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Photoemission of electrons from clusters, which are deposited on a surface, suffers from the broadening of
otherwise sharp spectral features due to the statistical nature of the charge transfer and screening processes. We
re-examined the model for this so-called “dynamic final state effect” by analyzing photoelectrons with energies
close to the Fermi level of silver clusters on graphite excited with two different photon energies(21.2 eV and
1487 eV). The semiclassical model allowed a simultaneous fit to both measurements with a dependence on the
photoelectron velocity as predicted for the dynamic final state effect, which proves the relation to dynamic
processes on a femtosecond timescale. We show that the mean energy shift of the photoelectron spectrum for
a fixed cluster size is a robust parameter in particular for measurements with variable photon energy and, thus,
can serve as a fingerprint for the dynamic final state effect.
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I. INTRODUCTION

Generally, a complete description of collision processes
including photon induced electron emission has to consider,
in addition to the primary initial interaction, also “post-
collision effects.” Originally investigated for collisions be-
tween atoms and ions,1 the interest shifted to core level pho-
toemission experiments, where slow “threshold” electrons
are influenced significantly by these effects because they are
still close to the primary ionized atom on the timescale of the
core hole decay, which is partly accompanied by an Auger
electron emission(for a review see, e.g., Ref. 2). The closer
the threshold electron is to the excited atom during its core
hole decay, the larger is the energy loss for the threshold
electron and the energy gain for the Auger electron. The
statistical nature of the core hole decay leads to a distinct
broadening of the corresponding threshold and Auger elec-
tron lines. Often, semiclassical theories are sufficient to re-
produce the experimental data(e.g., Ref. 3).

If molecules adsorbed on a surface are studied, the post-
collision process gets modified by screening,4 which mainly
reduces the total magnitude of the energetic shifts, leading to
smaller broadening effects, i.e., to more narrow electron
lines. In addition, screening charge transfer effects can lead
to double peak structures.5

For free, i.e., nondeposited molecules or clusters, the sin-
gly positive charge state due to photoelectron emission from
valence states close to the Fermi energy by ultraviolet or
x-ray photons remains constant over a time scale sufficient to
let the photoelectron completely escape. As a result, well
defined, sharp spectral electron lines are obtained. Higher
charge states which occur for multiple photoionization lead
to the superposition of several photoemission spectra with
relative shifts given by the charging energy.6 In the case of
large metal clusters, the energy difference between two

charge states can be calculated in good approximation by the
classical value given bye2/4p«0R with R as the cluster ra-
dius. For the absolute energetic position with respect to the
corresponding bulk material(i.e., for R→`) the size depen-
dent change of the work function has to be considered in
addition. For the difference between the ionization energy of
a cluster and the work function of the corresponding bulk
material this can be approximated by an additional factora
of the order of 1, depending mainly on the electron density
of the metal.7

For metal clusters deposited onto a substrate, the size de-
pendent energetic shift is altered due to the additional inter-
action with the surface. However, unlike the post-collision
induced effects for threshold electrons described above, here
they lead to an enhanced broadening of the spectral lines.
This can be attributed to the statistical nature of the screen-
ing or charge transfer processes itself. The total energy is not
shared by the photoelectron and an Auger-electron, but some
fraction is transferred to the cluster/surface system. The re-
sulting characteristic distortion of the spectral features close
to the Fermi level onset was measured for silver clusters
on a graphite (HOPG) surface with high resolution
photoemission.8 It turned out that a semiclassical model was
sufficient to reproduce the “dynamic final state effect” in the
experimental data. The model is described in detail in Ref. 9.

In short, we assume a distribution
Pstddt= s1/tdexps− t/tddt

for the time between the photoionization and the elimination
of the cluster charge. With

Wsrd = ae2/s4p«0d ·s1/R− 1/rd
for the Coulomb potential acting on the electron on its way
from the cluster to infinity we introduce a distance dependent
electron energy shift, which is equal toWsR+vtd, on a length
scale of the order of the cluster radiusR, with v the velocity
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of the photoelectron. The distribution of energy shifts is cal-
culated as

PsWddW= PstsWddsdt/dWddW
with WP f0,Wmaxg and Wmax representing the full shift for
t→`. The resulting function,

PsWddW=
CWmax

sWmax− Wd2expS−
CW

Wmax− W
D dW,

is mainly determined by the parameterC=R/vt. Similar
spectral features which can be interpreted as dynamic final
state effects were also observed for several other
systems.10–12

Because the parameterC contains the photoelectron ve-
locity, the shape of a certain feature in the electron spectrum
is predicted to depend on the energy of the incoming photon.
In contrast we do not expect a strong variation oft with the
photon energy. This is in complete analogy to the general
case of collisions, where the post-collision effects also de-
pend on the energy of the incoming projectile. In the present
case, the dependence on the photon energy is demonstrated
by measuring the photoelectron spectrum close to the Fermi
level of Ag clusters on top of a HOPG surface using ultra-
violet and x-ray photons. The results not only verify that the
origin of the observed characteristic shape of the Fermi level
onset is indeed related to dynamic processes within the pho-
toemission process on a femtosecond time scale, but allow a
more detailed discussion of the effect and the extended ex-
perimental possibilities by using different photon energies.

II. EXPERIMENTAL

The photoelectron spectra were measured with an electron
spectrometer by x-ray photoelectron spectroscopy(XPS) us-
ing monochromatized AlKa radiation shn=1486.6 eVd as
well as by ultraviolet photoelectron spectroscopy(UPS) us-
ing a gas discharge lamp(HeI,hn=21.2 eV). All spectra
were taken with the sample at room temperature. For the
XPS data, an overall energy resolution of 0.36 eV full width
at half maximum could be achieved. The resolution is sig-
nificantly improved for the UPS measurements, and, in this
case, the broadening of the bulk Fermi edge is mainly given
by the thermal width. UPS studies at low temperatures were
the topic of a previous study.8 The preparation of the cluster
samples followed the method given in Ref. 13. In short, na-
nometer sized pits are produced with a depth of one mono-
layersML d on the surface of highly oriented pyrolytic graph-
ite (HOPG) using the parameters as described in Ref. 14.
Subsequently, the pre-structured HOPG substrate was intro-
duced into the ultrahigh vacuum(UHV) chamber of the elec-
tron spectrometer and tempered at 270°C until the UPS
spectra indicated a clean sample surface. The UPS spectrum
of the clean HOPG was determined to allow for later back-
ground subtractions. Then silver atoms were evaporated on
the substrate held at room temperature. The cluster size could
be estimatedin situ by using the UPS signal of the Ag
d-band and comparing to former combined UPS/STM
studies.15 Additionally, after completion of the XPS/UPS ex-
periments, the cluster size distribution was measured by

UHV-STM ex situ. In this way, an average cluster height of
h=6.0±1.4 nm was determined. From this value an average
cluster radius can be deduced taking into account previous
STM/TEM data13 delivering a diameter-to-height ratio of
d/h<1.4. For XPS as well as for UPS a polycrystalline Ag
sample was measured with identical electron spectrometer
parameters providing a reference for the position of the
Fermi edge, the thermal broadening and the energy
resolution.

III. RESULTS AND DISCUSSION

The experimental photoelectron spectra close to the Fermi
edge are shown in Fig. 1. Using both photon energies, the
spectra obtained for the Ag clusters are compared to those of
the polycrystalline Ag bulk sample. For clusters containing
approximately 104 atoms as used here we can assume that
the initial state electronic structure of the clusters is very
close to the corresponding bulk material with a clear Fermi
edge, as it was observed with photoelectron spectroscopy for
free Al clusters of this size.6 For the UPS data of the clusters
the HOPG background spectrum was subtracted. For the
XPS signal, however, a background subtraction was not nec-
essary, since the clean HOPG substrate contributes only a
negligible intensity. For each XPS spectrum two lines are
given in Fig. 1: The thin lines represent the data as measured;
for the thick lines smoothing over 13 data points was per-
formed. The excellent agreement obtained for both bulk data
sets demonstrates that, within the given broadening, the
smoothing procedure does not change the shape of the
spectra.

To analyze the cluster spectra, first the dynamic final state
effect9 is considered by convoluting the measured spectrum

FIG. 1. Photoelectron spectra as experimentally determined by
UPS(top) and XPS(bottom) on Ag bulk samples(dashed lines) or
Ag clusters on top of HOPG substrates(solid lines). For the UPS
cluster spectrum, the background signal measured for the clean
HOPG sample was subtracted, while in case of XPS the corre-
sponding background was negligible. In all cases, otherwise identi-
cal parameters were used. For XPS two lines are given for each
spectrum: the thin lines give the data as measured, the thick lines
are obtained after a smoothing the spectra(averaging over 13 data
points). The spectra are vertically shifted for clarity.
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for the bulk sample withPsWd. The bulk spectrum naturally
includes all processes leading to broadening, thermal effects
as well as those due to the finite energy resolution. The size
distribution of the clusters was considered by using a convo-
lution of PsWd with different Wmax~1/R weighted with a
log-normal distribution of the cluster radii

psRddR= pnorm· expS−
ln2sR/R̄d

2s2 D dR, s1d

with pnorm=exps−s2/2d /2pR̄Îs. The relative width is set to
s=0.2. This corresponds to the cluster size distribution for
our preparation method as experimentally observed by STM

and TEM14 delivering R=R̄±0.2R̄ in agreement with the
cluster height distribution determined here. For such a nar-
row cluster size distribution the result of Eq.(1) is almost
identical to a Gaussian distribution of the cluster sizes with

sGauss=R̄s as used previously.8,9 In its present form, how-
ever, Eq. (1) can be used also for broader distributions,
avoiding an unphysical step inpsRd at R=0.

The convoluted spectra should now fit to both the UPS
and XPS data, simultaneously, with two additional condi-
tions: The same parameterWmax has to be used in both cases,
and we demandCXPS=CUPS/10, because this is the predic-
tion of the dynamic final state model for electrons at EF with
C;R/vt and

vXPS/vUPS= fshnXPS− fd/shnUPS− fdg1/2 < 10,

using the photon energies given above and the bulk Ag
workfunctionf=4.7 eV.16

Considering exclusively UPS spectra, it turned out that
the fitting procedure does not lead to an unique result. Dif-
ferentC andWmax pairs reproduced the shape of the cluster
UPS spectrum with the best fitting obtained in the limit of
extremely largeC and unphysical largeWmax, e.g., CXPS
=10 andWmax=100 eV. Only by simultaneously fitting the
XPS spectra with an identicalWmax and a fixed CXPS
=CUPS/10, it is possible to arrive at unique and meaningful
parametersCUPS=2, and, correspondingly,CXPS=0.2. The
resulting Wmax=0.33 eV is in reasonable agreement with a

calculated value ofe2/4p«0R̄=0.37 eV whereR̄=3.9 nm is
an equivalent radius of a sphere representing a volume equal
to a spheroid with heighth and diameterd=1.4·h. The com-
parison between experimental and calculated spectra and the
relatedPsWd distributions are shown in Fig. 2.

The experimental shape of the Fermi level onset is not
fully reproduced by the calculated spectra in Fig. 2, which is
most obvious for the UPS data due to the better energy reso-
lution and statistics as compared to XPS. The agreement can
be clearly improved by allowing for a broader statistical dis-
tribution of Wmax using s=0.5 in Eq. (1). A good simulta-
neous fit to both the UPS and XPS spectra is then obtained,
as shown in Fig. 3, with slightly modified parameters:
CUPS=1.5 (correspondinglyCXPS=0.15) andWmax=0.34 eV.
In Fig. 3(b), a further distributionPUPSsWd is included,
which, due to the excellent statistics of the two data sets,
could be directly calculated from the cluster and bulk spectra
by deconvolution using an adaptive kernel maximum entropy

method. The deconvoluted distribution is the maximum pos-
terior (MAP) result of the posterior probability distribution.17

The broadening atW=0 is partly given by numerical rea-
sons, and the continuous decrease ofPsWd for largerW with-
out a point of inflection is closely related to the result of the
dynamic final state effect withs=0.5.

Summarizing the results of Figs. 2 and 3, we would like
to stress that the combined use of two photoelectron spectra
taken at significantly different photon energies leads to stron-
ger restrictions for the parametersC andWmax used for mod-
eling the dynamic final state effect. To improve, however, the
fit to the experimentally observed shape of the Fermi level
onset, an enhanced broadening is needed, as expressed by
usings=0.5 in Eq.(1), in agreement with a direct extraction
of PsWd from the UPS cluster and bulk spectra. This is not in
contradiction with the measured cluster size distributions,
because the variation of cluster shapes and different cluster/
substrate interactions for the individual clusters may lead to
an additional statistical broadening. But one should not over-
emphasize such rather subtle differences between experiment
and calculation, because of the simplifications included in
the semi-classical basis of our model describing the dynamic
final state effect.9 Instead, we introduce a more robust crite-

FIG. 2. (a) Experimental cluster and bulk photoelectron spectra
(dashed lines, cf Fig. 1) and fit of the cluster data by convoluting
the bulk spectra withPsWd (solid lines). For the statistical broad-
ening we useds=0.2, which corresponds to the distribution of clus-
ter heights as measured by STM.(b) PsWd as assumed for the fit of
the UPS and XPS spectra in(a)
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rion which can be used to identify the photon energy depen-
dence predicted by the dynamic final state effect in Fig. 4.

If the photoelectron spectra have to be measured with a
restricted energy resolution, as it is particularly the case for
the XPS data, one will not be able to resolve the character-
istic shape of the Fermi level onset resulting from the con-
volution with PsWd as it is possible with high resolution UPS
at low temperatures.8 However, the mean shift of the spec-
trum given by

W̄=E
0

`

W PsWddW s2d

will be detectable even if it is significantly smaller than the

energy resolution. In Fig. 4 we have plottedW̄/Wmax as a
function of C. Here, no additional size distribution of the
clusters has been considered for the calculation ofPsWd.
This plot illustrates the qualitative picture as discussed, e.g.,
in Ref. 9: ForC!1 (i.e., vt@R) the spectra exhibit the full

shift W̄=Wmax like that observed for free clusters in vacuum,

and for C@1 the spectra are not shifted at allsW̄=0d. For

each set of parametersC andWmax the mean shiftW̄ can be
estimated using Fig. 4, i.e., neglecting the cluster size distri-
bution. For the parameters used, e.g., in Fig. 2, we get

W̄UPS=0.092 eV andW̄XPS=0.232 eV. The corresponding

parameters of Fig. 3 lead to the similar resultsW̄UPS

=0.112 eV and W̄XPS=0.253 eV. Numerical integrations
based on thePsWd distributions of Fig. 2 and 3, which in-

clude the size distribution, lead toW̄UPS=s0.095±0.005deV

andW̄XPS=s0.22±0.01deV for both cases. This demonstrates
that the cluster size distribution does not significantly influ-

enceW̄. In fact, W̄ can also be obtained directly from the
experimental data as the relative shift between the cluster
and the bulk spectrum, adjusted so that the signal difference
integrated over the Fermi edge gets zero. This is an impor-

tant point, since it turns out that knowledge ofW̄UPS and

FIG. 4. Average energy shiftW̄ of the cluster photoelectron
spectra[cf. Eq. (2)] normalized to the maximum shiftWmax as a
function of the parameterC=R/vt. This linear plot clearly reveals
the expected asymptotic behavior forC!1 andC@1, respectively.

FIG. 5. Average energy shiftW̄ of the cluster photoelectron
spectra[cf. Eq. (2)] normalized to the maximum shiftWmax as a
function of the parameterC=R/vt. Three slope triangles are in-
cluded into this log-log-plot defined byCUPS/CXPS=10 (abscissa)

and W̄XPS/W̄UPS=2.2 (ordinate) demonstrating that only one tri-
angle position atCXPS=0.2 matches the solid curve.

FIG. 3. (a) Experimental cluster and bulk photoelectron spectra
(dashed lines; cf. Fig. 1) and fit of the cluster data by convoluting
the bulk spectra withPsWd (solid lines). A larger statistical broad-
ening than in Fig. 2(s=0.5) is used resulting in improved fits.(b)
PsWd as used for the fit of the UPS and XPS spectra in(a) (solid
and dashed lines), together with the functionPsWd which results
from a direct deconvolution of the UPS spectra using a maximum
entropy algorithm(dotted line).
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W̄XPSalready allows us to approximate the parametersCUPS,
CXPS and Wmax quite well. To demonstrate this, in Fig. 5

log W̄ is plotted versus logC and three “slope triangles” are

added, defined by the ratioCUPS/CXPS=10 andW̄XPS/W̄UPS
=2.2, respectively. Obviously, only in the middle position
centered atCXPS=0.2, the triangle matches the solid curve
thereby fixing the parametersCUPS, CXPS and Wmax. This
suggests that also measurements with a restricted energy
resolution can be used to study the dynamic final state effect,
if the photon energy can be varied, e.g., in experiments using
synchrotron radiation.

IV. CONCLUSION

Applying two significantly different photon energies to
determine the Fermi level onset of silver clusters, the dy-
namic final state effect was re-examined and, in this way,
some additional predictions of its semi-classical model re-
lated to the energy dependence could be tested. Additionally,
the use of a log-normal distribution for the cluster sizes al-
lowed generalizing the model for stronger statistical broad-

ening in the energy shifts. The simultaneous fit to both UPS
and XPS measurements results in more rigid restrictions for
the parametersC andWmax. The choice ofCXPS=CUPS/10, as
predicted by the model of the dynamic final state effect, re-
produces the experiments, and the resultingWmax is close to
the value expected for the measured mean cluster size. This
proves the connection of the final state effect to dynamic
processes on a femtosecond timescale. Furthermore, it was
demonstrated that the mean shift of the photoelectron spec-

trum W̄ is a robust parameter allowing us to study the dy-
namic final state effect even under conditions of a restricted
energy resolution.
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