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Abstract. Synchrotron-based X-ray photoelectron spectroscopy on copper and silver cluster beams created
by a magnetron-based gas-aggregation source has allowed mapping the electron density of states (DOS)
of free metallic nanoparticles. The cluster DOS profiles obtained in the experiments strongly resemble the
infinite solid DOS shapes, but the extracted cluster work-functions are lower than those for the bulk metal.
The latter observation is explained by the initial negative charge on most of the clusters, created by the

source.

PACS. 73.22.-f Electronic structure of nanoscale materials: clusters, nanoparticles, nanotubes, and
nanocrystals — 79.60.-i Photoemission and photoelectron spectra

Detailed information on the valence band electronic en-
ergy structure is of primary importance for understand-
ing nanoparticle-specific properties. When the number of
the constituent atoms/molecules becomes countable these
properties may differ from those of the macroscopic sam-
ple of the same material. It is known, for example, that
below a certain number of atoms in a metal cluster the
metallic energy structure in the valence region is replaced
by a semiconductor-like band structure with a gap be-
tween occupied and unoccupied states [1,2]. Such a change
leads to the disappearance of metallic conductivity and to
the situation when every charge on the sample matters.
A direct way to monitor the changes in the valence elec-
tron density of states (DOS) is to record a photoelectron
spectrum with a sufficiently high photon energy.

The first photoelectron spectroscopy DOS measure-
ments for supported metal nanoparticles date back to the
end of the 1970s [3,4], where UV lamps and synchrotron
radiation were used for their ionization [5]. It was demon-
strated that the electronic structure was strongly affected
by the interaction with the substrate. First, the nanopar-
ticle structure adjusts to the lattice of the substrate. It
causes a distortion in the geometric structure and in the
energy-band pattern [6,7]. Second, when the substrate is
conducting, an image-charge potential appearing at its
surface obscures the changes in such an important mea-
sure as the work-function of the nanoparticles [8,9]. In the
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case of a dielectric substrate the induced polarization and
charge accumulation in the sample and the substrate make
the situation even worse for the DOS measurements. All
these inherent obstacles cause significant difficulties for
the photoelectron studies of supported metal nanoparti-
cles.

Approximately at the same time as the energy struc-
ture of metal clusters was first investigated by means of
the VUV photoelectron spectroscopy [4-6] the pioneer-
ing attempts to approach the same subject, but from the
opposite scale-limit — of a few bonded atoms, were per-
formed. Valence levels of small, free metal clusters were
probed by simple ionization methods [10]. The first ex-
periments were done on the low-melting point metals, for
which sufficient cluster concentration could be reached.
Photoelectron spectroscopy (PES) on dilute metal cluster
beams was not possible in these early years. Somewhat
later the introduction of laser vaporization and photoion-
ization mass-spectroscopy methods did allow addressing
the electronic structure of clusters of the higher-melting-
point-metals, like, for example, copper [11] and silver [12].
However, for quite a long time the development in the
free metal cluster ionization studies was limited by the
achievable cluster sizes. By the end of 90s the largest free
metal (copper) cluster for which a photoelectron spectrum
was published contained around 400 atoms [13]. And only
with the advent of magnetron-based gas aggregation clus-
ter sources [14], which did not really happen until the very
first years of the new Millennium, has it become possible
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Fig. 1. PES spectrum of nanoscale non-supported copper clus-

ters showing the 3d and 4s bands (recorded at 60 eV photon

energy).

to produce and study by PES free metal clusters contain-
ing up to a hundred thousand atoms [15-19]. The dimen-
sions of the clusters created by such a source can be varied
from a few atoms per cluster up to a hundred thousand.
The achievable density of the cluster beams has become
sufficient to perform mass-selected experiments on clus-
ters containing tens of thousands atoms [15]. Measure-
ment of the valence band density of states in principle
became possible. However the most-spread modern ion-
ization sources — lasers — used by the majority of the
free-cluster community are not able to deliver one-photon
energy high enough to probe the whole valence band.
Moreover, from the studies of bulk metals it is known that
even He VUV-lamp radiation (221 eV) doesn’t allow map-
ping the density of states properly. As it has been in the
case of supported clusters, an optimal ionization source
for the studies of free nanoparticle DOS is synchrotron
radiation.

The present paper reports on the DOS measurements
for free nanoparticles by means of synchrotron-based
X-ray photoelectron spectroscopy. The experimental DOS
curves obtained for copper and silver clusters at typical
conditions of the magnetron-based free-cluster source op-
eration are presented and briefly discussed at the begin-
ning of the paper. Then follows a detailed description of
the apparatus and of the experiment, and more results
are given. The discussion following after this is based on
comparison of the derived cluster work-functions with the
bulk metal values, what allows to estimate cluster dimen-
sions. Finally photon energy dependence of the Cu cluster
spectrum is presented and compared to that of the poly-
crystalline bulk DOS.

In Figures 1 and 2 photoelectron spectra of free cop-
per and silver clusters recorded in this work are presented.
The relatively high photon energy in use — 60 eV — al-
lows treating the final state in the photoionization process
as a free electron continuum, thus avoiding the influence
of the conduction band structure on the spectrum, and
providing a “clean” mapping of the density of states [20].
A striking resemblance to the polycrystalline bulk copper
and silver photoelectron spectra recorded at the same pho-
ton energy [20,21] serves as a witness of the well-formed
solid-like energy band structure in the clusters.
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Fig. 2. PES spectrum of nanoscale non-supported silver clus-
ters showing the 4d band (recorded at 60 eV photon energy).

For copper clusters the lower energy part of the 4s-
band and the 3d-band have been recorded (Fig. 1). The
main spectral feature — the 3d band — has its onset
at 6.0 eV binding energy and is about 3.0 eV wide. It
has three maxima separated by =1 eV, which are also
characteristic for a polycrystalline bulk sample spectrum
recorded in the angle-integrated mode. One should men-
tion here that clusters need not be polycrystalline but
instead can be single crystals. These cluster crystals are
however randomly oriented in space when they are irra-
diated. Thus the structure specific responses are smeared
out, and the spectra are noticeably different from those of
bulk single crystals [21].

The presence of the 4s band lower energy part (Fig. 1),
setting on at ~4.0 eV, allows determining the work-
function of the free copper clusters directly — as the low-
est energy necessary to remove an electron from the sam-
ple into vacuum (i.e. the lowest binding energy of the 4s
electrons for copper). If one takes the energy at half max-
imum of the 4s band edge then the value for the cluster
work-function is ~4.2 eV.

The spectrum for silver clusters in Figure 2 contains
one main feature with two maxima separated by ~1.4 eV
in the band structure — due to the 4d electrons. This
separation and the 3 eV width of the 4d band is the same
as in the case of polycrystalline bulk silver. In the solid
there is also the 5s band at lower binding energies. The
signal-to-noise ratio in the present work is such that this
feature has not been unambiguously recorded for clusters.
(Its intensity in polycrystalline silver probed by angle-
integrated-emission PES is also very weak relative to the
4d band [20,21].) A direct determination of the silver clus-
ter work-function cannot be made from the spectrum.
However the 4d binding energy is easily determined: the
4d intensity sets on at 7.8 eV and reaches half maximum
at 8.2 eV. No narrowing of the band relative to the bulk
solid is observed, which was the case for the supported
clusters on an amorphous graphite substrate [1]. Since
the 4d band shape is so similar in clusters and in poly-
crystalline bulk, an assumption on the similarity of the
5s bands seems reasonable. In the bulk silver the latter
stretches about 4.0 eV below the 4d, putting the work-
function of silver clusters at ~4.0 eV. It is worth noting
here that conventional single-photon laser ionization could
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hardly reach even the foot of the 4d band for the clusters
under investigation. The highest photon energy achieved
in a one-photon process by a laser, namely by a Fo excimer
laser, is 7.9 eV.

As outlined in the beginning, before proceeding with
further discussion of the silver and copper cluster pho-
toelectron spectra the details of the experiment will be
described.

The magnetron-based gas-aggregation cluster source
used in the present study has been described in details
in reference [22]. A 2”7 US Inc. magnetron head mounted
on a shaft inside a liquid nitrogen cooled cryostat vapor-
izes metal into the cooled inert gas filling the cryostat.
While in the previous work [22] the photoelectron spec-
troscopy investigation of free metal atoms produced by
this source was carried out, in the present case the setup
has been optimized for the cluster production: a narrower
and longer Laval-shape exit nozzle was mounted at the tip
of the cryostat. The skimmer and the differential pumping
arrangement has been removed to allow coming closer to
the ionizing radiation, and to simplify the alignment. Only
argon gas was used — without any helium admixture —
as the magnetron-plasma forming medium, as well as the
heat exchanger and the carrier gas. According to the re-
ports on mass-spectroscopy of the gas-aggregation-source-
created clusters, pure argon facilitates formation of con-
siderably larger clusters than a mixture of Ar and He [23].
In the present case pure argon has also been used for main-
taining a more stable low temperature of the cryostat —
in comparison with the experiments where a mixture has
been tried. The cryostat was cooled by a continuous flow
of pressurized liquid nitrogen. The nozzle temperature was
typically at 110-120 K, while the mounting flange of the
cryostat was 10-20 degrees warmer. Typical magnetron
powers were 250-300 Watts with <1 A plasma current.
The distance between the metal target and the cryostat
nozzle — “the growth zone” [14-19] was set to be about
12 cm. The input gas pressure was ~2 mbar. As discussed
in various papers on the magnetron-based gas aggrega-
tion sources such conditions create clusters with up to
10° atoms per unit [17].

Photoelectron spectra were recorded using the soft
X-ray beamline 1411 at the Swedish national synchrotron
radiation facility MAX-Lab, and an electrostatic electron
energy analyzer (Scienta R4000). The overall energy res-
olution in the experiments determined by the bandwidth
of the radiation and the analyzer instrumental contribu-
tion was close to 150 meV. The energy calibration of the
spectra was performed using Ar 3ps/, line (15.76 eV) ap-
pearing in the spectra due to the presence of atomic argon
in the ionization volume. The background due to the argon
lines is subtracted in the presented spectra.

The cluster source was mounted perpendicular to the
synchrotron radiation propagation direction and to the ac-
ceptance axis of the analyzer. The latter was fixed verti-
cally — perpendicular to the horizontal polarization plane
of the radiation. It is necessary to emphasize that such a
geometry is likely to enhance the bulk relative to the sur-
face signal in clusters — due to the elastic scattering of
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the d bulk electrons on their way out of the clusters [24].
In free atoms the 4d electrons are ejected mostly along the
electric vector direction. In clusters this strong anisotropy
in the initial ejection direction is smeared out by the mul-
tiple scattering events in the bulk, but is preserved to a
great extent for the electrons emitted by the surface.

The issue of the initial charge possessed by the
magnetron-source created clusters deserves a separate dis-
cussion. It has been demonstrated that DC-magnetron-
based sources produce neutral clusters, as well as cluster
ions which may be negative [15,16] or positive [17,18].

It has been theoretically shown that for a large con-
ducting metal cluster the initial charge Z (0, 41, or
—1) changes the cluster ionization energy Wiister in-
significantly [25-27]. Classical and quantum mechanics
approaches give similar results for the larger size clus-
ters [25]. In the classical case the ionization potential of a
cluster, approximated by a metal sphere, differs from the
planar bulk value Wy, due to two reasons. First, due to
a different image force potential in the vicinity of a plane
surface and of a spherical one. This difference becomes
less and less significant with the size since the curvature of
the cluster sphere gradually decreases. Second, due to the
electrostatic interaction between the charged (in a gen-
eral case) metallic sphere of a radius R and the ejected
electron. The resulting formula (in CGSE units) describes
the decrease of the deviation from the solid value with the
cluster dimension in the following way [25]:

2
Wcluster = Wbulk + (Z + 1/2)% (1)
A zero or positive initial charge (Z = 0, 4+1) leads to an
increase in the ionization potential relative to the bulk
metal. Converse to this a negative initial charge Z = —1
makes the cluster ionization potential lower than of the
infinite solid. In simple terms the difference for various ini-
tial charge states arises due to the presence of the Coulomb
interaction between the ejected electron and the metallic
sphere in the first two cases, and its absence in the lat-
ter. Using electron-Volts as the ionization potential units,
Angstroms as the units for the radius R, expression (1) is
written as follows:
14.4

Wcluster = Wbulk + (Z + 1/2)m(ev)

An excellent agreement with the size dependence pre-
dicted by this formula has been demonstrated in nu-
merous experiments on free metal clusters of a smaller
(101-10% atoms) [28], and larger size (103-10* atoms) in,
for example, references [29,30]. Recently an experimental
study of the ionization potential dependence on the metal
(aluminium) cluster charge-states was performed [15],
where a more than satisfactory agreement with the ex-
pression (1) was obtained for the clusters of 2000 and
30000 atoms.

The ionization potential obtained in the mentioned
above experiments can be seen as the cluster work-
function — the electron binding energy at the Fermi level.
A small difference between the Wyster and Wy is the

(2)
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first-level confirmation of the cluster electronic properties
approaching those of the bulk. In the present experiments
the work-functions derived for both copper and silver clus-
ters — 4.2 eV and 4.0 eV correspondingly — are smaller
than the values known for bulk metals. Indeed, in liter-
ature the work-function for solid copper is found within
the 4.5 to 4.9 eV interval [13,31-33]. For polycrystalline
bulk silver one finds the values from 4.0 eV to 4.3 eV
[31,34,35]. It means that most of the clusters should be
initially negatively charged. Such a conclusion is in agree-
ment with the known high concentration of negatively
charged clusters created by the magnetron-based sources.
The typical sputtering power (300 W) used in the present
work is also several times higher than that reported in
other papers [14-19]. The knowledge of the difference be-
tween the experimental Wy, ster values and the bulk work-
functions allows estimating the cluster dimensions using
formulae (1) and (2). Taking Wy, = 4.5 €V for cop-
per one can calculate the upper limit for the cluster size:
0.3 eV difference between W pster and Wiy gives the
cluster diameter of ~5 nm. A similar estimate is obtained
for silver clusters if a more recent [35] Wy =~ 4.3 €V value
obtained in the studies of a cold silver foil is used. These
dimensions fit well to the results of the mass-spectroscopic
measurements on a metal cluster beam created by a DC-
magnetron based source in reference [17]. Assuming clus-
ters to be of a spherical shape with the density of the
solid, one obtains also a size estimate of several thousand
atoms/cluster.

The above assumption for the cluster beam charge-
composition has been tested in the present experiments
using a simple arrangement — an isolated holder com-
prising two horizontal deflection plates, a grounded field-
terminating cylindrical screen and a grounded gold-mesh
front screen have been mounted at the tip of the cryostat.
When the voltage was applied to the deflection plates (one
grounded) no cluster signal was detected with the electron
spectrometer. Such a test speaks convincingly for the dom-
inating concentration of the charged particles in the beam
over the neutral ones, supporting the conclusions made
from the difference in the bulk and cluster work-functions.

Probably no other bulk metal has been as extensively
studied by means of photoelectron spectroscopy as cop-
per. For copper clusters there is an additional advantage
(relative to silver) important from the spectroscopic point
of view. In contrast to the 4d silver band where, due to
the Ag 4d Cooper minimum [20], the ionization cross-
section decreases drastically within a 50 eV interval above
the maximum (at ~60 eV), the copper 3d cross-section
gradually increases by an order of magnitude from 40 to
120 eV and then stays practically constant up to at least
250 eV [20]. This has allowed us to study the 3d copper
band photon energy dependence in the present case of
free nanoparticles in a low density cluster beam. Figure 3
presents three copper cluster spectra for different photon
energies — 60 eV, 108 eV, and 130 eV — obtained at the
same clustering conditions. We have compared our results
with the polycrystalline copper spectra published in ref-
erences [20,21], though the considerably worse resolution
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Fig. 3. PES of copper valence bands for three different photon
energies: 60 eV, 108 eV, and 130 eV.

in the latter works — 0.35 eV — complicates this com-
parison. There are perhaps more similarities than differ-
ences in the photon energy dependence observed for the
clusters and for polycrystalline copper. In both cases the
three peaks in the DOS of copper at hv ~ 60 eV merge
into a structureless feature at higher photon energies. In
both cases the peak lowest in binding energy (at ~6.8 eV
in Fig. 3) seems to grow in intensity relative to the higher
binding energy peaks when the photon energy is increased.
In the study of the bulk polycrystalline copper [20] the
observed spectral behaviour was explained by “a growing
number of the final states available with the photon en-
ergy increase, and by a more complete sampling of the
valence band arising from an uncertainty in the final state
momentum”. These reasons for the spectral changes must
also apply to the clusters.

One can also underline the differences in electron ac-
quisition in the discussed studies of solid polycrystalline
copper and in the present cluster studies. In the former
case the angle-integrated collection of electrons from poly-
crystalline metal was implemented. In the latter case the
normal-to-light cluster beam was sampled within a small
solid angle perpendicular to the polarization plane of the
radiation. As mentioned above the ejected d-electrons are
initially highly anisotropic. Those from the bulk become
much more uniform in their angular distribution after ef-
ficient elastic scattering within the cluster [24]. Thus in
the present experiment the geometric configuration em-
phasizes the response of the cluster bulk over the surface.
In the angle-integrated case all electrons are collected, and
bulk-surface specificity due to the difference in angular dis-
tribution is lost. Another peculiarity of the cluster beam
experiment is a somewhat different sampling of the bulk
and surface layers in spherical nanoscale clusters and in
planar infinite solids. Indeed in the clusters of the size in
question the surface atoms constitute a significant fraction
of the total amount of atoms, while in planar solid samples
this fraction is negligible. Thus the bulk electron flux at-
tenuation influences the spectra of the clusters more than
those of the solid bulk sample. Indeed, with the kinetic en-
ergy decreasing the electron escape depth steeply increases
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below 70 eV [20] in copper. For the present case the cop-
per electrons with Ej;, ~ 50 eV (hv = 60 eV) have about
three times larger mean free path — 0.6 nm — than those
with 100 eV (hv = 108 €V), and 120 eV (hv = 130 V). Tt
makes the 60 eV measurement the most bulk-sensitive in
the series. Taking all these considerations into account one
can conclude that the features at about 8 and 9 eV bind-
ing energies pronounced in the bulk-sensitive spectrum at
hv = 60 eV could be predominantly due to the electrons
from the inner parts of the clusters. This conclusion is
in accord with, for example, the early PES studies [36]
of the layer-by-layer grown copper adsorbates, where the
two characteristic higher binding energy features appeared
only with more than two monolayers coverage. Also in
somewhat later DOS measurements [37] of copper two-
dimensional islands grown on crystalline graphite a nar-
row structureless 3d peak was recorded which at higher
coverage transformed into the lowest binding energy fea-
ture. Similar conclusions concerning the assignment of var-
ious peaks in the DOS were made in a theoretical work [38]
where the lowest binding energy feature was calculated to
be due to the surface-emitted electrons.

Summarizing the results of the present work one
can state that the technically challenging synchrotron-
based X-ray photoelectron spectroscopy on non-supported
nanoscale metal clusters has proven to be feasible. The
spectrum analysis has allowed obtaining important parts
of the electron densities of states for the clusters under
investigation, deriving cluster work-functions, determin-
ing the initial negative charge-state of the clusters, and
estimating the cluster size in a good agreement with the
expectations. A photon energy dependence study of cop-
per cluster spectra suggests that the higher binding energy
part of the spectrum originates from atoms in the bulk.
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