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Abstract. An experimental photoelectron spectroscopy study is presented highlighting several aspects of
importance for the study of deposited metal clusters and particles with photoemission. It is shown that
the Fermi level is the correct energy reference for the core level binding energies. The choice of different
deposition conditions, well within the range of soft landing, has a strong impact on the outcome of the
spectroscopic experiments. Single adatoms as well as clusters deposited with some excess energy display
relatively narrow core level spectra at much lower binding energies than previously reported, even when
atomic mass selection is not performed. In contrast, single sized Pt19 clusters, deposited onto a thin Ar
film before being exposed to the graphite surface show spectral broadening and shifts to higher binding
energies. We discuss our results in terms of the cluster substrate interaction and the influence of deposition
conditions on the metal adsorbate structure.

PACS. 36.40.-c Atomic and molecular clusters – 36.40.Cg Electronic and magnetic properties of clusters
– 36.40.Mr Spectroscopy and geometrical structure of clusters – 73.22.-f Electronic structure of nanoscale
materials: clusters, nanoparticles, nanotubes, and nanocrystals

Core level photoelectron spectroscopy has a long stand-
ing history in the investigation of the electronic proper-
ties of metal clusters on surfaces [1–3]. One of the driving
motivations for this research is the wish to elucidate the
evolution of the electronic structure of clusters by moni-
toring the size dependence of their photoelectron spectra
from the isolated atom to the bulk. Both, gas phase and
deposited clusters also exhibit interesting catalytic and
magnetic properties that are intimately related to their
underlying electronic structure.

The investigation of mass selected clusters with pho-
toelectron spectroscopy in the gas phase has been exten-
sively explored with great success in the last 15 years [4].
These experiments are, however, limited to the use of
lasers as excitation sources. Hence, there is a consider-
able restriction in the accessible binding energy range and
only the most weakly bound valence electron states can
be probed.

The study of core level spectra and strongly bound va-
lence states is therefore still restricted to particles grown
or deposited on surfaces. Thus, the interaction with the
surface represents an additional degree of freedom and will
inevitably affect the photoelectron spectra of the clus-
ters. The graphite surface has been considered an ideal
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substrate for such investigations on small metal particles,
since due to its two-dimensional nature, the interactions
are believed to be small. The typical finding of core level
binding energies in excess of those in the corresponding
bulk materials is most often interpreted in terms of the
electrostatic energy of the photoemission final state [5].
While in the classical discussion [5] the size dependent
core level binding energies are well accounted for, more
recent high resolution valence electron measurements sug-
gested a refinement of this model by explicitly taking into
account the time dependence of the neutralization process
after photoionization of the adsorbed clusters [6].

However, the metal particles investigated are typically
grown at surface defect sites [3,6] where the interaction
e.g. to Pt adatoms and small clusters is considerable and,
as we have recently shown [7], contributes significantly to
both, a shift of the core level binding energies towards
larger values and a broadening of the photoelectron spec-
tra. Low temperature cluster deposition experiments offer
the opportunity to investigate the metal adsorbate species
under better defined conditions on the C(0001) terraces.

Another important aspect for the interpretation of
photoemission results is to establish the proper energy ref-
erence serving as an adequate zero for the electron binding
energy. In the limit of small interaction, as might be ex-
pected to be the case for clusters on the C(0001) terraces,



58 The European Physical Journal D

it has been argued [8] that the vacuum level rather than
the substrate Fermi energy should represent the proper
energy reference. This description is adequate e.g. for phy-
sisorbed atoms or molecules on graphite and has been
demonstrated to apply also in the case of Na clusters
grown on cryogenic Kr films [9].

We will demonstrate in the present communication
that the same does not hold in the case of Pt adatoms
and small clusters on the C(0001) surface. Instead, the
interaction is sufficiently strong to establish a common
Fermi reference level. Furthermore, by varying the cluster
deposition conditions, we find evidence for the fact that
in the case of very small clusters it is the cluster structure
and adsorption geometry rather than the precise cluster
size which plays the key role for the position and shape of
the spectra obtained.

Atomic Pt and Pt cluster ions were generated and de-
posited under UHV conditions using a laser vaporization
cluster source and deposition setup the details of which
will be described elsewhere [10]. Briefly summarized, the
cationic species generated after the vaporization are elec-
trostatically extracted from the primary molecular beam
and guided towards the deposition spot with a combina-
tion of differentially pumped DC and rf ion guide devices.
Atom by atom mass selection is provided by means of
a quadrupole mass filter (QMF). Broader mass distribu-
tions are deposited by operating the QMF and the rf oc-
topole ion guide as high and low pass mass filters, re-
spectively [11]. At the substrate the ions possess a kinetic
energy of about 3.5 eV (Pt1) and 5 eV (Pt19), respec-
tively, with an energy spread of less than 2 eV. All cluster
depositions can therefore be safely regarded as soft land-
ing processes [12]. The cluster coverage is determined by
monitoring the cluster ion current on the substrate.

The experimental results presented here were ob-
tained during two different beam times at the U49/2-
PGM1 beamline of the BESSY II synchrotron radia-
tion source [13]. In both cases the cluster source was
attached to an electron spectrometer chamber equipped
with a hemispherical electron analyser. Pt 4f spectra were
recorded at a photon energy of 400 eV, chosen such as to
provide a large photoionization cross section [14] and a
smooth, structureless background from the graphite sub-
strate. The total instrumental resolution ∆E was set to
200 meV (adatoms) and 250 meV (clusters), respectively.
The valence electron spectra were acquired using 100 eV
photon energy (∆E = 90 meV). Additional spectra taken
to ascertain the absence of contaminant species were rou-
tinely taken at a higher energy of 650 eV and lower en-
ergy resolution to increase the sensitivity. Energy calibra-
tion was carried out independently with the help of the
well-known [15] binding energy of the C1s line in graphite
(284.4 eV) and by higher resolution measurements of the
Fermi edge from the (rare gas covered) graphite surface [7],
the two methods agreeing to within less than 50 meV. Ex-
perimental binding energies are referenced to the substrate
Fermi level.

We used pyrolithic graphite (HOPG, ZYB grade) as
substrate for cluster deposition. Before each deposition, a

clean surface was obtained by cleavage in a preparation
chamber at ≈ 1 × 10−9 mbar, after which the samples
were quickly transferred to the main chamber, maintained
at 1 × 10−10 mbar. For cluster deposition the substrates
were held at cryogenic temperatures. In what follows we
will consider results obtained for three different types of
samples, Pt1, Pt19 and Pt10...40, prepared on C(0001) un-
der different conditions as described below.

Pt monomers were deposited (atomic Pt density: 4.4×
1013 atoms/cm2) and investigated in the presence of a
preadsorbed monolayer of Ar (T ≈ 14 K). Since we
have observed the Pt monomers to still diffuse within
rare gas monolayers when irradiated by the intense syn-
chrotron beam [7] this procedure is the only way to cap-
ture their photoelectron spectra while residing on the
C(0001) terraces. Pt8 clusters were also seen to be mo-
bile, at least around the desorption temperature of the
Ar monolayer (≈55 K) [7], the larger clusters investi-
gated here were immobile up to temperatures of at least
80 K, judging from the temperature independence of their
photoelectron spectra. The Pt19 clusters were deposited
(5.8 × 1012 clusters/cm2, corresponding to ≈5% of an
atomic monolayer) onto a thin Ar film, 4–5 monolayers
in thickness, which was desorbed before taking the pho-
toelectron spectra. Since they are deposited into the Ar
film the clusters assume the substrate temperature before
being exposed to the HOPG surface. By contrast, mass
distributed cluster samples (Ptn, 10 � n � 40) were de-
posited at T ≈ 60 K without a rare gas layer present.
Under these “harder landing” conditions the kinetic and
internal cluster energies are available to initiate and facil-
itate structural relaxation of the clusters before reaching
thermal equilibrium with the substrate. Without the Ar
films, the ion current is not a reliable measurement of the
coverage, since we found the sticking coefficient to be con-
siderably reduced. The coverage was therefore estimated
by a comparison of the Pt 4f photoelectron intensity to
the previous cases and determined to amount to ≈15% of
an atomic monolayer. We will see below, that the above
choice of different cluster deposition conditions does in-
deed lead to observable differences in the Pt 4f photo-
electron spectra.

Before we analyze the spectroscopic results in more
detail, however, we present in Figure 1 the expected bind-
ing energy position for the Pt adatom levels based on the
assumptions of Citrin and Wertheim [8]. Neglecting all
initial and final state interactions and given the Pt ioniza-
tion potential (IP) of 8.96 eV [16] as well as the graphite
work function of ΦC = 4.6 eV [17], we should expect the
lowest lying valence electron signature of Pt adatoms to
appear roughly 4.3 eV below the graphite Fermi level [18].
Likewise, the expected Pt 4f7/2 position can be estimated
by decomposing the 4f ionization into two steps as fol-
lows: the excitation 4f145d96s1 −→ 4f135d106s1 amounts
to 68.5 eV [19] and yields a valence system isoelectronic
to the atomic Au ground state (including a (ZPt + 1)-
core). In the spirit of the Z +1 approximation [20] we thus
add the IP of atomic Au (9.43 eV [16]) to arrive at the
full ionization energy of 77.9 eV, resulting in an electron
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Fig. 1. Schematic diagram illustrating the expected position
of the Pt 4f7/2 level in a photoemission, spectrum, neglect-
ing all initial and final state interactions. 1D3 denotes the
atomic Pt ground state (5d96s), 1,3F the (neutral) core excited
states (4f135d106s), isoelectronic to the Au atomic ground
state ((Z + 1)-approximation), which has an ionization poten-
tial of 9.43 eV [16]. The Pt− 2S state is the first electron affinity
level of the Pt atom.

binding energy of 73.3 eV with respect to the substrate
Fermi level.

We note that while the IP of atomic Pt is larger
than ΦC , the electron affinity (EA) is considerably smaller.
This situation should then lead to the formation of an “im-
purity” state pinned in the vicinity of the Fermi level [21].
In this respect the present situation is similar to the one
of Cu atoms (IPCu = 7.726 eV, EACu = 1.235 eV [16]).
Indeed, the Cu 4s related signature of Cu atoms immo-
bilized on the graphite surface by a Xe monolayer has
been found to appear near EF [22]. Its relatively narrow
width documents both, the smallness of the hybridization
matrix elements of the impurity state with the graphite
band states [21] as well as the small graphite DOS near
the Fermi level.

Experimentally, we find the Pt 4f7/2 adatom peak [7]
at the very small binding energy of 70.7 eV, as can be seen
in Figure 2. It is furthermore interesting to note that the
width of the adatom 4f peaks amounts to only 0.55 eV
(FWHM) and is thus largely accounted for by considering
the instrumental resolution and the Lorentzian lifetime
2γ ≈ 0.35 eV [23].

Nearly the same binding energy is found for the mass
distributed cluster sample, which was deposited without a
preadsorbed rare gas layer. In contrast to the typical find-
ing of increased core level binding energies for small metal
particles on graphite [2,3,24], we note that the Pt adatoms
and the “harder landed” clusters display reduced binding
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Fig. 2. Pt 4f spectra (�ω = 400 eV), obtained from Pt atoms
within a monolayer of Ar (Pt1) on HOPG, a size distributed
cluster ensemble deposited at 80 K (Pt10...40) and a size se-
lected Pt19 cluster sample soft landed on Ar after desorption
of the Ar film.

energies compared to bulk Pt (71.1 eV [25]), the value
of 70.7 eV actually matching the range typically found
at the surfaces of Pt crystals (negative surface core level
shift) [26]. This correspondence indicates that the elec-
tronic structure should also be related.

The 4f line shape of the Pt10...40 clusters displays the
typical asymmetry found in metallic Pt as well as a sig-
nificant secondary electron background. A Doniach-Ŝunjić
analysis indicates an asymmetry parameter α = 0.16. The
Gaussian and Lorentzian contributions to the lineshape
are very similar to the adatom case which implies that
the width of the Pt 4f peaks arises mainly from the low
energy excitations while the cluster size distribution does
not contribute significantly. The asymmetry parameter for
the clusters is smaller than in bulk Pt (α = 0.2) [27], but
too large to be accounted for by electronic excitations in
the graphite alone. We therefore conclude that an addi-
tional density of states is formed close to EF upon de-
position of the clusters, in accordance with our valence
electron spectroscopic results shown below.

Despite mass selection, the 4f spectrum of the
Pt19 sample displays a considerable shift towards higher
binding energies and an additional spectral broadening
with respect to the previous case. Since this difference in
spectral behavior cannot be related to the cluster sizes in
the different samples it must relate to the changed condi-
tions during cluster deposition. The main difference here
is the presence of the Ar film during the deposition of
the Pt19, efficiently dissipating both, the kinetic and inter-
nal energies of the clusters before they come into contact
with the graphite substrate. Upon landing in a rare gas
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matrix, different structural isomers may be formed [28]
resulting in a variety of adsorption geometries after the
desorption of the Ar film.

Qualitatively, we find that the shift and broadening
of the Pt19 spectrum is well described by convoluting the
Pt10...40 data with a Gaussian centered at 0.52 eV (shift)
and a FWHM of 800 meV. Despite this broadening, the
Pt19 related 4f binding energy and peak width are still
smaller than what is found for small Pt aggregates grown
by vapor deposition on a graphite surface [29]. In this case,
as we have previously shown [7], the interaction with de-
fects plays an essential role for the additional shifts and
broadenings. Here, the Gaussian broadening could repre-
sent the variations in electronic level structure and sub-
strate coupling associated with the various possible clus-
ter and adsorption geometries. It is not obvious, however,
to understand the overall binding energy shift from such
considerations. Neither does it deliver an explanation of
the narrower spectra in mass distributed cluster samples
unless we consider fundamental differences in the cluster
geometries as a result of the different deposition condi-
tions.

The low binding energy onset of the two cluster spec-
tra coinciding, the broadening could as well be related to a
Pt 4f binding energy depending on the atomic positions.
Indeed, the Pt19 spectrum can still be well represented
by considering only a pair of Pt10...40-like spectra (rela-
tive amplitudes 3:2), one component of which is shifted
by 0.74 eV towards higher binding energies (see Fig. 2).
As discussed in some more detail below, we take this an
indication that the clusters deposited onto the bare sub-
strate form flat islands on the C(0001) surface, while the
Ar assisted soft landing leads to the preservation of more
three-dimensional cluster geometries, thus providing in-
equivalent Pt sites.

We finally turn to our valence photoelectron results
summarized in Figure 3. The inset gives an overview over
the entire valence band region with and without an ar-
gon film condensed on the graphite surface. Spectra (a)
to (e) are restricted to a smaller binding energy range
near EF . Curve (a) demonstrates, that upon Ar coverage,
the substrate Fermi edge emerges in normal emission spec-
tra [30], serving as a convenient energy reference. Spectra
(b) and (c) show the low binding energy region of the bare
graphite and after the deposition of the Pt10...40 clusters,
respectively (no Ar present). The corresponding difference
spectrum is given in curve (d), showing the added spec-
tral density due to the deposited clusters. The Pt cluster
induced intensity spreads over more than 2 eV and drops
rapidly when approaching EF .

In order to inspect the low intensity region near
EF more closely, we have plotted as curve (e) the ratio of
the spectra obtained before and after cluster deposition,
respectively. Due to the smoothly decreasing substrate in-
tensity, the cluster induced spectrum is the more amplified
the more EF is approached. While the spectral shape is
clearly distorted, the plot shows that the enhancement of
the spectral weight persists up to the Fermi level. We thus
argue that due to hybridization the Pt 5d related states

Fig. 3. Valence electron spectra at �ω = 100 eV. Inset:
valence region overview of the bare and Ar covered HOPG
substrate, respectively. (a) Fermi edge spectrum of the Ar cov-
ered substrate. Near EF spectra before (c) and after (b) de-
position of the Pt10...40 clusters, respectively; (d) difference
curve (b) – (c); (e) is curve (b) divided by curve (c), normal-
ized to unity around EB = 3.5 eV. It emphasizes the spectral
changes in the region closest to EF . The arrow indicates that
the scale to the right applies for curve (e).

are redistributed in energy up to the Fermi level, which is
therefore the adequate reference for the electron binding
energies.

It is worthwhile noting that low temperature tunneling
spectra of Pt clusters [31] deposited on graphite display
more narrow peaks than the spectral intensity observed
here. On the other hand, similar experiments on Ag par-
ticles [32] have shown such peak positions to vary as a
function of tip position above the clusters. The integrat-
ing character of photoelectron spectroscopy might there-
fore be better suited to study the total density of states
of adsorbed clusters. The broad energy distribution of the
cluster related states suggests that the hybridization with
the graphite electronic states is considerable. Under such
conditions the electronic structure of 3d transition metal
adsorbates has been shown by both, calculations [33,34]
and recent experiments [35] to be strongly modified, lead-
ing to an enhanced effective d-electron count. Within a
simple model calculation, Cini et al. have produced a sim-
ilar result [36] and obtain a reduced but nonvanishing d-
like density of states at EF . They additionally find that
most of the remaining empty d spectral weight is shifted
away from EF and forms a hybridized resonance state.
This model was found to account well for observed X-ray
absorption resonance shifts in small Pd particles [2,36]. It
is thus very conceivable that a similar mechanism is oper-
ational in our Pt clusters, increasing the effective Pt 5d oc-
cupation and leading to an electronic configuration in the
clusters which resembles the one at Pt surfaces. Such an
effect should be the more pronounced the more atoms ac-
tually participate in the cluster substrate interface. While
this necessarily involves all single Pt adatoms, we con-
clude from our photoemission data that the more energetic
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cluster deposition produces more two-dimensional Pt is-
lands exhibiting small Pt 4f binding energies, while the
Ar assisted soft landing results in more three-dimensional
clusters. Our results therefore indicate, that the cluster
shape rather than the precise cluster size has the largest
impact on the resulting photoelectron spectra. In contrast
to metallic single crystalline surfaces, where the deposition
of small metal clusters leads to the formation of monolayer
islands even when employing the rare gas assisted soft
landing method [37,38], both situations appear possible
on graphite. In any case, the smallness of the Pt 4f bind-
ing energies is irreconcilable with the charged final state
picture both, in its static [5] or dynamic [6] version. In
particular the negative core level shifts exhibited by the
Pt adatoms and Pt10...40 clusters indicate a substrate in-
duced modification of the electronic ground state. Further
experiments on clusters of various sizes will be necessary
to further corroborate the above assignments.

In conclusion, we have presented an experimental
study of Pt atoms and clusters deposited onto the C(0001)
basal plane of graphite. Single adatoms and clusters de-
posited with moderate excess energy exhibit 4f core level
binding energies smaller than in bulk Pt, strongly con-
trasting the typical results obtained for particles grown
by vapor deposition. The valence electron spectra show
that the cluster induced states extend up to the substrate
Fermi level, which is therefore the natural energy reference
for the core level binding energies. The smallness of the
core electron binding energies is explained to result from
considerable cluster surface interactions, leading to elec-
tronic configurations comparable to the situation at bulk
Pt surfaces. By contrast, the deposition of size selected
Pt19 clusters into Ar layers results in broadened 4f spec-
tra having their spectral weight shifted to higher binding
energies, even after desorption of the rare gas. This finding
is attributed to the formation of more compact clusters,
where less atoms participate in the formation of the clus-
ter substrate interface. The possible formation of multiple
structural isomers at the surface may well additionally
contribute to the observed peak shape.
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