Weak forces and conductance in the formation of a contact between two molecules
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The forces between two single molecules brought into contact, and their connection with charge
transport through the molecular junction, are here studied using non contact AFM, STM, and DFT
simulations. A carbon monoxide molecule approached to an acetylene molecule (C2Hz) feels initially
weak attractive electrostatic forces, partly arising from charge reorganization in the presence of
molecular dipoles. We find that the molecular contact is chemically passive, and protects the electron
tunneling barrier from collapsing, even in the limit of repulsive forces. However, we find subtle
conductance and force variations at different contacting sites along the C2Hz molecule attributed
to a weak overlap of their respective frontier orbitals.

PACS numbers: 68.37.Ps,34.20.Gj,73.63.Rt,74.55.+v

The formation of an atomic-sized contact between two
solids is an intriguing problem in physics [1]. Basic prop-
erties of nanoscale solids and composite materials such
as adhesion, friction, or electrical conductance depend
on the nature of their contacts at the atomic level. At
proximity length scales comparable to the atomic dimen-
sions and the electronic Fermi wavelength, the onset of
electrical and a mechanical contact can be independently
defined and may occur at different atomic separations [2].
For example, electronic transport through atomic con-
tacts in metals is ballistic before the mechanical contact
(i.e. bond equilibrium position) because the strong hy-
bridization of localized atomic orbitals precedes the point
of mechanical stability [3]. Atomic-scale contacts may
also endow the system with new properties. In covalent
contacts between semiconductors or molecular radicals
the hybridization of frontier orbitals may be accompa-
nied by a strong re-distribution of charges, creating elec-
trostatic barriers [4], or reducing the conductance of the
contact [5, 6].

In contrast, the contact between (close-shell) molecules
is weak and stabilized by van der Waals interactions. It
thus has a larger bond equilibrium distance and the elec-
trical conduction decreases due to smaller wave-function
overlap [7]. The weak intermolecular forces are, however,
highly sensitive to small changes of their surrounding
electrostatic landscape and to structural rearrangements
[7]. This is a key concept behind the electronic function-
ality of soft organic materials because charge hopping and
electronic delocalization are determined by the overlap of
the molecular orbitals [8].

In this work, we study the correlation of electrical
transport and short-range forces during the formation of
a weak contact between two molecules using simultane-
ously force and current measurements in a Scanning Tun-
neling Microscope. To create a robust molecular junc-

tion we use a carbon monoxide (CO) functionalized tips.
These have shown to be stable at very short distances.
Numerous studies resolved the chemical structure of ad-
sorbed molecules with atomic and bond resolution [9-
15] at the onset of Pauli repulsion forces. As counter
electrode we used an acetylene molecule (CoHs) on a
copper substrate. We find that weak attractive forces
are enhanced by the formation of dipoles induced by
the charge reorganization due to the proximity of the
molecules. The interaction landscape is further corre-
lated with the tunneling transmission of the junction.
The two molecules behave as chemically passive spac-
ers, with low transmission tunneling channels even when
compressive forces are applied. However, contacting the
acetylene at the C=C bond leads to relatively larger elec-
trical transmission, confirming that electrical properties
of organic systems are very sensitive to details on their
structure.

We used a combined STM/nc-AFM based on a qPlus
sensor design [16] operated in frequency modulation
mode [17], at 5 K and in ultra-high vacuum [18]. We mea-
sured frequency shift Af(x,z) plots, and determined the
corresponding vertical force F,(x,z) in the pN range using
the Sader and Jarvis method [19]. To provide quantita-
tive values of forces and energies between the molecules,
we removed the Af(x,z) background due to long-range
forces between the metal tip and sample [20] (see sup-
plementary material SM [21]). For simultaneous conduc-
tance measurements G(x,z), a small bias of 80 mV was
applied [21].

Acetylene molecules were deposited on a clean Cu(111)
surface at 130 K, together with a small amount of car-
bon monoxide (CO) molecules for functionalizing the tip-
apex. On the Cu(111) surface, acetylene undergoes a
strong hybridization which converts the central sp bond
into a double bond and bends the hydrogen atoms up-
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FIG. 1: (a, b) Constant current STM images taken on CO
and CoH2 molecules in different sample positions at V=100
mV and I=0.15 nA. These images (a and b) were measured
respectively with the tip terminations schematically drawn in
(d): a sharp Cu tip (I) and a CO tip (II). The appearance
of a C2Hs with a CO tip and its adsorption geometry from
[22] are shown in (c). (e) Topography profiles taken along the
yellow lines measured on the CoHs in (a) and (b).

wards (see Fig. 1d) [22]. We transferred a CO molecule
to the apex of the STM tip as described in ref. [23].
In most cases, the CO molecule adopts a standing up

configuration on the tip apex, exposing the oxygen atom
outwards (Fig. 1d) [24].

The shape of acetylene in the STM images varies de-
pending on the termination of the tip apex. Figure 1
compares constant current STM images obtained with a
sharp copper tip (a) and with a CO-functionalized tip (b,
¢). In the first case (Fig. 1(a)) acetylene is imaged with a
characteristic dumbbell shape [25, 26]. Using a CO func-
tionalized tip the contrast of acetylene is reversed, and
appears with a three lobed structure peaked by a central
maximum, clearly visible in the line profile in Fig. 1(e).
This is due to the symmetry enhanced tunneling con-
tribution from CO p orbitals into 7* states of acetylene
[27].

Electrostatic origin of short range forces: We first ad-
dress the identification of the interaction forces between
CO and acetylene molecules in close proximity. Figure 2
shows the frequency shift (Af), and the integrated force
as a function of their separation z [21]. Both molecules
attract each other in a short distance range of ~ 2 A and
form a stable bond at z=0 A. We defined this point
(z0) as the distance where short-range forces are relaxed
(F.(20)), i.e. the energy minimum or equilibrium bond
distance. The maximum attractive force before that
point reaches -33+5 pN. The bond created between the
two species is clearly non-covalent, with binding energy
of =70+ 5 meV [21].
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FIG. 2: (a) Frequency shift (Af) and the corresponding ver-
tical force [19] measured with a CO functionalized tip at
V=0 mV as a function of the tip-sample distance (z) over
the C=C bond of a CoHs molecule (further details in [21]).
Af is corrected for the macroscopic influence of the tip as
explained in [21]. The calculated force is included as dots for
comparison. (b) Development of the induced electron den-
sity Ap = prot — psurf — prip and (c) its projection into z,
AptP = J [ Ap dxdy at three CO-acetylene distances. In
(b) we plot Ap isosurfaces at 0.0005 e/A, where blue and red
mean depletion and accumulation of electrons, respectively.
Dashed black and yellow lines in (c) show induced electron
density of non-interacting free standing acetylene-surface and
CO-tip, when an electric field 0.1 eV/ A is applied.

Repulsive (Pauli) forces build up in the junction when
approaching the tip to closer positions. In this region
a characteristic maxima in Af can be observed, which
gives rise to a small relaxation of forces at the junction
[21]. As we shall show below, such relaxation can be
attributed to the bending of the CO molecule at the tip.

To unveil the origin of the attractive molecular forces,
we performed DFT-based simulations of the interaction
between the two molecules adsorbed in their respective
environment (details are given in the supplementary in-
formation [21]). The force simulations reproduce well the
results of the AFM measurement (Fig. 2a), obtaining a
maximal attractive force of 52 pN over the center of the
CoHs molecule. The force minimum is reach at a distance
of 75 pm (50 pm in the experiment) before a relaxed bond
is formed (F,=0 point); thus it is a short range force.
This force has two main components. A fraction of it
is due to molecular London dispersion forces, amounting
to 27.5 pN. The rest is due to electrostatic forces related
to static dipoles and to the charge redistribution induced
by the proximity of the molecules.

The origin of this last attractive force component can
be tracked down by analyzing the induced charge den-
sity (Ap) due to the interaction between CO and CoHy
molecules. Figure 2b shows Ap isosurfaces at three dif-
ferent CO-CyH, separations, from the onset of attractive
forces (z=2 A) to the point of minimum energy, zp. We
observe in all the cases no trace of electron accumulation
in the CO-C3Hs gap, supporting the absence of cova-
lent character of the bond between the two molecules.
However, there is a growing charge redistribution as the
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FIG. 3: (a-b) Conductance and force maps recorded simulta-
neously along a C2Hz molecular axis while applying a bias of
V=80 mV to the sample. Similar force maps are obtained at
zero bias [21]. The plot in (b) shows the value of the conduc-
tance at zero force. G is plotted in logarithmic scale in units
of the quantum of conductance Go= 2e/h= (12906 Q)~*.
Both force and conductance are obtained after deconvolution
of the tip oscillation [19, 31]. (c) Conductance, force and en-
ergy curves taken at the C=C bond with a CO tip. A change
in conductance occurs at the energy minimum.

molecules approach, leading to increasing polarization of
opposite sign of both CO and CsHs, and explaining the
build up of attractive, short-range electrostatic forces.

The charge rearrangement in the absence of wave-
function overlap is due to the existence of a finite dipole
moment of the molecules, and their effect on the lo-
cal work-functions of tip and sample: the CO molecule
increases the copper work-function, whereas CoHy de-
creases it [21]. The result is the existence of a finite elec-
tric field Ejy. at the tunneling junction, which increases
and enhances the electrical polarization of the molecules
as they are approached. In fact, by applying an homo-
geneous electric field of £,=0.1 eV/A to either CO-tip
or CoHs sample we obtain a similar charge redistribution
as when the tip is at zg (see dashed lines in Ap plots of
Fig. 2¢). The electrostatic field Ej,. built up at the junc-
tion causes variations of the local contact potential dif-
ference with the tip-sample separation, which are crucial
for interpreting local Kelvin Probe Force Spectroscopy
measurements [4, 28, 29].

Correlation of forces with charge transport: The ab-
sence of covalent character at the CO-CyHy bond implies
that a tunneling mechanism may be required to describe
the charge transport across the junction. Therefore, the
electrical conductance is expected to be low but very sen-
sitive to small forces affecting the molecular junction. To
obtain the conductance of a relaxed CO-CoH, molecu-
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FIG. 4: (a) Development of the electrostatic (Hartree) poten-
tial felt by electrons in the gap between the tip and the acety-
lene molecule on the surface as the tip gradually approaches to
the surface. The potentials are plotted along the CO molec-
ular axis. Dashed black and red lines plot the electrostatic
potential of the free standing surface and CO-tip respectively.
The position of individual atoms of the acetylene molecule on
the surface and oxygen atom on tip at different tip-sample dis-
tances is schematically presented. All potentials are rendered
with respect to the Fermi level. (b) Spatial distribution of the
dominant eigen-channels at the Fermi energy for straight and
bent CO-configuration at the same tip-sample distance z=0

A.

lar junction, we measured simultaneously the linear con-
ductance (G) and Af as a CO-tip was approached at
different sites along an acetylene molecule. The result-
ing G(x,z) and F,(x,z) maps are shown in Fig. 3. The
G(x,z) map corroborates that the conductance over the
C=C bond of acetylene is the largest along the molecule
[27, 32]. The profile of bond equilibrium distance zq(z)
(white contour in Fig. 3b) shows a minimum at the C=C
bond, reflecting that at the center forces have a shorter
range (and are more attractive than over the H atoms
[21]) probably due to the H atoms bending upwards. In
the inset of Fig. 3b we plot the conductance values at
the zo(z) positions. The conductance of a CO molecule
bonding to the C=C site of acetylene turns out to be a
factor of two larger than when contacting the hydrogen
atoms.

The measured tunneling conductance at the F,(z9)=0
turning point amounts to ~1073Gq (Go = €?/7h) (Fig.
3b and 3c). This low value confirms the persistence of
a tunneling barrier at this contact point. In Fig. 4a,
we show the Hartree potential (the electrostatic poten-
tial felt by electrons) calculated in the gap between the
CO at the tip and the CoHs molecule. The tunneling
barrier does not collapse during the approach, and re-
mains substantially above the Fermi level even when the



force turning point z is reached and forces become re-
pulsive. The calculated conductance is in all the process
far below one quantum of conductance. This behavior is
thus a characteristic of the non-covalent character of the
bond, and contrasts with the case of metallic atomic con-
tacts, where the tunneling barrier was found to collapse
in contact [3] and the transport becomes ballistic.

Bending of the CO molecule: Compressing the molec-
ular junction into the repulsive regime leads to a change
of slope in the G(z) plot (Fig. 3c) which resembles the
transition to ballistic transport of metallic and molecu-
lar point contacts [33, 34]. However, we note that this
flattening coincides with an inflection also visible in the
short-range F-z force curve, and responsible of the char-
acteristic peak observed in the Af plots of Fig. 2a and
n [21]. Thus, the flattening of the G(z) plot is a conse-
quence of a mechanical rearrangement of the junction to
relax repulsive forces [7]. The most probable change is
the bending of the tip apex. It has been shown that a CO
molecule on the apex can be easily tilted away from its
original direction in response to lateral attractive forces
[35, 36]. In our case, sufficiently large repulsive forces in
the junction (up to 50 pN, as seen in Fig. 2 and [21]) in-
duce the lateral bending of the CO molecule [37] when ap-
proaching potential saddle points such as the C=C bond.
In this way, the CO molecule amplifies the response of
the AFM to a potential landscape. This mechanism has
been identified as responsible for intra-, and intermolecu-
lar bond contrast in constant height AFM images [38—41]

The bending of the CO molecule affects the electron
tunneling in two ways: First, it avoids the collapse of the
tunneling barrier as the tip approaches. Second, it re-
duces the symmetry of the junction. To evaluate the im-
pact of a reduced symmetry on tunneling, we calculated
the transmission function of the different channels using
non-equilibrium Green’s function formalism implemented
in the Smeagol code [42] together with the Fireball code
[43]. Interestingly, the bending of the CO molecule over
the C=C nodal plane leads to a swap of the leading trans-
mission channels. For a straight CO tip we find that the
eigenchannel with p,-character is responsible for the ma-
jority of conductance (z direction along the CoHsy axis),
in agreement with [27]. The bending of the CO tip re-
duces drastically the transmission through this channel,
while another channel with prevailing p, orbital charac-
ter dominates the tunneling. For a straight CO molecule
this channel was not active in the charge transport be-
cause its nodal plane lies along the CoHs axis. When the
symmetry is reduced, one of its lobes couples with the
CyH, orbitals (Fig. 4c), allowing the flow of charge (see
section S3 in SM [21]). The consequence of the tip bend-
ing is thus a change of symmetry of the main tunneling
channel, which should lead to a change in conductance
contrast for short distances.

In summary, the short range interactions between a
small hydrocarbon such as acetylene and a CO molecule

at the tip of an AFM show a weak attractive compo-
nent originating from their intrinsic dipole moment and
from the charge redistribution upon chemisorption. The
electrical polarization of the molecules rises as they are
brought into contact, leading to a gradual increase in the
contact potential difference. However, the two molecules
are chemically passive, and no chemical bond was formed
even when they enter in a regime of repulsive forces. The
lack of chemical activity protects the tunneling barrier
from collapsing and allows to perform stable force and
conductance mapping in the regime of repulsive forces.
We found that repulsive forces cause the bending of the
CO molecule and the decrease of the stiffness of the junc-
tion.
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