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Abstract. We studied the electronic structure of quasi size-selected silver clusters grown in nanopits of
a graphite surface using ultraviolet photoelectron spectroscopy at T = 40 K. For clusters with more than
9×102 atoms the initial state of the d-electrons has already reached the bulk limit, but there is a dynamic
final-state effect which we can explain with a simple model taking into account the finite lifetime of the pho-
tohole (corresponding to a charged cluster) and the cluster-substrate interaction on a femtosecond timescale.
Below a critical cluster size of about 5×102 atoms we have observed additional initial-state effects.

PACS. 36.40.Mr Spectroscopy and geometrical structure of clusters – 79.60.-i Photoemission and photo-
electron spectra – 61.16.Ch Scanning probe microscopy: scanning tunneling, atomic force, scanning optical,
magnetic force, etc. – 73.23.Ps Other electronic properties of mesoscopic systems

1 Introduction

The investigation of the electronic properties of clusters
is largely motivated by one fundamental question: How
does the discrete atomic level structure of the atom evolve
into the continuous band structure of the bulk? A powerful
method to probe the electronic structure of atoms, clusters
and the solid state is photoelectron spectroscopy. There-
fore it has been applied in many studies concerning the
size dependent electronic structure of clusters (e.g. [1–3]
and refs. therein). These early studies often used amorph-
ous graphite as a substrate and the cluster production
was performed by thermal evaporation. In recent work
also well ordered insulating oxide films, metals or semi-
conductors were used as substrates. A controlled cluster
production was achieved, e.g., with the deposition of mass-
selected clusters or the cluster growth on nanostructured
substrates [4, 5].

There is still a controversy whether the experimental
observations of cluster size effects in photoelectron spec-
troscopy are due to changes in the electronic structure of
the clusters i.e. initial-state effects, or caused by the final-
state effect originating from the positive charge remaining
on the cluster in the photoemission process [1–3]. It has
been discussed that this question is strongly influenced
by the cluster-substrate interaction [6]. If the substrate is
insulating (however preventing a static charging, e.g., by
the use of a thin film on a conducting substrate) the clus-
ter remains positive during the photoemission process and
a shift ∝ e2/R, with R the cluster radius, is observed. On
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a metallic substrate the positive charge is neutralized so
fast that no significant shift is observed. Graphite with its
semimetallic properties is intermediate between these two
extremes and it was suspected that dynamic effects should
be visible [6], however, they could not be identified because
of limited energy resolution and non-uniform cluster size.

2 Model for a dynamic final-state effect

For the description of the dynamic final-state effect we
use a model which takes into account the influence of the
photohole remaining on the metal cluster during the pho-
toemission process and the cluster-substrate interaction.
The charge remaining on the cluster after the photoioniza-
tion 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 calcu-
lation shows this shift is given by ∆E = αe2/(4πε0R) with
α = 0.41 for silver clusters [7]. If one considers the clus-
ter 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 substrate the energy shift is time-dependent. It finally
vanishes, 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
photoelectron depends on how long the positive charge is
remaining on the cluster. During this time interval there
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Fig. 1. Top: P (W ) calculated with (3) for several values of
C = (R/vτ ) assuming clusters identical in radius and coupling
to the substrate. Bottom: P (W ) calculated assuming a Gaus-
sian size distribution with R= R̄±0.2R̄.

is an attractive force reducing the energy. Using a pho-
ton energy of 21.2 eV, an electron from the Fermi level is
leaving the sample with a kinetic energy of about 17 eV,
corresponding to a velocity of v = 2.4×106 ms−1 which is
big enough to be sensitive to processes on a femtosecond
time scale, because the electron travels a distance corres-
ponding to several cluster radii (of the order of 10−9 m)
during 10−15 s.

In a simple model, the elimination of the positive charge
is described by a characteristic time τ which can be inter-
preted as a tunneling time in the case of a weak cluster-
substrate interaction. τ will be dependent on the cluster
radius and, additionally, it can vary even for clusters of
equal radius owing to a different cluster-substrate coup-
ling. But as a first step we formulate our model for one
cluster size and one time τ only. In a second step we will
show in which way the results are altered when we include
the experimental cluster size distribution. The probabil-
ity that the charge is eliminated during the time interval
[t, t+ dt] is given by

P (t)dt= (1/τ) exp(−t/τ)dt . (1)

In order to calculate the energy of the electron arriving at
the electron energy analyzer, we need the potential W (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 cases W (R) = 0
and limr→∞(∆E−W (r)) ∝ 1/r and should give an esti-

mation of the gross effects is given by

W (r) =
αe2

4πε0

(
1

R
−

1

r

)
. (2)

If the charge on the cluster is neutralized after time t,
the energy shift for the electron is equal to W (R+ vt).
The measured spectra average over a large number of
photoelectrons with different times t. This leads – even
if all clusters are identical in radius and coupling to
the substrate – to a distribution of energy shifts given
by P (W )dW = P (t(W ))(dt/dW )dW with W ∈ [0,Wmax]
and Wmax = ∆E. Inserting W (R+ vt) one gets with
C = (R/vτ)

P (W )dW =
CWmax

(Wmax−W )2
exp

(
−

CW

Wmax−W

)
dW .

(3)

This function is plotted in Fig. 1 (top) for several values
of C, giving the strength of cluster-substrate interaction.
For C� 1 the distribution P (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 clusters with an infinite lifetime of the photohole. For
C� 1 the photohole is immediately neutralized and P (W )
approaches a delta function centered atW = 0, i.e. no shift
of the spectrum. In the intermediate range, we find curves
which cover the interval [W,Wmax], giving not only a shift
but also a change of the spectral shape. The function P (W )
looks similar to the core level line shapes for adsorbates
with different coupling-strength to the substrate, studied
theoretically [8] as well as experimentally [9]. If the clus-
ters get very small, such a molecular model may also be
applicable.

To check on the influence of the cluster size distribu-
tion we assumed a Gaussian distribution with R = R̄±
0.2R̄, which corresponds to the measured cluster sizes in
the experiments discussed below. Calculated P (W ) curves
for the different values of C were summed up with vary-
ingWmax according to the size distribution. The results are
shown in Fig. 1 (bottom). It is remarkable that the curves
forC > 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 distribution (1) describing that single
photoemission processes are characterized by statistically
distributed times t.

3 Experimental

The experiments were carried out in the surface-science
facility described elsewhere [10]. It combines scanning tun-
neling microscopy (STM) at T ≤ 5 K and high-resolution
(∆E = 10 meV) ultraviolet photoelectron spectroscopy
(UPS) at T ≤ 50 K. The clusters were produced by con-
trolled condensation of silver evaporated onto a graphite
(HOPG) surface with preformed pits of one monolayer
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Fig. 2. Topographic STM images (scan area 150× 150 nm2,
pseudo 3D display) of silver clusters on graphite (HOPG) pro-
duced by controlled condensation in nanopits. Height distribu-
tions of (a) 1.8±0.5 nm, (b) 2.4±0.6 nm, (c) 3.1±0.7 nm, and
(d) 3.9±0.8 nm; mean number of atoms in one cluster 4×102,
9×102, 2×103, and 4×103, respectively.

depth and a diameter of 9±2 nm [5]. Before the silver evap-
oration was performed in UHV, the nanostructured HOPG
surface was heated 1 hour at 870 K, and its cleanliness was
checked by UPS. The size distribution of the clusters was
determined by the combination of in-situ UHV-STM for
the height and ex-situ transmission electron microscopy
(TEM) for the lateral diameter. We present results for four
different cluster sizes (cf. Fig. 2). The cluster-height dis-
tribution as measured with STM was 1.8±0.5 nm, 2.4±
0.6 nm, 3.1± 0.7 nm, and 3.9± 0.8 nm. A diameter-to-
height ratio of 1.4 was measured by comparision of TEM
and STM data for several samples covering the range of
cluster sizes discussed here. With this the mean number of
atoms in the clusters are N = 4×102, 9×102, 2×103, and
4×103, respectively.

The silver clusters produce a distinct signal in the pho-
toemission spectra. By taking the difference curves of the
spectra before and after silver evaporation, their spectral
contribution could be extracted as described in [10]. In
Fig. 3 we present the spectra (taken at T = 40 K with hν =
21.2 eV) of the silver clusters, for the four different cluster
sizes of Fig. 2. For comparison we have also measured the
analogous spectrum of a thick polycrystalline silver film
and show it as the lowest curve in Fig. 3.

4 Discussion

The cluster spectra for the clusters (b)–(d) in Fig. 3 are
very similar, but they show distinct deviations compared
to the bulk spectrum. We observed that this spectral shape
stayed the same even for clusters with N ≈ 3×104 atoms
(not shown). The spectrum of the smallest clusters (a)
shows much larger differences to the bulk spectrum. We
will now use our model for the dynamic final-state ef-
fect to analyse these spectra. This implies some simpli-

Fig. 3. The spectral contribution of the silver clusters in UPS,
measured for the four different samples (a)–(d) of Fig. 2 at
T = 40 K with hν = 21.2 eV. The bottom curve was measured
for bulk silver with identical parameters. The spectra are nor-
malized to equal height of the valence band structure.

fications, for example non spherical cluster shapes are
not yet included in our model. But this limits essentially
only the quantitative interpretation of the parameters C
and Wmax.

For the clarification of the dynamic final state caused
by cluster-substrate interaction it was crucial that we
also measured high resolution photoemission spectra of
the Fermi level onset [11]. The measured Fermi onset
at low temperatures (where the thermal broadening is
negligible) is formed by a superposition of sharp Fermi
edges shifted with the distribution P (W ). For the larg-
est clusters (d) with N = 4×103 atoms (or, considering
the cluster-height distribution explicitly, 2×103 atoms
to 7×103 atoms), the experimental spectrum can be de-
scribed with the parameters C = 3.0 and Wmax = 0.49 eV
(cf. Fig. 4). Together with the mean cluster radius R̄ =
2.5 nm this results in τ = 0.3×10−15 s which is of the ex-
pected order of magnitude for a coupling with significant
cluster-substrate 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 [7] for free silver clusters of the
same size. This may be an indication that the cluster-
substrate interaction not only provides values C > 0, but
also changes the total shift given byWmax (cf. [2]). We note
that our model of the dynamic final-state effect may be
more general in low dimensional metallic systems. For ex-
ample a similar shape of the Fermi-level onset is observed
in UPS of such materials (TaSe4)2I, K0.3MoO3, BaVS3

and (TMTSF)2PF8
6 [12].
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Fig. 4. Top curves: High resolution experimental spectrum
of the Fermi-level onset measured at T = 40 K for clusters
with 4×103 atoms (dots) and the spectra calculated using (3)
with C = 3.0, Wmax = 0.49 eV andR= R̄±0.2R̄ (line). Bottom
curve: Fermi-level onset for bulk silver measured with identical
parameters.

We can now use these parameters Wmax and C and
calculate a resulting cluster spectrum by convoluting the
measured bulk spectrum with the same P (W ) as in the
case of the Fermi level onset (Fig. 5, bottom). Includ-
ing only the dynamic final-state effect, we observe that
this curve is already very similar to the measured clus-
ter spectrum. Especially the differences in the onset of the
d-electrons at −4 eV (Fig. 5, top) are correctly removed
by this calculation, which is an important fact for the
interpretation of optical measurements [13]. The remain-
ing deviations are almost size independent for the clusters
(b)–(d) in Fig. 3. The small systematic trend, which we ob-
serve in the onset at −4 eV (Fig. 3), can be explained with
an increase of Wmax which corresponds to the variation
of the cluster radii Rd/Rb = 1.6, however our statistics at
the Fermi level onset for the smaller clusters is not good
enough for a model fit of Wmax and C.

The clusters may have a different crystalline orienta-
tion than the polycrystalline bulk sample. This would ex-
plain the difference at about −4.7 eV (Fig. 5, bottom),
where the polycrystalline bulk spectrum shows a peak
but bulk Ag(111) has only a small shoulder. We observed
with electron diffraction that the silver clusters, which
were coagulated in the nanopits at room temperature,
do not show such a strong preferential orientation as it
was the case for gold clusters grown at 600 ◦C [14]. But
there may be some ordering in correspondence to the
(111) orientation, which is observed for silver films on
HOPG [15]. Experiments which study the influence of the
crystalline structure on the photoemission spectra of clus-
ters are planned.

We conclude that the initial state of the d-electrons for
the silver clusters (b)–(d) in Fig. 3 with more than 9×102

atoms has already reached the bulk limit (i.e. R→∞) but
there is still a dynamic final-state effect which decreases
∝ 1/R and therefore vanishes only very slowly for large
clusters. It is especially important to include the dynamic
final-state effect in the analysis of UPS of clusters because

Fig. 5. Dotted curves: The spectral contribution of the silver
clusters with 4×103 atoms in UPS. Line curves: UPS of bulk
silver as measured with identical parameters (top) and convo-
luted with P (W ) with C = 3.0, Wmax = 0.49 eV (bottom).

it results not only in a shift but also alters the shape of the
spectra.

For the clusters (a) with N = 4×102 atoms, however,
the initial state seems to be altered in comparison to the
bulk limit, because otherwise Rb/Ra = 1.3 should give rise
to very similar spectra for Fig. 3(a) and (b). This sud-
den change in the series of cluster sizes (d)–(a) points to
a critical cluster size of about 5×102 atoms for the onset
of initial-state effects in the d-electrons of metal clusters.
This is in agreement with X-ray photoemission spectra
(XPS) [1–3] and data for the optical properties of gold
clusters [13]. In the comparison of UPS and XPS spectra
one has to consider the influence of the photon energy in
C = (R/vτ). With a typical photon energy of 2×103 eV
in XPS a value of CUPS = 3.0 (with hν = 21.2 eV) trans-
forms intoCXPS = 0.3, i.e. the photoemission almost fulfills
the sudden approximation [16] with the positive charge re-
maining on the cluster. Indeed this was observed in XPS
experiments for silver clusters on amorphous graphite [17].

In order to get a clear separation of initial- and final-
state effects for the small clusters it will be important to
measure also the shape of the Fermi-level onset for the
small clusters (Fig. 2(a)) with good statistics. Such meas-
urements for even smaller clusters are planned.
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10. H. Hövel, T. Becker, D. Funnemann, B. Grimm, C. Quit-
mann, B. Reihl: J. Electron Spectros. Relat. Phenom.
88–91, 1015 (1998)
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