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Abstract

We have studied silver clusters grown in nanopits on a graphite surface using low-temperature scanning tunneling
spectroscopy (STS) at T=5 K. The pronounced peak structure measured in the STS data of the clusters is interpreted
to have its origin in the quantized electronic structure of the cluster–surface system. Additionally, a systematic spatial
energy shift was observed for some spectral features in dI/dV maps on top of the clusters. © 2000 Elsevier Science
B.V. All rights reserved.
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The investigation of the electronic structure of spectroscopy (STS) measurements for silver clus-
clusters and the question of how it is changed by ters grown on a nanostructured graphite surface.
the interaction with a surface is not only of funda- It is a natural idea to combine the benefits of
mental interest, but also has several important photoelectron and scanning tunneling spectro-
applications, for example in the fields of future scopy, because STS is able to probe the electronic
nanoelectronics or in catalysis [1–4]. structure of individual clusters. Even if one is able

We have developed a method for controlled to deposit mass selected clusters on a surface
cluster condensation on a nanostructured graphite [2,8,9], which is a very difficult and large-scale
surface [5], which enables us to produce metal experiment, the clusters may have different isomers
clusters with a rather narrow size distribution in and orientations on the surface, and photoelectron
ultrahigh vacuum (UHV ). High-resolution photo- spectra of the deposited clusters show averaged
emission studies showed a cluster–surface inter- data, measured over a macroscopic area. On the
action on a femtosecond timescale, which other hand, the combination of photoelectron
influences all spectral features, e.g. the spectra at spectroscopy and STS may help in the difficult
the Fermi level onset [6 ] and the d-band structures interpretation of the STS data, in which effects
[7]. In this paper we present scanning tunneling like the influence of the electronic structure of the

tip, Coulomb charging of the cluster [10–12], the
high electrical field within the tunneling region* Corresponding author. Fax: +49-231-755-3657.
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influence of some of these effects was already 150×150 nm2 we localized the clusters and then
zoomed onto them in images of aboutobserved in tunneling experiments for clusters on
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surfaces, see e.g. Refs. [8,14–16 ]. However, the 20×20 nm2, where we measured tunneling spectro-
scopy data on typically five positions placed closeextraction of the electronic structure of the clusters

from STS data is still an open question in current to the very top of the clusters in the topological
image, or took data on a grid of 10×10 points,research.

The experiments were carried out in the surface 1.5×1.5 nm2 in size centered on top of a cluster.
This was important since we observed an unstablescience facility described elsewhere [17]. It com-

bines scanning tunneling microscopy (STM) at tunneling current if the tip was not positioned
exactly on top of the clusters, and additionally weT≤5 K and high-resolution (DE=10 meV ) ultra-

violet photoelectron spectroscopy (UPS) at observed a spatial energy shift for some structures
in the tunneling spectra, as we will show below.T≤50 K. The clusters were produced by controlled

condensation of silver evaporated onto a graphite I(V ) and dI/dV curves were measured simulta-
neously with an open feedback loop, i.e. with a(HOPG) surface with preformed pits of one mono-

layer depth and a diameter of 9±2 nm [5]. Before constant tip distance defined by the setpoint values
of I and V before switching the feedback loop off.the silver evaporation was performed in UHV, the

nanostructured HOPG surface was heated for 1 h For the measurement of dI/dV we used a lock-in
technique, but obtained the same results by numer-at 870 K, and its cleanliness was checked by UPS.

The size distribution of the clusters was determined ical differentiation of I(V ) with a much lower
signal-to-noise ratio. The use of the lock-in tech-by the combination of in situ UHV-STM for the

height and ex situ transmission electron micro- nique was important, since we had to use a very
low setpoint current (I≤0.1 nA). For higher cur-scopy (TEM) for the lateral diameter [5]. A

diameter-to-height ratio d/h=1.4 was measured by rents the clusters were pushed out of the pits
during the spectroscopy scan, especially for largercomparison of TEM and STM data for several

samples in the range h=1.8–6.7 nm for the mean cluster sizes. For this reason, we have so far only
been able to measure STS data for cluster sizescluster height. The distribution of cluster heights

for the sample used here was h=1.4±0.3 nm. h≤2 nm. The UPS signal from these small clusters
was too weak to give sufficient statistics close toBesides this direct determination of the cluster

shape, we also calculated the total cluster volume the Fermi level [6 ], so we do not yet present
photoelectron spectra in direct comparison. Theand compared this with the amount of evaporated

silver measured by calibration of the evaporation analysis of the UPS data for the 4d band indicates
that, in this energy region, the electronic structuresource with a quartz microbalance and additionally

by STM images of silver grown as small islands of the clusters deviates from bulk silver for cluster
sizes <5×102 atoms [7]. With STS data for thewith monoatomic height on an Ag(111) surface

at T=250 K. From this comparison we get a surface state of an Ag(111) surface we checked
that at T=5 K we get an energy resolution ofsticking coefficient of about 0.5 for silver evapo-

rated on the nanostructured HOPG at T=300 K, 0.01–0.02 eV using the lock-in technique for the
measurement of dI/dV with a modulation voltagewhich is in agreement with measured sticking

coefficients for copper and gold [18] if we consider of 1–7 mVrms.
In Fig. 1 we show a topological image togetherthe density of condensation centers given by the

nanopits. In summary, we estimate that we can with dI/dV curves measured on the HOPG surface
outside and inside the pit and at different positionscalculate the cluster volume with the height mea-

sured by STM using d/h=1.4 with a relative on this cluster with h=1.77 nm. For the small
cluster sizes it was often also possible to measureaccuracy of 30%. We checked that, within

±0.02 nm, the cluster height is independent of the inside the pit, since the clusters were grown at the
edge of the pit leaving some area of the pit empty.tunneling voltage in the range 0.5–2 V.

The STM and STS measurements were per- The dI/dV spectra of the HOPG surface show a
V-shape which reflects the semi-metallic density offormed at T=5 K. In overview images of
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Fig. 2. dI/dV spectra collected for 14 different clusters with clus-
ter heights given as measured with STM. The spectra are nor-
malized to equal maximum dI/dV signal and shifted for better
visibility; setpoint: V=0.5 V, I=0.09 nA, modulation voltage
7 mVrms.

tip condition, but if it disappeared this did not
Fig. 1. (a) Topological image (20×20 nm2) of one cluster (h= change the other features of the spectra. The1.77 nm) condensed at the edge of a nanopit on HOPG; five

spectra on the cluster showed very pronounceddI/dV spectra were averaged outside the pit (region of black
peaks. Most of them (here e.g. at −0.28 V andcircle) and inside the pit (region of white circle); the positions

for three single point dI/dV spectra on the cluster are marked +0.35 V ) stayed at the same energy for the
with black points; setpoint: V=0.5 V, I=0.09 nA, modulation different positions on the cluster, whereas a few
voltage 7 mVrms. (b) dI/dV spectra on HOPG outside (solid (here e.g. around −1.2 V ) showed a position-line) and inside (dotted line) of the pit. (c) dI/dV spectra for

dependent energy shift.the three different positions on the cluster.
In Fig. 2 several dI/dV spectra are collected for

14 different clusters with the heights given as
measured in the topological image. The heightstates near the Fermi energy. Inside the pit, there

are some small additional structures (at −0.1 V range h=1.1–2.1 nm corresponds to mean cluster
sizes N=90–600 atoms, given with a relative accu-and +0.4 V in Fig. 1b), which we also observed

in empty pits without a cluster at the edge. The racy of 30% as discussed above. For most of the
clusters all peaks were position-independent andpresence of the small gap visible in the HOPG

spectra at the Fermi energy was dependent on the we averaged spectra taken close to the top of the
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Fig. 3. dI/dV spectra measured with different setpoints on the
same cluster (h=1.17 nm); setpoints: I=0.09 nA (both), V=
0.5 V (solid line), 1.0 V (dotted line). Note the different scales
of the dI/dV axis.

cluster, but we included also the data to be dis-
cussed below in Fig. 4 for h=1.39 nm presenting
a single spectrum measured at one position on top
of this cluster.

Spectra measured with different setpoints before
the feedback loop had been switched off, i.e. with
different tip–cluster distances, and taken on the
same cluster, are compared in Fig. 3. We clearly
observe that the structure of the spectrum is inde-
pendent of the setpoint, i.e. of the tip–cluster
distance. If we multiply one spectrum with a
constant factor, which takes into account the
different setpoints, we get identical spectra. We
checked this for several clusters with different sizes.

Since we noticed that in some cases the energy
of spectral features showed a spatial variation, we
investigated this in more detail by measuring grids

Fig. 4. Spatially resolved STS: on a cluster (h=1.39 nm) shownof points in a small area on top of this cluster. In
in the 17×17 nm2 topological image (top) we measured a gridFig. 4 we display three spectra for the cluster with of 10×10 dI/dV spectra on the 1.5×1.5 nm2 frame marked in

h=1.39 nm in Fig. 2 focusing on the sharp peak the image (setpoint: V=0.5 V, I=0.09 nA, modulation voltage
feature which shows an energy shift similar to the 1 mVrms); the three smaller images (middle) show the resulting

interpolated spatial maps of dI/dV for the voltages 0.41, 0.425peak at −1.2 V in Fig. 1. For each of the voltages
and 0.44 V; for the three positions marked with black dots wecorresponding to the peak maxima we also present
show the dI/dV spectra for the voltage interval 0.37–0.47 Va spatial map of dI/dV, which is bright at the (bottom).

positions where the peak has this energetic posi-
tion. This shows that the energy shift is not arbi-
trarily caused by noise in the measurement, but we cannot yet present a final interpretation of all

spectral features. However, we can already extracthas a systematic dependence on the spatial
position. several conclusions from our data. First, we can

exclude that the spectral features measured on theSince the interpretation of STS data for clusters
on a surface is very complex, as mentioned above, clusters are caused by the pits in the HOPG



electron system close to the Fermi energy dE=
0.08–0.01 eV for the range 90–600 atoms. This is
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surface, since dI/dV spectra taken outside and
inside the pits show only small differences (cf.
Fig. 1b). Possible explanations for the additional the right order of magnitude, but the measured

mean peak distances are larger than dE, which canstructures in the pit are the quantization of
electronic states confined in the pit [19] or defect- be explained with a grouping or degeneracy of

energy levels. In this sense dE gives a lower boundinduced states [20]. A strong influence of the tip
condition can also be excluded, since we observed for the level spacing. As an upper bound, the

jellium model of a spherical cluster with L9=5.42Rthe same features for the HOPG and the cluster
spectra for different tips and for different condi- as the average length of classical orbits responsible

for the main-shell oscillations [28] results intions of the same tip.
The observed peak structures are not spaced DE=B2kFp/(2.71mR). This gives DE=1.5–0.8 eV

for the range of 90–600 silver atoms. The oblateequidistantly, and their distance and also the gap
at the Fermi energy is not dependent on the tip– cluster shape will alter this number, but in calcula-

tions the qualitative existence of electronic shellscluster distance (cf. Fig. 3), as would be expected
for the Coulomb staircase of a two-junction system is found to be rather robust, e.g. in the case of

surface roughness [29], a prolate spheroidal cluster[12,21]. This is also consistent with the rather
strong cluster–surface interaction, which we shape [30], or the combined influence of small

random cluster deformations and the inclusion ofobserved using high-resolution photoemission
spectroscopy [6 ], because this will suppress the electron–electron interactions [31]. It is important

to note that the shell structure is associated withCoulomb staircase [11].
Instead we interpret the spectral features here a ‘bunching’ of electronic eigenvalues on an energy

scale of the order DE31/N1/3 [32], while dE31/Nas being caused by the quantized electronic struc-
ture of the cluster–surface system, leading to reso- for the spacing of individual energy levels. This

expands the region between these two limits fornances in the transmission of the tunneling current.
The general shape of some of our spectra looks increasing cluster size, which is illustrated in Fig. 5

with a graphical representation of dE and DEsimilar to results obtained for Pt clusters on HOPG
[8], but in our data the spectra change drastically plotted over the silver cluster size. But a simple

jellium model will not be sufficient for the inter-with cluster size. A possible explanation for this
difference is that, close to the Fermi level, Ag is a pretation of our spectra, especially because of the

additional influence of the surface to which thenearly free electron metal where the electron delo-
calization leads to strongly cluster-size dependent
states, cf. the widely discussed jellium model.
However, the influence of the d-electrons is not
negligible, e.g. in optical experiments [22]. For the
clusters measured here, the jellium model for a
spherical particle should be considered rather than
free-electron models for a two-dimensional film
[23,24] because of the diameter-to-height ratio of
1.4. For small silver cluster anions, mass-selected
in a free beam, photoelectron spectroscopy showed
an electronic density of states which is rich in
structure and shows a strong cluster size depen-
dence [25]. In comparison, Pt is more bulk-like
already for small cluster sizes [26 ]. With
dE=2p2B2/(mkFV ), where m is the electron mass,
V the cluster volume and kF the Fermi wave vector Fig. 5. Estimation of energy level spacing close to the Fermi
(1.20×1010 m−1 for Ag) [15,27], we get as an energy in silver clusters. The upper bound DE and the lower

bound dE were calculated as described in the text.estimation for the mean level spacing in a free
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[8] A. Bettac, L. Köller, V. Rank, K.H. Meiwes-Broer, Surf.
system as a whole. This may also explain the Sci. 402–404 (1998) 475.
observed spatial variation of some spectral features [9] K. Bromann, H. Brune, Ch. Félix, W. Harbich, R. Monot,

J. Buttet, K. Kern, Surf. Sci. 377–379 (1997) 1051.(cf. Fig. 4), which could be caused by a localization
[10] M. Amman, R. Wilkins, E. Ben-Jakob, P.D. Maker, R.C.of the electron wave functions at e.g. the edge of

Jaklevic, Phys. Rev. B 43 (1991) 1146.the pit in which the cluster has been growing.
[11] D.V. Averin, A.N. Korotkov, K.K. Likharev, Phys. Rev.

In summary, we have presented an STS study B 44 (1991) 6199.
at T=5 K for silver clusters grown in nanopits on [12] A.E. Hanna, M. Tinkham, Phys. Rev. B 44 (1991) 5919.

[13] G. Binnig, K.H. Frank, H. Fuchs, N. Garcia, B. Reihl, H.an HOPG surface. We identified the pronounced
Rohrer, F. Salvan, A.R. Williams, Phys. Rev. Lett. 55peak structure in the STS data as being due to a
(1985) 991.quantized electronic structure in the cluster–sur-

[14] R.P. Andres, T. Bein, M. Dorogi, S. Feng, J.I. Henderson,
face system. For some of the peaks a systematic C.P. Kubiak, W. Mahoney, R.G. Osifchin, R. Reifenb-
spatial energy shift was measured. A conclusive erger, Science 272 (1996) 1323.

[15] D.C. Ralph, C.T. Black, M. Tinkham, Phys. Rev. Lett. 74interpretation of all spectral features observed
(1995) 3241.cannot yet be given, but we expect that the combi-

[16 ] T.P. Bigoni, L.E. Harell, W.G. Cullen, D.K. Guthrie, R.L.nation of UPS and STS performed on the same
Whetten, P.N. First, Eur. Phys. J. D 6 (1999) 355.

samples will help in the interpretation of the [17] H. Hövel, T. Becker, D. Funnemann, B. Grimm, C. Quit-
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