced by the mol-
ecule on the metal surface state. As presented in Fig. 5b,
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Fig. 4. The interaction energy I" between the molecular wire end and
the step edge in set-up C calculated as the half-width peak height of the
HOMO resonance as a function of the distance z. The solid curve is the
interaction at the step edge while the dashed curve is calculated for a
molecule fully adsorbed on the Cu(l10) surface (with the tip
positioned above the center of molecule). As one example for
z=23A in the inset the T (E) resonance (solid curve) is fitted by a
Lorentzian (dashed curve).
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Fig. 5. (a) Conversion curve between the contact bump height Ak and
the contact conductance Gy. (b) Conversion curve between Gy and I’
LUMO (solid curve) and HOMO (dashed curve). Notice that one can
also get the conversion curve between A/ and the electronic interaction
energy I'. In (a) a measured Az =70 pm can be attributed either to a
100 pS or 500 nS contact conductance (marked by dashed lines). In (b)
solid dots indicate the distance where the chemisorption is reached.

Gy is a monotonous function of I'. Therefore, an exper-
imental way to lift up the indetermination of Gy as a
function of Ak is to measure the Lorentzian width of
the HOMO and LUMO molecular orbitals by recording
a STM spectrum at the J/ contact location. A width well
below I' = 50 meV will be an indication of the physi-
sorption state of the molecular wire end at the step edge
while a larger value indicates a chemisorption state.
One can apply the Fig. 5a curve to our recent contact
experiments performed in atomically clean conditions
where the measured Ak ranges between 20 and 70 pm
[7-9]. According to the Fig. 5a curve, these values corre-
spond to a contact conductance between 107" and
10'° Siemens, respectively, if one remains on the lower
part of this curve. But the experimental Az = 70 pm va-
lue can also be attributed to a complete chemisorption
of the end of the molecular wire at the step edge. In this
case, one gets a large contact conductance in the range
of 5% 1077 Siemens. These values must be compared

to the 7.7 x 10~ Siemens contact conductance of a 1D
ballistic wire (where y = 0 in (1)) contacted to a metallic
pad as measured with a single wall carbon nanotube [15]
or to the 3.85 x 10> Siemens contact conductance of an
Au atomic metallic chain [16].

In conclusion, the change in the scanning tunneling
microscopy contrast measured at the location of a me-
tal-molecular wire junction can be used as a measure
of the metal-molecular wire-metal junction contact con-
ductance. It is not necessary to perform multiple mea-
surements of the conductance of this device for
different molecular wire lengths to get its contact con-
ductance. Our detailed study of the conversion curve be-
tween the contact bump height and the contact
conductance points out that the price to pay for this
reduction of the experimental effort is a two-valued
Go(Ah) curve at large Ak values. This indetermination
of Gy can be nicely lifted up by measuring the width
of the molecular orbital resonance at the same location
as the Ah measurements. Finally, there is a need to de-
sign very efficient contacting end groups for increasing
the contact conductance up to the micro Siemens
regime.
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