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Abstract. With controlled growth in nanometer-sized pits
we produced silver and gold clusters on a graphite surface.
We give a summary of the preparation method and discuss
the scanning tunneling imaging and the crystalline orienta-
tion of the clusters. The electronic structure of the clusters
was studied by an in-situ combination of ultraviolet photo-
electron spectroscopy (UPS) and scanning tunneling spec-
troscopy (STS). For both techniques we obtained an energy
resolution in the range of 10 meV employing low sample tem-
peratures. Dynamic final-state effects together with averaging
over a cluster-size distribution result in characteristic spec-
tral shapes in UPS, which can be understood referring to STS
data taken on individual clusters. Finally, directions for future
experiments are pointed out.

PACS: 36.40.Mr; 61.16.Ch; 79.60.-i

The investigation of clusters on surfaces [1–4] is the present
new direction of research after many years of successful work
on free clusters in vacuum. Understanding the electronic
structure of clusters and answering the question of how it is
changed by the interaction with a surface is not only of funda-
mental interest but has also several important applications, for
example in the fields of nano-electronics and catalysis [5–8].

Our ansatz aims at the so-called ‘complete surface-
science experimental approach’ [9], in which the geometric
and electronic structure of each sample system and their inter-
dependences are investigated by photoelectron spectroscopy,
scanning tunneling microscopy (STM) and scanning tun-
neling spectroscopy (STS), and for sample characterization
also by low-energy electron diffraction, Auger electron spec-
troscopy and electron energy-loss spectroscopy. Ideally, such
an approach leaves the sample in the same apparatus to ap-
ply all techniques and hence minimize any problems related
to the cumbersome preparation and characterization in ultra-
high vacuum (UHV). Clusters in a free beam in vacuum are
usually measured within a few ms after production; therefore
the vacuum conditions are less critical than for clusters on
a surface, for which UHV is required to keep the sample clean
for at least some hours.

Ultraviolet photoelectron spectroscopy (UPS) is a power-
ful method to probe the electronic structure of atoms, clusters
and solids. However, it averages over a macroscopic area.
Even if one is able to deposit mass-selected clusters on a sur-
face [3, 6, 10, 11], which is a very difficult and large-scale ex-
periment, the clusters may have different isomers and orien-
tations on the surface, and averaged spectra may not show
the full information included in the electronic structure of the
single clusters. Therefore it is a natural idea to combine the
benefits of UPS and STS, because STS is able to probe the
electronic structure of individual clusters.

The in-situ combination of UPS and STS may help with
the difficult interpretation of the STS data, in which ef-
fects like the influence of the electronic structure of the tip,
Coulomb charging of the cluster [12–14], the high electrical
field within the tunneling region [15] and many more have to
be considered. Some of these effects were already observed
in tunneling experiments for clusters on surfaces; see, for
example, [16–19]. However, the extraction of the electronic
structure of the clusters from STS data is still an open ques-
tion in current research.

In this paper we present a combined discussion for both
techniques, UPS and STS, applied to the system of silver and
gold clusters on highly oriented pyrolytic graphite (HOPG),
which were up to now described separately [19–21]. First
we will highlight the benefits of both methods and show the
energy resolution which we achieve by using low sample tem-
peratures. Then, our preparation method for the controlled
growth of clusters is summarized and the STM imaging of
the clusters is discussed. After the presentation of the UPS
and STS data, we will discuss the spectra and point out sev-
eral interconnections between them, which will lead to a more
complete understanding of the electronic properties of the
cluster–surface system.

1 Comparison of photoelectron and scanning tunneling
spectroscopy

In photoelectron spectroscopy, the energy distribution of the
photoelectrons gives information on the occupied electronic
states below the Fermi energy with binding energies up to the
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photon energy used, having subtracted the work function of
the sample [22]. Near the Fermi edge the spectra include the
Fermi–Dirac distribution giving the occupation probability of
the electronic states. Measuring the width∆E of the total
Fermi-level onset from the intersections of the 84% and 16%
values, which corresponds to a 3.34kT -width of the Fermi–
Dirac distribution, leads to∆E = 86 meV atT = 300 K. This
clearly indicates that for a detection of subtle effects near
the Fermi energy not only a high energy resolution of the
electron-energy analyzer but also the use of low sample tem-
peratures are necessary.

We checked our energy resolution in UPS on a sputter-
cleaned silver film cooled to 10 K, employing He I radiation
(hν = 21.2 eV). The pass energy of the electron-energy ana-
lyzer was set to 0.7 eV. Using the intersections of the 84% and
16% values of the total Fermi level as described above, with
the 50% value definingEF = 0 we arrived at∆E = 10 meV
which at these sample temperatures is entirely governed by
the experimental energy resolution [23]. Even with these ex-
treme parameters, the total measurement time of a spectrum
was only 30 min due to the parallel detection with an array
of five channeltrons. For the cluster experiments we use our
standard sample position, where we can heat the samples for
cleaning. At this position we reach a temperature ofT = 40 K
Normally, we use a pass energy of 2 eV for high-resolution
measurements at the Fermi-level onset, which still leads to an
energy resolution of∆E = 20 meV

STS is a technique which complements UPS in several as-
pects. It gives direct access to unoccupied as well as occupied
energy levels, and it is a local probe, while UPS averages over
a sample area of typically 1 mm2. STS is preferentially used
for energies close to the Fermi level. The correspondence of
the derivative of the tunneling current dI/dV to the local
density of states (LDOS) is straightforward only for energies
±0.2 eV around the Fermi level; for larger voltages the depen-
dence is more involved [24]. This is especially important for
the occupied region, since here features due to the electronic
structure of the tip are amplified as compared to sample fea-
tures [25]. For voltages exceeding about±5 V, the stability
of the tip and the sample is additionally affected due to the
large field gradients. As in UPS, the use of low temperatures
is crucial for a high energy resolution, whereby in STS not
only the occupation of the electronic states is influenced by
the Fermi–Dirac distribution, but in addition the energy reso-
lution is directly dependent on the width of the Fermi-level
onset in the STM tip.

We checked our energy resolution in STS using the sur-
face state on an Ag(111) surface. As a measure of the en-
ergy resolution we use the width of the step which occurs
in the LDOS of the two-dimensional surface state at the on-
set E0 = −67 meV of the parabolic energy dispersion. The
STS measurement is performed atT = 5 K, using a lock-in
technique with open feedback loop for the measurement of
dI/dV . To the tunneling voltage we add a modulation voltage
with a frequency of 700 Hz. In Fig. 1 we show the resulting
dI/dV spectra with an amplitude of 0.35–28 mVrms for this
modulation voltage. We observe that the spectra are almost
identical for amplitudes< 3.5 mVrms. We use here, as was
done in [26], the parameter∆ given by the intersections of
a straight line extrapolating the slope at the midpoint of the
rise with the extrapolations of the levels below and above the
onset. As is shown in Fig. 1 this gives∆ = 12 meV for modu-

Fig. 1. STS spectra for a (111) surface of a silver crystal, showing the step
shape of the onset of the surface state. The dI/dV curves were measured
with a lock-in technique. Several curves for different modulation voltages
marked with their rms amplitudes are displayed (solid curves). In the limit
of small modulation amplitudes the width of the step is evaluated by the
intersections of thedashed straight lines (see text)

lation voltages< 3.5 mVrms. As this is in agreement with the
internal width of this structure in the limit of low modula-
tion voltages given in [26], we can conclude that we have an
energy resolution of∆E ≤ 10 meV, if we define it with the in-
tersections of the 84% and 16% values as was also done in the
case of UPS above.

2 Controlled growth and STM imaging of clusters in
nanopits

The preparation of the cluster samples is described in de-
tail elsewhere [27], so here we will give a short summary of
the preparation method, mentioning some improvements we
made in the preparation parameters in our recent sample prep-
arations and discuss the STM imaging of the clusters.

On a freshly tape-cleaved HOPG surface we produce
about 5×102 surface defects/µm2 by sputtering with Ar ions
of 100 eV kinetic energy. The decreased kinetic energy (com-
pared to Ne ions with an energy of 1 keV [27]) improves the
homogeneity of the samples, which is reasonable in com-
parison with recent work on the defect structure produced
with different ion energies [28]. Then we heat the samples in
a mixture of 2% O2 and 98% Ar at a temperature of 540◦C.
The use of this gas mixture instead of air, which was used
before, allows us to increase the heating time by a factor of
ten to 200 min, which gives better control of the time inter-
val. In this way we oxidize the defects to small pits with
a diameter of about 5 nm and a depth of one monolayer.
The evaporation of metal on this nanostructured surface re-
sults in the condensation of metal clusters within the pits.
In Fig. 2 we show a sample with small silver clusters with
a height distribution of 1.4 nm±0.3 nm. In this case we evap-
orated the silver with the surface at room temperature and
with a very low evaporation rate of 1.2×10−3 monolayers/s.
At room temperature the diffusion of the silver atoms on the
HOPG surface is large enough, so that the clusters grow ex-
clusively attached to the pits. The fixation of the clusters to
the pits enables us to image them without displacing them by
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Fig. 2. Topographic STM image (scan area 150×150 nm2) measured at
T = 5 K of silver clusters (bright dots) on graphite (HOPG) produced by
controlled condensation in nanopits (dark patches). The height distribution
of 1.4±0.3 nm corresponds to cluster sizes of 9×101–3×102 atoms

the STM tip. This gives information on the size and shape
of the clusters, but it is important to consider the effect of
the tip shape in STM imaging. We illustrate this with the
schematic drawing in Fig. 3. The bold solid line on the left-
hand side represents an STM tip with the tunneling junction
formed by an atomically sharp protrusion, marked as a small
triangle, on an apex with a radius of curvature of≈ 5 nm,
which is a typical value for the in-situ tip preparation used
here [29]. On a flat surface atomic resolution is obtained,
because the tunneling current is focused on the small pro-
trusion. But if a cluster of the size of some nanometers is
imaged, here indicated as a truncated sphere, then the tun-
neling junction will be drawn to a position somewhere on
the side of the tip and move over the apex while the clus-
ter is scanned. In Fig. 3 the scanning process is illustrated
by several thin solid lines indicating the momentary position
of the tip and additionally in the top part of the figure as
the bold dashed line, which gives the trajectory of the tip
scanning the cluster. This ‘convolution with the tip shape’
has two main effects for the imaging of clusters. First, the
atomic resolution is lost in most cases. There are only a few
examples in the literature where atomic resolution was ob-

Fig. 3. Schematic illustration describing the effect of the tip shape for the
STM imaging of nanometer-sized clusters. See text for detailed description

tained for facets of flat clusters several nanometers in size
(see, for example, [30, 31]). In this case the tunneling junc-
tion is formed by the small protrusion while scanning the top
facet. Secondly, it is important to note that the convolution
with the tip shape leads to an inflation of the lateral clus-
ter size as visible by the comparison of the tip trajectory and
the cluster shape in the top part of Fig. 3. We have proven
this effect for our cluster samples with the combination of
in-situ STM for the height and ex-situ transmission electron
microscopy (TEM) for the direct measurement of the lateral
diameter [27]. Nevertheless STM gives the correct heighth
of the clusters, if the tunneling gap is similar for the substrate
and the clusters, which can be checked by using different
tunneling voltages for the imaging. With this a diameter-to-
height ratio ofd/h = 1.4 was measured for several samples
in the range ofh = 1.8–6.7 nm for the mean cluster height.
Besides the direct determination of the cluster size and shape
we also calculated the total cluster volume and compared
it to the amount of evaporated silver, which was measured
by calibrating the evaporation source with a quartz micro-
balance, and additionally by STM images of silver grown as
small islands with monatomic height on an Ag(111) surface
at T = 250 K. From this comparison we get a sticking coeffi-
cient of about 0.5 for silver evaporated on the nanostructured
HOPG atT = 300 K, which is in agreement with measured
sticking coefficients for copper and gold [32], if we consider
the density of condensation centers given by the nanopits. In
summary, we estimate that we can calculate the cluster vol-
ume with the height measured with STM usingd/h = 1.4
with a relative accuracy of 30%.

3 UPS results for metal clusters

In Fig. 4 we show UPS results in the range of the 4d elec-
trons for silver clusters of different size in the range of 2×102

to 4×103 atoms as the mean cluster size. The silver clusters
produce a distinct signal in the UPS data. By taking the differ-
ence curves of the spectra before and after silver evaporation,
their spectral contribution could be extracted as described
in [23]. All UPS data presented here were taken with a pho-
ton energy ofhν = 21.2 eV and the detection of electrons in
normal emission±8◦. For comparison, we have also meas-
ured the analogous spectrum of a thick polycrystalline silver
film and the (111) surface of a silver single crystal and show
it as the two bottom curves in Fig. 4. The bulk curves and
all cluster sizes except the spectrum with 2×102 atoms were
measured atT = 40 K. For 2×102 atoms, the spectra without
and with clusters had to be taken at room temperature im-
mediately before and after silver evaporation, because only
in this way could we measure the tiny difference signal. We
checked for the larger clusters that the spectra atT = 40 K
and room temperature are the same in an overall view; they
differ however in their energy resolution, which makes some
effects only accessible at low temperatures [19]. Also we ob-
served no changes in the cluster geometry measuring with
STM in the range of 5–300 K.

The spectra for cluster sizes> 4×102 atoms asymp-
totically approach a spectrum similar to the polycrystalline
bulk data. In Sect. 4 we will show that the remaining dif-
ferences are due to a dynamic final-state effect given by the
cluster–surface interaction. In comparison the bulk Ag(111)
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Fig. 4. Solid dots: the spectral contribution of silver clusters in UPS, for
different cluster sizes given as the mean numberN of atoms in one clus-
ter (upper five curves) and UPS data for polycrystalline bulk silver and
a Ag(111) bulk crystal (bottom two curves). All measurements were taken
with hν = 21.2 eV at T = 40 K except for the clusters withN = 2×102

atoms, where the measurement was taken at room temperature.Open dots:
calculated curve corresponding to clusters withN = 4×103 atoms obtained
by the convolution of the polycrystalline bulk spectrum with the probability
function P(W ), which describes the dynamic final-state effect (see text)

data show significant differences to the spectra for large
cluster sizes. This indicates that there exists no preferential
crystalline orientation of the Ag clusters. We get the same
result using transmission electron diffraction. In contrast,
we observed for gold clusters grown in nanopits at a sub-
strate temperature of 600◦C an orientation of the Au(111)
plane parallel to the substrate surface. We studied this with
electron diffraction in comparison with gold clusters pro-
duced with gas aggregation and deposited without preferen-
tial orientation on a graphite surface [33]. To substantiate
the interpretation of the silver UPS data we also measured
photoemission spectra for these two differently produced
gold-cluster samples and compared them to polycrystalline
gold and a Au(111) single-crystal spectra (see Fig. 5). The
comparison clearly agrees with the electron-diffraction re-
sults. The gold clusters grown in the nanopits show a de-
tailed substructure of thed-band similar to the Au(111)
surface. For the gold clusters deposited without a prefer-
ential orientation this substructure is missing, like for the
polycrystalline gold surface. In [34] the crystalline struc-
ture of silver clusters was discussed with photoemission data
in a similar way. Here we can corroborate such an inter-
pretation by the direct comparison of the electron diffrac-
tion [33] and UPS results for the case of gold clusters on
graphite.

4 A model for dynamic final-state effects in UPS

For the interpretation of our high-resolution UPS data it is
necessary to consider final-state effects in the photoemission
process which are well known for the photoemission of free
clusters in vacuum [35], and which were also observed for
clusters on amorphous carbon [36]. For the detailed descrip-
tion of final-state effects in UPS of clusters on a graphite
surface we have developed a model which takes into account
the influence of the photohole remaining on the metal clus-
ter during the photoemission process and the cluster–surface
interaction [19]. The charge remaining on the cluster after
the photoionization process will cause a shift of the Fermi
level. For a free cluster in vacuum, this energy shift describes
roughly the difference between the ionization potential of the
cluster and the work function of the bulk material. An exact
calculation shows this shift is given by∆E = αe2/(4πε0R)
with α = 0.41 for silver clusters [35]. If one considers the
cluster as a small particle of bulk material, the contact with
the substrate has to equalize the two Fermi energies. But
this is valid only in a static view, since the charge trans-
fer requires some time, depending on the strength of the
cluster–surface interaction. For a cluster which is coupled to
a surface the energy shift is time-dependent. It finally van-
ishes when an electron is regained from the substrate. For
every single cluster this is a quantized process, since the
charge amounts to+e. The measured energy of the photo-
electron depends on how long the positive charge remains
on the cluster. During this time interval there is an attrac-
tive force reducing the energy. Using a photon energy of
21.2 eV, an electron from the Fermi level leaves the sam-
ple with a kinetic energy of about 17 eV, corresponding to
a velocity ofv = 2.4×106 ms−1.

In a simple model, the elimination of the positive charge is
described by a characteristic timeτ, which can be interpreted
as a tunneling time in the case of a weak cluster–surface in-
teraction. The probability that the charge is eliminated during
the time interval[t, t + d t] is given by

P(t)d t = 1/τ exp(−t/τ)d t .

In order to calculate the energy of the electron arriving
at the electron-energy analyzer, we need the potentialW(r)
acting on the electron on its way from the cluster to infin-
ity, with r being the distance from the center of the cluster.
A simple formula which fits the limiting casesW(R) = 0 and
limr→∞(∆E − W(r)) ∝ 1/r and should give an estimation of
the gross effects is given by

W(r) = αe2

4πε0

(
1

R
− 1

r

)
.

If the charge on the cluster is neutralized after timet, the
energy shift for the electron is equal toW(R+vt). The meas-
ured spectra average over a large number of photoelectrons
with different timest. Even if all clusters are identical in ra-
dius and coupling to the surface, this leads to a distribution
of energy shifts given byP(W )dW = P(t(W ))(d t/dW )dW
with W ∈ [0, Wmax] andWmax = ∆E. InsertingW(R+vt) one
gets withC = (R/vτ)
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Fig. 5. Comparison of UPS data for Au clusters
grown on HOPG with nanopits (top left) and de-
posited on HOPG without preferential crystalline
orientation (top right) with UPS data for bulk
Au(111) (bottom left) and a polycrystalline bulk
Au sample (bottom right). All spectra were meas-
ured withhν = 21.2 eV atT = 50 K. Dashed curves:
background signal of the HOPG without clusters

P(W )dW = CWmax

(Wmax− W )2
exp

(
− CW

Wmax− W

)
dW .

ForC � 1 the distributionP(W ) approaches a delta func-
tion at W = Wmax, which means that the spectrum is shifted
by this amount. This corresponds to the case of free clus-
ters with an infinite lifetime of the photohole. ForC � 1 the
photohole is immediately neutralized andP(W ) approaches
a delta function centered atW = 0, i.e. no shift of the spec-
trum. In the intermediate range,P(W ) covers the interval
[W, Wmax], giving not only a shift but also a change of the
spectral shape [20].

To check on the influence of the cluster-size distribu-
tion we assumed a Gaussian distribution withR = R̄ ±0.2R̄,
which corresponds to the measured cluster sizes in the ex-
periments discussed below. CalculatedP(W ) curves for
the different values ofC summed with varyingWmax ac-
cording to the size distribution show that the curves for
C > 1 are almost unchanged by the cluster-size distribu-
tion, which means the change of the spectral structures is
not dominated by averaging over different cluster sizes but
by the quantum-mechanical size effect which is included

in the probability distributionP(t), describing that single
photoemission processes are characterized by statistically
distributed timest [19, 20].

5 Discussion of the UPS results for silver clusters
including the cluster–surface interaction

The measured Fermi-level onset at low temperatures (where
the thermal broadening is negligible) is formed by a su-
perposition of sharp Fermi edges shifted with the distribu-
tion P(W ), and with this the model parameters can be ad-
justed [19]. We show the measured Fermi onsets in Fig. 6 for
the same cluster sizes as in Fig. 4 except for the spectrum for
2×102 atoms for which the UPS signal was too weak close
to the Fermi level.

For the largest clusters withN = 4×103 atoms (or, con-
sidering the cluster-height distribution explicitly, 2×103

atoms to 7×103 atoms), the experimental spectrum can be
described with the parametersC = 3.0 andWmax = 0.49 eV
(cf. Fig. 6). Together with the mean cluster radiusR̄ = 2.5 nm
this results inτ = 0.3×10−15 s, which is of the expected
order of magnitude for a coupling with significant cluster–
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surface interaction as in the case of graphite. The value of
Wmax = 0.49 eV is larger than∆E = 0.24 eV, the number
given in [35] for free silver clusters of the same size. This may
be an indication that the cluster–surface interaction not only
provides valuesC > 0, but also changes the total shift given
by Wmax (cf. [36]).

We now use the identical parameters as determined from
the photoemission at the Fermi-level onset for the discussion
of the UPS data in the range of the 4d electrons. In Fig. 4
we plot together with the experimental spectrum for 4×103

atoms a calculated spectrum resulting from the spectrum for
bulk silver and a convolution with the probability function
P(W ) which considers the distribution of final-state energy
shifts (open dots). This spectrum fits the cluster spectrum
very closely, which proves that the remaining differences be-
tween the cluster spectrum and the polycrystalline bulk spec-
trum as measured, visible, for example, in the onset of thed
electrons at−4 eV, can be explained by the dynamic final-
state effect in the measurement process [20]. This shows that
for a cluster size of 4×103 atoms the initial-state electronic
structure of the clusters in the range of the 4d electrons is
already very close to bulk. The same holds for the spectra
for the 2×103- and 9×102-atom clusters. For the clusters
with 4×102 atoms and even more for 2×102 atoms addi-
tional changes of the spectra are visible, which cannot be
explained with the variation ofP(W ) with the cluster radius.
Instead they have to be attributed to changes in the initial-
state electronic structure of the clusters. This is in good agree-
ment with calculations for copper clusters [37] which show
that in the range of thed electrons the bulk limit is reached
for 5×102 atoms, while there are significant deviations for
2×102 atoms.

Fig. 6. Dotted curves: the spectral contribution at the Fermi-level onset of
silver clusters in UPS, measured withhν = 21.2 eV at T = 40 K for differ-
ent cluster sizes given as the mean number of atomsN in one cluster. The
bottom curve was measured for polycrystalline bulk silver with identical pa-
rameters.Line curve: calculated curve forN = 4×103 atoms convoluting
a sharp Fermi edge with the probability functionP(W ), which describes the
dynamic final-state effect (see text)

6 STS results for silver clusters

In Fig. 7 we show the dI/dV curves for the STS spectra of
14 different silver clusters with cluster heights in the range
of 1.1 nm to 2.1 nm, which corresponds to mean cluster sizes
of N = 9×101–6×102 atoms, given with a relative accu-
racy of 30% as discussed above. We checked that within
±0.02 nm, the cluster height is independent of the tunnel-
ing voltage in the range of 0.5–2 V. These spectra are all
taken at a temperature ofT = 5 K at positions close to the
very top of the clusters. In some cases we have observed spa-
tial energy shifts [21], especially in the case of extremely
sharp peaks, as, for example, for the cluster with a height of
1.39 nm, but here this does not change the overall shape of
the data. The set-point for all spectra was a current of 0.09 nA
with a voltage of 0.5 V before measuring the dI/dV data with
open feedback loop and a modulation voltage of 7 mVrms. We
have checked that a change of the set-point, which corres-
ponds to a different tip–cluster distance, does not change the
dI/dV spectra except for a constant factor [21]. This shows
that the peaks in the spectra are not caused by a Coulomb
staircase, because otherwise the change of the capacity be-
tween tip and cluster would lead to an energetic shift of the
peaks [38]. Instead we interpret the spectral features as being
caused by the quantized electronic structure of the cluster–
surface system, leading to resonances in the transmission of
the tunneling current. With the diameter-to-height ratio of 1.4

Fig. 7. STS data for silver clusters on HOPG measured atT = 5 K. The
dI/dV spectra were collected for 14 different clusters with cluster heights
given as measured with STM. The heights 1.1–2.1 nm correspond to cluster
sizes ofN = 9×101–6×102 atoms. The spectra are normalized to equal
maximum dI/dV signal and shifted for better visibility. Set-point: voltage
0.5 V, current 0.09 nA, modulation voltage 7 mVrms
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and the absence of a preferential crystalline orientation for the
silver clusters, as discussed above, a free-electron model for
a three-dimensional particle will be appropriate here, rather
than considering models for two-dimensional films [39, 40]
or confined surface states on flat islands [41].

For the clusters withN = 6×102 atoms which show
a mean peak spacing of about 0.1 eV in the measured STS
data, an order-of-magnitude estimation in a free-electron
model may be useful. As a lower bound we calculate
the spacing of independent electron-energy levels near the
Fermi energy considering only spin degeneracy. This gives
δE ≈ 2π2h2/(mkFV ), wherem is the electron mass,kF the
Fermi wave vector (1.2×1010 m−1 for Ag) [42, 43] andV the
cluster volume. WithV = NVatom (Vatom = 1.7×10−29 m3)
this givesδEmin = 0.012 eV for N = 6×102. As an upper
bound we consider a spherical jellium system and assume that
the peaks in the dI/dV spectra correspond to the main-shell
closings which occur forNi electrons and fulfill the equa-
tion (Ni+1)

1/3 − (Ni)
1/3 ≈ 0.61 [44], neglecting additional

level splitting. With this the degeneracy in the range ofN =
6×102 electrons calculates to∆N ≈ (N1/3 +0.61)3− N ,
which gives∆N ≈ 1.4×102 (instead of 2 if only spin degen-
eracy was assumed). In this way we can estimate the upper
limit to be δEmax = δEmin ·∆N/2 = 0.8 eV. The direct cal-
culation of the energy-level spacing considering the classical
orbits for the main-shell oscillations [21] gives the same re-
sult. The measured peak spacings are right in between these
limits, which is reasonable because there will be some group-
ing or degeneracy of the energy levels, but the degeneracy
will be smaller than this upper limit for a sphere as the clus-
ters are not really spherical and additionally the contact to the
surface will also reduce the symmetry.

7 Interconnections between the UPS and STS data for
silver clusters

In this section we give a combined interpretation of the UPS
and STS data of the silver clusters. Since there is already
a range of cluster sizes where we have measured spectra with
both techniques we develop some ideas how these can be
explained in a consistent picture. Then, we pose some still
open questions and point out some directions of future experi-
ments.

The UPS spectra in the range of the 4d electrons show
a deviation from the bulk properties for clusters with less than
about 5×102 atoms. With our STS data we approach this
region for the largest cluster sizes we could measure up to
now (6×102 atoms) and in the UPS data at the Fermi-level
onset the smallest clusters for which we were able to get a sig-
nal with reasonable statistics (4×102 atoms) are of this size.
We mention here that even if the determination of the abso-
lute cluster size is only given within a relative accuracy of
30%, the comparison of the different cluster sizes is more re-
liable since in all cases we used the same measurement of
the cluster heights with STM as the main information. How-
ever, there is one big difference for the UPS and the STS
data, i.e. the size given for the UPS data is a mean cluster
size and the data given, for example, for 4×102 atoms cover
a size range ofh = 1.8±0.5 nm, which translates into clus-
ter sizes of 1.5×102–8×102 atoms. On the other hand each
STS spectrum is measured for one individual cluster with

a fixed size and a fixed cluster geometry. With this in mind we
now compare the UPS and STS spectra in the range of about
5×102 atoms.

The statistics are only reasonably good in the UPS curves
near the Fermi energy for this cluster size, but in Fig. 6 we can
identify that there is no gap exceeding 50 meV at the Fermi
energy, which should be visible with our energy resolution
of 20 meV. This has to be compared to the STS data which
show separate peaks with a mean peak to peak distance which
is in the range of 100 meV for cluster sizes around 5×102

atoms. The peaks in the STS spectra show a strong cluster-
size dependence and their position will cover all energies if
the cluster size varies even only in a small range. We can
connect both these set of spectra if we consider the strong
cluster-size dependence of the STS spectra together with the
dynamic final-state effect in UPS. The convolution with the
function P(W ) will mask fine structures in UPS, even if we
could produce samples with all clusters identical, and addi-
tional averaging over a range of cluster sizes will result in
a flat effective density of states near the Fermi energy. This
allows us to use the concept of a sharp Fermi-level onset con-
voluted with the functionP(W ), which gives the calculated
UPS spectrum close to the Fermi energy as is shown in Fig. 6.

One direction for future experiments will be to achieve
more overlap between the cluster sizes used in the experi-
ments with UPS and STS. For an extension of the STS ex-
periments to clusters with larger sizes, we have to use lower
currents in the dI/dV measurements to avoid the clusters
being pushed out of the pits during the spectroscopy scan,
especially for the larger cluster sizes which are bound to
the surface with only a small fraction of their atoms. In the
UPS experiments an extension to smaller cluster sizes to-
gether with a more narrow size distribution will be needed
in order to detect size-dependent features in the spectra. The
dynamic final-state effect will mask sharp peak structures in
UPS. However, a large gap at the Fermi energy as it opens up
in the STS data below approximately 2×102 atoms may be
detectable, if it is possible to achieve high energy resolution
at low temperatures for small cluster sizes.

The open question remains, as to whether the dI/dV
curves on the clusters taken with STS can be interpreted in
a straightforward way as the direct reproduction of the quan-
tized electronic states in the cluster, or if the mechanism of
the resonant tunneling in the combined cluster–surface sys-
tem has to be considered as a whole in a more elaborate way.

8 Conclusion

In this paper we have presented a study of the geometric and
electronic structure of metal clusters on a surface aiming at a
‘complete surface-science experimental approach’. With the
controlled growth of the clusters in preformed nanopits on an
HOPG surface, the cluster size and shape can be measured
in-situ in UHV with STM, if the effect of the tip shape is con-
sidered and cross-checked with ex-situ TEM. The crystalline
orientation of the clusters can be studied with TEM electron
diffraction, but we have shown that the UPS data can also be
used to obtain in-situ information on the crystalline structure.
For the study of the electronic structure with UPS and STS the
use of high energy resolution at low temperatures is crucial
if one wants to address the subtle effects of energy quantiza-
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tion at the Fermi level. In UPS the dynamic final-state effect
gives some kind of fundamental limitation for the detection of
sharp energy levels in the cluster–surface system. Addition-
ally, it has to be considered that UPS averages over the size
distribution, which occurs for clusters grown by nucleation on
a surface even if the growth is performed in a well-controlled
manner with the use of preformed nanometer-sized defects.
STS gives access to individual clusters; however the extrac-
tion of the electronic structure of the cluster–surface system
is still an open question in current research. The combination
of UPS and STS will help us to get a more comprehensive
understanding of both experiments and their interpretation.
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