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We present the study of free nanoscale lead clusters using photoelectron spectroscopy and synchrotron
radiation. Pb 5d core-level spectra reveal the presence of different initial charge states of the clusters created by
the magnetron-based source. We suggest a method for determining the cluster size from the charge-dependent
core level binding energies. Both the core-level and the valence spectra demonstrate that we have created free
metallic clusters with essentially the same electronic structure as the solid.
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The properties of clusters are to a large extent defined by
their finite size. The electronic structure changes drastically
with cluster size, from localized atomic levels over molecu-
larlike orbitals for small clusters to bandlike states for large
clusters approaching the solid. In metal clusters the filled and
unoccupied levels merge at a certain size leading to the
emergence of metallicity.1–3

Significant experimental and theoretical efforts have been
put into studying geometric and electronic properties of sup-
ported metal clusters,2,4,5 and of clusters in a free beam.3,6 In
contrast to supported particles free clusters have an important
advantage: there is no cluster-substrate interaction changing
the cluster properties.

The optimal method of study would provide information
on both the cluster electronic structure and on the size. Pho-
toelectron spectroscopy is a method that maps the electronic
structure of the system.3,6,7 Until recently for free metal clus-
ters only the valence band could be probed with this method.
Core-level photoelectron spectroscopy �XPS� experiments on
dilute cluster beams have for a long time been unfeasible due
to insufficient sample density for existing x-ray sources.
Only with the advent of modern synchrotron facilities could
XPS studies of free clusters be performed, primarily for rare
gas and molecular clusters created by adiabatic expansion
sources.8–12

Photoelectron spectroscopy has no detection limitations
imposed by cluster size, in contrast to mass spectrometry.13

For nanoscale clusters size determination, a crucial issue in
the free cluster studies, becomes challenging for mass spec-
troscopy. While for the clusters produced by adiabatic expan-
sion the size can be estimated using the �*-formalism14 there
is no such method for large metal clusters created by gas
aggregation. Core-level photoelectron spectroscopy is a
method where the size is reflected in the bulk-to-surface re-

sponse ratio,8,15 and in the absolute binding energy shifts,7

but both of these size estimation approaches are limited.
In this Rapid Communication we present a core-level

photoelectron spectroscopy study of free metal clusters cre-
ated with a magnetron-based gas aggregation source. Such a
source, in which the magnetron sputtering process vaporizes
the solid target into a liquid-nitrogen-cooled cryostat filled
with inert gas, is known to be a unique tool for production of
clusters from higher melting point materials.16,17 We have
chosen to study lead, for which the sputtering rate and 5d
core level ionization cross section are high. The XPS spectral
analysis reveals the presence of clusters in various initial
charge states in the cluster beam with the neutral clusters
dominating. Simple modeling of the binding energies for
clusters of different charge states permits the determination
of cluster size.

The experiments were performed at the soft x-ray undu-
lator beamline I411 at the MAX-lab synchrotron radiation
facility �Lund, Sweden�.18 The experimental setup was simi-
lar to that used in our previous measurements on a free metal
atomic beam and free sodium clusters.7,19 Lead vapor was
created as the result of the magnetron-discharge-based sput-
tering process and subsequently clustered in collisions with
the cold carrier gas atoms �Ar� in the gas aggregation
volume.19 The carrier gas flow transferred the metal clusters
through a narrow nozzle from the cryostat into the experi-
mental chamber, where they were irradiated by the synchro-
tron light. In contrast to the setup described in Ref. 19 the
present experiments were performed without a skimmer and
without differential pumping. Emitted photoelectrons were
detected by a Scienta R4000 electrostatic electron energy
analyzer fixed at 90° to the horizontal polarization plane of
the synchrotron radiation. The total experimental energy
resolution was in the 120–160 meV range.
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Metallic properties of clusters can be disclosed by valence
photoelectron spectroscopy, which reflects the density of
states �DOS� of the sample, augmented by cross-section ef-
fects. Figure 1 presents a typical valence spectrum obtained
by sampling the cluster-containing beam. The spectral shape
of the recorded features resembles to a great extent the pub-
lished density of states for solid lead.20,21 The feature be-
tween 4 and 8 eV arises from bands derived from 6p levels.
The similarity between cluster and bulk spectra bears witness
to the well-formed metallic properties in lead clusters and
thus for the large cluster size. It also means that the concen-
tration of impurities and lead compounds in the cluster beam
is low enough to exclude them as the explanation of the
additional features in the XPS discussed below.

Since the clusters are produced in the magnetron plasma
region, neutral as well as positively and negatively charged
clusters are formed.16 However, the large DOS-related spec-
tral width obscures the information on different charge states
of large clusters, for which the DOS does not change signifi-
cantly with an extra charge.22

In the earlier reported experiments with free metal clus-
ters created by a magnetron-based source either only posi-
tively or only negatively charged clusters were studied.17,23,24

Thus the overall pattern of cluster charge-state abundance
and especially information on the initially neutral clusters are
lost. As will be seen, in our XPS experiment we obtain the
entire picture with charge-state resolution.

In the present XPS measurements on large free lead clus-
ters we expected to obtain a spectral pattern similar to that
reported for solid Pb �Refs. 25–27� and Pb clusters deposited
on a conducting substrate.5 This expectation is based on pre-
vious studies of metal clusters created by our gas aggregation
source.7 In order to compare cluster XPS spectra with the
solid-state spectra the work function must be taken into ac-
count. Indeed the solid XPS energy is referred to the Fermi
level, and the free cluster binding energy is measured relative
to the vacuum level. The solid lead 5d spectrum contains two
well-resolved 5d5/2 and 5d3/2 spin-orbit components in the

vicinity of 22 and 25 eV �relative to the vacuum level� sepa-
rated by �2.6 eV.25,27 Each of these features is the result of
overlapping surface and bulk components, for which the
binding energy difference is only 0.16 eV.27 Such a small
separation is indistinguishable within the inherent peak
widths.

In Fig. 2 two photoelectron spectra of the cluster-
containing beam recorded in the 5d binding energy region
under different clustering conditions are shown. The lower
spectrum in Fig. 2�b� was obtained at the same conditions as
the valence band spectrum in Fig. 1. The spectrum in Fig.
2�a� was recorded under conditions producing smaller clus-
ters �lower argon pressure�. Two groups of similar features
around 22.5 and 25.0 eV are obviously related to the 5d5/2
and 5d3/2 states. In each group three subcomponents are
clearly distinguishable, where the central peak is several
times more intense than the other two. The energy separation
between the two central peaks in each spin-orbit related
group is �2.6 eV, and the intensity ratio between them is
close to the statistical value of 2 /3—in agreement with the
solid Pb XPS.27 However, further, detailed assignment,
namely the explanation of the subcomponents in each group,
is at first glance not obvious.

The absence of impurities in the valence region spectrum
excludes lead compounds as the source of the extra spectral
features. A discrete pattern in the core-level binding energy
spectrum due to the size effect can also be excluded. In the
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FIG. 1. Valence photoemission spectrum of lead clusters with
�N��3�103 recorded at a photon energy of 65 eV. The binding
energy scale is referred to as the vacuum level. The work function
of the neutral lead clusters Wcl�4.3 eV is shown with a solid line.
The gray bar illustrates the range containing the work functions for
Z= +1,0 ,−1 clusters.
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FIG. 2. 5d XPS spectra of lead clusters recorded at a photon
energy of 60 eV �dots� for two different clustering conditions: �a�
�N��1�103 and �b� �N��3�103. The spectra are fitted �solid
lines� using Doniach-Sunjic profiles. The lifetime width of 0.2 eV
and singularity index �=0.1 are taken similar to the bulk Pb param-
eters from Ref. 27. In each of the 5d5/2 and 5d3/2 spin-orbit related
groups the central peak is due to initially neutral �Z=0� clusters.
Initially positively charged �Z= +1� and negatively charged
�Z=−1� cluster peaks appear symmetrically around the neutral
peak.
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regime of nanoscale cluster production, a magnetron-based
source creates a continuous size distribution of the clusters,
with a single maximum.24 In this size regime, a scaling law
is expected to apply, giving a monotonous dependence of the
binding energy on size, and therefore the size distribution
will not cause a multipeak electron energy spectrum. The
width of the feature will, however, be affected by the size
distribution. Surface and bulk responses separated by
0.16 eV cannot explain the 0.5 eV �Fig. 2�b�� separation be-
tween the subcomponents. Additionally the relative intensity
between the subcomponents did not change with photon en-
ergy, as would be the case if the components were connected
to surface and bulk. Crystal-field splitting can also be ruled
out as such a splitting has not been observed in solid lead.
Moreover, due to different degeneracies for the 5d5/2 and
5d3/2 components a splitting by electric field would lead to a
different spectral appearance for each spin-orbit split compo-
nent.

The magnetron-based gas aggregation source creates from
20% up to 80% charged particles in the beam depending on
the magnetron power and carrier gas pressure.16 In the re-
corded spectra we expect a signal from initially neutral
�Z=0� clusters, and from initially positively �Z= +1� and
negatively �Z=−1� charged clusters. Clusters with higher
charge states are less likely to be created due to electrostatic
considerations. The present experiments were performed at
low magnetron power �100 W� which according to Ref. 16
favors neutral cluster production.

A large metal cluster can be approximated by a conduct-
ing sphere,28 so that the cluster work function differs from
the planar solid work function by a term defined largely by
classical electrostatics, and depends on the cluster charge and
size. The dependence of the binding energy of the states at
the Fermi level EFermi�R� on the charge state of metal clusters
has been recently studied experimentally.23 In our recent
studies of neutral sodium clusters we have shown that the
conducting sphere model can also be applied to core-level
ionization of metal clusters.7 For a given radius R of a con-
ducting cluster its ionization energy Ecl�Z ,R� is described by
the following formula:

Ecl�Z,R� = E� + �E�Z,R� = E� + �Z +
1

2
	 e2

R
, �1�

where E� is the binding energy of the infinite planar bulk
relative to the vacuum level, and Z is the initial cluster
charge. Thus the core-electron binding energy will be
E�+ 1

2
e2

R , E�− 1
2

e2

R , and E�+ 3
2

e2

R for initially neutral, singly
charged negative and positive clusters, respectively. For clus-
ters of a given size every integral variation in charge changes
the binding energy by ± e2

R .
We have performed fitting of the spectral profile assuming

the same shape for all subcomponents. Such an approach
resulted in an equidistant separation between the central peak
and the side peaks for both spectra in Fig. 2. We found a
separation of 0.71±0.02 eV in the upper spectrum �condi-
tions for smaller clusters� and 0.52±0.02 eV in the lower
spectrum �conditions for larger clusters�. From all above

considerations, we conclude that the three peaks in each
group are due to clusters in different initial charge states with
�Z=1.

The presence of more than one initial charge state allows
estimating the cluster size independently of the E� value,
which is known with limited precision due to the uncertainty
in the work function �3.95–4.25 eV for lead�.25,26 In this
context it is not even necessary to know exactly which peak
corresponds to each charge state. The only requirement is
that the cluster charge differences are one unit, so that the
peak separation is equal to e2 /R. For the spectrum in Fig.
2�a� where the separation is equal to 0.71 eV we calculate a
cluster radius of �20 Å, and the corresponding average size
of �N��1�103 atoms or cluster mass �M��2�105 amu.
The spectrum in Fig. 2�b� with �0.52 eV separation gave
�28 Å cluster radius ��N��3�103 and �M��6�105 amu�.
Thus the method described above opens a way for cluster
size estimation based on a simple analysis of core-level pho-
toelectron spectra.

As a next step we can identify the initial charge states of
the subcomponents in the spectra. For brevity we consider
only the 5d5/2 spin-orbit related group. From recent work27

the absolute value E� of the 5d5/2 state is found between the
positions of the central peak and the lower energy subcom-
ponent �Figs. 2�a� and 2�b��. This automatically assigns the
peaks in order of increasing binding energy as due to initially
negative, neutral, and positive clusters. The results of our
experiments with different magnetron powers �60–140 W�
are in accord with this assignment: the relative intensity of
the lower binding energy peak �Z=−1� increases with the
magnetron power. High power leads to higher electron den-
sity in the plasma, and electron capture by clusters becomes
more probable.

The experimentally determined values for Ecl and
�E�Z ,R� permit us to obtain an exact value for E�. Equation
�1� gives E�=22.0 eV. As can be seen from Fig. 2�b� the
neutral cluster peak shifts towards lower binding energy and
approaches E� at larger cluster sizes. This shift is one more
confirmation of the suggested assignment.

These core-level spectroscopy results shed additional light
on the valence energy structure: the knowledge of E�

=22.0 eV obtained in the present work allows us to derive
the work-function value W� for the infinite bulk and for the
different initial charge state clusters Wcl�Z ,R�. From Refs.
25–27 the binding energy of the 5d5/2 level in solid lead
relative to the Fermi level is equal to 18.0 eV. This results in
a solid work function of 4.0 eV. The interval containing the
work-function values for clusters of three different initial
charge states is shown on the valence spectrum in Fig. 1.
The center of the interval is placed at the position calculated
for the initially neutral clusters with �N��3�103: Wcl

=Winf +e2 /2R=4.3 eV. The width of the interval is equal to
2 e2

R . The initially charged clusters should contribute to the
valence spectrum analogously to the core-level spectra.
However, the valence cluster features are considerably
broader than the core-level peaks. As a consequence the fea-
tures arising from different charge states with a�0.5 eV
separation are not distinguishable in the valence spectrum
�Fig. 1�. This result, as well as all the results above, under-
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line the unique possibilities of the core-level spectroscopy in
the cluster research. Moreover, the ongoing activity focused
on free metal clusters at a next-generation x-ray source—the
free electron laser in Hamburg also confirms a large potential
for core-level spectroscopy in this field.29

Summarizing the results of the present work we conclude
that XPS measurements on free metal clusters created by a
magnetron-based gas aggregation source are feasible. We
have demonstrated that the presence of metal clusters in dif-
ferent charge states resolved in XPS spectra provide direct

information on the cluster dimensions. For free large lead
clusters we have determined core-level binding energies
which approach infinite bulk values with the size. Both core-
level and valence spectra demonstrate that we have studied
free metallic nanoparticles.
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