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Abstract
Experiments using the tip of a scanning tunnelling microscope to contact atoms and molecules
adsorbed on surfaces are reviewed. Conductance quantization upon forming or breaking a
contact between the tip and surfaces as well as between the tip and specifically chosen atoms
and molecular orbitals is addressed. Imaging the contact area prior to and after contact
measurements allows one to monitor the status of the contacted object as well as that of the
contacting electrodes. Spectroscopy with the tip in contact with individual atoms or molecules
reveals the reproducibility of and control over such experiments today.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

1.1. Motivation

From quantum mechanics we know that properties of materials
at the atomic scale differ from those of their macroscopic
counterparts. In this article we focus on the electrical
conductance. Currently, many experimental and theoretical
investigations are devoted to achieving an understanding
of how electrons are transported through atoms, atomic
wires, and molecules. The reasons for this increased
interest may be found in the ongoing miniaturization in the
microelectronic industry. Although we are far from replacing
silicon technology by so-called molecular electronics, it is
important to unravel the quantum properties of conductors with
nanometre dimensions and to discover new challenges which
must be faced upon reducing the size.

Closely related to electron transport is the charge transfer
and concomitant energy dissipation in atomic-sized contacts.
These microscopic processes are considered to be at the origin
of friction, adhesion, and wear at the macroscopic scale.

These two examples which undoubtedly have an impact
on our everyday life may serve as a motivation for
the experimental and theoretical investigations of electrical
conductors with atomic dimensions.
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1.2. Historical development

This review article will mainly address ballistic electron
transport through constrictions with atomic dimensions.
Therefore, we find that it is useful to characterize this
conductance regime. While for macroscopic systems Ohm’s
law is applicable, for atomic-sized conductors such simple
approaches are no longer valid. Atomic-sized conductors
are a limiting case of mesoscopic systems whose transport
properties are influenced by quantum coherence. A measure of
the preservation of quantum coherence is the phase coherence
length, L�, which for a mesoscopic conductor is larger than its
length L. We can further compare the length of the conductor
and the elastic mean free path (�) of the electrons. If � � L
then the conductance is referred to as diffusive: starting from
one electrode the momentum of the electrons changes a lot of
times along its trajectory to the other electrode. For � > L
the electron momentum is constant and the electron motion is
limited only by scattering at the boundary of the conductor.
This conductance regime is referred to as ballistic.

Conductance of a point contact in the diffusive regime was
studied theoretically as early as 1873 by Maxwell [1]. By
solving Laplace’s equation for an orifice with radius R and
resistivity � Maxwell found a conductance of G = 2R/�.
This is a classical result reflecting Ohm’s law. The situation
changes when the ballistic regime of transport is considered. A
large potential gradient near the contact causes the electrons to
accelerate within short distances. In a semiclassical approach
the conductance was given by Sharvin in 1965 according
to G = e2 k2

F R2/(2 h) with kF the Fermi wavevector, −e
the electron charge, and h Planck’s constant [2]. The
conductance of a so-called quantum point contact, i.e., a
contact whose width is comparable to the Fermi wavelength
λF, was calculated by Landauer in 1957 [3]:

G = G0

n∑

i, j=1

|τi j |2, (1)

where G0 = 2 e2/h is the quantum of conductance and
the |τi j |2 specify the transmission probability of an electron
incident on the contact mode i and transmitted into mode
j . Büttiker [4] has pointed out that it is possible to define
another set of modes which are referred to as eigenchannels
and which do not mix in the scattering region of the quantum
point contact. As a consequence, in equation (1) we set
|τi j |2 = Tiδi j with Ti the transmission probability of the i th
eigenchannel. A recipe for the transformation of an arbitrary
set of channels to eigenchannels has been given by Brandbyge
and Jacobsen [5]. If the cross-section of the quantum point
contact varies slowly along the constriction the transmission
probability Ti will be either 1 or 0 [6–9]. Neglecting further
the smearing due to finite temperatures as well as any effects
caused by internal disorder and inelastic impurity scattering
then the sum of transmission probabilities will attain integer
values. In this case the conductance will be quantized in units
of G0.

Below we illustrate the quantization of the conductance
in a quantum point contact in a simplified picture [10].
Figure 1 shows the conductance quantization as a consequence

Figure 1. Illustration of conductance quantization in an atomic-sized
conductor between two electrodes (tip and sample). The electron
motion is confined by hard walls at the boundary of the constriction
while the potential along the conductor (z direction) is assumed to be
flat. The first three eigenmodes are illustrated as standing waves with
one, two, three antinodes giving rise to one, two, three conductance
channels each contributing a quantum of conductance G0.

of quantized transverse electron momentum in the contact
constriction. Two electrodes which in this case are the
tip of a scanning tunnelling microscope (left) and a sample
surface (right) are in contact via a constriction provided by
a single atom, a cluster of several atoms, or an individual
molecule. Assuming that the potential is flat along the
conductor (z direction in figure 1) and confines the electron
motion in transverse directions (x and y in figure 1), then the
electron energy may be written as

E = Ei + h̄2 k2

2me
, (2)

where Ei denotes the transverse mode energy, k the wavevector
along z, and me the free electron mass. Coupling this conductor
to two reservoirs with potential difference V gives rise to a net
current of [11]

Ii = e2 V �i (EF) vi (EF) (3)

in the i th channel provided that Ei < EF. The density of states
(�i ) as well as the group velocity (vi ) are evaluated at the Fermi
energy (EF) since only electrons in a narrow region around this
energy contribute to the current. Every mode i accommodates
a one-dimensional electron gas with �i = 2/(h vi ) leading to a
total conductance of

G = 1

V

∑

i

Ii = G0

∑

i

�(EF − Ei ) = G0 n (4)

with n the number of open transverse modes or conductance
channels and � the Heaviside step function. In this
simple picture, changing the energy of ballistically transferred
electrons gives rise to standing waves with n antinodes. Each
antinode leads to an additional conductance of G0. This
simplified picture of conductance quantization is in agreement
with the above mentioned special case of the multichannel
Landauer expression [3, 4, 12–14].

The quantization of conductance was first shown
experimentally, in GaAs–AlGaAs heterostructures, by two
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groups [15, 16]. In these experiments the width of the
point contact was controlled by an applied gate voltage.
Upon varying the width of the point contact van Wees
et al [15] and Wharam et al [16] observed a change of the
conductance in steps of G0 with intermediate conductance
plateaus. Interestingly, Montie et al [17] observed the optical
analogue of quantized conductance of a point contact. By
two-dimensional diffuse illumination of a slit they found a
stepwise increase of the transmission cross-section whenever
the slit width passed through integer multiples of half of the
light wavelength. The diffuse illumination corresponds to the
isotropic velocity distribution of incoherent electron waves
incident on the point contact.

The first report of a metallic contact of atomic dimension
fabricated with the tip of a scanning tunnelling microscope was
given by Gimzewski and Möller [18]. Moving an iridium tip
towards a thick silver layer adsorbed on Si(111) the authors
of [18] observed a sharp transition from tunnelling to contact.
Relating the resistance of the tip–surface junction to the
Sharvin resistance [2, 19] Gimzewski and Möller concluded
that the contact radius was ≈1.5 Å and thus corresponded to
the electrical resistance of one or two atoms in close contact.
Garcı́a and Escapa then suggested using a scanning tunnelling
microscope to observe oscillatory conductance caused by the
confinement of electrons [20]. Experimental data obtained by
Pascual and co-workers [21] were interpreted along these lines.

With the development of the mechanically controlled
break junction technique [22, 23] conductance steps for
niobium and platinum electrodes were reported in 1992 [24].
Striving for an objective data analysis, statistical analysis
on a wealth of conductance curves must be performed.
Typically, results are presented in the form of histograms [25].
Interestingly, jumps in the integer conductance plateaus
were observed and thus distracted from a picture of
simply quantized conductance. In fact, these observations
inflamed a debate about the origin of conductance steps
(see, for instance, [26–28]). A scenario based on
mechanical instabilities through which the contact area evolves
discontinuously upon breaking or forming the contact could
explain conductance steps of the order of G0 even for imperfect
conductors [29, 30]. However, this scenario could not account
for the pronounced peaks in the conductance histograms at
integer multiples of the quantum of conductance. Combination
of atomic force microscopy and STM [31, 32] led to the picture
of conductance through atomic-sized conductors that we have
today: integer values of G0 indicate quantized conductance due
to laterally confined quantum modes in the conductor while a
jump between the different values is caused by abrupt atomic
rearrangements. An extensive review article on quantum
properties of atomic-sized conductors as measured mainly
by the mechanically controlled break junction technique was
given by Agraı̈t et al [33]. The reader who is interested
in experimental aspects of this technique and in a thorough
overview of experimental results and theoretical models is
referred to this article.

We notice that table-top experiments performed under am-
bient conditions likewise revealed conductance quantization.
For instance, quantum point contacts were formed by placing

two macroscopic metallic wires close to each other and induc-
ing vibrations in the wires by tapping the table top on which the
experiment was set up. The wires moved in and out of contact
and just before the loss of the contact quantized conductance
was observed [34]. A slightly different experimental set-up
based on the same idea consisted of hanging a pin very close to
a gold plated wafer. Small vibrations cause the pin to go in and
out of contact [35]. Hansen and co-workers [36] showed that
quantized conductance could also be observed in the breaking
contact of commercial electromechanical relays. In a fully au-
tomated set-up point contacts were formed and broken several
thousand times and the conductance was measured.

A variety of experiments using the tip of a scanning
tunnelling microscope to study the conductance of atomic-
sized contacts were performed [21, 26, 37, 38]. The main
characteristics of these experiments consisted in moving the
tip towards the surface, forming and stretching the contact
and simultaneously recording the current at a fixed junction
voltage. A step forward to more control of the contact junction
was provided by the combination of scanning tunnelling
microscopes with transmission electron microscopes whose
focal point was set at the tip apex. With this technique Ohnishi
et al [39] were able to relate the quantized conductance through
a gold chain directly to the number of gold atoms in the contact.
Erts et al [40] used a similar approach to study the conductance
of gold point contacts as a function of the contact radius. Thus,
a direct comparison of the diffusive and ballistic transport
regimes was performed and the predictions by Maxwell [1] and
Sharvin [2] were verified.

Recent scanning tunnelling microscopy (STM) experi-
ments [41–50] make use of the imaging capability of the in-
strument with atomic resolution. Contacts to flat surfaces, ad-
sorbed atoms or molecules can therefore be performed con-
trollably and reproducibly without deterioration of either the
tip or the sample status. These experiments thus allow one to
characterize the electrodes (tip and substrate surface) and the
contact constriction (atom or molecule) prior to and after the
contact experiment. Therefore, specific atoms or molecular or-
bitals can be addressed and conductances measured. Because
of the detailed characterization of the contact the results of the
experiments may serve as precise input for model calculations.

1.3. Organization of the review

In section 2 we expose the experimental set-up. Section 3
describes contacts to flat surfaces (3.1) and to individual
adsorbed atoms (adatoms) on surfaces (3.2). Spectroscopy of
the differential conductance in contact with a single magnetic
atom and the evolution of the Kondo effect from tunnelling
to contact is demonstrated (3.3). The contact to adsorbed
molecules is the issue of section 4. In this section we discuss
conductance curves and their difference with respect to the
adatom case (4.1). The dependence of the contact conductance
on the molecule orientation, and spectroscopy in contact
showing the evolution of molecular orbitals upon contact
are addressed (4.2). We close the section about contact to
molecules by demonstrating that controlled mechanical contact
may induce a reversible change of the molecular orientation
(4.3). Section 5 gives a summary and an outlook.
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2. Experiment

Measurements presented in this article were performed using
a custom-made scanning tunnelling microscope operated at
8 K and in ultrahigh vacuum with a base pressure of 10−9 Pa.
Sample surfaces and chemically etched tips were cleaned by
argon ion bombardment and annealing. In vacuo, the tip
was gently indented into the substrate until single adatoms
appeared with nearly circular shape in constant-current STM
images. As a consequence of this tip preparation we expect the
tip apex to be covered with substrate material. Single atoms
originating from substrate material were deposited onto the
surface by controlled tip–surface contacts as reported in [41]
and reviewed in section 3.1. Deposition of cobalt atoms
was performed using an electron beam evaporator while C60

molecules were sublimed from a heated tantalum crucible.
Conductance curves were acquired so as to cover tunnelling
to contact regimes. To this end the tip was displaced by 5–
6 Å towards the surface and simultaneously the current ranging
from the order of 1 nA to the order of 10 μA was recorded.
A linear voltage ramp was applied to the piezo tube carrying
the tip leading to advancing and receding velocities of 30–
50 Å s−1. Zero displacement is defined for a given pair of
current and voltage at which the feedback loop is opened prior
to conductance measurement. The differential conductance
(dI/dV ) was measured by superimposing a sinusoidal voltage
onto the sample voltage (root mean square amplitude between
1 and 5 mV, frequency of 10 kHz) and by detecting the
current response with a lock-in amplifier. The junction current
is converted to a voltage by a variable gain transimpedance
amplifier. Different gains of the amplifier had to be set
to measure the current which varied over four orders of
magnitude. The input impedances of the amplifier for different
gain settings give rise to a voltage drop of less than 0.005% of
the applied voltage. Therefore conductances were calculated
according to G = I/V with I the current and V the applied
voltage. To further rule out possible systematic errors in
presented conductance curves we ensured that (i) the relative
gain error of the transimpedance amplifier is less than 1% for
each applied gain and (ii) the integral nonlinearity for each gain
is less than 0.01%.

3. Contact to surfaces and adsorbed atoms

3.1. Surfaces

A decrease of the tip–surface distance is related to, for instance,
a Stark shift of the binding energy of Shockley-type surface
states on noble metal (111) surfaces [51, 52]. For a certain
displacement interval the binding energy shifts almost linearly
to higher values. Then an accelerated shift sets in which cannot
be explained by a junction with constant tip–surface geometry.
Rather, due to structural relaxations of the tip as well as of
the surface, the distance between tip and surface decreases
faster than the tip displacement decreases [51, 52]. Increasing
the current further typically leads to a controlled contact
between the tip and the surface via a single tip apex atom.
This scenario can be monitored by a conductance-versus-
displacement curve as shown in figure 2. The conductance

Figure 2. Top: conductance-versus-displacement curve acquired on
a clean Cu(111) surface at 8 K. Zero displacement corresponds to a
tunnelling gap set by feedback loop parameters of 0.1 nA and 0.4 V
prior to data acquisition. The conductance is plotted in units of the
quantum of conductance on a logarithmic scale. Three regimes are
discernible: tunnelling (I), transition (II), and contact (III). Inset:
close-up view of transition from tunnelling to contact including the
graphical definition of contact conductance (Gc) and displacement
(	zc). Bottom: illustration of contact formation between tip and flat
surface. In the transition regime (II) adhesive forces between the tip
and surface lead to relaxations of the tip and surface crystal structure.
The tip–surface distance changes not according to the tip
displacement 	z. The contact regime (III) reflects ballistic electron
transport through a single atom.

curve is divided into three parts (denoted as I, II, III in
figure 2).

In part I the conductance curve appears as a straight line
on a logarithmic scale, i.e., the current varies exponentially
with the displacement which is characteristic for a tunnelling
current. Therefore, part I of the conductance curve is referred
to as the tunnelling regime. According to a one-dimensional
description of the tunnelling barrier [53] the apparent barrier
height may be extracted from

� [eV] = 0.952

(
d ln I

d	z [Å]
)2

(5)

where 	z denotes the tip displacement (see also the sketch
in figure 2). We refer the reader to table 1 which contains
a collection of apparent barrier heights obtained for clean
surfaces and for single adatoms according to equation (5).
Comparing the apparent barrier heights for the clean surfaces
with work functions (see third column of table 1) we find
reasonable agreement. However, a deviation of the apparent
barrier height on the individual adatom by several tenths of an
eV with respect to the corresponding surface is observed. This
deviation may be related to the dipole moment of the adatom
which is induced by charge transfer upon adsorption.
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Table 1. Apparent barrier height (�), work function (W ), and
contact conductance (Gc) for various surfaces and adatoms. Error
margins for contact conductances correspond to standard deviations
obtained by a statistical analysis. Work functions for clean surfaces
were taken from [54].

� (eV) W (eV) Gc (G0) Reference

Ag(111) 4.0 4.74 1.5 ± 0.6 Limot et al [41]
Au(111) 4.0 5.31 1.0 ± 0.4 Kröger et al [44]
Cu(111) 4.7 4.94 1.1 ± 0.3 Limot et al [41]
Ag(111)–Ag 4.6 0.93 ± 0.05 Limot et al [41]
Au(111)–Au 5.0 0.9 Kröger et al [44]
Cu(111)–Cu 5.3 0.98 ± 0.06 Limot et al [41]
Cu(111)–Co 4.2 1.0 Néel et al [55]
Cu(100)–Co 3.0 1.0 Néel et al [42]

Part II of the conductance curve signals an abrupt change
of the exponential behaviour. With the time resolution of
data acquisition (≈0.1 ms) a discontinuous jump of the
conductance is observed (see the inset of figure 2). This
part of the conductance-versus-displacement characteristics
is referred to as the transition regime since it shows the
transition from tunnelling to contact. The conductance right
after the jump may be defined as the contact conductance
Gc and is, for the particular case of Cu(111) presented
in figure 2, given by Gc ≈ 0.8 G0 (see table 1 for a
comparison of further contact conductances). We notice,
however, that in [41] the contact conductance was defined
by the intersection of a linear extrapolation of the tunnelling
conductance with the conductance curve in the contact regime.
Consequently, contact conductance values taken from [41] are
larger than those obtained by the present definition. The
tip–surface contact formation exhibited a random character
with respect to the contact displacement as well as to the
contact conductance (see also the error margins for Gc in
table 1). This behaviour can be understood in the light of
recent simulations [56]. The jump to contact depends on where
the approach is performed on the surface. Regardless of its
chemical nature, when the tip is positioned on top of a surface
atom the jump should be detected ≈0.5 Å earlier compared
to a threefold hollow position case while all other positions
lead to a jump to contact within this range. Since surface
atoms of compact (111) surfaces are not usually resolved
the conductance measurements were performed at random
locations of the surface and the jumps occur randomly within
a finite displacement interval of the tip around 0.5 Å which
is in agreement with the above simulation. Therefore contact
conductances obtained for flat surfaces usually exhibit larger
standard deviations (≈0.5 G0 [41]) than those obtained for
single adatoms (≈0.05 G0 [41]).

In the contact regime (part III) the conductance of
the tip–surface junction varies slowly with tip displacement.
Retracting the tip after this discontinuous jump and imaging
the contacted surface area in ≈70–80% of the cases a
single adatom was found. This observation together with
simulations [41] put forward a scenario where tip and surface
are connected via a single atom during contact.

Why is a jump to contact observed? The jump occurs
when chemical bonds between the surface and the tip apex

start to weaken the adhesion of the atom to the tip structure.
In this case and over a relatively small distance variation of
less than 0.1 Å the atom will be transferred from the tip to the
surface. We notice in this context that from continuum models
and atomistic simulations an attractive force between two
clean metal surfaces was predicted which leads to an intrinsic
instability at a distance of 1–3 Å and causes the surfaces to
snap together on a timescale of the order of 100 fs [57, 58].

In all cases we observed a contact conductance close to
G0 which together with the observation of a single adatom
after contact is evidence for a single-atom contact. Monovalent
atoms like Ag, Au, and Cu are expected to provide a
single channel for electron transport [59]. In particular, the
transmission probability for a single-Au-atom contact was
calculated to give ≈1 for the spz orbital which exhibits the
highest density of states at the Fermi level [60].

3.2. Adatoms

The controlled contact to individual adsorbed atoms using the
tip of a scanning tunnelling microscope was first investigated
by Yazdani et al [61]. The conductance of individual xenon
atoms adsorbed on a nickel surface was studied using a bare
tungsten tip and a tip terminated by a xenon atom. Contact
conductances of ≈0.2 G0 and of ≈0.001 G0 were reported for
the single xenon atom and the two-atom chain, respectively.
In particular, no jump to contact was observed. In [10]
contact experiments were reported for single Mn and Gd atoms
adsorbed on a Cu(100) surface. A clean Au tip was used
to contact these atoms giving rise to contact conductances
of (0.87 ± 0.07) G0 and (0.52 ± 0.10) G0 for Mn and Gd
atoms, respectively. A contact junction consisting of two
Mn atoms bridging the gold tip and the copper surface was
fabricated by contacting an adsorbed Mn atom with a Mn-
terminated Au tip. The resulting contact conductance was
(0.95 ± 0.04) G0 [10]. All conductance-versus-displacement
curves exhibited a smooth transition from tunnelling to contact
rather than a jump to contact.

Contact to metallic adatoms using the tip of a scanning
tunnelling microscope was then reported by Limot et al
[41], Néel et al [42, 45], and Kröger et al [44]. In
accordance with contact experiments reported by Yazdani
et al [61] and Bürgi [10] no discontinuous transition from
tunnelling to contact was observed. Rather, for the adatoms
investigated, i.e., Ag on Ag(111) and Cu on Cu(111) [41], Co
on Cu(100) [42, 45], and Au on Au(111) [44], a continuous
transition takes place. Additionally, in contrast to the tip–
surface contact case, no material is transferred to the surface.
Moreover, the tip–adatom contact does not exhibit the random
character as observed for the tip–surface contact (see also
the significantly lower standard deviation of Gc in table 1).
In figure 3 we present a conductance curve for Cu(111)–
Cu. Similar to the tip–surface junction case three regions
of the conductance characteristics are discernible. In the
tunnelling regime the current varies exponentially with the
displacement giving rise to an apparent barrier height which
is larger by a few tenths of an eV than that observed for the
clean surface. As a marked difference the transition between
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Figure 3. Conductance–displacement characteristics of a single
adsorbed Cu atom on a Cu(111) surface acquired at 8 K. Zero
displacement corresponds to a tunnelling gap set by feedback loop
parameters of 0.1 nA and 0.4 V prior to data acquisition. Lower
inset: close-up view of the transition between the tunnelling and
contact regime. Upper inset: illustration of the tip–adatom contact.

tunnelling and contact is now continuous at the time resolution
of data acquisition (see the inset of figure 3). The reason for
this difference is the larger stiffness of the adatom bond to
the surface. An increase of the elastic constants by ≈100%
compared to those for flat surfaces was found [41, 62]. This
indicates that the redistribution of surface charge due to the
Smoluchowski effect creates a surface dipole which enhances
the bonding of the adatom. The dipole moment of the adatom is
in agreement with the increased barrier height inferred from the
slope of the conductance curve. It was shown in [41] that the
tip–adatom interaction remains well below the threshold value
necessary for the jump to contact observed on flat surfaces.

Noble metal atoms are monovalent and are thus expected
to exhibit a single conductance channel. If the transmission
probability equals 1 then the contact conductance should be
exactly 1 G0. There are possible reasons why the ideal contact
conductance of a monovalent atom is not observed in the
experiment. Equation (1) gives the contact conductance as
a sum over conductance channels which exhibit a certain
transmission probability. In the case of a monovalent atom
equation (1) simply reads G = τ G0. A deviation of
the conductance from 1 G0 may therefore be related to a
deviation of the transmission probability τ from 1. In fact,
the transmission probability for a given atomic conductance
channel depends on the connection of the atom to neighbouring
atoms in the metallic leads. Only in the absence of defects
in the leads close to the central atom and in the absence of
excitations of other degrees of freedom would we measure a
transmission probability of 1. Any partial reflection of the
electron wave as a result of, for instance, the mismatch of the
waves on either side of the constriction may alter the current
and thus the conductance. Therefore, scattering centres near
the contact give rise to a number of corrections, the most
obvious of which is a reduction of the total conductance.

The conductance of a single Co atom adsorbed on Cu(100)
was determined to be 1.03 G0 [42]. According to [59],
transition metals give rise to five conductance channels.

Thus, completely open channels would lead to a contact
conductance of 5 G0, rather than ≈1 G0 as observed for the
Co atom. Assuming that all channels contribute equally to
the total conductance each conduction channel would exhibit
a transmission probability of ≈0.2. Using the mechanically
controlled break junction technique [59, 63] Nb atomic
contacts were investigated yielding conductances between 1.5
and 2.5 G0. Here five conduction channels with transmission
probabilities ranging from ≈0.02 to ≈0.73 were reported.

3.3. Spectroscopy in contact

We adhere to the study of magnetic adatoms on metal
surfaces and in contact with a STM tip and show that contact
modifies the spectroscopic signature of the Kondo effect. The
preceding part showed that controlled and reproducible contact
to individual adsorbed atoms on surfaces is feasible with the
tip of a scanning tunnelling microscope. In a next step the
obvious question of whether the contact junction is stable
enough to enable spectroscopy was addressed [42]. To this end
spectroscopy was performed on magnetic atoms which owing
to the Kondo effect exhibit a characteristic resonance close to
the Fermi level in tunnelling spectra of dI/dV [64, 65].

Figure 4(a) shows the conductance–displacement charac-
teristics of a single Co adatom on Cu(100) [42, 45]. The ar-
rows indicate the conductances at which the feedback loop was
opened for the measurement of dI/dV . Spectra in the tun-
nelling (A) as well as in the contact (B) regime are displayed
in figure 4(b). Around zero sample voltage we find the spec-
troscopic signature of the Kondo effect [64–67]. A modified
resonance is likewise observed in the contact regime (see spec-
trum B in figure 4(b)). However, an apparent broadening of
the line shape is obvious. To quantify this broadening a variety
of spectra acquired in the tunnelling as well as in the contact
regime were described by a Fano line shape according to

dI

dV
∝ (q + ε)2

1 + ε2
(6)

with ε = (eV − εK)/(kBTK) (εK: resonance energy, kB:
Boltzmann’s constant) and q the asymmetry parameter of the
Fano theory [68]. The additional width of the resonance
is then reflected by an increased Kondo temperature. We
notice that extracted values of TK depend to some extent on
the voltage interval chosen for the fit. Figure 5 compares
experimentally determined (triangles) and calculated (circles)
Kondo temperatures as a function of the tip displacement. An
abrupt change of TK at a displacement of 	z ≈ −4.1 Å is
observed in both data sets. For displacements 	z > −4.1 Å
experimental as well as theoretical Kondo temperatures vary
between 70 and 100 K. In the contact regime (	z < −4.1 Å)
experimental Kondo temperatures vary between 140 and 160 K
while theoretical results scatter within 200 and 290 K. The
abrupt broadening of the Fano resonance upon contact was
therefore interpreted as reflecting a sudden increase of TK [42].

On the basis of density functional theory and on the
concept of an Anderson impurity [69, 70] the change of TK

was traced back to a shift of the Co d band towards the Fermi
level [42]. Additionally, a broadening of the band due to
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Figure 4. (a) Conductance–displacement characteristics of a single adsorbed Co atom on a Cu(100) surface acquired at 8 K. Zero
displacement corresponds to feedback loop parameters of 1 nA and 0.06 V. (b) Spectra of differential conductance (dI/dV ) recorded in the
tunnelling (A) and the contact (B) regime indicated in (a). The spectra show a Fano resonance at the Fermi energy (V = 0 V) induced by the
Kondo effect.
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line at ≈−4.1 Å indicates the transition from tunnelling
(	z > −4.1 Å) to contact (	z < −4.1 Å).

an increased coordination number of the magnetic impurity
was inferred. Figure 6 illustrates the main theoretical results.
Here, the spin-polarized density of d states at the position of
the Co adatom is shown. During a tip approach the main
changes occur in the spin-up band of cobalt. The closer
proximity of the tip induces a shift of the band towards the
Fermi level and a broadening of individual peaks. A similar
scenario was found in [71]. Since the width of the d level is a
measure for the hybridization with conduction electrons of the
Cu substrate and the tip, it is plausible that the width increases
with decreasing tip–adatom distance. Deviations of calculated
Kondo temperatures from experimentally determined values in
the contact regime may be due to the simple model applied. In
particular, the Fano line shape might be no longer appropriate
for the contact regime and improved models may have to be
involved to extract a more precise Kondo temperature from
experimental data. However, it must be emphasized that
absolute values of TK in the tunnelling regime as well as the
significant change of TK at the transition from tunnelling to
contact are well accounted for in the simulations.
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Figure 6. Density of states (DOS) depending on the tip
displacement. Spin-up (↑) and spin-down (↓) DOS are plotted as
positive and negative values, respectively. The d ↑ band is shifted
toward the Fermi energy with decreasing displacement.

4. Contact to single adsorbed molecules

4.1. Conductance and local heating of a C60 molecule

To the best of our knowledge the first STM experiment
addressing a tip–molecule contact was reported by Joachim
et al [72] for C60 adsorbed on Au(110). In this pioneering
work Joachim et al studied the conductance of the tip–
molecule junction as a function of the tip displacement at
room temperature. Below we review the results of more recent
experiments [43, 45, 46, 49, 50] addressing the controlled
contact to a C60 molecule on Cu(100) at low temperatures.

Figure 7(a) shows an STM image of Cu(100)–C60 in a
submonolayer coverage regime. The bright and dim rows
correspond to chains of C60 molecules along the indicated
crystallographic directions. Combining STM and x-ray
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Figure 7. (a) STM image of a C60 island adsorbed on Cu(100) (V = 1.5 V, I = 1 nA, 400 Å × 400 Å, T = 8 K). Molecule chains appear as
bright and dim rows due to adsorption-induced surface missing-row reconstruction. (b) Close-up view of (a) showing individual C60

molecules with intramolecular structure (130 Å × 75 Å). (c) Molecule orientations 1–5 indicated in (b) by dashed circles on missing-row
reconstructed Cu(100). Bright (dark) circles correspond to topmost (second) Cu layers. Molecules with orientations 1, 2, 5 reside on a single
missing row while molecules with orientations 3, 4 are adsorbed in a double missing row.

photoelectron diffraction data Abel et al [73] concluded that
these stripe patterns were due to a C60-induced missing-row
reconstruction of the underlying substrate surface. The close-
up view in figure 7(b) displays individual C60 molecules
within the bright and dim stripes with submolecular resolution.
We attribute this pattern exposed to vacuum to the spatial
distribution of the local density of states of the second-to-
lowest unoccupied molecular orbital (LUMO+1) in agreement
with [74, 75]. Figure 7(c) identifies the adsorption geometry
of C60 molecules encircled by dashed lines in figure 7(b).
Molecules 1, 2, and 5 adsorb on a single missing row of the
Cu(100) surface while molecules 3 and 4 reside in a double
missing row. The orientations of the molecules differ, i.e.,
molecule 1 exhibits a carbon–carbon bond between a pentagon
and a hexagon at the top, molecule 2 shows a carbon–carbon
bond between two adjacent carbon hexagons, molecules 3 and
4 expose a pentagon and a hexagon at the top, respectively,
while molecules with orientation 5 exhibit a carbon atom at
the top. In this part we focus the discussion on molecules of
type 1.

How does the conductance of an individual molecule
change with decreasing distance between the tip and the
molecule? Figure 8 shows the conductance–displacement
characteristics of molecules with orientation 1. The
conductance curve for the single molecule bears a resemblance
to the conductance curve of a single adatom. In particular, a
continuous transition between tunnelling and contact is again
observed. A marked difference, however, concerns the contact
conductance which is only ≈0.25 G0. Figure 8 contains
calculated data depicted as squares. A detailed description of
the applied model can be found in [43]. The most intriguing
observation is that theory is able to model the sharp increase
of the conductance as well as a contact conductance below G0.
The rapid rise of the conductance in the displacement interval
between ≈−1.6 Å and ≈−2.0 Å can be understood from the
relaxed tip–molecule geometries which the model calculations
are based on. As the electrode separation is reduced by only
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Figure 8. Conductance-versus-displacement curve for a C60

molecule adsorbed on Cu(100) with orientation 1. Owing to the high
number of data points, experimental data appear as a line. Calculated
data are depicted as squares. Zero displacement corresponds to a
tip–molecule distance defined by feedback loop parameters of 3 nA
and 0.3 V.

0.05 Å the tip–molecule distance decreases by 0.84 Å. This
strong reduction of the tip–molecule distance corresponds to
the formation of a bond between the tip apex and the C60 which
hence effectively closes the tunnelling gap.

In this transition regime, between tunnelling and contact,
only small energy differences discriminate between the
configurations with and without the tip–molecule bonds [42].
At finite voltages and under nonequilibrium conditions
imposed by the bias voltage it is thus likely that the junction
will fluctuate between these different configurations. With
G t and Gc the conductances just before and just after the
contact, respectively, a thermally averaged conductance can be
calculated according to

Ḡ(	z)

= G t(	z) exp(−β Et(	z))+Gc(	z) exp(−β Ec(	z))

exp(−β Et(	z))+ exp(−β Ec(	z))
(7)
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Figure 9. (a) Width of the transition regime dependent on the
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interval for the transition is shown for the curve taken at 100 mV.
Conductance curves at 300 and 600 mV are vertically offset.

with β = (kBT )−1. Et and Ec denote the total energies
of a tunnelling and a contact configuration, respectively. In
figure 9 we focus on the conductance curve in a displacement
interval around the instability point. Increasing the effective
temperature of the tip–molecule junction from 0 K (squares in
figure 9(a)) via 8 K (thin dashed line) up to 400 K (thick dashed
line) leads, first, to an increase of the width of the transition
regime and, second, to a shift of the instability displacement
to more positive values. At an effective temperature of 400 K
the width of the calculated conductance curve matches well
the width of the experimental curve. Because of this elevated
temperature we propose a scenario of local heating of the
molecule in contact with the tip. This suggestion is further
corroborated by the experimental observation of a voltage-
dependent width of the transition regime (see figure 9(b)).
In table 2 we compare the widths of the transition regime
and the corresponding effective temperatures according to
equation (7).

The dependence of the effective temperature on the
voltage was modelled for atomic-sized contacts by assuming
a bulk thermal conduction mechanism [76–78]. From these
investigations it follows that the effective temperature for low
ambient temperatures is proportional to the square root of the
voltage. However, there are examples where the effective
temperature rises more rapidly than

√
V , for instance, in

the case of bias-induced local heating of Zn atomic-sized
contacts [79]. For octanedithiol the

√
V law for the effective

temperatures seems to approximately hold [80] while in our
case of C60 more experimental data and theoretical analysis
would be needed to estimate the voltage dependence of the
effective temperature.

The first experiment using the mechanically controlled
break junction technique to investigate single-molecule
conductance was reported in 1997 [81]. Gold electrodes
were allowed to interact with a solution of benzene-1,4-dithiol
forming a self-assembled monolayer on the electrodes. The
junction was then closed and opened a number of times and

Table 2. Widths of the transition interval (δ) and effective
temperatures (Teff) for conductance curves acquired at different
voltages (V ).

V (mV) δ (Å) Teff (K)

100 0.2 300
300 0.4 400
600 0.5 700

current–voltage characteristics were recorded at a position just
before the contact was lost. A fairly large energy gap of 2 eV
was attributed to a metal–molecule–metal junction. Further
similar experiments were performed by Kuergeris et al [82]
and Reichert et al [83, 84]. Smit et al [85] observed that while a
clean Pt single-atom contact exhibited a conductance of (1.5 ±
0.2) G0, hydrogen-covered electrodes lead to a conductance
peak near 1 G0. To date the molecular arrangement responsible
for the conductance of 1 G0 is unclear. In a recent work
by Böhler et al [86] a mechanical break junction with gold
electrodes was used to measure the conductance of adsorbed
C60 molecules. Inferring the presence of the molecule from
characteristic vibrational spectra, a somewhat smaller contact
conductance of 0.1 G0 was reported.

In the next part, contact experiments on differently
oriented C60 molecules using the tip of a scanning tunnelling
microscope are introduced. These experiments owing
to imaging the molecules prior to and after conductance
measurements provide precise information about the contact
geometry.

4.2. Conductance of oriented molecular orbitals

Recent work demonstrated that molecular conformations
[87–91] and orientations [48] affect the conductance. Despite
this progress, the atomic arrangement at the molecule–metal
interface usually remains unknown. Theoretical work, for
instance [92, 93] and references therein, as well as experiments
on metallic single-atom contacts [33, 94], however, highlight
the importance of the details of this interface. Therefore, an
ideal experiment would allow one to address specifically the
object to be contacted. As a consequence, the contact geometry
would be unambiguously determined and may find its way into
calculations which otherwise would have to assume the contact
configuration. In this part we review the results obtained
for a prototypical molecular contact of a single C60 molecule
attached to Cu contacts in different orientations [48]. A
remarkable influence of the contact geometry on the individual
molecule conductances is found. We concentrate on the contact
conductances of molecules with orientations 1–4 introduced in
the preceding part (see figure 7).

While conductance curves for all C60 orientations exhibit
the same general characteristics as were discussed for molecule
1 in the preceding part, there are marked and important
differences to be discussed next. Since these differences
concern the transition and contact regimes, figure 10(a)
focuses on conductance curves of the four C60 species in the
corresponding displacement interval. In particular, only a
small fraction of the tunnelling regime is visible for molecule 3.
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Figure 10. (a) Conductance curves of C60 orientations 1–4 in the transition and contact regimes. Dashed lines indicate the graphical definition
of contact displacement and conductance. Zero displacement is defined by feedback loop parameters of 1 μA and 0.4 V. (b) Sketch of tip and
molecule 1 (left) and 2 (right) prior to opening the feedback loop for conductance measurement. Since the density of states of the LUMO is
higher at the tip for molecule 1 the tip excursion for reaching contact is higher than in the case of molecule 2.

Figure 11. (a) Spectrum of the differential conductance (dI/dV ) acquired on a single C60 molecule at 8 K in the tunnelling regime. The
spectrum is fairly insensitive to the molecular orientation. Peaks are attributed to highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO) and the second-to-lowest molecular orbitals (LUMO + 1). (b) dI/dV spectra at contact for the
different molecular orientations. For comparison, spectra were normalized to conductance at −0.4 V. (c) Top row: illustration of tip contact to
molecules 1–4. Molecules are identified via characteristic orientation of the LUMO. Bottom row: intersection of a spherical Cu 4s orbital with
the toroidal LUMO at 5.4 Å distance. Volumes decrease from left to right in the sequence 100:57:33:8.

Two results are obvious: (i) the displacements for contact
formation (	zc) as well as (ii) the contact conductances
(Gc) differ for the molecule orientations. We notice that
conductance values depend on the tip shape. Blunt tips giving
rise to STM images of C60 without submolecular resolution
typically resulted in contact conductance values of ≈0.5–
0.7 G0. To obtain reproducible conductance curves as shown
in figure 10 the tip had to be prepared in vacuo so as to give
sharp STM images with submolecular resolution.

The different contact displacement may be explained
by the spatial extension of the lowest unoccupied molecular
orbital (LUMO) into vacuum. The conductance curves shown
in figure 10(a) were acquired after opening the feedback loop
at a voltage of 0.4 V. At this voltage electrons can tunnel
resonantly into the LUMO (see figure 11(a)). Depending on the
local density of states of the LUMO with specific orientation
probed by the tip the tip–molecule distances differ. As a
consequence the tip starts its trajectory towards the molecule
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Table 3. Comparison of contact displacements 	zc and
conductances Gc of molecules exhibiting orientations 1–4.

Orientation 	zc (Å) Gc (G0)

1 −1.39 0.26
2 −0.98 0.25
3 −1.57 0.26
4 −1.18 0.17

at different heights above the molecule and therefore must be
displaced differently until contact is formed (see figure 10(b)
for an illustration). The differences in contact displacements
(see table 3) agree very well with differences in apparent
heights inferred from constant-current STM images acquired
at 0.4 V (not shown).

The second marked difference of the conductance
curves concerns the contact conductances. While contact
conductances of molecules with orientations 1–3 are similar,
molecules with orientation 4 with a hexagon pointing towards
the tip clearly are less conducting (see table 3 for a
comparison). We therefore conclude that electron transport
through the same molecule depends crucially on the orientation
that the molecule adopts, between the contacting electrodes.
Our observation that contact conductances differ for all C60

orientations (and are below 1 G0) may be related to the number
of transport channels and their transmission probability.
Preliminary calculations reveal that the main transport channel
of the tip is provided by the 4s orbital of the Cu tip apex
atom while the secondary channel given by the 4p orbital is
conducting an order of magnitude less. For C60 due to a
lack of calculations we assume that the LUMO contributes
considerably to electron transport through the molecule. To test
the validity of this assumption to some extent we performed
additional investigations.

First, we looked for the energy of the LUMO in a spectrum
of dI/dV acquired in the tunnelling regime above a C60

molecule (figure 11(a)). At a sample voltage of 0.4 V—at
which the conductance curves presented in figure 10(a) were
acquired—the spectrum is dominated by the spectral signature
of the LUMO. Peaks related to the highest occupied molecular
orbital (HOMO) and the LUMO +1 contribute to the spectrum
at widely different energies. We notice that these assignments
of peaks in dI/dV spectra to molecular orbitals are based not
on calculations but on a qualitative comparison with findings
reported for the similar system Ag(100)–C60 [75]. In the
tunnelling regime these spectra are similar for all molecule
orientations. A priori, it is not at all clear that the molecular
orbitals remain unchanged at contact. For instance, previous
work on metal contacts has revealed Stark shifts of electronic
states [51, 52]. Therefore, secondly, we recorded spectra
of the differential conductance at contact. The molecular
junctions are stable enough to enable this type of measurement.
Figure 11(b) presents the results. While dI/dV spectra in
the tunnelling regime vary little even at elevated currents,
significantly altered characteristics are observed at contact. For
instance, molecule 1 exhibits a steady increase of its dI/dV
signal while molecule 4 shows an almost flat dI/dV curve.
From these spectra we infer that the signature of the LUMO

is still present for all molecules but is significantly modified
depending on the molecular orientation. In figure 11(c) we
combine the available information and estimate the overlap
of the Cu 4s orbital at the tip apex with the C60 LUMO
for the different orientations by calculating their volume of
intersection. For the Cu 4s orbital we assumed a sphere with a
diameter of 2.5 Å which corresponds to the nearest-neighbour
distance in the copper crystal. For the LUMO we assumed
a toroidal shape as reported in [75]. We further assumed a
distance between the centre of the spherical Cu 4s orbital and
the centre of the C60 cage of 5.4 Å. This contact distance relies
on calculations performed in [43]. As an approximation we
applied the same contact distance for all molecules. Within this
simplified picture of tip–molecule contact (see the top row of
figure 11(c)) we calculated the volume of intersection between
the Cu 4s and the toroidal molecule orbital (see the bottom
row of figure 11(c)) and took it as a measure for the degree
of overlap. Consistent with experimentally measured Gc, the
overlap between the tip and molecule orbital is largest for type
1 and smallest for type 4. While yielding a correct sequence
of conductances, the model is clearly too simple for reliable
predictions. Nevertheless, it provides further indication of the
relevance of conductance through the LUMO.

4.3. Orientation change in a single-molecule contact

In this part we report on a controlled and reversible change
of C60 adsorption orientations on Cu(100) when the molecule
is in contact with the STM tip [47]. Currently, considerable
attention is devoted to employing small ensembles or even
individual atoms or molecules as building blocks in electronic
circuits. For instance, bistable switches were realized by the
motion of single xenon atoms between the tip of a scanning
tunnelling microscope and a nickel surface [95], by reversibly
switching between two stable orientational configurations [96],
and by conformational changes of molecules induced by
tunnelling electrons [88, 97–99] or photons [100]. Further
examples are the regulation of single-molecule conductivity
by an electrostatic field [101], the direct modification of
dynamical properties of an individual molecule by single-atom
manipulation [90], and the control of a complex sequence of
coupled rotational and translational dynamics by rolling of
a single C60 molecule on a silicon surface [102]. Despite
these pioneering works the specific addressing of individual
molecules to modify reversibly mechanical or electronic
properties remains scarce. In particular, experiments providing
control of the contact geometry as well as of the contacting
electrodes may give complementary information to the widely
used mechanically controlled break junction technique.

For the study of a controlled and reversible switch of
a C60 adsorption orientation we additionally consider the
fifth molecule type which has already been introduced in
section 4.1. The rotation of the C60 molecule occurs during
contact with the tip. We observed that displacing the tip
beyond a threshold excursion can cause the molecule to rotate.
The threshold is located at displacements in regime III where
the conductance starts to increase again. In this region,
in particular for displacements larger than the threshold,
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Figure 12. STM images of the same surface area of Cu(100) covered
with a single layer of C60 (V = 1.7 V, I = 0.1 nA, 35 Å × 20 Å,
T = 8 K). (a) Orientation change of molecules in contact with the
tip. Top: prior to contact indicated molecules exhibit orientation 1.
Bottom: after contact indicated molecules are in orientation 2.
(b) Apparent in-plane rotation of molecule type 1 by 90◦.

reproducibility of the measurements strongly depends on the
tip shape as well as on the position of the contact over the
molecule. Different slopes and shapes of this conductance rise
were observed. However, for all measurements this continuous
rise was observed to lead to a—on the 100 μs timescale
of data acquisition—discontinuous jump of the conductance
at higher tip displacements. The discontinuous jump of
the conductance may be attributed to a modified geometry
of the contact atomic structure [43]. It is reasonable to
assume that during the continuous rise of the conductance
preceding the rearrangement of the contact atomic structure
the molecule adsorption geometry is already slightly modified.
Once the tip is retracted the molecule returns to one of its
stable configurations. The rotation occurred when this final
configuration differed from the initial one before the contact
with the tip.

Rotations of the molecule are illustrated by the STM
images of figure 12. The indicated molecules in figure 12
were contacted by the tip of the microscope, and on increasing
the tip displacement above a threshold the molecules switched
from one molecule type to the other (figure 12, from 1 to 2)
or performed an apparent in-plane rotation (figure 12). A
variety of rotation experiments revealed that rotation of 2 and
5 molecules always leads to 1 molecules, while rotating 1
molecules leads to 2 or 5 species. A configuration change from
species 1, 2, 5 to 3, 4 or vice versa, however, has never been
observed. Moreover, contact between the tip and a molecule
residing in the double missing row (3 or 4) did not lead
to a modification of the molecule adsorption configuration.
Modifying the tip apex shape by indentation of the tip into the
substrate surface led to the same observation, indicating that
this phenomenon is rather tip independent.
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Figure 13. (a) Single conductance-versus-displacement curve of
molecule 1 (black) together with single conductance–displacement
characteristics of a molecule with orientation 2 (grey). The black
curve was acquired prior to and the grey curve just after rotation.
(b) Conductance curves acquired during tip approach to (grey) and
tip retraction from (black) a C60 molecule. During the tip
displacement the molecule changed from 2 to 1, most probably at a
tip displacement exceeding −2.1 Å where conductance curves
coincide (square). Feedback loop settings prior to data acquisition:
1 μA, 0.3 mV. Inset: close-up view of conductance traces close to
zero tip displacement showing a conductance difference of ≈0.02 G0

which is related to a different apparent height of the molecules.

As shown in the previous part, the adsorption configura-
tion of the C60 molecule directly determines the conductance
characteristics. In particular, given that feedback loop parame-
ters are the same prior to performing contact measurements, the
contact displacement of the tip is different for molecules 1–5.
Here we restrict the discussion to 1 and 2 orientations. It is pos-
sible to observe the rotation via the conductance–displacement
characteristics as illustrated in figure 13. The single (non-
averaged) conductance curves are assigned to a molecule with
orientation 1 (black) and 2 (grey). The black curve was ac-
quired just before an orientation switch while the grey curve
was taken directly after. Both curves exhibit fluctuations in
the transition region as well as in the contact region when the
conductance starts to rise again. Fluctuations in the transition
region have been interpreted in terms of local heating of the
molecule (see [43, 45, 46, 50] and section 4.1). These fluc-
tuations do not lead to rotation of the molecule. Displacing
the tip beyond excursions where the conductance rises again,
however, can cause the molecule to rotate. Thus, a threshold
excursion of the tip must be reached before a change of the
adsorption configuration occurs [43].

To investigate the probability of switching for different
tip displacements we used the fact that the conductance curve
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is characteristic of the adsorption configuration. For each
value of the displacement with the same initial conditions 500
conductance measurements were performed and the number of
switching events was counted. The switching probability rises
sharply above a threshold displacement of ≈−1.9 Å to ≈30%
rather independently of the tip displacement.

To explore whether hysteresis-like effects may be
observable, in figure 13(b) we present a conductance curve
comprising a full cycle for the tip displacement—the feedback
loop is opened at a voltage of 300 mV and a current of
1 μA, and 	z = 0 is fixed to these feedback loop settings.
The approach is performed over a molecule of 2 orientation
(grey), but upon retraction this orientation has changed to
1 (black), as revealed by STM images (not shown). The
rotation from 2 to 1 most probably occurred at displacements
exceeding ≈−2.1 Å since both conductance curves coincide
for displacements of <−2.1 Å (see the square in figure 13(b)).
Upon tip retraction, conductance curves deviate from each
other for displacements of >−2.1 Å. At zero displacement,
the conductance of molecule 1 is slightly higher than the
conductance of molecule 2 (see the inset of figure 13(b)). With
G1 ≈ 0.06 G0, G2 ≈ 0.04 G0, and an apparent barrier height
of � ≈ 10 eV (see above and [45]) we find a corresponding
height difference of ≈0.15 Å which is close to the height
difference inferred from cross-sectional profiles in constant-
current STM images acquired at 300 mV, i.e., at the voltage
at which the conductance traces in figure 13(b) were acquired.
We notice that the displacement of ≈−0.23 Å at which the
two conductance curves intersect (see the circle in the inset of
figure 13) likewise reflects the difference in apparent height of
the molecules.

Below we argue that the molecular rotation is mechani-
cally induced whereas local heating plays a minor role in ex-
citing rotations. An analysis of conductance curves for on
C60 at 300 mV [43] showed that energy dissipation in the tip–
molecule junction leads to an effective heating which could
cause rotation of the molecule. However, in the present exper-
iments we varied the total power dissipated by a factor of 40.
The probability for molecule rotation was found to be insen-
sitive to the dissipated power. Although only a small fraction
of the total power is dissipated directly at the molecule this
finding suggests that thermal excitation alone is not the driv-
ing force for rotation. Moreover, the tunnelling current was
not observed to be decisive for inducing rotation. We there-
fore suggest that mechanical contact with the tip causes C60 to
rotate.

Mechanically induced rotation explains that certain
rotation angles are less frequently observed. For instance,
switching a C60 from 1 to 2 or vice versa requires a rotation by
20.6◦ while a smaller angle of 11.6◦ is required for a rotation
from 1 to 5. The apparent rotation by 90◦ in the surface plane
can also be achieved by an out-of-plane rotation of 19.2◦ and
36.0◦ for the 1 and 2 orientations, respectively. The large angle
needed for the apparent in-plane rotation of 2 molecules is
consistent with the observed low frequency of this switching
event. In the case of orientation 1 the apparent in-plane rotation
results in a different adsorption geometry on the copper surface
with now the carbon–carbon bond between the hexagon and

the pentagon of the molecule parallel to the copper missing
row. This specific orientation of molecules with orientation
1 is rarely observed, indicating a less favourable adsorption
energy. This explains why this specific rotation is rare despite
the relatively small angle needed to induce an apparent in-plane
rotation of 90◦. Switching between 3 and 4 orientations would
require a relatively large rotation angle of 37.4◦. In addition,
their adsorption on top of the two missing copper rows leads
to a stronger bonding of these molecules with the surface. The
bonding is not limited to just the topmost copper atoms of the
surface as for the three other configurations but also occurs
with the copper atoms at the bottom of the missing row. The
large angle needed for the rotation and the higher coordination
of these configurations with the surface can then explain the
absence of events of switching between 3 and 4 configurations
upon elevated tip displacements.

5. Conclusion and outlook

State-of-the-art experiments addressing single-atom and
single-molecule contact with the tip of a scanning tunnelling
microscope were addressed. Owing to the imaging capability
of the instrument the contacted objects as well as the tip can
be characterized prior to and after contact. Therefore, precise
and unambiguous information about the contact geometry
is provided and the status of the contacting electrodes can
be monitored. The objects to be contacted can moreover
be chosen independently from the hosting substrate. The
reviewed results showed that controlled and reproducible
contact to surfaces, adsorbed atoms and molecules including
spectroscopy in contact are feasible.

Future experiments will, for instance, provide spatially
resolved contact conductance maps of complex molecules.
The manipulation of structures at the nanometre scale and
in contact with the tip will be addressed as well as the
ballistic transport of spin-polarized electrons through magnetic
structures [55]. Inelastically transferred electrons giving rise
to phonon or photon [103, 104] excitation will be analysed by
contact spectroscopy.
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[45] Néel N, Kröger J, Limot L and Berndt R 2007 Conductance of
single atoms and molecules studied with a scanning
tunnelling microscope Nanotechnology 18 044027

14

http://dx.doi.org/10.1103/PhysRevB.49.16581
http://dx.doi.org/10.1103/PhysRevB.52.8499
http://dx.doi.org/10.1103/PhysRevB.55.2637
http://dx.doi.org/10.1080/14786437008238472
http://dx.doi.org/10.1016/0375-9601(81)90230-9
http://dx.doi.org/10.1103/PhysRevB.31.6207
http://dx.doi.org/10.1103/PhysRevLett.60.848
http://dx.doi.org/10.1088/0022-3719/21/8/002
http://dx.doi.org/10.1038/350594a0
http://dx.doi.org/10.1088/0022-3719/13/33/009
http://dx.doi.org/10.1063/1.100685
http://dx.doi.org/10.1103/PhysRevLett.71.1852
http://dx.doi.org/10.1063/1.335608
http://dx.doi.org/10.1016/0921-4534(92)90947-B
http://dx.doi.org/10.1103/PhysRevLett.69.140
http://dx.doi.org/10.1038/375767a0
http://dx.doi.org/10.1103/PhysRevLett.72.2251
http://dx.doi.org/10.1103/PhysRevLett.74.2146
http://dx.doi.org/10.1103/PhysRevLett.74.2147
http://dx.doi.org/10.1126/science.248.4954.454
http://dx.doi.org/10.1103/PhysRevLett.70.2138
http://dx.doi.org/10.1103/PhysRevLett.74.3995
http://dx.doi.org/10.1103/PhysRevLett.76.2302
http://dx.doi.org/10.1016/S0370-1573(02)00633-6
http://dx.doi.org/10.1016/0039-6028(95)00967-1
http://dx.doi.org/10.1103/PhysRevLett.77.1362
http://dx.doi.org/10.1103/PhysRevB.56.2208
http://dx.doi.org/10.1103/PhysRevB.47.12345
http://dx.doi.org/10.1103/PhysRevB.53.1042
http://dx.doi.org/10.1038/27399
http://dx.doi.org/10.1103/PhysRevB.61.12725
http://dx.doi.org/10.1103/PhysRevLett.94.126102
http://dx.doi.org/10.1103/PhysRevLett.98.016801
http://dx.doi.org/10.1103/PhysRevLett.98.065502
http://dx.doi.org/10.1088/1367-2630/9/5/153
http://dx.doi.org/10.1088/0957-4484/18/4/044027


J. Phys.: Condens. Matter 20 (2008) 223001 Topical Review
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