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Photoelectron Spectroscopy
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Introduction
Clusters consisting of a small number of n 3-lO00 atoms or molecules have
properties, which can be totally different from the ones of the isolated atoms
and of the corresponding bulk materials. The properties of most clusters
still represent a "white spot" on the map of research on nanostructures and
some of these properties probably will allow for new applications. The most
famous example is C 60 , an extremely stable cluster consisting of 60 carbon
atoms forming a soccer ball
. C60 is as stable as a molecule and a new
bulk material consisting of bare carbon can be formed from C 60 clusters with
properties different from diamond and graphite [1]. Such very stable clusters
have first been discovered in mass spectra, wherein a magic number showed
up as an iutense peak. For example, at the proper conditions for cluster
growth C 60 is the most abundant cluster in the mass spectrum of bare carbon
clusters [2]. Analogously, in the mass
of clusters of simple metals like
e.g. Kn clusters, magic numbers corresponding to ne 8, 18, 20 and 40 valence
eleetrons show up as outstanding lines or
Based on these data
models like the Jellium model for the metal clusters
have been developed
to explain the high stabilities of these
number clusters. However, the
relative abundance of a duster of a certain size in the mass spectrum contains
no structural information and a reliable test of any model predicting the
electronic and geometric structure of a cluster needs support by additional
spectroseopic data. \Vith a diameter of typically 1 nanometer, these clusters
are so small that common microscope teehniq ues like electron microscopy and
scanning tunneling microscopy fail for most cases. Therefore, spectroscopy of
clusters in the gas phase is employed to gain structural information.
Any spectroscopy of mass-selected dusters is not easy. Common cluster
sources
a broad size distribution of clusters and spectroscopic data
have somehow to be assigned to a certain duster size. One successful solution of this problem is the spectroscopy of cluster ions instead of neutrals.
Therefore, in the early days of cluster research several new spectroscopic
techniques dealing with ions have been developed, where the cluster ions are
mass-selected prior to the experiment. The problem of experiments with ions
is the low intensity compared to neutrals. Typically, an ion beam has a target
density of about 6 orders of magnitude lower than the density of neutrals in,
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e.g., supersonic beams. Therefore, the spectroscopic techniques have to be
extremely sensitive. To deal with this problem, in photoelectron spectroscopy
a laser is used as the light source instead of a standard gas discharge lamp,
gaining about 4 orders of magnitude of intensity. Still, additional tricks are
to noise ratio compared to standard photoelectron
necessary to improve
spectroscopy experiments on neutral atoms, molecules and surfaces [5,6].
There are many different experimental techniques for spectroscopy of
mass-selected cluster ions and here we will focus just on one: photoelectron
spectroscopy of mass-selected anions (PES-) [7-12]. A single photon generated by a laser interacts with a negatively charged cluster and detaches
a photoelectron. The kinetic energy of the photoelectrons is determined. The
method cannot be applied to positive ions, because the minimum energy
which is required to remove an electron from a positive ion is considerably
higher than to remove it from an anion. Commercial UV-Iasers generate light
v.rith photon energies up to 6.4 eV or 7.9 eV, which is not sufficient for most
positive cluster ions.
To illustrate the kind of information to be gained using PES- it can be
compared to a complementary spectroscopic technique: ion mobility [13-15].
Its basis is the measurement of the friction of a moving cluster ion dragged
by an electric field through an inert gas (Helium). The friction coefficient
is higher, if the cluster has an open structure like, e.g., a chain or ring
structure; and smaller, if the cluster is compact. In the case of C60 , ion
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Fig. 3.1. Photoelectron spectra of fullerenes. The photon
energy is hv = 6.4 eV. The distance between the first peak
at lowest binding energy and the next feature at higher
binding energy corresponds to the HOMO-LUMO gap (see
next section), which is extremely
for the magic cluster
C60 (indicated by arrows, reproduced from [20])
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mobility measurements support the assumed structure of a hollow sphere for
all clusters with sizes larger than n > 30. However, the experiment indicates
no special behavior of 0 60 and its mobility is just in between the one of
0 58 and 0()2 }6]. The high stability of 0 60 is due to its detailed geometric
structure, which cannot be resolved using ion mobility and which is directly
related to its electronic structure . However, the electronic structure can be
examined via PES- and the photoelectron spectrum of the 0 60 anion [1720]
is totally different from the ones of all other carbon cluster anions (Fig. 3.1).
The above example of PES- spectra demonstrates the power of the technique, which can be applied to study all kinds of different bare and reacted
clusters with unknown electronic and geometric structure. In the following
Sect. 3.2, an introduction into the physics of photoelectron spectroscopy is
given. In Sect. 3.3 a typical experimental set up is described and in Sect. 3.4
several examples of experimental results with the corresponding interpretation are discussed.

Physics of Photoelectron Spectroscopy
In general, photoelectron spectra contain information about the electronic
structure, i.e. the energetic ordering of the bonding, non-bonding and antibonding single particle orbitals. There are two pictures, which are used for
interpretation of photoelectron spectra. The most simple one, which is less
accurate, is the single particle picture (Fig. 3.2). It is assumed, that the
photon interacts with a single electron in the cluster anion, which is detached,
if the photon energy hv is higher than the binding energy (BE) of the electron.
The kinetic energy E kin of the outgoing electron is:

hv - BE.
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Fig. 3.2. Single particle picture of photoemission. By the interaction with a photon
with energy hv an electron is ejected with
kinetic energy
corresponding to the difference of hv and the binding energy of the
single particle orbital. All
refer to
the vacuum energy Evac corresponding to
zero binding energy. If the neutral cluster has
a closed electronic shell, the HOMO (highest occupied molecular orbital) is completely
filled. In that case, the additional electron of
the anion occupies the LUMO (lowest unoccupied molecular orbital) of the neutral
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In each event only a single photon interacts with a single cluster (at low
photon flux). A photoelectron spectrum is the kinetic energy distribution of
the electrons and corresponds to an average over many such processes. If
there are electrons bound in different single particle orbitals, in the electron
spectrum various peaks with different kinetic energies will appear. The relative intensities of the peaks reflect the probability of a certain process and
depend on the number of electrons occupying the orbital, the
of
the orbital and the photon energy [5]. According to the above considerations,
a spectrum is a picture of the occupied single particle orbitals in the cluster
up to a maximum BE, which corresponds to the difference of the photon
energy and the electron
(EA). A higher photon energy and lower EA
gives a deeper insight into the valence orbital structure.
In principle, the single particle picture holds for neutral and for negatively
charged particles. However, there is one important
for anions. If
the neutral particle has a closed electronic shell, Le. the highest occupied
molecular orbital (HOMO) is completely filled, the additional electron of the
corresponding anion must occupy the lowest unoccupied molecular orbital
(LUr..l0). That is, for closed shell species (this notation always refers to
the neutral particle) in the PES a peak at high kinetic energy appears due
to the detachment of the weakly bound additional electron in the LUMO
(Fig. 3.2). The difference in kinetic energy between this peak and the next
feature at higher BE corresponding to the detachment from the HOMO gives
the HOMO-LU"~vlO gap of the neutral. This energy is an important parameter
of a cluster closely related to its stability [20]. For example, in Fig. 3.1 such
a peak at low BE with a large gap to the next feature appears for C 60 (marked
by arrows). Accordingly, directly from the PES~ a high stability of Coo can
be predicted. In photoelectron spectroscopy of neutral particles the HOMOLUMO gap cannot be determined.
The overly simple version of the single particle picture described above
must be improved by the following effects to gain at least crudely quantitative
results [21]:
- relaxation
The detachment of an electron increases the
state and. as a result,
the BEs of all other single particle orbitals increase. This relaxation energy
is transferred to the outgoing electron
its kinetic energy.

- m'ultiplet splitting
In the final state (the neutral state) the
and angular moments of the
remaining electrons can be combined to different total spins and angular
moments with slightly different total
Depending on this energy
of the final state the kinetic energy of the outgoing electron is different.
Accordingly, the detachment of an electron from a certain single particle
orbital
rise to more than one peak in the PES- (multiplet).

- "shake up" process
The detachment might cause another bound electron to be excited into
a higher bound single particle orbital. This excitation energy lacks the kinetic
energy of the outgoing electron. In this case, tbe photon interacts with two
electrons.

- configuration interaction
If especially from an orbital at relatively high BE an electron is detached,
the remaining orbitals might undergo a strong disturbance and there might
only be a limited similarity of shape and energetic ordering of the final state
orbitals with the ones of the initial state. In this case, the final state can
no longer be described by the initial state configuration with one electron
missing, but must be described by a linear combination a various initial state
configurations. This corresponds to the break down of the single particle
picture. In many cases, the single particle picture cannot be applied to assign
peaks at relatively high binding energies [21].
A more accurate model of the photoemission process is the description
of the photoemission process as a transition from an initial all-electron state
X- with certain total energy, spin and angular momentum into all-electron
final states X, A, B ... (Fig. 3.3). While in the single particle picture the
BEs of the valence orbitals are considered, here the total energy of the state
formed by all electrons counts. In the spectrum the feature at, lowest BE
corresponds to the transition from the anion electronic ground state X(assuming "cold" anions generated by the source) to the electronic ground
state X of the neutral cluster. The next peak at higher binding energy is
assigned to the transition into the first excited state A of the neutral. That
is, the photoelectron spectrum of the anion is a map of the electronic states
of the neutral cluster.
The dipole selection rules have to be applied in order to fully interpret
the process. The outgoing electron can carry different angular moments and,
therefore, usually transitions into almost all neutral states are allowed [5].
That is, more neutral states than in conventional photoabsorption spectroscopy (e.g., resonant two photon photoionization spectroscopy of neutrals)
are visible using PES- [22J. There is only one selection rule concerning the
spin: the outgoing electron carries a spin of 1/2 and, accordingly, the total
spin of the initial and final state can differ by 1/2 only (for LS-coupling).
For example, if the anion ground state is a singlet state, only transitions into
neutral doublet stat.es are allowed.
Within this picture the width of a peak and its vibrational fine structure
if resolved can be understood, too [7,23,24]. The initial state might be the
electronic ground state of the anion. The anion has also vibrational degrees
of freedom and, if the anion is "cold", it is in the vibrational ground state
v = O. The final states also have vibrational degrees of freedom and not only
transitions into the vibrational ground state, but also into excited vibrational states v ' I , 2, ... might be allowed (Fig. 3.3). That is, for a certain
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Fig. 3.3. All - electron picture of the photoemission process. The process corresponds to a transition from the anion electronic ground state X- into various
of
electronic states X, A, B ... of the neutral. Each state has vibrational
freedom and a certain equilibrium geometry
bond length in case of a dimer).
If the geometries of initial and final state are similar, only vibrational transitions
between similar quantum numbers
0 --+ 0 transitions) are observed and
sharp peaks appear in the spectrum. A large change in geometry results in the
appearance of a broad peak with an extended vibrational fine structure (FranckCondon principle). The fine structure
to vibrational excitatioIlS of the
neutral cluster

electronic transition several vibrational transitions are possible with slightly
different energies resulting in a broadening of the corresponding peak in the
PES . If the energy resolution of the electron spectrometer is sufficient, the
vibrational transitions might be resolved [23,24]. The intensities of
certain vibrational transitions are governed by the Franck-Condon transition
probabilities and depend on the difference of the equilibrium geometries of
the two states. If both geometries are identical, only 0 --t 0 transitions
are allowed (for "cold" anions) and the peaks in the PES- are sharp. Broad
peaks in the PES- indicate a large difference of the equilibrium geometries of
the anion and the neutral. There is rotational fine structure in the PES, too.
However, it is usually not observed because of the relatively low experimental
resolution of PES and will be neglected for the forthcoming discussion.
As an example the PES- of Cu~ displayed in Fig. 3.4 will be assigned
using the two pictures. The spectrum has been recorded with a photon energy
6.4 eV. The spectrum is plotted versus the BE, which is given by
of hv
BE =
hv. This has the advantage that the peak positions do not
depend on the photon energy. The configuration of the valence electrons of
the CUI anion is 3d104s 2 . \Vithin the single particle picture two peaks are
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Fig. 3.4. Photoelectron spectrum of the CUI anion recorded with a photon energy
of 6.4 eV. The intensity of the detected photoelectrons is plotted versus the binding
energy ( = photon energy minus kinetic energy). The widths of the peaks correspond
to the experimental resolution. For an assignment of the features see text

expected due to emission from the two occupied orbitals 3d and 4s. Indeed,
the single peak at :::::: 1.2 eV BE can be assigned to emission from the 4s
orbital and the doublet at :::::: 2.8 eV to emission from the 3d orbital. Since the
remaining nine 3d electrons can combine to two different spins and angular
moments, two peaks are observed and the splitting is caused by the spin-orbit
interaction in the final state [25]. Because of its zero angular moment, there is
no such splitting for the 4s peak. The peak at :::::: 5 eV BE is assigned to a shake
up process. While one of the 4s electrons is detached, the other one is excited
into the unoccupied 4p orbital. This energy lacks the outgoing electron and
gives rise to a peak at low kinetic energy (= high binding energy).
In the all-electron picture, the peak at lowest BE is assigned to the transition from the anion electronic ground state ISO to the neutral ground state
1SI/2 [7,25]. The doublet is assigned to transitions into the neutral excited
states 2D 5 / 2 and 2D3/2 and the peak at 5 eV BE is the transition into the
2P 1/ 2 state of neutral eu [25]. The BE of the first feature corresponds to the
electron affinity of eu (1.23 eV [26]) and the difference in BE between this
peak and the next one at 2.6 eV is the energy of the first excited state of the
neutral eu atom [25]. This demonstrates that the PES- is indeed a map of
the electronic states of the neutral. An analysis of the configurations of the
all-electrons states shows that the two pictures are complementary [25].
Within the all-electron picture, the energy difference between the first two
peaks in the spectrum is the excitation energy of the neutral first excited state.
This corresponds to the HOMO-LUMO gap of molecules and clusters and
to the band gap of semiconductors. We conclude, that there are three main
advantages of photoelectron spectroscopy of negatively charged particles:
- easy mass separation
- direct determination of the HOMO-LUMO gaps of closed shell species
- mapping of the neutral electronic states.
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Experimental Set Up
An experimental setup to record photoelectron spectra of mass-selected cluster anions consists of 4 components: (i) cluster source, (ii) mass-spectrometer,
(iii) laser and (iv) electron spectrometer. The various different experimental
setups can be divided into two types of apparatus: continuously and pulsed
operated experiments. The pioneering experiments from w.e. Lineberger's
and K. Bowen's groups [7-9,23] were operated with a continuous source (oven
source, hollow discharge source), a quadrupole mass spectrometer, a continuous wave laser and a hemispherical analyser for electron spectroscopy. Such
a setup has certain advantages: a relatively high energy resolution « 3 meV)
and the possibility of angle-resolved PES-. One disadvantage is the limited
photon energy of continuous lasers (e.g., hv = 3.53eV in [23]). Pulsed PESexperiments use a pulsed cluster source (laser vaporization [10], pulsed arc
cluster ion source [24]), a time-of-flight mass spectrometer, a pulsed DV-laser
(Nd:YAG laser, excimer laser), and a time-of-flight electron spectrometer [1012,17-22,24,27-35]. One advantage of this setup is the relatively high photon
energy provided by excimer lasers (ArF: 6.4 eV and F 2 : 7.9 eV). If a "magnetic
bottle" type ([36], see below) time-of-flight electron spectrometer is used, the
time for recording a spectrum with reasonable signal to noise ratio can be
as short as 1 min [24]. The pulsed version of a PES- experiment can also be
combined with a femtosecond laser system to study fast dynamical processes
in clusters [37-41]. In the following, one example of a pulsed experimental
setup [42] will be described in more detail (Fig. 3.5).
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Fig. 3.5. Experimental set up of
a pulsed PES- experiment [42J.
The cluster anions are directly
produced in a pulsed arc cluster ion source (PACIS). Reacted
cluster anions can be generated
by introducing gases like CO or
H2 into the extender. The anions are mass-separated by a reflectron time-of-flight mass spectrometer. A selected bunch is irradiated by a UV-Iaser pulse and
the kinetic energy of the detached
photoelectrons is measured with
a "magnetic-bottle" type time-offlight electron spectrometer
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1

Cluster Source

The cluster anions are generated using a pulsed arc cluster ion source (PACIS
[43~46]. This source is basically similar to the laser vaporization source [47,48],
but the bulk material is vaporized by an electric arc instead of a laser pulse.
The pulsed electric arc burns within the center of ceramic cube. The cube
has two channels perpendicularly intersecting each other in the center. The
electrodes are inserted from opposite sides into the larger bore and face each
other at the center of the cube leaving a gap. A carrier gas pulse (usually
Helium) flows through the second channel and the gap between the electrodes. The carrier gas leaves the cube on the opposite side streaming into
the extender. Simultaneously with the gas pulse the electric arc is ignited
resulting in vaporization of material from the cathode. The metal vapor and
the helium mixes within the discharge and the resulting plasma is flushed
into the extender. Finally, the clusters embedded into the carrier gas leave
the source through a conical nozzel forming a supersonic expansion. The
source directly produces negative ions. Reacted clusters can be produced by
introducing reactive gases like CO or H2 into the extender.

2

Time-of-Flight Mass Spectrometer

After passing a skimmer the anions embedded in the supersonic beam are
accelerated up to a kinetic energy of about 1000 eV by a pulsed electric field.
Because of their different mass the anions have different velocities and the
anion cloud separates into a chain of bunches with well defined masses. To
improve the mass resolution, the anion beam is guided into a reflectron, which
operates like an electrostatic mirror [49]. The reflectron compensates for small
differences in the kinetic energies of the anions. The faster anions dive deeper
into the reflectron field and, therefore, need a slightly longer time for reflection. At a proper choice of distances and field strengths this compensates
the shorter time-of-flight of the faster anions and the mass resolution can
be improved by several orders of magnitude with respect to a linear Wileyr.1cLaren type time-of-flight spectrometer [50]. This is especially important
for the spectroscopy of reacted clusters like TinH;;, clusters (see below). Because of the need of extremely high anion intensities the mass resolution of
the discussed setup is limited to rn/!:3.rn
400, although in principle with
such types of mass spectrometers a resolution of > 35000 can be achieved

[51].
3

Laser

The anion beam is guided into the cent er region of the electron specirometer
and a selected bunch is irradiated by a UV-Iaser pulse. Most common lasers
are Nd:YAG lasers with photon energies of hv 2.33 eV, 3.4geV and 4.66 eV
and excimer lasers with photon
of hv = 6.4eV and 7.geV. The mass

is selected by tuning the delay between the acceleration of the anions and
the firing of the laser. The photon flux should be kept as low &'l possible to
minimize multiphoton processes. At high flux, a certain cluster anion might
first absorb a photon and thermalize its energy. If a second photon detaches an
electron from this hot cluster, a broad spectrum will appear. The first photon
might also cause fragmentation and a fragment spectrum is superimposed on
the desired 1-photon spectrum. If a "magnetic-bottle" type spectrometer
below) is used, spectra can be recorded with laser pulse energies smaller than
10 ~ avoiding any such processes.
At photon energies similar or higher than the work function of the surfaces
in the electron spectrometer (typically graphite with a work function of about
5 eV) many background electrons are emitted from the surfaces by stray light
of the laser. Therefore, a careful collimation of the laser beam is necessary.
4

Photoelectron Spectrometer

For a pulsed experimental set up the kinetic energy of the detached electrons
can be determined with the time-of-flight method. The most simplest version
is a drift tube with an electron detector at the end (typically 1 m long)
The longer the tube the higher is the energy resolution. However, the electron
intensity decreases with increasing distance from the center region. 'With
such a setup an energy resolution of better than 10 meV can be achieved but
a relatively high photon flux is needed to gain intensity [53].
Magnetic fields can be used to guide almost all electrons from the center
region to the electron detector [36]. Such a spectrometer is called "magneticbottle" [10,24] because of the special shape of the magnetic fields. The center
region, where the anion and the laser beam intersect, is located in a strong
0.1 T/mm). In such a field the electrons follow
divergent magnetic field
the gradient towards the weak field region (~ 0.001 T). Within the weak
homogenous magnetic field the electrons are guided through a distance of
about 1-2 m to the electron detector. With this setup, a gain in electron
intensity by about 2 orders of magnitude is achieved allowing for experiments
with extremely low laser intensity.
There is a disadvantage: The velocity of the electrons Ve measured by the
spectrometer is the vector sum of the center-of-mass velocity of the electrons
Vcm and the velocity of the anions Va

Since almost all electrons emitted in various directions with respect to the
anion velocity are collected, different ve's are measured depending on the
angle between the two velocity vectors. The maximum "Doppler" broadening
of 11e is 2 x Va' The resulting uncertainty of the kinetic energy of the electrons
dE is (me = electron mass):
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For example, photoelectrons with a kinetic energy of 1 eV (V e 590 X 103
emitted from clusters with a mass of 500 amu and a kinetic energy of 1000 eV
(va = 20 X 103 m/s) exhibit a Doppler broadening of 130 meV [10]. This limitation can be overcome by a deceleration of the anions right in the center
region
. With this deceleration technique the kinetic energy of the anions
can be reduced to about 10~50 eV narrowing the Doppler broadening down
to <10 meV
3.6}. With this technique for many clusters vibrational fine
structure can be resolved [24].
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Fig. 3.6. Photoelectron spectrum of
AU I recorded with a photon energy of
hv
:3AgeV. The FWHM of the single
feature is 10 meV

Nowadays, the pulsed setup using a "magnetic bottle" spectrometer is one
of the most common used for photoelectron spectroscopy of mass-selected
cluster anions [1O,1l,17~22,24,27~35,37~42].

Results
There are many PES- experiments of the continuous and pulsed type running
in many countries all over the world and there is a wealth of photoelectron
data. Only an arbitrary selection of a few
can be discussed here.
First, some spectra of clusters of simple metals will be displayed revealing
the electronic shell structure predicted by the Jellium modeL Second, with
decreasing cluster size the band width of the conduction and the valence
bands in semiconductor nanoparticles decrease and, as a consequence, the
band gap is expected to increase. Some results on "semiconducting" clusters
will be presented with surprising results. The third example will shed some
light on the fundamental difference of chemical properties of clusters and
of bulk surfaces. Finally, some data on the ultrafast dynamical processes in
clusters using femtosecond lasers will be presented.

1

Example: Electronic Shells in Clusters of Simple Metals

In the mass spectra of clusters of monovalent
simple) metals like Na,
K, Cu, Ag and Au the observed
numbers are different for different
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charge states and appear at certain numbers of delocalized electrons ne in
the cluster [54,55]. These magic numbers are ne 2,8,18,20,34,40, ... ; i.e.,
especially abundant clusters are e.g. Nai, Na8 and Nat. This observation
can be explained with the Jellium model [4,54]. It assumes a spherical shape
of the metal cluster and that the delocalized s-electrons can move freely
within the cluster. This corresponds to the quantum mechanical problem of
electrons in a spherical potential similar to protons and neutrons in atomic
nucleii. The single particle eigenstates have well defined angular momenta
with a certain degree of degeneracy. The lowest
particle orbitals are:
Is2, 1p6, Id 10, 2s2, lf14, 2p 6, etc. In parenthesis the number of electrons
which can be accommodated in the shell is given. The sum of these numbers
corresponds to the observed magic numbers of ne. If a shell is completely
filled, the cluster has a dosed electronic shell like a rare gas atom in the
periodic table and a high ionization potential or electron affinity. A cluster
with one electron more has to accommodate this electron in the next shell
and is hence similar to an alkali atom. It has a low ionization potential or
electron affinity.
The goal to reveal the electronic shells in the cluster is an ideal task
of photoelectron spectroscopy. 'Within the
particle picture for, e.g.,
Na7' only two peaks are expected due to the emission from the Is and
from the 1p shell. The pioneering PES- experiments on clusters of simple
metals have been conducted by the groups of W.C. Lineberger (Cu, Ag, Au)
[2,23] and K. Bowen (Na, K, Cs) [9,54]. At higher photon energy but with
moderate energy resolution Smalley's group has presented data on clusters
of the coinage metals [56,57]. Here, we will discuss just three selected spectra
to illustrate the main ideas
(from Refs. [21,58-61]) of Nai, Agi and
(Fig. 3.7).
The spectrum of Nai shows a narrow peak at 2.3 eV BE and a broad
feature centered at 1.5 eV BE [61]. The broad feature exhibits a splitting
into three peaks. We assign the spectrum using the single particle picture.
In the shell modeL the configuration of the Nai cluster is 18 2 I p 6. Each 1\a
atom contributes one delocalized s-electron to the cluster (plus the additional
to emission from the
electron of the anion). The peak at high BE is
Is shell and the broad feature to emission from the Ip shell. The splitting into
three peaks can be explained by the non-spherical symmetry of this cluster
lifting the degeneracy of the Ip suborbitals (noted IPl,2.3). The spectrum
of Na7 demonstrates the power of PES-, revealing the electronic structure
of the valence orbitals in clusters. It should be noted, that for this cluster
with an relatively low electron affinity, even at the low photon energy used
in the experiment (hv = 3.49 eV) the complete valence "band structure" can
be analysed.
In Fig. 3.7b,c the effect of an additional electron added to the dosed shell
is demonstrated for
clusters [21]. As in the case of Na, each Ag atom
contributes one s-electron to the lake of electrons delocalized in the cluster.
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Fig. 3.7. Photoelectron spectra of Nai (a), Agi (h) and Ags (c), recorded with
photon energies of 11.1/ = 3.49 eV (a) and 11.1/ = 5.0 eV (h,c), respectively. The
assignments of the peaks refer to the electronic shells predicted by the Jellium
model
text). In a non-spherical potential the threefold degeneracy of the 1p
orbital is lifted and the suborbitals noted IPI,2,3 appear at different binding energies

The 4d-orbitals are located at higher BE (> 5 eV) and can be neglected
here. Compared to the alkali metals, the BEs of all valence electrons are
higher in Ag and the emission from the Is shell cannot be observed with
the relatively low photon energy of hv = 5 eV. The three peaks observed in
Fig. 3.5b can be assigned to emission from the Ipl,2,3 orbitals analogous to
the case of Nai with lifted degeneracy due to imperfect spherical symmetry
of the Agi cluster. In the spectrum of Ags (Fig. 3.7c) a similar group of
three peaks is observed with a slight shift towards higher BE. This is to be
expected for a "shell" model: with increasing cluster size the shell moves
"inwards". The 9th electron must occupy the next shell: the Id shell. Indeed,
at low BE a small peak (marked Id) appears. The spectra demonstrate that
the clusters Agi and
exhibit a certain similarity to a rare gas atom
with a closed electronic shell and an alkali atom with a single weakly bound
electron, respectively.
The three spectra discussed above also can be quantitatively analysed by
comparison with corresponding calculations [62]. These calculations support
the qualitative interpretation given above and also can explain some fine
structure in the spectra not discussed here.
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2

Example: The Size Dependence of the Band Gap

In the transition from the atom to the bulk the sharp atomic levels broaden
with increasing cluster size and finally form broad bands. In all cases ~
molecules,
nanoparticles, bulk materials the "bands" consist of
a number of discrete single particle orbitals. The only difference is, that
this number increases linearly with the number of atoms in the particle.
For example, a
dimer has two single particle orbitals forming the valence
band (the bonding and anti-bonding 3s-derived orbitals) and bulk Na has
10 23 single particle orbitals forming the valence band (= conduction band
in the case of metals). With a bandwidth of roughly lOeV this corresponds
to a density of states of about 10 22 states/eV and an average distance of
1O~22 eV between neighboring orbitals. Even a piece of bulk Na with 1023
atoms ha.'> a band gap, but it is extremely small compared to the thermal
energy at room temperature and it behaves like a metal. Small metal clusters
have a low density of states and, e.g., the "band gap"
HOMO-LUMO gap)
of Ag g is about 1.3eV (Fig. 3.7c) and from this point of view the cluster can
be considered to be semiconducting. With increasing cluster size this "band
gap" of the metal clusters decreases and the cluster become "metallic".

Atom Cluster

Bulk

Fig. 3.8. Schematic of the development of the 3sand 3p-derived density of states in Mg clusters
with increasing size. In bulk Mg, the 38- and 3pderived orbitals are hybridized and 25% of the
band is occupied (2 electrons and 4 single particle
orbitals per atom). EF is the Fermi energy. In
small clusters, there is a gap between the completely occupied 38- and the empty 3p-derived
orbitals and these clusters can be considered to
be semiconducting

For the two-valent metals like Mg with the atomic configuration 3s 2 the
situation is more complex. In bulk Mg, the valence band is formed by contributions from the atomic 3s and 3p orbitals. Since in the atom the 3s is
located at higher BE than the 3p orbital, in small clusters the two bands
the two groups of 3s- or 3p- derived orbitals) are still separated. The 3s-band
is completely filled and the 3p-band empty like the conduction and valence
bands in a bulk semiconductor (Fig. 3.8). Small Mg clusters are expected
to have a band gap and with increasing cluster size both, the 3s and 3p
band broaden and finally overlap. The gap vanishes and the cluster becomes
metallic. The size-dependence of the "band gap" in such clusters can be
monitored using PES~ and recently, such experiments have successfully been
conducted on Hg clusters in O. Cheshnovsky's group [29]. The Hg atom with
the configuration 5d 106s 2 is similar to the Mg atom, if the completely filled 5d
orbital is considered as a closed "inner" shell. The series of PES spectra of
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Fig. 3.9. Photoelectron spectra of some selected
Hg~ clusters recorded with a photon energy of
hl/ = 7.9 eV (reproduced from [29]). The small peak
at low BE (marked with a large arrow) is assigned to
detachment of the additional electron occupying the
empty 6p band, while at high BE the onset of the
emission from the fully occupied 6s band is visible
(marked with a small arrow)

clusters presented in Fig. 3.9 demonstrate the closing of the gap bet.ween
t.he 6s and 6p "bands" occurring at a cluster size of about n = ·100. The small
peak at low BE (marked with the large arrow) is assigned to detachment of
the additional electron occupying the empty 6p band, while at high BE the
onset of the emission from the fully occupied 6s band is visible (marked with
a small arrow).
What happens in case of clusters of a real semiconductor like Si? According to the simple consideration above the "band gap" is expected to increase.
In bulk Si the gap is 1.1 eV.
3.10 displays a comparison of results of
calculations with
photoelectron spectra of Si~ clusters with
n = 8-20 [63]. From the comparison of theory and experiment, the spectral
features can be unambiguously be
and the gaps can be determined.
The size dependence of the gaps is displayed in
3.11 for n = 3-20
calculated for clusters in their neutral equilibrium geometry. In many cases
the gaps are larger by a factor of 2 than the band gap of bulk Si. However, the
sizes of the gaps vary irregularly with cluster size and no clear size dependence
can be extracted.
The main difference between Si on one hand and Mg or Hg on the other
hand is the type of bonding. The covalently bound Si clusters have a well-
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Binding Energy, eV
Fig.3.10. Photoelectron spectra of
anions (n = 8-20), measurements (thin
lines), and theoretical simulations (thick lines). For n = 11, the PES simulated for
several different low energy isomers are shown. The isomer Cs(II) gives the best
agreement with the experimental data (reproduced from [63J

defined geometry because the bonds are highly directional. Dangling bonds
at the surface of a Si cluster cost an enormous amount of energy (roughly
10 eV) and the cluster rearranges its geometry to minimize the number of
dangling bonds. A similar reconstruction occurs at bulk Si surfaces. The
reconstruction
on the number of atoms in the cluster and, therefore,
the geometric and electronic structures of the clusters vary irregularly. In
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all cases, the geometric structure of the Si clusters differs totally from the
"diamond" structure of bulk Si. For the clusters with n = 9-18 the geometric
structure bases on a tri-capped trigonal prism (Fig. 3.12) [63,64].

Fig. 3.12. Tricapped trigonal prism (TTP) structure of the Si9 cluster. The geometries of the
clusters with up to n = 20 atom base on TTP subunits

[63,64]

3

Example: Chemical reactivity and electronic structure

Small metal particles have exceptional chemical properties. In heterogeneous
catalysis such particles supported on metal oxide substrates enhance the yield
of certain products of chemical reactions. For commercial catalysts, the particle
shape and adsorption site on the substrate are relatively undefined
and still, the average catalytic activity is high. That seems to indicate, that
exact size and detailed geometric structure of the supported clusters are less
important. However, some experiments on the chemical reactivity of unsupported mass-selected clusters show a dramatic size dependence and the rates
vary in some cases with each additional atom by orders of magnitude l6572]. In addition, experiments and calculations on supported clusters show the
importance of the detailed size and geometric structure and of the interaction
with the substrate [73,74].
There seem to exist two effects: (i) a general difference in the chemical
properties of clusters compared to bulk surfaces, which varies only smoothly
with cluster size and (ii) a strong variation of the chemical properties of each
individual cluster depending on its detailed size and structure. In the following we will discuss an idea about the origin of a possible general difference
between the chemical properties of clusters and bulk surfaces.
One general difference, which is independent on the detailed shape of the
cluster, is the size dependence of the ionization potential
work function) [75]. The ionization potentials of the clusters decrease with increasing
size approaching the bulk work function. This is related to the average coordination number and a result of an ineffective screening of the hole created
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by the emission of the photoelectron. In the bulk, a hole is immediately and
effectively screened by the valence electrons from the next-neighbor atoms.
This effective screening reduces the energy necessary to remove the electron
and, accordingly, ionization of an isolated atom takes more energy than ionization of a bulk atom.
As a consequence, electron transfer from a metal cluster into an empty
and, possibly, anti-bonding orbital (charge donation) of an adsorbed molecule
(e.g., H 2 , CO) might be small compared to the bulk surface. In case of a strong
charge transfer into an anti-bonding orbital the bond in the molecule is broken
and the molecule is dissociatively bound. In case of a cluster, the reduced
charge transfer might not be sufficient to break the bond and the molecule is
bound intact. Such a dependence on the work function is well known in surface
chemistry for the case of CO chemisorption on transition metal surfaces [76].
CO is bound as a molecule to eu, Ni or Pd surfaces, while it dissociates on
surfaces of the "early" transition metals
the ones on the left side of the
periodic table) like Sc or Ti. This effect is explained by the differences in
the work fnnctiolhs between the "early" and the "late" transition metals. For
a low work function (Se, Ti) the d-electrons can be removed more easily and
charge donation from the metal d-band into the anti-bonding 21T~ orbital
of CO is increased. The bond is broken and CO is bound dissociatively.
For a higher work function there is insufficient charge transfer and CO is
bound molecularly. An analogous transition should take place for clusters
with decreasing size and increasing ionization potential.
We studied the chemisorption of hydrogen on small Ti clusters. H2 chemisorption on Ti bulk surfaces is dissociative [77]. For a single Ti atom, H2
chemisorption should be non-dissociative because of energetic considerations:
the binding energy of the TiH diatomic molecule is 1.96 eV [78], while the H2
molecule is bound by 4.48 eV [79]. As
as the binding energy of H2 i8
than twice that of a single Ti- H bond, chemisorption will be nondissociative. In contrast, a single hydrogen atom is bound by greater than
3.0 eV to a Ti surface, so for bulk surfaces dissociative chemisorption is the
lower energy channel with a total gain in binding energy of 2 x 3.0 eV-4.48 eV
or
than about 1.5 eV r80]. Accordingly, a size-dependent transition
from molecular to dissociative H chemisorption must occur for Tin clusters.
In the mass spectra, features assigned to a particular cluster consist of
several narrow peaks reflecting the isotope distribution of Ti. Each Ti"H;;;,
cluster
rise to a single intense peak accompanied by two weaker lines
on both sides. As an example, Fig. 3.13a displays two features in the mass
spectrum of the TinH;;:, clusters, which are assigned to
and Ti5II;;, [81].
The intensity distribution of the feature assigned to
is a superposition
of contributions from Ti2H;j and Ti2H6 only. That of
is a sum of
contributions from Ti 5 H8 , Ti5Hg and Ti 5 H 1o ' The corresponding calculated
intensity distributions are shown in Fig. 3.13b. A pattern similar to that
of Ti 2 H;;, indicates an uptake of intact H2 molecules only and is observed
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(a)

(b)

mass [arb. units]
Fig. 3.13. (a) Two features observed in the mass spectrum of reacted TinH;;:'
clusters. The two groups are assigned to Ti 2 H;:;:' (m = 4,6) and
(m =
8,9,10). (b) Simulation of the experimental data shown in (a). For agreement, for
Ti2 H;:;:' only even m contribute, while for Ti5H;:;:' a contribution from TiSHg with
about :30% relative intensity is needed for fitting the experimental data (reproduced
from 181]

for all smaller clusters with n :s; 4. All larger clusters show no preference for
chemisorption of even rn, as would be expected for dissociative chemisorption.
3.14 displays photoelectron spectra of reacted TinH;:;:, clusters with
11 = 2~6 [81]. The spectra of clusters with up to 4 Ti atoms exhibit two peaks
(A,B) separated by about 1 eV. For the saturated species (Ti2H6' Ti3Hs,
Ti 4 Hs ), peak A is diminished. For larger Ti"H;:;:, clusters, with 11 > 4, only
a single peak C is visible. We also recorded spectra of some selected larger
clusters (not shown) and found a similar pattern only with a single peak and
no indication of a change of the electronic structure due to saturation: Le.,
the pattern observed for TisH;:;, and
extends to larger cluster sizes.
Both, the mass and the photoelectron spectra reveal an structural transition of the TinH;:;, clusters occurring at n > 4. For the larger clusters with
n > 4 the electronic structure has a certain similarity to the one of bulk TiH2
and the small clusters seem to be different. Although these experimental
results are no proof for a size dependent change from molecularly bound
to dissociatively bound H2 chemisorption, the data can be taken as a hint
that such a transition may occur. Further studies are necessary and also
a quantitative theoretical description is needed. However, such a transition
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Fig. 3.14. Photoelectron spectra of
clusters recorded with a photon energy
of 3.49 eV. The spectra of small clusters with n
4 exhibit two peaks (A,E)
with a strong decrease of intensity of peak A for the saturated species (Ti2H6'
Ti3HS'
). For larger clusters only a single feature (C) is observed (reproduced
from [81])

might. t.ake place in many different chemisorption
A molecule. which
is bound "almost" dissociatively to the cluster, has a weak internal bond
and is highly "activated" for any chemical reaction. This "activation" of the
molecule can explain the catalytic activity of the cluster independent of the
detailed size and shape.
4

Example: Dynamics

The combination of the PES~ technique with a femtosecond laser
has
made it possible to study fast dynamical processes in mass-selected clusters
[37~41J. The pioneering experiment has been performed in D. Neumark's
group on the photodissociation of
[37,38]. The ultrashort laser pulse with
a typical length of 100 fs is divided into two pulses: the pump and the
probe pulse and the two pulses are delayed relatively to each other. First,
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the absorption of a photon from the pump pulse
a fast process like
photodissociation or photoexcitation. As a result, the cluster anion dissociates
or relaxes through other channels like autodetachment, internal vibrational
redistribution or emission of photons. 'With the probe pulse a photoelectron
spectrum at a selected delay is recorded and a series of spectra with increasing
delay reveals the time evolution of the system. For example, in case of photodissociation at zero delay a spectrum of the intact cluster anion and at large
delay the spectrum of the fragment anions is recorded (only the negativelycharged fragments are "visible" because of the high ionization potentials of
any neutral fragments). New information is
at delays in between,
which reveals how the process takes place and whether new intermediate
electronic states are populated.
As an example, the results of a time resolved PES- experiment on the
photodissociation of AU 3 is discussed in the following [39]. For the timeresolved experiment the single UV laser pulse (Fig. 3.5) is replaced by two
femtosecond pulses with a photon energy of 3.0 eV. The pulse widths of the
two pulses are 160 fs corresponding to a time-resolution of about 230 fs.
In the case of AU 3 the competing channel of direct photodetachment is
not allowed because of the high electron affinity of AU 3 (3.geV [23]). The
dominant process after absorption of a 3 eV photon is photo dissociation and
there are two pathways [23]:
AU3 + hu ---+ AU I

+ AU2
+ Jw ---+ Aui + Au]

(3.1)

Au:;

(3.2)

The additional electron can stay either with the atom or with the dimer fragment. For comparison, Fig. 3.15 displays photoelectron spectra of all
(Aui, Aui, Au 3 ), which possibly contribute to the probe photoemission
[22]. These have been obtained using a standard ArF excimer laser at

Fig. 3.15. Photoelectron spectra of AU I (a), Aui (b)
and AU (c) obtained using an ArF excimer laser with
a photon energy of hv = 6.4 eV. For a discussion of the
marked featUres see text (reproduced from [22])
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Fig. 3.16. Pump-probe photoelectron spectra of Au:! recorded with a photon energy of
3 eV (both pulses). Trace (a) shows a spectrum recorded with zero delay between the
pulse corresponding to a
with
higher intensity. Trace (c) shows the signal
recorded at long delays
2 ns). Trace (b)
displays the spectrum of the activated complex Au 3*, which has a lifetime of 1.5 ns
(from [39])

a photon energy of hv = 6.4 eV. The
give an overview of the electronic
structure of the electronic ground states of Aui, (EA = 3.9 eV), AU 2 (EA
2.0eV) and AU I (EA = 2.3eV).
3.16a displays a pump-probe photoelectron spectrum of
recorded at zero delay. This spectrum can be assigned to a 2-photon photo detachment process: the first photon excites the Au:! into an electronically
excited state and the second photon detaches an electron from the excited
. Since there is no time for a geometrical rearrangement of the nucleii,
the final states, which can be accessed by this process, are the same as in the
case of a I-photon process with the double photon energy. Therefore, the two
peaks (E,C) observed in Fig. 3.16a can be assigned to transitions into the
same final states of neutral AU3 as in Fig. 3.15c. The BEs of features E and
C in
3.16a correspond to the BEs of the peak'> E and C in Fig. 3.15a,
if 3 eV BE for the second photon are added. Feature D (Fig. 3.15c) is not
observed in the 2-photon spectrum (Fig. 3.16a), which can be explained by
the different selections rules valid for 2-photon photodetachment.
"Zero
corresponds to a single pulse and, therefore, the spectrum
shown in
3.16a is always superimposed on any pump-probe spectrum
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recorded at larger delay; i.e., from the pump-probe spectra recorded at nonzero delay this "background" zero-delay spectrum has to be subtracted.
At large delays between the two pulses the spectrum of the two fragment
anions AU I and AU 2 appear (Fig. 3.16c). Because of the small photon energy
of hv = 3eV, only one peak is visible for each fragment (see Fig. 3.15). For
the monomer, a sharp line at 2.3 eV binding energy (= electron affinity) (feature A) and for the dimer a broad feature centered at 2 eV binding energy (B)
appear.
In the time regime up to about Ins delay a new feature is observed
(Fig. 3.16b). The new peak at about 2.4eV BE is assigned to a long-lived
excited state of AU 3 (noted AU3*)' which is temporarily populated during
the fragmentation process. Fig. 3.16b shows a photoelectron spectrum of
this state, which is an "activated complex". It can only be observed using
time-resolved PES- and its observation demonstrates the power of the new
method.
According to the data above, the photofragmentation process occurs via
an excited electronic state of AU 3 with a lifetime of about 1.5 ns [39]. The
state has a geometry different from the one of the anion ground state and
decays by fragmentation. Thus, equations (1) and (2) have to be replaced by:
AU 3

+ hv --+ Au3 * --+ AU I + AU2
(3.3)

Compared to the spectra recorded at 6.4eV (Fig. 3.15) the pump-probe
photoelectron spectra recorded at 3 eV (Fig. 3.16) contain less information.
An improvement would be a considerably higher photon energy of the probe
pulse and a tunable photon energy of the pump pulse. The latter should
be tunable, because the processes, which are triggered by photoexcitation,
depend on the photon energy. With such a setup, many different dynamical
processes in clusters can be studied like the electron-hole recombination in
semiconducting clusters or the dynamics of chemisorption of, e.g., CO adsorbed on transition metal clusters.

Conclusion and Outlook
Photoelectron spectroscopy of mass-selected anions, which has started about
15 years ago as a highly specialized technique, nowadays became a common
and powerful tool for the spectroscopy of molecules, radicals, clusters, nanostructures and particles. In the very beginning this technique was mostly used
for determination of the electronic ground states of elemental and molecular
clusters and only the uppermost occupied valence orbitals could be observed.
More recently, there were many improvements concerning the photon energy,
the energy resolution and the mass resolution. With these improvements, even
vibrational spectroscopy giving additional information about the geometric
structure can be obtained. Also, various reacted clusters can be studied
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and the chemical properties of the small particles will be analysed. In the
future, the combination with ultra-short laser pulses will shed light on the
dynamical properties of clusters, which are almost unknown yet. The results
of these studies of free clusters in the gas phase will be used as a guideline
for the development of new catalysts and new cluster materials or new possible applications of the surprising properties of mass-selected clusters and
nanostructures.
Acknowledgements. E. Recknagel and W. Eberhardt are gratefully acknowledged for their fruitful and permanent support.
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