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Abstract. The diffusion and aggregation of preformed Agn-clusters (n = 2−9) deposited onto a highly
oriented pyrolytic graphite (HOPG) substrate is studied by two-photon-photoemission (2PPE). The sample
is irradiated with ultrashort laser pulse pairs and the kinetic energy of the emitted photoelectrons is
analyzed in a magnetic bottle type time-of-flight spectrometer. During annealing of the sample from 100 K
up to room temperature, nanoparticles are formed on the surface by diffusion and aggregation of the silver
clusters. A steep increase of the total photoelectron yield at a sample temperature of about 150 K is
explained by the excitation of plasmons in the silver nanoparticles. From the kinetic energy distribution of
the photoelectrons we deduce a strong variation of the work function of the sample during the formation
of the nanoparticles, which is attributed to a quantum size effect.

PACS. 68.43.Jk Diffusion of adsorbates, kinetics of coarsening and aggregation – 36.40.Sx Diffusion and
dynamics of clusters – 78.67.-n Optical properties of nanoscale materials and structures – 36.40.Gk Plasma
and collective effects in clusters

1 Introduction

2PPE is a widely used method to investigate the elec-
tronic structure of pure and adsorbate covered surfaces.
It opens up the possibility to analyze the kinetic energy
of the emitted photoelectrons as well as to conduct time-
resolved measurements with femtosecond laser-pulses in
order to get informations about the carrier dynamics [1–6].
The method is specially suited for cluster covered surfaces
since it allows to analyze the influence of the morphology
of the adsorbate on the excitation path.

It is well known that small silver clusters have a high
mobility on HOPG-surfaces at room temperature (RT) [7].
To our knowledge no experiments, which investigate the
temperature dependent coalescence of the silver clusters,
exist so far. In earlier 2PPE-experiments [6] we observed
the cluster size dependence of the 2PPE-spectra at a sam-
ple temperature of 100 K. The work function of the sample
showed a pronounced odd/even effect, which is caused by
the different charge transfer of odd- and even-numbered
silver clusters to the substrate. From these observations
we concluded that the clusters do not coalesce but re-
tain their identity on the substrate at 100 K. The sur-
face of the HOPG substrate is characterized by large flat
terraces, which are separated by nearly parallel steps [8].
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Scanning tunneling microscope (STM) measurements at
RT revealed that silver clusters first diffuse across the ter-
race before they end up along the steps as the lower coor-
dination number of C-atoms at the steps offer a stronger
binding of the clusters [8].

The diffusion coefficient follows an Arrhenius law (D =
D0 exp(−Ea/kT )) where Ea is the activation energy [9].
The earlier estimated activation energy of Ea ≥ 0.65 eV
for the diffusion of single Ag-adatoms on HOPG ter-
races [9] seems too high compared to new theoretical cal-
culations for the binding energy of single Ag-adatoms on
HOPG terraces of Eb = 0.54 eV as Eb ≥ Ea [10].

The growth of silver nanoparticles is detectable by a
huge photoelectron yield of silver nanoparticles compared
e.g. with a smooth silver surface [11–13]. The effect is
based on the excitation of surface plasmons in the silver
nanoparticles and depends on the used photon energy and
the size of the nanoparticles [14–17].

For silver islands on HOPG a quantum size effect
(QSE) was measured by one-photon-photoemission, where
the signals reveal modulations versus the electron energy
[7,18]. The principal requirements [19] for the observation
of a QSE are fulfilled for our system as well: (1) a mis-
match of material properties at the interface in order to
confine electrons in the adsorbate; (2) a very low rough-
ness of the interface; (3) a large electron mean free path,
which is greater than the film thickness. If in this case
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the distance between the vacuum barrier and the adsor-
bate/substrate interface is comparable to the de Broglie
wavelength of the electrons, electronic properties like the
work function depend on the film thickness. Periodic os-
cillations of the work function as a function of the film
thickness were already predicted 1976 by Schulte [20], who
calculated the variations of the work function of jellium
slabs surrounded by vacuum. The theoretical oscillation
amplitude of the work function decreases from approxi-
mately 1 eV for 1 monolayer of metal to about 0.1 eV for
20 monolayers [20]. At the same time a stepwise increase
of the density of states (DOS) at the Fermi level as a func-
tion of film thickness is predicted [21,22]. Measurements
of periodical variations of the work function as a function
of overlayer thickness were done for indium overlayers on
a gold substrate [23].

It is to be expected that the reflection of the electrons
at the adsorbate/substrate interface has an influence on
the carrier relaxation dynamics in cases where the phase
space for electron-electron scattering inside the adsorbate
is reduced.

2 Experiment

The experiments were performed in an ultra-high-vacuum
system with a background pressure of 5 × 10−10 mbar.
Fig. 1 shows a scheme of the experimental setup. It allows
to perform a soft-landing experiment with mass-selected
cluster ions having a deposition energy considerably lower
than the binding energy per atom of the cluster.

A cold-reflex discharge ion source (CORDIS) [24,25]
was modified to yield four primary Xe+-ion beams of typ-
ically 15 kV and about 5 mA each. They are directed onto
four water-cooled silver targets. The emerging clusters are
collected by electrostatic fields and they are deflected into
a large gas-filled ion guide, which serves to moderate and
cool the ions by collision with He gas. The cluster ions are
mass selected by a quadrupole mass filter and are guided
into the UHV deposition chamber by another quadrupole
ion guide where their kinetic energy is further reduced.
Adjustable electrostatic lenses and a retarding potential
at the sample serve to determine the kinetic energy distri-
bution in the cluster beam. With this setup it is possible to
achieve real soft landing conditions with deposition ener-
gies of 1 eV-2 eV/cluster. It is possible as well to deposit
clusters with preselected high deposition energies and a
narrow energy distribution. The cluster source provides a
cluster beam between 700 pA for Ag4 and 3 nA for Ag3.

The HOPG substrate is cleaved before insertion into
the vacuum chamber. Under UHV conditions it is cleaned
by flashing the sample rapidly to 1400 K by electron im-
pact heating. The substrate is then cooled to liquid nitro-
gen temperatures. The temperature is measured near the
sample at the lower part of the sample holder which is elec-
trically isolated by means of sapphire crystals. This allows
to monitor the deposition rates by measuring the cluster
current on the sample. The distribution of the kinetic en-
ergy of the deposited clusters is controlled by monitoring
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Fig. 1. Schematic diagram at the experimental setup (for de-
tails see main text.)

the current of the deposited ions as a function of the re-
tarding potential applied to the substrate. The coverage of
the sample was chosen to be equivalent to 4% of an atomic
monolayer. The time for deposition depends on the cluster
size.

We use a magnetic bottle type time-of-flight spectrom-
eter which was introduced by Kruit and Read for gas-
phase applications [26]. The instrument makes use of a
strong diverging magnetic field to collect the photoelec-
trons and a weak guiding magnetic field, which directs
the electrons through a flight tube to a electron multiplier
(microsphere plate [27]). The strong field is produced by
a small heatable permanent magnet (1 T) which is placed
directly behind the HOPG substrate. The guiding field
(1 mT) is produced by a coil. The whole electron spec-
trometer is surrounded by four Helmholtz coils for the
compensation of external magnetic fields. The interior of
the spectrometer is coated with graphite to ensure a ho-
mogeneous work function. An electron acceptance angle of
about 2π is theoretically possible. The time-of-flight of the
electrons is measured by a time-to-digital converter and
later converted into the kinetic energy of the electrons.
The calibration of the spectrometer is carried out by tak-
ing a series of photoelectron spectra of the pure graphite
sample with different voltages applied to the sample.

The sample is irradiated under 45◦ by two subsequent
fs laser pulses of 390 nm (hν = 3.18 eV) with an ad-
justable time delay. These pulses are produced by a laser
system, that consists of a titanium sapphire oscillator
which is pumped by a 9 W argon ion laser and of a
Nd:YLF-pumped regenerative amplifier to produce ultra-
short (t < 100 fs, 400 mJ/pulse) laser pulses with a repe-
tition rate of 1 kHz. The pulses are frequency doubled in
a BBO crystal. The beam is splitted into two pulses and
one of them is delayed by a computer controlled delay
line. The intensity of the light on the sample must be con-
trolled carefully in order to avoid multiphoton processes
and space charge broadening. Therefore the experiments
were carried out with a pulse energy of below 500 nJ and a
peak intensity of about 108 W/cm2 as the spot size on the
sample is about 1 mm2. Both beams are p-polarized, i.e.
with the electric field vector being parallel to the plane of
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Fig. 2. 2PPE-spectrum for Ag5 deposited on a HOPG sub-
strate. The straight line indicates the energetic location of the
low energy cutoff of the spectrum by extrapolation to the x-
axis.

incidence. The 2PPE-spectra are taken with a fixed time
delay between subsequent laser pulses.

3 Results and discussion

Fig. 2 shows a typical 2PPE-spectrum for Ag5/HOPG at a
sample temperature of 100 K. The shape of the spectrum
is similar to the spectrum of pure HOPG and dominated
by the influence of hot electrons. The straight line shows
the energetic location of the low energy cutoff of the spec-
trum by extrapolation to the x-axis. Any modification of
the energetic location of the low energy cutoff indicates a
change of the work function of the sample [28,29].

Taking continuously 2PPE-spectra during annealing of
the sample from 100 K up to RT with a heating rate of
approximately 1 K/min leads to 3−4 spectra/K. Fig. 3a
shows the resulting total photoelectric yield of one series
of measurements for Ag6/HOPG, integrated over all elec-
tron energies, as a function of the measured temperature.
The temperature is subject to an error of about ±5 K as
it is measured at the sample holder and not directly at
the sample surface itself and therefore it depends on the
heating rate. A steep increase of the photoelectron yield
is visible at 155 K. This increase shows, that the plasmon
resonance of the grown nanoparticles begins to shift into
the photon energy. The excitation path changes compared
to the low temperature regime [6], where the first photon
is absorbed by the substrate. With the formation of silver
nanoparticles the predominant part of the signal results
from absorption of both photons inside the adsorbate. The
signal of the pure HOPG is not subtracted, but equivalent
measurements of the pure HOPG-substrate show that this
signal is very low.

Fig. 3b shows the changes of the work function of the
sample, referred to the work function at 100 K, deduced
from the low energy cutoff of the spectra. Distinct varia-
tions of the work function of about 0.2 eV are detectable
at temperatures lower and equal to the excitation of the
surface plasmon of the silver nanoparticles. The amount
of silver on the surface does not change and if the for-
mation of the nanoparticles is finished, the thickness of
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Fig. 3. (a) Shows the total photoelectric yield for Ag6/HOPG,
integrated over all photoelectron energies, as a function of the
substrate temperature. (b) Variation of the work function of
the sample, referred to the value at T = 100 K. (c) DOS at the
Fermi level, referred to the value at T = 100 K.

the nanoparticles does not change with temperature. This
is the reason why the work function does not show any
further oscillations.

Fig. 3c shows the changes of the DOS near the Fermi
level of the sample, deduced by linear extrapolation of
the high energy cutoff of the 2PPE-spectra and referred
to the value at 100 K. The DOS increases stepwise at
around 150 K, just before the increase of the photoemis-
sion yield. This effect is only detectable, because the DOS
of the HOPG-substrate is vanishingly low at the Fermi
level. Therefore every increase of the DOS of the adsor-
bate near the Fermi level becomes apparent.

Similar experiments were repeated for the different
cluster sizes n = 2−9. As an example Figs. 4a-c shows the
result for Ag9/HOPG. Although one might expect cluster
size dependent differences concerning the temperature, at
which the increase of the photoyield takes place, we are
not able to detect them. This could be due to the fact, that
the shift of the plasmon resonance into the photon energy
does not take place until the clusters are aggregated.

4 Summary

We observe the coalescence of small mass-selected silver
clusters by the appearance of their plasmon absorption in
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Fig. 4. (a) Shows the total photoelectric yield for Ag9/HOPG,
integrated over all photoelectron energies, as a function of the
substrate temperature. (b) Variation of the work function of
the sample, referred to the value at T = 100 K. (c) DOS at the
Fermi level, referred to the value at T = 100 K.

the 2PPE-spectra. Below the coalescence temperature we
find a strong variation of the work function of the sample,
which we attribute to a QSE in the so formed adsorbate
islands.

No influence of the initial cluster size has been detected
on the coalescence temperature. This is probably not sur-
prising, since these effects appear with larger nanoparti-
cles at a temperature where every information about the
initial cluster size is already lost.
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