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We show that the valence band response to photon impact in metallic nanoparticles is highly energy

dependent. This is seen as drastic variations of cross sections in valence photoionization of free and

initially charge-neutral nanosized metal clusters. The effect is demonstrated in a combined experimental

and theoretical study of Rb clusters. The experimental findings are interpreted theoretically using a jellium

model and superatom description. The variations are attributed to the changing overlap with the photon

energy between the wave functions of diffuse delocalized valence electrons and continuum electrons

producing a series of minima in the cross section.
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Clusters constitute an intermediate phase between single
atoms and solid state, and their properties evolve from
atomic and molecular to bulklike as a function of size. In
addition to exhibiting characteristics of these two extremes,
clusters may have unique features not seen in other forms
of matter. For unraveling these properties, research on
clusters is an active area of science gaining endeavoring
interest (see, e.g., [1–3]). For example, at certain conditions
free clusters can be described as artificial atoms [4] or
superatoms [5], where the wave functions of valence elec-
trons are described utilizing tools known from atomic
physics.

Photoelectron spectroscopy is a unique tool for mapping
the electronic structure of nanoscale clusters. Most of the
electronic structure studies on clusters have been carried
out using conventional laser ionization [6], where the
photon energy and its tunability are limited to the lower
uv range. The energy limitations of lasers can be overcome
using synchrotron radiation. The studies in the vuv to x-ray
region so far have been performed mainly for rare-gas
clusters and for the core levels (see, e.g., [7–10] and
references therein).

A major part of the cluster studies concerns the evolu-
tion of properties as a function of cluster size. During
recent years, an interest in the energy dependence of the
photon-cluster interaction has emerged. Photon energy
dependent studies using x-ray sources have been done
for rare-gas clusters [11–14] and fullerenes [15–18].
Also, the energy dependence of photoelectron angular
distribution of size-selected clusters close to the ionization
threshold have been recently studied [3,19]. Interestingly,
the valence-level cross sections have been observed to
oscillate as a function of photon energy in C60 [15,16],
C70 [17], and recently in some large molecules [20].
Similar oscillations have been also predicted to occur in
free Na clusters [21–24], but hitherto have not been con-
firmed experimentally.

In the present Letter we report an experimental and
theoretical study of the energy dependence of the valence
band response to the photon impact in a resonance-free
region far above the ionization threshold in nonsupported
metallic nanoparticles. We show that the ionization cross
sections of the valence levels oscillate drastically as a
function of impact energy producing a series of minima.
Rb has been chosen to display the effect due to its close-to
ideal free-electron metallic character. The experimental
observations are interpreted using jellium model calcula-
tions, which provide an understanding for the phenomenon.
The experimental findings are interpreted as stemming
from the oscillatory canceling of the r-weighted overlap
between the bound electron jellium orbitals and continuum
wave functions in the transition-matrix integral. The result
highlights that the description of the valence structure of
metallic clusters as an artificial atom provides good quali-
tative understanding for the observations.
The experimental work was carried out at the soft x-ray

beam line I411 at MAX-laboratory, Lund, Sweden. The Rb
clusters were produced using an exchange metal cluster
source [25]. In the setup, a primary beam of rare-gas
clusters is let through the atomic metal vapor that generates
metal clusters in a pickup process. For further details of the
setup, see Refs. [25,26]. In the present work Ar clusters
were created by 2.0 bar Ar expansion through a liquid
nitrogen cooled nozzle. The atomic Rb vapor was pro-
duced using a resistively heated oven at a temperature of
120 �C. The Rb vapor pressure inside the crucible was in
the range 10�2–10�3 mbar. The mean size of Rb clusters
in the beam was estimated to be about 90ð�20Þ atoms. The
size was obtained from the 4p core-level photoelectron
spectrum of Rb clusters using a quantum-corrected con-
duction sphere approximation for clusters [27]. The stabil-
ity of the clustering conditions was monitored by recording
the 4p cluster spectrum between the valence-region scans.
The photoelectrons were detected using a Scienta R4000

PRL 107, 183401 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

28 OCTOBER 2011

0031-9007=11=107(18)=183401(4) 183401-1 � 2011 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.107.183401


hemispherical electron energy analyzer. In order to obtain
intensities proportional to the total photoionization cross
sections, the electron spectra were measured at the so-
called magic angle 54.7� with respect to the electric field
vector of the linearly polarized synchrotron radiation. The
photon energies used to carry out the experiment were
40.2, 48.6, and 58.6 eV. The experimental broadening
including the analyzer contribution and photon energy
bandwidth was about 150 meV.

In order to describe the energy dependence of the va-
lence band response to photon impact, the calculation of
the bound and continuum electron wave functions, as well
as the photon-cluster interaction matrix elements even far
above the ionization threshold are needed. This was high-
lighted in our recent paper [26] where the photoionization
of K and Rb clusters was studied at a single photon energy.
In the present work we have applied the jellium model
approximation for clusters [26,28,29], and the so-called
superatom description in the calculation of the wave
functions.

In the present calculations, the radial parts of the valence
jellium orbitals are calculated by replacing the Hartree-
Fock mean field created by the nuclei and other electrons
by a spherical well potential. The potential is parametrized
by the cluster radius R0 and the well depth V0. Outside the
well the potential is assumed to be a constant for the bound
states and an r dependent Coulomb tail for continuum
states. The potential in atomic units is given by

VðrÞ ¼
8
><

>:

�V0; if r � R0

0; if r > R0 ðboundÞ
�1=r; if r > R0 ðcontinuumÞ:

(1)

The well radius is calculated using the relation R0 ¼
rsN

1=3 þ �s and the depth using the expression V0 ¼
1
2 ð94�NR�3

0 Þ2=3 þWN [29]. In these equations rs is the

Wigner-Seitz radius, �s is the spillout parameter, and N
is the size of the cluster. WN is the average ionization
potential given by Wwf þ ð12 þ cÞR�1

0 , where Wwf is the

bulk work function and c is a quantum correction [27].
In the present case we have used values rs ¼ 4:86a0,
�s ¼ 1:1a0, Wwf ¼ 2:16 eV [26,30] and c ¼ �0:08 [27].
Solutions of the Schrödinger equation with potential (1)
for the bound states are spherical Bessel functions of the
first kind in the inner region (r < R0) and spherical Hankel
functions in the outer region (r > R0). The solutions for the
continuum states are linear combinations of regular and
irregular Coulomb functions [29].

The photoionization cross sections were calculated in
the independent particle dipole-approximation. The cross
section then takes the form [29]

�nl!�l0 ¼ 4

3
�2�!ð2lþ 1Þ X

l0¼l�1

ð2l0 þ 1Þ l0 1 l

0 0 0

 !
2

� hP�l0 ðrÞjrjPnlðrÞi2; (2)

where PnlðrÞ and P�l0 ðrÞ are the bound and continuum
electron radial wave functions, respectively. � denotes
the continuum electron kinetic energy, ! is the ionizing
photon energy, and � is the fine-structure constant. The
calculations were done far above the ionization threshold.
Therefore the step function ��l0 and treatment of plasmon
resonances introduced in [29] were neglected. Further
complications such as thermal excitations and ellipsoidal
deformations were also omitted.
Figure 1(a) shows experimental valence photoelectron

spectrum of Rbh90i clusters measured at three different

photon energies. The spectrum is composed of the peaks
corresponding to the ionization of valence levels
(i.e., jellium orbitals) at slightly different binding energies.
The experimental spectra were normalized and
energy calibrated using the 5s photoelectron line of atomic
Rb at 4.18 eV binding energy [31]. Rb atoms are present in
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FIG. 1 (color online). Experimental (a) and simulated (b)
valence photoelectron spectrum of neutral Rbh90i clusters at three
different photon energies. In panel (a) (green) line with crosses
show ! ¼ 40:2 eV, (red) line with squares 48.8 eV, and (blue)
line with circles 58.6 eV. In panel (b) solid, dashed, and dotted
lines show the same photon energies, respectively. Panel (c)
shows the experimental and simulated spectra normalized in
the binding energy region of 2.8 eV. Horizontal arrows in (c)
mark the approximate positions of the four outermost jellium
orbitals of the Rb90 cluster.
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the interaction region due to the coexistence of metal-atom
effusive beams in the interaction region. The rising edge
of the atomic 5s line is shown in the region between
3.6–3.8 eV. The cluster/atom ratio in the interaction region
was about 0.2, and it was monitored to be constant during
the experiment. As expected, the total valence cross section
decreases as the photon energy increases. More interest-
ingly, the shape of the spectrum changes considerably with
the photon energy. The relative intensities in the binding
energy regions marked I and II, vary so that at 40.2 eV the
I:II ratio is about 2:1, at 48.6 eV�7:1and at 58.6 eV�1:1.

Figure 1(b) depicts simulated valence photoelectron
spectra of Rbh90i clusters at the same photon energies as

the experiment in Fig. 1(a). In order to account for the mass
distribution in the experiment, the spectra presented here
were constructed by summing the spectra calculated for
different sizes with weights obtained from a Gaussian
distribution centered at the size N ¼ 90 and half width of
six atoms. In order to account for the experimental broad-
ening, the calculated spectral lines were convoluted with a
150 meV Gaussian profile. The scale of the simulated
spectra in Fig. 1(b) is chosen so that the highest point of
the spectrum at 40.2 eV photon energy coincides with the
experiment in Fig. 1(a). The simulated spectra were also
shifted by þ120 meV in binding energy. The small dis-
crepancy in the energy position comes from the limitations
of the potential (1). To ease the comparison, the experi-
mental and simulated spectra are also shown in the same
panel in Fig. 1(c), where the spectra are scaled to the same
intensity at the binding energy of about 2.8 eV. The labels
and the approximative binding energy positions of the most
prominent jellium orbitals giving response in regions I and
II are also indicated in Fig. 1(c).

The comparison of Figs. 1(a) and 1(b) shows that the
well-potential jellium model used predicts the experimen-
tally observed variations in the cluster valence band re-
sponse to the photon impact surprisingly well. The
decrease of the total cross section is accounted, and more
importantly the changes in regions I and II are reproduced.
The calculations deviate from the experiment at binding
energies above 3.3 eV. For deeper levels the electron
correlations are more significant, and the field felt by the
electrons is not well enough approximated by a potential of
the form (1). The agreement could be improved using, e.g.,
Woods-Saxon potential, but in this case one would not be
able to get analytical solutions for the wave functions,
while the main physics is already captured by the square-
well potential.

The observed variations in the relative intensities illus-
trated in Fig. 1(a) can be explained by the oscillatory
behavior of the photoionization cross sections of individual
jellium orbitals as a function of photon energy. The exis-
tence of such oscillations in metallic clusters has been
predicted for Na clusters of sizes 20, 34, and 40 [21–24].
Our independent calculations for slightly larger Rb clusters

yield a similar result, and our experimental study confirms
the prediction. Figure 2(a) shows the calculated valence
total cross section, and Fig. 2(b) the individual-level cross
sections for the four outermost orbitals of an Rb90 cluster
as a function of photon energy. In Fig. 2(b) one can see that
the photoionization cross sections of individual levels os-
cillate dramatically in the photon energy range under in-
vestigation. The cross section goes to nearly zero in the
minima of each orbital. The largest oscillations are
smeared out in the total valence cross section photon
energy dependence shown in Fig. 2(a).
In the current calculations the oscillations of the cross

sections stem from the following reasons. In metallic clus-
ters the valence jellium orbitals are diffuse, extending to,
for example, about 30 au in Rb90 clusters. If the photo-
electron has high enough kinetic energy, the continuum
wave function oscillates a few times in the region of the
bound-state wave function. Therefore the r-weighted
r-dependent overlap integrand in the radial matrix element
(2) takes a wave-packet-like shape. At some kinetic ener-
gies, the negative and positive lobes of the integrand cancel
each other when integrated over r. The oscillation fre-
quency depends on the cluster size and steepness of the
cluster potential, as discussed using the force gauge for-
malism in [21,22]. The described mechanism is similar to
what is known to produce Cooper minima [32] in atomic
photoionization. In the case of atoms the cancellations
stem from a node in the bound-state wave function,
whereas in clusters from the node(s) in the continuum
wave function. A series of oscillations in the cross section
has been also observed in solids [33], where the energy
difference between two maxima was seen to be several tens
of eVs. In solids the phenomenon is explained by transla-
tional symmetry of the solid material [33].
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FIG. 2 (color online). Calculated total ionization cross section
(a) and cross section of four outermost jellium levels (b) of Rb90
cluster as function of photon energy between 40 eVand 60 eV. In
panel (b) a solid line depicts the cross section for 2p, dotted line
1g, dashed line 2d and dash-dotted line 1h orbital. Vertical lines
mark the photon energies where the experiments were carried out.
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The intensities in valence photoelectron spectra of ful-
lerenes have been also shown to oscillate [15–17]. This
behavior was explained by scattering of the photoelectron
from the walls of the fullerene leading to standing waves
inside the cavity [34]. Thus the reason for the changes in
the shape of the spectrum in the case of metallic clusters is
essentially different. In the case of molecular photoioniza-
tion [20] the intensity variation in a spectrum has been
explained by similar reasons as for fullerenes. At the same
time, in the valence photoelectron spectra of rare-gas clus-
ters no variations were seen [14]. The reason is that rare-
gas clusters are bound by van der Waals forces, which keep
the valence orbitals localized. The photons interact with
single atoms in such a cluster, leading to atomiclike photo-
ionization. On the other hand, in the case of core-shell
ionization of rare-gas clusters the ratio between the bulk
and surface components has been seen to evolve mono-
tonically as a function of the photon energy [11,12]. This
change was attributed to the electron scattering inside a
cluster, which is an external process relative to photoioni-
zation. A similar photon energy dependence is expected for
the core levels of metallic clusters also. Thus the intensity
changes observed in the core ionization of clusters are due
to the external to ionization process, whereas in the valence
band response the reason is in an inherent quantum-
mechanics property of the light-matter interaction.

A comparison of Fig. 2(b) to Fig. 1 shows that, for
example, in the spectrum measured at 48.6 eV, the cross
section of the jellium levels in region II (1g and 2p
orbitals) drops even slightly more than predicted by the
calculation. In this case the ionization probability of 1h
orbital has a maximum and of all other orbitals are close to
minimum. At 58.6 eV, on the other hand, the ionization of
1g and 2d orbitals provides the highest intensities. The
result highlights that the photon energy independent mod-
els of the valence band response based on approximations
such as density of states (see, e.g., [2]), cannot be applied if
the clusters are metallic and the valence levels are strongly
delocalized.

We have shown experimentally that the valence band
response of metallic clusters has a strong photon energy
dependent nature even far above the threshold of photo-
ionization, and that analytical jellium-model-based calcu-
lations provide a good description for the process. The
current experiment and calculations verify the phenome-
non predicted in [21,22]. The phenomenon in clusters is in
a way similar to the Cooper minima known for the atomic
ionization cross sections. Canceling out of the ionization-
transition matrix elements has been demonstrated in an
‘‘infinite solid’’ [33]; there, however, the nature of the
effect is in the periodicity of the crystalline structure, and
thus is different from the case of clusters. Similar oscilla-
tions are expected to occur in most metallic clusters.
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