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Metal clusters serve as model systems to study basic problems of electronic correlation. Vacuum

ultraviolet light from the free-electron laser FLASH ionizes 5d electrons from mass-separated negatively

charged clusters, thus transiently leading to core-ionized neutral systems. Shielding of the core hole

affects the electron binding energy. From the strong deviation from expectations of the metallic droplet

and jellium models we conclude on reduced electronic shielding once the cluster size falls below about

20 atoms. This suggests a metal-to-nonmetal transition, in agreement with previous local density

approximation calculations.
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The properties of matter with physical dimensions on
the nanoscale may significantly differ from the correspond-
ing bulk properties. One important feature is the bonding
type, which has been shown to undergo metal-to-nonmetal
transitions once clusters of alkaline earth elements or
mercury fall below a certain size [1–5]. In these divalent
materials the situation is comparatively simple as the
bonding character appears to be connected to the merging
of filled and empty level manifolds. Clusters with open
electronic shells where even the valency might change with
the number of atoms N have only been treated theoreti-
cally. One interesting example in this respect is lead, the
valency of which is 2 or 4. Theoretical atomic structure
calculations within density-functional theory predict a
metal-to-nonmetal transition at a cluster size of about
20 atoms [6]. A coexistence and competition of two struc-
tural growth patterns, a prolate layered structure, which is
similar to semiconducting SiN and GeN clusters, and a
compact spherical fcc-like structure, is found in the size
range between N ¼ 14 and 22. In this context, a very
interesting issue is how a change in bonding is manifested
in the electronic correlation. Photoelectron and mass spec-
troscopy are effective tools for tracing size-dependent
bonding changes in the divalent clusters. For lead, how-
ever, the richly structured valence photoelectron spectra
and the widely scattered electron detachment energies
prevent clear insights into a possible band gap closure
and the associated change in the bonding character [7–
11]. For tin, the lighter group IV metal with the same

valence electron configuration as lead, the band gap clo-
sure has recently been observed by means of ultraviolet
photoelectron spectroscopy (UPS) at a size ofN ¼ 42 [12].
In this Letter we pursue an alternative approach by using

core-hole photoelectron spectroscopy on lead cluster
anions Pb�N . Screening in the transiently produced core-
ionized neutral cluster may serve as a sensor for electron
delocalization in the valence band. In fact, VUVand x-ray
photoelectron spectroscopy have been widely used on
clusters at surfaces [13–16]; for an early review see
Ref. [17]. In all cases a characteristic cluster size-
dependent shift of the core-level binding energy is ob-
served. For clusters in surface contact many effects con-
tribute to core-level shifts, as there are charge transfer and
dielectric screening due to the presence of the surface and
structural rearrangements. On isolated and mass-selected
systems no inner-shell photoemission has been possible so
far due to faint target densities. Nevertheless, there are a
few synchrotron-based experiments, among them are core-
valence autoionization studied on HgN [2], x-ray absorp-
tion [18–20] and core-level photoionization on PbN with-
out mass selection [21].
In the present approach we start from initially negatively

charged clusters. Upon neutralization via photoexcitation
of a core level an interesting and new system is created; see
Fig. 1. The degree of screening of the localized hole will
affect the interaction between the photoelectron and the
neutral system left behind. The situation sketched in the
figure corresponds to a partially screened core hole, result-
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ing in a deviation from pure metallic behavior. By this, the
cluster size-dependent screening can be studied, possibly
allowing detection of a change in the bonding character
using core-level photoelectron spectroscopy.

The experimental setup, illustrated in Fig. 2, is espe-
cially adapted for use at the VUV free-electron laser
FLASH and differs in some points from standard pulsed
cluster beam experiments. Metal clusters are produced in a
laser vaporization cluster source, which is based on known
designs, see, e.g., [22]. This type of source generates
intense pulsed cluster beams, which is essential for the
success of the experiment. Nascent anionic clusters are
accelerated and guided by electric fields and mass-
separated by time of flight. A magnetic bottle electron
spectrometer serves to analyze photoelectron energies after
irradiation with VUV light pulses. The experiments are
performed at FLASH [23,24] beam line BL 1 about 1.5 m
out of the focal point. We deliberately choose an off-focus
setup with the accordingly reduced peak intensity in order
to illuminate a 1.5 mm spot of the cluster beam and to
avoid nonlinear effects. The photon energy is set to 38 eV
(�32 nm) at a mean pulse energy of about 10 �J after
beam skimming, corresponding to 1:6� 1012 photons per
pulse. The radiation comprised pulse trains consisting of
27 pulses with durations of about 20 fs, separated by 10 �s
and a 5 Hz repetition rate. We make use of that particular
timing pattern by overlapping the FLASH pulse train with
the cluster mass spectrum in the time domain, which is
illustrated in Fig. 3. Subsequent VUV pulses hit clusters
with different, but known, size. Thus each pulse train from
FLASH simultaneously creates several photoelectron spec-
tra. In the example shown in Fig. 3, only some of the
FLASH pulses hit clusters in between N ¼ 10–50. By
measuring at only a few different FEL time delays, size-
selective photoemission spectra of the whole distribution
are recorded. The mass resolution of the apparatus is
limited to m=�m� 40, mainly due to collinear accelera-
tion of cluster ions. Photoelectrons with flight times of up
to 600 ns are detected between two consecutive pulses.
Because of the ultralow target density great care has to be

taken in order to reduce contributions of photoelectrons
from the residual gas and surrounding metal surfaces. The
magnetic bottle spectrometer is equipped with a cryogenic
shroud cooled with liquid helium. By this, the pressure
during operation of the cluster beam can be kept as low as
2� 10�10 mbar.
A set of photoelectron spectra for different cluster sizes

is shown in Fig. 4. In spite of ultrahigh vacuum conditions
and cryogenic cooling, significant background signal re-
mains beyond 11 eV binding energy. Nevertheless, it is
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FIG. 2. A metal cluster beam created in a laser vaporization
cluster source and time-of-flight mass separated is crossed by the
light of the VUV free-electron laser in the interaction region of a
magnetic bottle photoelectron spectrometer. Photoelectrons are
guided by the magnetic field to the channel-plate detector.
Electron time-of-flight spectra are finally converted into binding
energy.

FIG. 3 (color online). Time-of-flight mass spectrum of nega-
tively charged lead clusters. The experiment is synchronized
such that the VUV pulses from FLASH interact with clusters of
selected size.

FIG. 1 (color online). A not fully screened core hole attracts
electron density and thus reduces the polarizability. As a con-
sequence, the interaction with the photoelectron decreases due to
the reduced electrostatic interaction energy.
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possible to resolve photoemission from the Pb 5d core
level at around 20 eV, as can be seen from the difference
spectra on the right-hand side of Fig. 4. The high-energy
5d3=2 component is clearly discernible for small clusters,

but merges with the strong helium photoionization peak at
N > 16 and cannot be resolved anymore (IEðHeÞ ¼
24:587 eV [25]). From spectra like those in Fig. 4 lead
5d5=2 core-level binding energies are extracted and sum-

marized in Fig. 5 with respect to the inverse cluster radius
1=R. The radius is calculated from the number of atoms as

R ¼ rSN
1=3 þ a0, with rS the bulk Wigner-Seitz radius

and a0, the Bohr radius, giving a reasonable approximation
of the electron spillout. The experimental data points are
compared to calculated electron affinities (EA) within the
classical metal sphere approximation [26–30] and local
density approximation LDA [8,31], in both cases shifted
by the corresponding core-level binding energy. Whereas
in conventional anion photoelectron spectroscopy EA re-
fers to the detachment of a valence electron, now the
energy scale is pinned to the bulk 5d5=2 level. Relying on

compiled values of 18.1 eV binding energy with respect to
the Fermi level and a work function of 4.25 eV [32] results
in a 5d5=2 bulk value of 22.35 eV with respect to the

vacuum level. With this energy calibration the size depen-
dence of the core-level binding energy EBðRÞ can be
parameterized for the metal sphere approximation as
EBðRÞ ¼ EB;1 � 1

2 e
2=R; see the solid line in Fig. 5. The

LDA calculations, see the dashed curve, include exchange
and correlation effects, leading to the expression EBðRÞ ¼
EB;1 � �e2=RþOðe2=RÞ2 with � ¼ 0:62. This LDA re-

sult is able to reproduce measured electron affinities for
many systems with delocalized electrons, even down to
very small clusters [31].
The comparison of the measured EB with the theoretical

results shows that for N > 20 the experimental data follow
the behavior of an ideal metallic system, thus hinting at a
full screening of the core hole. In other words, for large
clusters the N-dependent shift of the binding energies
agrees with the situation found in valence band photoemis-
sion. In that case the classical treatment of the electron
detachment (solid line in Fig. 5) is related to a change of
the electrostatic charging energy of a metal sphere.
However, below N ¼ 20 the measured core-level binding
energies drop faster than theoretically expected. A compa-
rable feature is not clearly apparent in UPS. Obviously, the
electrostatic energy of the neutral cluster is significantly
reduced, which can be traced back to a loss in electronic
screening of the core hole. Indeed, an incompletely
screened core hole will attract valence electron density;
see Fig. 1. Consequently, there is less polarizability (or
image charge build-up) of the neutralized cluster, which
will lead to a reduced interaction between photoelectron
and cluster. Whereas this model is in qualitative accor-
dance with the observed decrease in binding energy, it has
to be checked if the absolute value of the change (about
0.8–1 eV) is reasonable. For this we consider the atomic
core-level binding energy of Pb� (18.6 eV [33]) which
ranges about 0.8 eV below the extrapolated theoretical
curves in Fig. 5, in accordance with the measurements
for the smallest clusters.

FIG. 4 (color online). Photoelectron spectra of size-selected
lead clusters Pb�N (N ¼ 12–49) with and without cluster beam

(left) and the corresponding difference spectra (right) after
excitation at 38 eV photon energy. A clear shift of the lead 5d
core levels is observed, starting from 20 eV (vertical line) at N ¼
12 towards higher binding energies. (The binding energy is given
with respect to the vacuum level.)

FIG. 5 (color online). Lead 5d5=2 binding energy versus inverse
cluster radius 1=R (N ¼ 12–196). For larger cluster sizes the
experimental data follow the trend expected from both the
classical metal sphere model (solid line) and LDA calculations
of Seidl et al. (dashed line) [8,31]. The strong deviation obtained
in the low size range indicates a loss in core-hole screening,
which leads to a reduced polarizability. This is an indication of a
change in the bonding character.
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A loss in screening can be referred to a change in
bonding character. In fact, previous DFT calculations on
lead clusters found a transition to a nonmetallic state below
around N ¼ 20 [6]. The transition is connected to a struc-
tural change where atom-centered compact systems evolve
into layered structures with covalent bonding. The calcu-
lated density of states hints at a more gradual phase tran-
sition instead of a sharp one, which is in agreement with
our experimental data.

It should be noted, that the core-ionized neutral cluster
is a very short-lived system which will emit a second
electron via an Auger process [34]. Still, for the model
described here, it is sufficient that the core-hole lifetime
exceeds just a few fs, the time needed by the photoelectron
to leave the vicinity of the cluster. With higher experimen-
tal resolution it might become possible to investigate more
details of the electron dynamics, e.g., by analyzing the line
profiles. Other effects such as the size-dependent electronic
coordination and the contribution of the cluster surface
atoms exhibit promising research areas in the future.

In conclusion, core-level photoelectron spectroscopy on
size-selected metal cluster anions turns out to be a sensitive
probe of core-hole screening and electron delocalization in
the valence band of the neutral system. These experiments
became possible due to the outstanding high brilliance of
the free-electron laser FLASH at DESY in Hamburg. The
experiment found a significant deviation of cluster size-
dependent core-level binding energies from the predictions
of both classical electrodynamics and LDA calculations for
ideal metallic systems. The effect is interpreted to be due to
a reduced screening of the localized core hole and thus a
diminished electrostatic interaction with the photoelectron.
This, in turn, can be related to a metal-to-nonmetal tran-
sition in agreement with earlier theoretical work.
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