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Abstract. Low-temperature scanning tunneling spectroscopy (STS) allows
us to probe electronic properties of clusters at surfaces with unprecedented
accuracy. Recent experimental determination of the differential conductance of
supported clusters yield considerable deviations with respect to the expected
density of states and suggest that many cluster states are invisible to STS
measurements. By means of fully self-consistent quantum transport calculations,
using realistic tunneling tips, we show that, depending on the tip shape, only
a small fraction of the electronic states contribute to the STS spectra, thus
explaining the experimental findings. We demonstrate that the unambiguous
characterization of the states on the supported clusters can be achieved with
energy-resolved images, obtained from a theoretical analysis which mimics the
experimental imaging procedure.
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The investigation of the properties of atomic clusters is of great fundamental interest since this
class of systems allows to bridge the gap between single atoms on one side and bulk material
on the other side [1]. This applies to both free clusters in the gas phase and clusters deposited at
surfaces. Compared to the gas phase, where characteristic effects like magic numbers and size
dependent bond-character changes are well studied, the understanding of supported clusters
is much less developed due to the numerous technical difficulties the problem poses to both
experiment and theory. However, there is a growing interest in supported clusters, mainly for two
reasons: firstly, by means of a scanning tunneling microscope (STM) one is now able to perform
single-cluster studies [2], much more difficult to achieve in the gas phase because of the low
beam intensity of mass-selected clusters. Additionally, scanning tunneling spectroscopy (STS)
provides valuable information on the electronic properties, also allowing spatial resolution,
in contrast to the non-local character of photoelectron spectroscopy [3]. Secondly, supported
clusters promise to be efficient catalysts, as found in oxidation experiments with small gold
clusters [4, 5]. STM/STS techniques represent unique tools to analyze supported clusters and
thus to shed light on the oxidation mechanism.

STS measurements of metallic clusters (platinum [6], silver [7] and gold [8, 9]) on graphite
surfaces were performed in recent years in order to verify the effect of the substrate on the
electronic structure of the clusters. The STS spectra showed peaks which were unambiguously
associated with cluster states. Also, experiments ruled out the possibility that the observed peaks
could be due to Coulomb blockade effects [7, 9]. Surprisingly, the number of peaks obtained
for the considered bias-voltage range was much smaller than the number of electronic states
expected for the cluster within the corresponding energy interval [6]–[9]. These facts clearly
indicate that there are states of the clusters which do not contribute to the conductance, and that
the simple interpretation of the STS spectra only in terms of the density of states (DOS) [10] is
not sufficient. Moreover, no systematic trend of the peak distribution as a function of the cluster
size could be singled out. Besides, repeated measurements of the same cluster showed variations
in the spectra [9]. The blurry picture emerging from these observations calls for a theoretical
analysis in order to evaluate the dependence of the conductance spectra on the details of the
STS measurement.

In this paper we simulate energy-resolved images of metallic clusters on graphite surfaces
based on full transport calculations, taking in account the shape and trajectory of the tip4.
The STS signal varies considerably with the tip position demonstrating that the description of
STS spectra only in terms of the DOS breaks down in the case of metallic clusters on graphite
surfaces. Although it is reasonable to expect a strong dependence of the STS spectrum on the
position of the tip, no quantitative determination of this effect on supported clusters has been
reported so far. We show that the interpretation and understanding of STS spectra requires the
careful calculation of the electron transport through the cluster to the supporting surface, taking
into account the shape and the trajectory of the STM tip [11]. In particular, we observe
that the STS signal varies considerably with the tip position, leading in some cases to the
complete disappearance of the conductance peak associated with particular electronic states
(‘hidden electronic states’). A similar behavior can be inferred from the STS experimental
imaging of electronic states for one- and two-dimensional supported nanostructures, like
adatom chains [12] and islands [13]. In fact with our detailed simulations we unambiguously
associate the anomalies of the experimental measurements on clusters to a remarkably strong
4 Regarding the role of the tip in the spectroscopy of systems as small as adsorbed atoms see e.g. [11].
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spatial dependence of the I–V characteristics. Furthermore, we present images for a set of
electronic states from energy-resolved two-dimensional mapping of the cluster. Such an imaging
procedure allows for a characterization of all cluster states including those which are ‘invisible’
for particular tip positions.

Our approach, based on non-equilibrium Green’s functions (NEGF), treats cluster and
surface on an equal microscopic footing. It allows us to determine the differences between
the DOS and the conductance for different cluster sizes, tip shapes and surface–tip distances.
We will show that there is a crucial dependence of the STS spectra on the lateral position of the
tip which should always be kept in mind when discussing experimental spectra. As we report
in our simulations, a reliable characterization of the cluster states should be done by means of
energy resolved imaging, therefore combining spectral information with spatial resolution.

We performed quantum transport calculations for silver clusters having up to 233 atoms
on a perfect graphite surface. We consider the STM scenario in which the tip of the STM is at
a distance of 4–5Å over the cluster and calculate the tunneling current I between tip electrode
and cluster; all the components are treated at the atomistic level. For the cluster, we assume the
lattice constant of the Ag fcc bulk crystal structure and use a Wulff construction [14] to define
the facets [15]. By means of an effective surface energy for silver and graphite we can vary the
width-to-height ratio of the clusters to match the experimental value [7]. The lateral position of
the cluster on the surface was found to be of minor importance; the cluster–surface distance was
set to 2.5Å, consistent with ab initio calculations for Ag monomers and dimers on graphite [16].
The platinum electrode above the cluster is either just a flat ideal surface or a sharp pyramidal
Pt tip mounted on the electrode surface. The flat electrode is used for reference calculations; the
sharp tip, with a pyramidal structure of three layers having 1, 3 and 6 atoms respectively, can be
considered as a model of a real STM tip [17]. Similarly to what was observed in our previous
study [18] on STS imaging of C60, we found that only the full transport calculation gives the
correct relative strength of the different states.

The electronic structure and the transport properties of the whole system, i.e. graphite
surface, silver cluster and platinum electrode/tip, are calculated by means of an NEGF
approach [19, 20]. The DOS and the current I at a given bias V are calculated from the Green’s
functions of the cluster; they contain the interaction with the surface and the electrode/tip
via tunneling self-energies [19]. We employ a self-consistent tight-binding model which is
parameterized from density-functional calculations; atomic charge fluctuations (transfer and
polarization) are taken into account [21]. The procedure for calculating equilibrium properties,
like the charge transfer to or from the cluster, and transport properties, like the current through
the cluster, is described elsewhere [18].

Figure 1 presents a comparison of the DOS with the conductance dI/dV for Ag112,
calculated for both tip shapes described above. Two different regions can be identified in the
DOS of the supported cluster, based on the mean level spacing: a rich structure with many
peaks and level distances of 1E ⇡ 0.1 eV is visible above the Fermi energy (E & EF), while
for the occupied states (E . EF) we have a larger spacing, 1E ⇡ 0.5 eV. The latter value is
similar to the energy level spacing measured with photoelectron spectroscopy for Ag clusters
of comparable size, cf figure 2 of [3]. One should mention that, in the case of supported silver
clusters, it is hardly possible to assign certain levels to the peaks as it is done for free clusters [3]
or supported fullerenes [18]. By calculating the DOS of the clusters placed at different heights
over the surface, we observed that, as the clusters approach the surface, the levels are not only
broadened but are also shifted to higher or lower energies in a complicated way.
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Figure 1. Panel (a): DOS of an Ag112 cluster at a graphite surface, EF is the Fermi
energy of the surface. Panels (b) and (c): conductance spectra obtained with flat
and sharp platinum electrodes as a function of bias voltage. G0 = 2e2/h is the
quantum unit of conductance.

Next, we compare the DOS to the conductance patterns for the flat and the sharp tips,
taken as representatives of two limiting cases. Panel (b) of figure 1 shows dI/dV for the flat
electrode. The relative peak height changes compared to the DOS; some peaks are reduced,
for example the peak A at EA � EF = �1.18 eV, while others are enhanced, for example at
EB � EF = �0.54 eV. Despite these variations, the overall picture is largely preserved and
we conclude that the conductance measured with the artificially flat electrode would give a
reasonable picture of the DOS of the cluster. The situation changes drastically for the sharp tip,
as shown in panel (c) of figure 1. Due to the reduced number of atoms of the probe participating
to the tunneling process, the conductance drops by more than an order of magnitude (in
fact we observed that for the flat electrode the average conductance scales directly with the
number of atoms in the top facet of the cluster). More remarkably, a few peaks completely
disappear, for example the one labeled A, while many others are strongly suppressed.
The discrepancy between the spectra obtained with the two kinds of electrodes can be
understood as follows. While the flat electrode signal receives contribution from all atoms on the
top facet, representing the average DOS, the sharp tip probes the local DOS in a small region,
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Figure 2. Conductance (thick blue lines, left axis) through silver clusters of
various sizes on a graphite surface. For comparison the DOS (thin lines, right
axis) is shown as well. G0 = 2e2/h is the quantum unit of conductance.

and the resulting conductance will be affected by the spatial dependence of the specific state
(see below). Independently of the detailed structure of the probe in the experiments, we expect
that the measured conductances should be related to our sharp-tip results. Any atom sticking out
of the tip will carry almost all current in the tunneling regime.

We have extended the study to other cluster sizes and present six of them in figure 2. In
each of the graphs we compare the sharp-tip conductance with the DOS of the supported cluster.
As in figure 1 we placed the tip centrally over the cluster. Even if the detailed shape of the curves
differs from one cluster size to the next, the general message is the same: the conductance is
much less structured than the corresponding DOS. Thus, we conclude that the experimentally
found larger level spacing in supported clusters [6]–[9], if compared to the gas phase [3], is due
to the local and selective character of the transport measurement. However, in accordance with
the experimental observation [9], positions and widths of the conductance peaks in figure 2 do
not show any trend with the cluster size.

So far we have described situations in which the sharp tip was placed over the cluster
center. Moving the tip laterally from the central position may change the observed conductance
spectra substantially. An energy resolved map is obtained by projecting the local conductance
on a constant-current isosurface at a given bias voltage VX . The constraint of a constant current
isosurface is necessary to compare conductance values measured at different positions over the
sample. This point represents the main difficulty in the calculations, since the tip trajectory
invariably describes a complicated surface.

In figure 3, we report such maps for the states labeled A–D in figure 1. Figure 3 shows for
each of the chosen energies the constant-density isosurface (upper row) and the conductance
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Figure 3. Constant-density isosurfaces (upper row) and conductance maps
(lower row) for four selected states of Ag112. The four peaks are marked by
red lines in figure 1; the bias values are VA = �1.18 , VB = �0.54 , VC = +0.42
and VD = +1.20 , while the currents are IA = 50 , IB = 15 , IC = 10 and ID =
20 pA. The conductance maps are presented as contour plots on constant-current
isosurfaces (see text); red = high conductance and blue = low conductance.

map (lower row). The former has been obtained by integrating the lesser Green’s function over
a small energy interval of 20meV centered around the energies EA, EB, EC and ED in order
to get the charge density in terms of the local atomic orbitals. The constant-density isosurfaces
show that all four states are delocalized over the three-dimensional volume of the cluster.

A much clearer picture of the different structures emerges from the conductance maps,
shown in the lower row of figure 3. These maps display as a contour plot the conductance
dI/dV (x, y, z, VX)|I=I X on a constant-current isosurface determined by the implicit equation
IX = I (x, y, z, VX). In the calculations, the tip was moved on a three-dimensional finite-element
mesh with a grid spacing of 0.5Å. At each grid point the current and the conductance were
computed, and the constant-current isosurface was obtained by interpolation. The tip–cluster
distance is for all calculated isosurfaces between 4 and 5Å. Having this three-dimensional
topographic image of the cluster we render conductance maps by showing the calculated dI/dV
values with a colored contour plot. This procedure mimics the experimental energy resolved
mapping with the closed-loop STM topographic mode combined with STS scans. The obtained
patterns are dominated by the threefold symmetry of the clusters, which is, however, slightly
disturbed by the weak coupling to the supporting surface. The central minima (blue spots) of the
patterns A and C clearly reveal the reason for the disappearance of the corresponding peaks in
the measurement with the tip over the center, cf figure 1. We note in passing that for all states we
considered, some conductance signal could be picked up by placing the tip at suitable positions
on the constant-current isosurface over the top facet. Figure 3 makes clear that placing the tip
a few Å off the center leads to considerable changes in the conductance of these peaks. This
may explain the observed discrepancies in the spectra obtained from measurements performed
on the same cluster but at different times [9].
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Summarizing, we have shown that recent data from STS measurement of metallic clusters
at surfaces can be understood only considering the spatial dependence of the spectra, which
we can model with accurate non-equilibrium transport calculations. The calculated current and
conductance, respectively, depend crucially on the tip shape. A sharp tip is very selective, which
explains the low number of states seen in the experiment compared to the richly structured
DOS of the cluster. This selectivity depends strongly on the tip position, which leads to
the requirement of a more complete experimental characterization based on energy-resolved
imaging of the electronic states on the cluster5.
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