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1 Introduction and Motivation
Population growth and limited natural resources let energy generation, storage and
conversion become pressing problems in our society. The main vision motivating
this work is the future use of novel nanomaterials for applications in catalysis and
energy conversion. This ambitious aim might be achieved by systematic studies of
clusters1 and nanoparticles, being promising building blocks of such new materials.

Figure 1.1:
Scheme
of
the
dependence of an
arbitrary property
(e.g. melting point,
band gap, etc.) on
the size; n is the
number of atoms.

property

While atoms and bulk materials are well studied theoretically and experimentally,
the access to the size regime in between is quite difficult. Clusters constitute the
transition from atom to bulk, having properties different from both. For theoretical modeling, interactions between the monomers have to be considered, while at
the same time statistical tools cannot be used due to the relatively low number of
monomers involved. One of the most stimulating and inspiring issues about clusters
is the fact, that their properties change with size, and the statement “each atom
counts” is absolutely true: Starting from bulk, properties are at first still scalable
and effects like the ratio between surface and volume are important with decreasing
size. Getting smaller, in the size regime below a few hundred atoms, quantum size
effects come into play. In this regime, properties are non-scalable and exhibit discontinuous behavior (see figures 1.1 and 1.2).

bulk

non-scalable
scalable
quantum
size effects

atom
0.0

1

0.5

1.0

1/n1/3

Cluster: Agglomerate of a defined number of atoms or molecules

1

Figure 1.2:
Example of a property in the nonscalable
regime:
Melting
temperature of sodium
clusters. Modified
from [1] (group of
H. Haberland).

metling temperature [K]
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cluster size [number of atoms]
Thus, nanoscience has been one of the most active fields in research during the
last two decades. Accordingly, suitable candidates for applications in the fields mentioned above might be identified by systematic research on clusters. Clusters operate
in the ultimate “nano”-size limit, since they can be generated with atomic precision
and the number of atoms can be varied, tailoring their properties as desired.
Several examples exist supporting this idea: Clusters of metals “suddenly” behave
similar to semiconductors [2–4] and they can be even more “magnetic” than the
corresponding bulk material [5], if the number of atoms is varied. Also chemical
properties change drastically with size: Gold and silver clusters show a pronounced
even-odd alternation in reactivity towards oxygen [6–8], with the even numbered
clusters being much more reactive. Furthermore, unexpected catalytic activity for
gold clusters was discovered [9–14]. This is not limited to noble metal clusters: The
reactivity of iron clusters towards hydrogen can differ by several magnitudes with
changing size [15]. All these phenomena occur in the size regime between one and
one hundred atoms. Based on studies of clusters or nanoparticles, also developments
reaching into the fields of nuclear physics (tabletop nucleosynthesis driven by clusters) [16] or medicine (targeting of cancer cells using nanoparticles) [17] are reported.
Another intriguing issue is the perspective of hydrogen storage using new materials, because “conventional” methods exhibit severe disadvantages for mobile applications: Liquid hydrogen requires cryogenics, and storage as gas demands a high
pressure container. In this respect, clusters might be good candidates (e.g. Alhydrides) since they exhibit a superior ability to bind hydrogen. These properties
being different from bulk materials can be varied systematically by changing the
cluster size, which might lead to future applications in catalysis, hydrogen economy
and other fields.

2

An important issue about energy conversion and storage is the interaction of photons (e.g. sun light) with matter. Absorption of a photon usually just leads to
heating of the surface. For photochemical applications and energy production from
sun light, storage of the photon energy in an excited state and subsequent conversion into chemical (e.g. photodissociation of water into oxygen and hydrogen) or
electrical energy (e.g. creation of an electron-hole pair in a solar cell) is desired. In
both cases, the existence of a long-lived electronically excited state is essential to
store the energy of the photon for further processing. One future prospect would
be a device converting sun light directly into hydrogen. Conversion of the energy
of a visible photon into chemical energy could proceed via the following scheme:
*
*
AB + hν −→ AB −→ A + B. AB is an excited state of the molecule, which subsequently decays by dissociation. In the case of H2 O, the energy needed for splitting
into hydrogen and oxygen is higher than the energy of a photon in the visible range.
Thus, more complex reactions, e.g. involving a catalyst particle, need to be considered [18].
In this respect, electronic properties, especially electron dynamics after photoexcitation, become very important, since they are essential for understanding the underlying mechanisms in numerous fields such as catalysis, absorption of electromagnetic
radiation or electrical conductivity. The development of fs-lasers (1 fs = 10−15 s)
provided a new tool which can be used in cluster physics for studying electron and
reaction dynamics in real-time. Questions about excited states, decay times, fragmentation paths, photodissociaton or reaction time scales after photon absorption
can now be addressed.
Relaxation of photoexcited states in clusters can be different to the known mechanisms in bulk metals with a continuum of occupied and unoccupied states close to the
Fermi energy. In the latter case, relaxation occurs usually via Auger-like electronelectron scattering processes, quenching excitations ultrafast within less than 50 fs
[19]. Referring to energy production or storage, this process is undesired, since heat
is a “low quality” form of energy, especially at relatively low temperature. An alternative bulk decay channel is phonon-assisted relaxation, depending on the electronic
level spacing. For clusters, both relaxation channels are hindered.
One well known example for a photon-induced process is desorption of molecules,
such as O2 and CO, from metal surfaces [20]. Considering e.g. catalytic COoxidation, where adsorption of O2 is the first reaction step, desorption of O2 from a
metal surface can be regarded as one of the inverse processes in catalysis. In almost
all cases this process occurs indirectly, i.e. the initial excitation is quenched ultrafast
and the desorption process is a statistical process mediated by subsequently created
hot electrons or phonons [21, 22]. Thus, only very low quantum yields can be found
for photodesorption from bulk metals. For clusters, especially those exhibiting a

3
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rather rigid structure (e.g. metal oxide clusters), excited states could have longer
lifetimes, increasing the probability of direct photodesorption. The aim of this part
of the study is to find an example of such a cluster with slow internal conversion,
exhibiting long-lived excited states and high probability for direct photodesorption.
However, small nanoclusters with fluxional geometry have another ‘degree of freedom’ different from bulk and large nanoparticles: They can undergo fast structural
changes as a response to excitations. Subsequently relaxation can proceed very fast
by internal conversion via a conical intersection. This concept can explain the fast
relaxation dynamics observed for Al13 [23]. A similar process is considered as a
solution of the “phonon bottleneck” problem for semiconductor quantum dots [24]
(refer to footnote 10 for details).
In order to check the validity of the aforementioned ideas, the relaxation dynamics in the following size-selected clusters are studied: Agn up to n = 21; Agn O2
with n = 2, 3, 4, 8; Ag2 O3 , Au2 O and Aun O2 for n = 1, 2. The technique used
is time-resolved photoelectron spectroscopy, which is capable of detecting ultrafast
processes on the time scale of femtoseconds. The research done in this work represents the starting point for further systematic studies which will be extended e.g. to
H photodesorption of metal(H2 O) clusters.
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2.1 Gold and Silver Clusters
Noble metal clusters are usually generated by laser vaporization or sputter sources,
because the high melting point makes the use of an oven difficult. The first pioneering photoelectron spectroscopy (PES) (see section 3.2) experiments on these clusters
have been performed as early as 1987 from the group of W. C. Lineberger [25]. To
this day, many papers are published every year dealing mainly with the electronic,
geometric and chemical properties of clusters.

2.1.1 Electronic Structure
The HOMO of the noble metals silver and gold is occupied by a single electron.
The electronic configuration of silver is [Kr]4d10 5s1 and that of gold [Xe]4f14 5d10 6s1 .
Accordingly, noble metals are monovalent, i.e. there is one unpaired electron per
atom. In contrast to alkali metals, directly below the s-orbital a completely filled
d-orbital exists. The electronic structure of gold is more complicated than that of
copper and silver due to two effects: On the one hand, the relativistic contraction of
the 6s-orbital leads to stronger bonds, smaller binding distances and higher electron
affinities. On the other hand, the 5d-orbitals have a large spin-orbit splitting, which
yields energetically separated orbitals, especially for small clusters [26].
Results of PES experiments for studying the electronic structure of gold and silver
clusters have been published in several articles [25–35]. R. E. Smalley and co-workers
showed [31] that most of the copper, silver and gold cluster anions for sizes of around
8 to 70 atoms can be described quite well by the shell model (section 3.1.1). However, the 5d-electrons of gold, the 4d-electrons of silver and the 3d-electrons of copper
do not exhibit shell closings. Furthermore, an even-odd alternation of the electron
affinities was found, so that clusters consisting of an even number of atoms have a
lower electron affinity than those consisting of an odd number of atoms [31]. The
magnitude of this alternation is around 0.5 eV for copper and silver and around
1 eV for gold clusters. The reason for the higher difference in case of gold is the
stronger interaction between the gold atoms due to relativistic effects [36]: As the
atomic nuclear charge increases, electrons penetrating to the nucleus (for s-orbitals)
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increase their velocity and consequently their mass due to special relativity. This
effect causes the s-orbitals to be smaller than expected classically. Therefore, the
electrons are bound stronger, shielding d-electrons more effectively [37–40]. In the
size range of 53–58 atoms, near the geometric shell closing (55 atoms), the observed
electronic density of states (DOS) is not represented by the simple electronic shell
structure, but is strongly influenced by electron-lattice interactions [41]. Only Ag55
and Cu55 exhibit highly degenerate states, which is a consequence of their icosahedral symmetry. Neighboring sizes have perturbed electronic structures due to their
lower symmetries. Gold clusters in the same size range show completely different
spectra with almost no degeneracy, which indicates structures of much lower symmetry. This behavior is attributed to strong relativistic bonding effects. In addition
to the alkali metals, silver is the one metal with electronic properties most similar
to a Fermi liquid [19]. Among the coinage metals, Ag clusters can be seen as the
best example for the electronic shell model with the least influence of d-electrons [34].

2.1.2 Geometric Structure
Direct experimental access to the geometry is difficult because of the relatively low
intensity of mass selected cluster beams. Structures of small clusters have been assigned by experimental photodissociation spectra in combination with calculated absorption spectra [42–47]. PES has also been applied to the assignment of structures
for metal clusters by comparing simulations to experimental data [35, 41, 48, 49].
Besides that, ion mobility measurements combined with calculations were used for
the determination of cluster structures. In those experiments, the collision cross section of the clusters is measured when passing through a drift cell, which is filled with
a buffer gas (e.g. helium). Approximately, the smaller the collision probability, the
more compact the cluster. The ion mobility method was developed by E. McDaniel
and others [50], combined with modern mass spectrometry in the group of M. Bowers
[51–53] and applied to various cluster ions by M. F. Jarrold and co-workers [54–57].
Another experimental method for gaining information on the structure of clusters
is trapped ion electron diffraction (TIED) on clusters [58, 59], which was developed
in the group of J. H. Parks at Harvard. Clusters are trapped in a radio-frequencytrap, then irradiated by an electron beam. Afterwards the diffracted electrons are
detected on a screen. Due to the low target density, special care has to be taken
to minimize and subtract the background electron signal. One of the problems in
studying mass selected clusters and assigning structures to the experimental data is,
that sources routinely generate a mixture of isomers. To shed light on the properties
of different isomers, a combination of ion mobility measurements with PES could
be applied [60]. However, since the ion intensity after isomer selection usually drops
significantly, this combination was not yet used to study small gold or silver clusters.
New techniques like A. Shvartsburg’s isomer separating 100 % permeability drift cell
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(using ion funnels) are promising possibilizties, but not yet experimentally realized
in cluster science.
Ion mobility measurements in combination with calculations were performed in
+
+
the group of M. M. Kappes on Aun (n < 16) [61], Aun (n < 14) [62] and Agn
(n < 12) [63] clusters. Surprisingly, for gold cluster anions planar structures up to
sizes of n = 11 were found, whereas silver clusters start forming 3-D structures at
much smaller sizes (n ∼ 5 − 7). This preference of gold clusters for 2-D structures
is a direct consequence of the relativistic effects mentioned above.
Further theoretical studies of Häkkinen et al. [64] and Fernández et al. [65] predict planar structures up to n = 13 and n = 12, respectively. Gold cations have
3D-structures, starting at n = 8 [62, 65], whereas the neutral gold clusters are proposed to be planar up to n = 11 atoms [65]. Another theoretical study indicates the
2D-3D transition occuring at a size of seven atoms for the neutrals [66]. For sizes
of n = 10 – 14, flat cage structures are preferred, while larger neutrals might form
spherical structures. PES studies in the group of L.-S. Wang combined with DFT
calculations of the group of Häkkinen and Landman [67] confirmed the ion mobility
measurements of the Kappes group, suggesting Aun to be planar up to n = 12 and
the 2D-3D transition is proposed to take place via cage-like structures. Besides that,
evidence of multiple isomers was found for n = 4, 8, 10, 12, and 13.
In a very recent (2007) quantum molecular dynamics study, it is reported that Aun
may exhibit a novel, planar liquid phase which coexists with a normal 3D-liquid
[68]. In experiments, the entropy-favored 3D-liquid anions often supercool and solidify into the “wrong” dimensionality. This fact might explain that the experimental
verification of theoretical predictions is more complicated than expected.
For anions having 16–18 and 21–24 atoms, experimental and theoretical evidence
for hollow cage-like structures has been found very recently in 2006 [69, 70, 12]. At
n = 25, a structural transition from hollow/tubular to core/shell compact structure
is observed [71].
A tetrahedral structure, corresponding to a fragment of the face-centered cubic (fcc)
bulk structure, was reported for Au20 by the group of L.-S. Wang [49] (see fig. 3.1).
The HOMO-LUMO1 gap (1.77 eV) is even larger than that of C60 ([72] and fig. 3.1)
and the electron affinity is comparable to the one of C60 , indicating high stability
and chemical inertness.
By a comparison of PES with calculated DOS, Au32 was assigned an amorphous
but dense structure [73].
For medium sized neutral gold clusters Aun with n = 32–35 [74, 75], 42 [76] and 50
[77], cage-like structures are proposed.
Low-symmetry “disordered” chiral structures were proposed for Au28 and Au55 [78].
These findings were supported by a combined PES and theoretical study [41], which
1

LUMO = lowest unoccupied molecular orbital
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-

excluded high-symmetry structures for Au55 , but found icosahedral structures for
Ag55 and Cu55 . For the anion Au34 , a chiral structure is reported [79].
A very recent study from 2006 showed that some of the cage structures found in
[69] can be doped (e.g. with Cu), leading to endohedral golden buckyballs such as
Cu@Au16 and Cu@Au17 [80].
For silver cluster cations ion mobility experiments and joined calculations [63]
show that these clusters start forming 3D-structures at n = 5, i.e. they behave
“more normal” than gold clusters. A purely theoretical work [65] proposes planar
structures up to n = 5. In the same article, also small Agn and Agn clusters were
investigated. The onset for 3D-structures is proposed to be n = 6 for the anions and
n = 7 for the neutrals. The tendency of gold clusters for planarity, which is much
stronger than for silver (and copper [65]), is attributed to the relativistic effects
mentioned above, which lead to a hybridization of the 6s and 5d-orbitals.
By means of TIED in comparison with theoretical molecular scattering functions
+
and calculations of geometrical structures, certain Agn cluster cations in the size
range (18 < n < 80) and Ag55 have been investigated in the group of M. M. Kappes
+
[81, 82]. Ag55 is an ideal Mackay icosahedron, Ag55 a weakly Jahn-Teller2 dis+
+
+
+
+
torted icosahedron and the other clusters (Ag19 , Ag38 , Ag59 , Ag75 , Ag79 ) can
also be described best by structures based on the icosahedral motif. Using the same
+
experimental technique, the structural evolution of Agn in the range n = 36 – 55
was studied [83]. In the region n < 55, local order having fivefold symmetry was
found to dominate the cluster structures and global order having icosahedral symmetry at the closed shell size n = 55.

2.1.3 Chemical Properties
The chemical properties of clusters can drastically change with decreasing cluster size
and might be very different compared to the corresponding bulk material [9, 84].
Gold, for instance, is inert as bulk material but reactive and catalytically active
for certain sizes. Haruta’s discovery of gold nanoparticles acting as extremely active catalysts even at low temperature [85] fueled research in this field [86]. These
nanoparticles, as large as 2 − 3 nm, were shown to be active for various reactions,
such as CO-oxidation [87, 88]. Ag nanoparticles with an average size of 2 − 3 nm
turned out to be as catalytically active as their Au counterparts [89]. Concerning
the CO-oxidation reaction, formation of different oxide species as a function of particle size was suggested to be responsible for the size selectivity in chemical reactions
catalyzed by Ag nanoparticles [90]. The efficiency of catalysts is influenced mainly
by the particle size and the substrate [37].
2
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Most of the catalysts used in surface science have a certain particle size distribution, which does not allow investigations of cluster size selectivity on an atomby-atom basis. Mass selected clusters can overcome this problem and provide a
better understanding of the underlying mechanisms [37]. Furthermore, results can
be compared with theoretical studies, which is difficult for nanoparticles on substrates, having distinct size distributions.
Investigations of mass selected Au clusters deposited onto MgO(100) surfaces by
U. Heiz and co-workers showed, that clusters in the size range of 8–20 atoms are
reactive towards CO-oxidation [9, 11]. In combination with theoretical calculations,
it was proposed that charge transfer from defect sites plays an important role for
the enhanced catalytic activity. A collaboration of the groups of Y. D. Kim and
G. Ganteför found Aun clusters supported on silica with n = 5 and 7 to be resistant
towards oxidation, whereas other clusters could be oxidized and reduced by O and
CO [13]. In contrast, for mass selceted Au clusters on sputtered HOPG, only Au8
was found to be active towards oxidation/reduction [14]. However, Au5 and Au7
turned out to be inert towards the oxidation and STM-images suggest that these
clusters exist as individual particles rather than forming larger particles on the surface [37].
Based on the results from surface science, further investigations on chemical properties of gas phase clusters were triggered. One of the advantages of gas phase clusters is the easier mass separation compared to deposited clusters. For deposited
clusters, diffusion might take place which can lead to aggregations of clusters [37].
Furthermore, the interaction with the substrate can modify the cluster properties.
Thus, by comparing chemical properties of gas phase clusters to the corresponding
deposited clusters, a better understanding of the metal-support interactions can be
obtained. Recently, it has been shown that mass selected gold cluster anions in
the gas phase exhibit comparable catalytic activities to those of deposited clusters,
confirming the importance of the negative charge in this respect [6, 7, 10, 91].
The increased catalytic activities seem not to be limited to Au, but are also relevant for other materials: For both Au and Ag clusters anions in the size regime up
to n = 20 atoms, a pronounced even-odd alternation has been found with the even
numbered cluster anions being much more reactive, chemisorbing O2 [6–8].
Figure 2.1 displays a mass spectrum of Agn clusters reacted with O2 molecules,
where the even-odd alternation in reactivity can be observed: The even numbered
clusters Ag2 , Ag4 , Ag8 , Ag10 and Ag12 almost completely react with O2 , while
Ag3 , Ag7 and Ag9 are inert (Ag5 and Ag6 have too low intensities and are not
discussed). According to spectroscopic results, the O2 binds molecularly to Agn
[8] and Aun [7, 91, 93] clusters, since for some clusters a fine structure in the PES
spectra was observed, which has been assigned to the O-O stretching vibration. The
even-odd alternation can be understood in terms of a simple charge transfer picture:
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Figure 2.1: Mass spectrum of Agn clusters reacted with molecular O2 . Clusters
with even number n of Ag atoms easily adsorb a single O2 molecule (red). The
odd-numbered clusters (blue) react weakly with O2 (e.g. Ag3 + O2 ) [8, 92].

The bond between the metal cluster anion and the O2 molecule is formed by charge
transfer from the cluster to the O2 . The easier the transfer, the faster the reaction can occur. Aun and Agn clusters exhibit a pronounced even-odd alternation
of electron affinities with the clusters having an odd number of electrons (= even
number of metal atoms) showing low electron affinities (see section 2.1.1).
Adsorption of a single oxygen atom can be observed for Au , even when providing O2 molecules in the cluster source, and for larger clusters, if atomic oxygen is
provided [93]. If atomic oxygen introduced in the cluster source, also species with
dissociatively chemisorbed oxygen can be generated [92]. For Ag2 O2 , dissociative
chemisorption was detected for a small fraction of clusters, depending on the conditions in the cluster source. In case of Au4 O2 , a new isomer was produced which
exhibits also dissociatively bound O2 [92]. Larger gold and silver cluster anions
(n > 20) behave chemically completely different: Aun are inert towards O2 [7],
whereas Agn are still reactive [8].
In contrast to the anions, small gold cluster cations are unreactive towards adsorp+
tion of O2 , with Au10 being the only exception [94]. A theoretical study predicts
that for gold neutrals up to six atoms only Au3 and Au5 can adsorb O2 [95]. Small
silver anions, cations and neutrals in the size regime up to seven atoms have been
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studied theoretically by Zhou et al. [96], confirming the experimental findings on
the O2 adsorption of the anions. For the cations, the adsorption energies are proposed to be generally smaller than those of the anions and neutrals, reaching a local
+
maximum at Ag4 O2 .
+

The interaction of Ag2 with O2 was investigated in a multi-collision experiment at various temperatures in an ion trap by the group of T. M. Bernhardt and
+
+
L. Wöste [97]. As product, Ag2 O was detected and Ag2 O2 as intermediate step
identified. The absolute rate coefficients and activation energies for molecular ad+
sorption were given. In a comparison of experiment and theory, Agn Om cations
with m = 0, 1 and 2 were investigated [98]. For the bare clusters, 2D-structures
were found up to seven atoms and 3D-structures for larger clusters. In contrast, 3Dstructures were observed for all oxidized clusters. It was found that the electronic
shell structure of the metallic part still persists after oxidation, considering that
each oxygen atom reduces the number of valence electrons by two. This leads to un+
usual evaporation channels such as the preference of Ag3 O to eject a single oxygen
+
atom. The dioxides undergo a structural transition from Ag5 O2 (the silver atoms
+
are separated by the oxygen atoms) to Ag7 O2 (here the atoms form a pentagonal
bi-pyramid, where the two oxygen atoms stay on opposite sides on the outer surface
of the cluster). In another article, the adsorption of oxygen and nitrogen to small
silver cluster cations (up to 25 atoms) was studied experimentally, using a temperature controlled reaction chamber [99]. It was concluded that oxygen molecularly
chemisorbs to the clusters at a temperature of 77 K, transferring one electron to the
silver. Above 105 K, chemisorption transforms into oxidation, involving dissociation
of the O2 molecule and releasing a single oxygen atom. In case of nitrogen, an equilibrium between sticking and evaporation takes place, depending on temperature
and cluster size, which was attributed to a weak induced dipole-dipole interaction.
Joint experimental and theoretical studies of the groups of A. W. Castleman, Jr.
and V. Bonačić-Koutecký on the interaction between Aun Om with CO show that
multiple oxygen atoms can adsorb to the Aun clusters, if oxygen is inserted into the
laser vaporization source, being present both as molecules and atoms [100, 101]. No
special size dependence in the oxygen uptake pattern was found. However, a strong
size-selectivity was observed for the reaction with CO, revealing Aun Om with odd
number of gold atoms adsorbing multiple CO molecules, whereas cluster anions having an even number of gold atoms mostly did not show signs of multiple attached CO
molecules. More detailed information on the chemical properties of coinage metal
cluster anions can be found in an review article by Y. D. Kim [37]. In the review
by T. M. Bernhardt [86], a description of reactions and catalysis of small gold and
silver clusters is given.
Before cluster dynamics is discussed, the electronic, geometric and chemical prop-
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erties of gold and silver clusters which are most important for the present work will
be summarized:
• Small gold and silver clusters can be described quite well by the shell model.
Besides that, they exhibit a pronounced even-odd alternation of the electron
affinity (clusters consisting of an even number of atoms have a lower EA than
those consisting of an odd number of atoms)
• The properties of gold clusters are more influenced by relativistic effects than
those of silver cluster, which lead e.g. to rigid and planar structures for relatively big cluster anions in case of gold (n ∼ 11), whereas the transition to
3-D structures for silver cluster anions occurs at smaller size (n ∼ 6)
• Gold and silver clusters and nanoparticles are catalytically very active
• An even-odd alternation in reactivity up to n = 20 atoms can be observed
for both Aun and Agn , with the even numbered clusters being more reactive
towards absorption of O2 than the odd numbered
-

-

• O2 binds molecularly to Aun and Agn in the size regime up to n = 20
• If atomic oxygen is provided in the cluster source, also species with dissociatively bound oxygen can be generated

2.2 Femtosecond Spectroscopy
Systematic Studies on the dynamics of excited states in molecules and bulk materials
were facilitated not until the development of fs-lasers, allowing pulse durations of
less than 100 fs (section 3.7) [102–110]. The basic principle of these experiments is
to induce a process (e.g. electron-hole excitation) by absorption of a pump-photon
and subsequent probing of the time evolution of the studied system. This can be
done e.g. by irradiating the target with a probe-photon at variable time-delay following the pump pulse (see 4.5). Various probe signals, such as photoluminescence,
photoions or photoelectrons, are monitored to reveal the evolution in time of the
chosen system.
The relaxation of photoexcited electrons is shown for a Cu(111)-surface in figure
2.2 [111]. A non-equilibrium electron distribution generated by the pump pulse relaxes by ultrafast electron-electron scattering (see section 3.5.1). The smaller the
excitation above the Fermi-level, the slower the relaxation rate. Several papers on
relaxation dynamics at metal surfaces have been published, mainly based on timeresolved photoelectron spectroscopy (TR-PES, see section 3.2.4). For silver, good
agreement with Fermi liquid theory has been found, whereas for gold and copper
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the relaxation rates are considerably lower than predicted [107, 19]. Complete thermalization of the electron gas was observed after 1 ps for gold [109, 112].
Cu (111)
single crystal

primaryelectrons

n=1

secondaryelectrons

n=0

0
200
400
600
800
0,0

0,5

1,0

1,5

Pu

m

P
p-

ro

be

De

[
lay

fs]

2,0

Energy above EVac [eV]

Figure 2.2: TR-PES of a Cu(111)-surface. Shown is the intensity versus pumpprobe delay. Positive times correspond to excitation with 2.35 eV and probing with
4.7 eV. For negative delays, the pulse order is reversed. The liefetime of the primary
electrons is less than 20 fs [111].

Semiconductors should generally exhibit longer relaxation times compared to metals, since the DOS close to the Fermi-level is lower (caused by the band gap) and
therefore electron-electron scattering is negligible. However, the relaxation dynamics strongly depend on the quality of the surface and on defects. For an excited state
of the Si(111)(2×1)-surface, lifetimes of several hundred picoseconds were observed
[113].

2.2.1 Time-Resolved Spectroscopy of Clusters
TR-PES was used for the first time on mass selected clusters in the group of
D. M. Neumark in Berkeley to study the dissociation of I2 [114]. Several publications in the field of physical chemistry followed, dealing mainly with dissociation,
caging dynamics and CTTS (“charge transfer to solvent”) dynamics of molecules
and clusters [115–125]. Recently, the dynamics of methanol clusters [126, 127] and
together with O. Cheshnovsky the dynamics of bare water clusters [128, 129] were
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studied. In another collaboration with O. Cheshnovsky, mercury clusters were investigated. For Hgn (11 ≤ n ≤ 16, 18), the dynamics following intraband excitation
into the p-band by 1.53 eV were monitored [130]. Decay of the initially excited
states occurred within 10 ps and subsequent relaxation proceeded on a timescale
of 50 − 100 ps. The dynamics were assigned to radiationless transitions within the
manifold of p states, similar to a semiconductor3 . Only Hg11 showed a behavior different from the other clusters, having a much longer lifetime of the initially prepared
state (33.9 ps). In a following study, the intraband excitation dynamics of smaller
Hgn clusters with (n = 7 − 13, 15, 18) were examined, using a pump energy of 1.0 eV
[131]. The relaxation dynamics were similar to those observed for larger mercury
clusters, although exhibiting on average relaxation rates two to three times faster.
For Hg7 (figure 2.3) and Hg8 an oscillatory structure in the signal was found, which
was assigned to the activation of nuclear wave packet motion following excitation.
054314-6

Bragg et al.

J. Chem. Phys. 122, 054

Figure 2.3:
Time-resolved
photoelectron
spectra of the intraband relaxation of Hg7 , showing
oscillatory wave packet motion
of the excited state [131].

TR-PES on metal clusters was first used by G. Ganteför and W. Eberhardt [132].
In this work, the photodissociation of Au3 was investigated,
using a one-color
pumpFIG. 6. Early-delay Hg⫺
7 relaxation dynamics. Dashed arrows
probe experiment with a photon energy of 3.0 eV. The
metastable
excited
state
gate-integrated and mutually out-of-phase
spectral windo
- *
frequency-analyze
signal
oscillations
共see Fig. 9兲.
(Au3 ) was prepared by absorption of the pump photon, which fragments into Au
2
and Au, exhibiting two different decay channels:
-

Au3 + hν

−→

- *

(Au3 )

−→
−→

3

-

(i)

-

(ii)

Au1 + Au2
Au2 + Au1

Small mercury clusters can indeed be regarded as semiconductors, exhibiting a band gap which
decreases with increasing cluster size [4]
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FIG. 5. TRPES ‘‘waterfall’’ progression of intraband relaxation dynamics:
⫺
共a兲 Hg⫺
7 ; 共b兲 Hg12 . Resonant interband photodetachment 共Fig. 1, process
D兲 observed for n⬎11 is labeled.
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In case (i), the negative charge remains on the gold atom and in case (ii) on the dimer.
-

-

-

Figure 2.4(a) shows the photoelectron spectra of Au1 (a), Au2 (b) and Au3 (c).
The time-resolved spectrum (d) of Au3 consists of a superposition of the features
visible in the spectra (a), (b) and (c), showing the fragmentation of Au3 . Analyzing
the time-resolved spectra in figure 2.4(b), a broad maximum (dashed), appearing
- *
after only 0.6 ps, can be observed, which is assigned to the excited state (Au3 ) .

(a)

(b)
-

-

-

Figure 2.4: 2.4(a) shows photoelectron spectra of (a) Au1 , (b) Au2 , (c) Au3 and
a pump-probe spectrum (d) of Au3 at a delay of 3.6 ns. In fig. 2.4(b), a series
of pump-probe spectra of Au3 in the energy range of the Au1 fragment peak is
depicted. The numbers correspond to the time-delay between pump and probe pulse
in picoseconds [132].
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Figure 2.5:
Scheme of the potential energy surface involved in the photodissociation of Au3 [132].

-

This maximum develops with increasing delay into the narrow peak (black) of Au1 ,
which grows in intensity for longer delays whereas the broad maximum concomitantly weakens.
In figure 2.5 a scheme of the potential energy surfaces is illustrated, which can be
used to explain the processes and the three transient stages involved:
At stage I (delay 0 ps) the pump pulse excites the cluster from its ground state X
into the excited state A, which is still in the same geometry as the ground state,
yielding spectrum (c) in figure 2.4(a).
For delays < 0.2 ps the cluster is in stage II and relaxes into the new equilibrium
geometry of the excited state A, having a geometry different from the ground state.
This process occurs on a timescale comparable to the experimental time resolution
(230 fs) and leads to the appearance of the broad maximum (dashed) in figure 2.4(b).
At stage III, i.e. for delays < 0.1 ns, the energy of the absorbed photon is partly
transferred to the vibrational degrees of freedom of the cluster. It is sufficient to
break the bond, thus dissociation is possible at any time > 0.2 ns. Owing to its statistical nature, this process follows an exponential decay, yielding the spectrum in figure
2.4(a) (d). The lifetime of the excited state was measured to be (1500 ± 200) ps.
In summary, the dynamics of Au3 does not show the characteristics of a metal, but
rather the behavior of a molecule.
In a collaboration of the groups of G. Ganteför and P. Leiderer, an excited state
of C3 was studied using TR-PES [133, 134]. From the time-resolved spectra, the
lifetime of the excited state (2.6 ± 0.7 ps) and the relaxation mechanisms, i.e. the
configurations of the participating electronic states, could be determined. The dynamics after photoexcitation is again different from metals or semiconductors: The
excited state is attributed to a Feshbach resonance and relaxation occurs via electronic autodetachment, which is well known in molecular physics [135].
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The group of W. Eberhardt and M. Neeb studies the relaxation dynamics of
mass-selected clusters, especially small clusters of open d-shell metals [136–141]. In
contrast to Hgn , Au3 and C3 , the lifetime of an excited state of Pt3 was found
to be less than 70 fs, implying that electron relaxation in clusters consisting of only
three atoms can already be as fast as for bulk metals [138]. The ultrafast relaxation
was attributed to inelastic electron-electron scattering processes due to the already
high DOS close to the HOMO, which originates from the open d-shell of platinum.
Ultrafast electron relaxation was also observed for other open d-shell transition metals. Pd3 , Pd4 and Pd7 exhibit excited states having lifetimes of 42 fs, 91 fs and
25 fs, respectively [139, 140]. Energy transfer to the vibrational modes occurs within
10 ps. In case of Ni3 , an excited state having a lifetime of 215 fs and an electronphonon coupling time of about 450 fs was observed [141].
The first studies on electron dynamics in mass-selected s/p-metal clusters were
performed in the group of G. Ganteför. These clusters have a lower DOS compared to
clusters of open d-shell metals, thus different relaxation dynamics could be expected.
The relaxation dynamics of Aln with n from 6 to 15 were examined using TR-PES
with 1.55 eV pump and 3.1 eV probe pulses [142–144]. The relaxation rates of the
studied clusters are shown in figure 2.6 and were found to be 2–3 times slower
than those of Pt3 and Pd3,4,7 , but surprisingly still as fast as that of Ni3 (see
above). TR-PES spectra of the magic cluster Al13 (see fig. 3.1), which has a
large HOMO-LUMO gap (1.5 eV), are depicted in figure 2.7. This cluster exhibits
a relaxation time as fast as other non-magic clusters, indicating the existence of a
very effective relaxation mechanism, being independent on the electronic structure
(excluding inelastic electron-electron scattering due to the low DOS).

Figure 2.6:
Relaxation times of Aln , n = 6–15.
The lifetime for the magic Al13 (red arrow) is as short as for other non-magic
clusters [142–144].
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The “strange” behavior of the relaxation dynamic of Al13 was explained recently
by V. V. Kresin and Yu. N. Ovchinnikov in a theoretical study [23]. As mentioned
above, inelastic electron-electron scattering can be excluded due to the large HOMOLUMO gap, yielding a low DOS. Electron-phonon coupling is also inhibited, since
the spacing of energy levels exceeds the magnitude of the phonon frequency, which is
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Figure 2.7:
TR-PES difference spectra of Al13 . The first spectrum from the top (trace A) is a standard UPS
spectrum obtained with an excimer laser (hν =
6.4 eV). The series of spectra displays the timedependence of the pump-probe signal. The spectrum recorded at zero delay is also displayed in the
top window for comparison. The observation of a
narrow peak (marked B) in the TR-PES spectra is
unique for the Aln clusters with n = 6 − 15. The
broad ‘background’-like signal between 1.5 − 3 eV
was attributed to multi-photon processes [142, 143].
Please note that Al13 is a double magic cluster with
a HOMO-LUMO gap of 1.5 eV. Hence, at least a
picosecond lifetime of the HOMO-LUMO excitation
was expected!
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∼ 40 meV for aluminum. This would require a relaxation process involving multiple
phonons, which is very unlikely (leading to a longer lifetime for a cluster ensemble).
According to Kresin and Ovchinnikov, the cluster undergoes a Jahn-Teller shape
deformation following excitation, representing a collective and coherent vibrational
excitation. This can be illustrated using a Clemenger-Nilsson diagram (see figures
3.4 and 5.11 for details): The new energetic minimum of the excited cluster has a
geometry different from the ground state, leading to deformation and consequently
level crossing of the involved states. Thus, relaxation proceeds by internal conversion
through a conical intersection (see figure 3.7).
Experimental studies on gold clusters revealed relaxation times above 1 ns for Au3
and Au6 [143, 145, 146]. TR-PES spectra of Au6 , illustrating the dynamics, are
shown in figure 2.8. This behavior can be understood in terms of an increased level
spacing between different energy levels compared to open d-shell metals or Aln ,
which was attributed to the larger splitting of the molecular orbitals due to relativistic effects (see section 2.1.1). The higher time resolution in this work compared
to the photodissociation study mentioned above [132] allowed for the observation of
wave-packet motion in Au3 in real time. The magic cluster Si4 was also studied by
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Figure 2.8:
TR-PES of Au6 .
Displayed is the timedependent pump-probe signal, decaying on a
timescale above 1 ns [146, 143].
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this group by TR-PES (pump 1.5 eV, probe 3.05 eV), showing excited states with
decay times about 1.2 ps, respectively [143]. This intermediate behavior compared
to Aln and Aun is attributed to electron-phonon assisted relaxation, since the DOS
(HOMO-LUMO gap 1 eV) is again very low.
Very recently, the group of B. v. Issendorff started doing time-resolved pumpprobe photoelectron spectroscopy on clusters. They combined this technique with
+
photofragment spectroscopy to investigate free sodium cluster cations Nan with
n = 16–250 [147, 148]. Thermionic emission was used to determine the electronphonon coupling constants. No deviation from the two-temperature model (see
section 3.5.2) was found and the coupling constants seem to exhibit a smooth convergence towards the bulk value. Surprisingly, no strong quantum size effect was
observed even for the smallest cluster size. A possible reason is the relatively high
photon energy deposited in the cluster (3.1 eV is used for the pump pulse and multiphoton absorption takes place), leading to a high DOS available for energy transfer
from the electronic system to the lattice. This is suggested to proceed via relaxation of multiparticle states, i.e. electron-phonon coupling has to be regarded as the
transition from one correlated all electron state to a lower lying, vibrationally more
excited one, instead of a single phonon creation connected with the simple transition
of one electron from one single particle level to another one.
Results on the dynamics of Ag3 and Ag4 were obtained performing NeNePo studies (see page 24) in the group of L. Wöste, where a rapid change of geometry after
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photodetachment has been measured, indicating a rather fluxional geometry4 of the
trimer [149–151]. Furthermore, wave-packet motion of the tetramer could be observed [152]. For neutral Ag3 , an excited state having a lifetime of 5.7 ns was found
in a two-color pump-probe experiment in the group of Meiwes-Broer [153].
For neutral Ag8 in helium droplets, a very narrow absorption resonance has been
found [154], implying a long-lived excited state. This observation was confirmed by
Meiwes-Broer and co-workers, using a similar experiment [155] and later performing two-photon photoionization measurements [156]. Even fluorescence in an Argon
matrix was observed for Ag8 after excitation [157].
-

In a very recent work in the group of W. Eberhardt and M. Neeb, Aun (n = 5–8,
14, 20) and Wn (n = 3–14) were investigated by means of TR-PES [158]. Using
a pump energy of 1.56 eV and a probe energy of 3.12 eV, an extremely long-lived
excited state was observed for Au6 , exhibiting a lifetime > 90 ns. For time-delays
> 750 ps, a ns-pulse of the third harmonic of a Nd:YAG (3.5 eV) was used as probe
pulse, which was triggered electronically. In collaboration with theory (M. Walter,
University of Jyväskylä), it was proposed that internal conversion is hampered due
to symmetry reasons, yielding a planar structure even after excitation. A possible
relaxation mechanism might be photon emission, exhibiting a time constant > 700 ns
according to theory. In case of Au5 , an excited state exhibiting an oscillatory wavepacket dynamic with a period of 315 fs was observed, while the excitation decays on
a picosecond timescale. Au7 and Au8 have initially excited states, which decay by
internal conversion on a timescale of 1.8 ps and 650 fs, respectively. The TR-PES
spectra of Au7 are shown in figure 2.9. Together with theory (group of BonačićKoutecký) it was concluded, that both clusters melt, i.e. strong fluctuations in
geometry are present but no well-defined isomers. Inverting the order of pump and
probe pulse, for Au7 two distinct excited states can be populated, relaxing within
600 fs and 1.6 ps, respectively. Using an excitation energy of 3.12 eV, Au14 and Au20
exhibit similar time constants for relaxation (1.4 ps and 1.2 ps, respectively). These
relatively short time constants (considering the HOMO-LUMO gaps of the neutrals
with 1 eV and 1.77 eV), are suggested to proceed via electron-phonon interaction
within states above the HOMO of the anion, having rather small level spacing.
The studied tungsten clusters exhibit lifetimes of the initially excited states (pump
energy 1.56 eV) below 100 fs and on a timescale of a picosecond the energy is thermalized among the vibrational degrees of freedom, comparable to bulk values. Similar
to previous studies on open d-shell metal clusters, these fast dynamics are assigned
to electron-electron scattering, which is possible due to the high density of states.

4

This finding supports the approach of Kresin and Ovchinnikov mentioned above for explaining
the fast relaxation of Al13
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Figure 2.9:
TR-PES of Au7 . A peak shift of the initially excited
electron distribution (around 2 eV binding energy) towards higher binding energies can be observed [158].

Abbildung 5.2: Zeitaufgelöste Photoelektronenspektren von Au−
7 . Die Anregung erfolgt mit hνpump = 1, 56 eV , die Abfrage mit hνprobe = 3, 12 eV . Die
Verzögerungszeiten zwischen Anregungs- und Abfragepuls sind neben dem jeweiligen Spektrum angegeben.

In summary, for small clusters consisting of open d-shell metals, very fast relaxation dynamics have been observed, whereas for gold clusters excited states revealing
very long lifetime have been found. In both cases, the behavior was assigned to the
DOS near the HOMO, leading to fast relaxation for a high DOS and slow dynamics
for low DOS. Another relaxation mechanism was proposed for Al13 , namely internal
conversion induced by a shape deformation following excitation. In the present work,
the studies are extended to Agn clusters to check the validity of the aforementioned
ideas.
With respect to the surprising reactivity and catalytic properties of clusters, timeresolved spectroscopy of photochemical reactions on these species is also a field of
great interest.

2.2.2 Femtochemistry of Clusters
The development of fs-lasers was recognized to open new possibilities for research
in various fields. One of the most interesting topics is the investigation of chemical
reactions in real-time. Ahmed Zewail, one of the pioneers in femtochemsitry, in 1999
was awarded the Nobel prize in chemistry for the development of basic techniques
in this field [159, 160]. The studies in his group also extend to clusters physics (e.g.
(O2 )n with n = 3–5 was examined [161]) and recently to biology [162].
So far, direct photodesorption of molecules from metal clusters has not been ob-
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served. The few experimental observations [163, 164] all proved to be dealing with
thermal desorption rather than a direct process: The energy of the photon is thermalized within less than 100 fs and in a subsequent step, the molecule desorbs from
the hot cluster via unimolecular dissociation.
In the group of W. Eberhardt and M. Neeb, photoinduced desorption of CO from
Au2 (CO) and Pt2 (CO)5 has been studied by TR-PES [163]. Figure 2.10 shows a
series of photoelectron spectra, taken at different delays. The initial excitation is
quenched very fast by inelastic electron-electron scattering and a sharp peak evolves,
which was assigned to Au2 . No change in shape or position of this feature was
observed. The observed dynamics were proposed to be thermal desorption, according
to the following mechanism:
-

- *

-

-

Au2 (CO) + hν1.5 eV −→ (Au2 (CO) ) −→ (Au2 (CO) )hot −→ Au2 + CO
The excited state decays rapidly by electron-electron scattering, transferring the
excitation energy into the vibrational modes, i.e. the cluster becomes hot. After
thermalization, desorption occurs in a statistical process with a time constant of
474 fs. Performing calculations using the RRK-formalism (see section 3.6), a dissociation energy of 0.91 eV was found.
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FIG. 1. Time-resolved pump-probe photoelectron spectra of
Au2 共CO兲2 . The probe-only (single-photon) photodetachment
spectrum of Au2 共CO兲2 is shown at the top while the probe-only
spectrum of Au2 2 is shown at the bottom.
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served, a sharp peak evolves at 2 eV with increasing delay. This peak surmounts the underlying single-photon
photoelectron spectrum (probe only) at delays larger than
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Obviously, the photoexcited Au2 共CO兲2 cluster dissociates
into ground state Au2 2 and CO. The position, width, and
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2.10:
FIG. 2. Transient
photoelectron intensities of Au2 共CO兲2 [(a)
and (b)] and Pt2 共CO兲5 2 [(c) and (d)]. (a) Partial two-photon phoTR-PES
of
the thermodesorption of CO
toelectron intensity at 2 eV as a function of the delay. The transient
peak
intensity
is
directly
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the Au2 2
from
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less
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desorption
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(b)
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than 1 eV, rapid thermalization can be obphotoelectron intensity above HOMO (0– 0.8 eV) as a function
of the time delay.
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served,
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2 eV
probe pulse and an exponentially decaying transient population
evolves,
assignedrelaxation
to Auconstant
(see text) fromwhich
which thewas
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2 [163].
has been deduced. The lasting intensity drop above 400 fs indicates dissociation which has been fit by a single exponential
(dashed line). (c) The intensity ratio of the vibrational components at 1.8 (y 苷 0) and 2.1 eV (y 苷 1) (see Fig. 3) as a
function of the time delay. The transient shows the increase of
the fragment Pt2 共CO兲4 2 . From an exponential fit (solid line) the
desorption time constant has been derived. (d) Two-photon photoelectron intensity above the HOMO (0–1.5 eV) of Pt2 共CO兲5 2
as a function of the time delay. The fit (solid line) shows a
convolution of the probe pulse and an exponentially decaying
transient population (see text) from which the electron-vibration
relaxation constant has been deduced.

internuclear axis [11] and a maximum initial cluster temperature of Ei 苷 300 K were used [12]. In the RRK
approach, it is assumed that the activated cluster with n
atoms has j 苷 E ⴱ 兾h具nvib 典 quanta of vibrational excitations, where E ⴱ 苷 Ehn 1 Ei is the total energy of the
cluster. s is equal to the number of vibrational degrees
of freedom where 具nvib 典 苷 53 meV is the mean frequency
of all vibrations of the cluster [11]. Dissociation along the
Au-C coordinate requires m 苷 E0 兾hnvib quanta.
The quantum-RRK result is in good agreement with density functional calculations on bent Au2 共CO兲2 where a dissociation energy of 0.77 eV has been calculated [11] for
the ground state potential. The bent geometry of the anion (ⱔAu-C-O 苷 132.3±) is attributed to a Renner-Teller

2.2 Femtosecond Spectroscopy
Electron Spectroscopy and Related Phenomena 144–147 (2005) 91–96

ewhere [6]. In
laser vaporizaHe-carrier gas
ted via a second
densation zone.
ted by a pulsed
nic Ptn (N2 )m −
beam using a
distance from
is ∼2 m. When
ers the time-of, an electron is
aser pulses. The
of a Ti:sapphire
cm2 ) and probe
s controlled by
tical path of the
se. The point of
on gating using
hamber.
in Fig. 1. Unus of N2 ) only
for n ≥ 4. Note
umber of metal
avours a geomele N2 molecule.
m-to-bridge ray as these ring

m) and N2 -saturated
ed by a laser vaporurplus of molecular
downstream of the

Similarare
thermodesorption
of for
COsmall
wasPt found
structures
not energetically favoured
clusters
constant was 3 ps, which was explained by
[7].

-

from Pt2 (CO)5 [163]. However, the time
the higher number of degrees of freedom

for the platinum-pentacarbonyl cluster.
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the first excitation step is reassigned to a two-photon process (see section 5.3.1).
This journal is & The Owner Societies 2005

24

Phys. Chem. Chem. Phys., 2005, 7, 2706

3 Basic Concepts and Methods
Information on the geometric structure of clusters is difficult to obtain “directly”
in an experiment, e.g. by electron diffraction or ion mobility measurements (see
section 2.1.2). Furthermore, ensembles of clusters of a certain mass can consist of a
mixture of different isomers. Thus, comparison of experimental data and theoretical
calculations is essential for obtaining cluster structures.
In solid state physics, the symmetric structures of bulk materials can be described by
seven crystal systems, and these structures can be composed of one of the fourteen
Bravais lattices [166], neglecting surface effects. In case of clusters, this approach
is no longer suitable, since surface effects play an important role: Even a cluster
consisting of 1000 atoms has about 400 atoms on its surface [167]. Thus, clusters
approach the crystal structures of the corresponding bulk material usually not up
to some thousand atoms [168].
For small clusters, the most stable structure is an icosahedron, if the geometry is
not disturbed by preference of certain bond angles or electronic effects [169]. An
example for a stable “magic” structure is the cluster Al13 (figure 3.1). The figure
also depicts three other structures of clusters and the structure of fullerite, a cluster
material, consisting of C60 clusters [170].

W15S42

Al13

Au20

C60

Fullerite

Figure 3.1: Some examples of cluster structures: The platelet W15 S42 [171], icosahedral Al13 [172], pyramidal Au20 [49] (corresponding to the bulk fcc structure), the
most famous cluster C60 [72, 173] and the cluster material fullerite, consisting of
C60 clusters [170, 173].
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3.1 Metal Clusters
Clusters can be classified in various ways, e.g. by their binding mechanism (van der
Waals interaction, metallic bonding, etc.). Another way of classification, which is
appropriate in this case, is classification by the material the clusters are generated
of, such as noble gases, metals, semiconductors, alkali halogens, water or organic
molecules. This work focuses on metal clusters, especially on clusters of s/p metals.
A basic difference between atoms, clusters and bulk materials is their electronic
structure. For atoms, the energy levels are discrete, whereas for bulk metals many
energy levels are energetically very close, so that the density of states is very high
and the energy levels can be viewed as continuous and thus form a band structure.
Clusters constitute the transition from atom to bulk and properties of both regimes
might occur. Figure 3.2 displays schematically how the energy levels evolve from
atom to bulk for aluminum.
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Figure 3.2: Simplified scheme of the energy levels in Aluminum from atom to bulk
[174]. N is the number of atoms. For a single atom, energy levels are discrete. With
increasing N they split and for large N (bulk metal) energy bands are formed.

3.1.1 Electronic Shell Model
The jellium model gives a simple description of the delocalized nature of the electrons in bulk metals. This model yields good predictions also for clusters made
of simple metals, i.e. sodium, copper, silver, gold and aluminum clusters. In this
model, the positive charge (actually localized at the nuclei) is smeared out over the
whole bulk or cluster (like a jelly), whereas the valence electrons are treated like a
free electron gas, so that they can move freely in the potential of the positive charge.
This model is very similar to the shell models from atom or nuclear physics. The
ion cores are considered to provide a uniform positively charged background and
the valence electrons feel this effective potential. In this respect, metal clusters can
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be viewed as superatoms, where clusters react as if they were atoms (e.g. Al13 =
b
halogen, Ag8 =
b rare gas or Ag9 =
b alkali superatom) [175, 176].
As an approximation, the Woods-Saxon-Potential can be used as effective potential [177]. Even better results can be obtained by using self-consistent approaches
similar to the Hartree-Fock method in atomic physics [36, 178]: In the first step, a
reasonable effective potential is assumed to calculate the electron wave functions,
which are then used to obtain again the effective potential by averaging. If both
potentials agree, the problem is solved; if not, the initial potential gets modified to
achieve self-consistency.
The success of the jellium model assuming non-interacting electrons is based on
two physical reasons:
The first reason is a screening effect. The coulomb potential between electrons and
nuclei is screened by the valence electrons to an effective potential. The screening
length depends on the electron density and has a value of around 0.67 Å for sodium,
which is small compared to the distance to the next neighboring atom (3.71 Å) [167].
In this case, the effective potential outside the screening region is too weak to bind
an electron to a nucleus, therefore it can move freely within the cluster.
The second point is due to the Pauli exclusion principle. The density of valence electrons in a metal is quite high (1022 − 1023 per cm3 ), so that the interaction between
the electrons should be quite strong. However, due to the Pauli exclusion principle,
inelastic scattering is only possible near the Fermi edge, since for energy differences
of more than ∼ kB T relative to the Fermi level, all energetically accessible states
are occupied and scattering is inhibited. Only a small fraction of the electrons can
change their states, i.e. that the electron-electron interaction does not considerably
affect the free electron gas.
The potentials and orbitals calculated for a cluster in the framework of the spherical jellium model look typically like the one in figure 3.3(a). The energy levels are
determined by the radial quantum number and the angular momentum quantum
number, following the nuclear (i.e. not the atomic) convention. Shell closings occur
for 2, 8, 18, 20, 34, 40, 58 ... electrons. Clusters having closed shell structure are
called “magic”, since they are very stable. This is due to the especially high binding energy per atom of these closed shell clusters. In contrast, for a cluster having
one more atom (i.e. one or more additional electrons), the total binding energy
increases only slightly, but the binding energy per atom is lower than for the closed
shell species. This behavior can for example be seen in the mass spectra of sodium
clusters, showing high intensities for clusters with completely filled electronic shells
(figure 3.3(b)) [179]. However, the correct interpretation of mass spectra is difficult, since a high intensity in the spectrum does not always correspond to a stable
cluster. Mass spectra depend in a complex manner on the experimental conditions,
e.g. ionization or electron attachment (necessary for mass spectrometry) can lead
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(a)

(b)

Figure 3.3: 3.3(a) Potential energy of the electrons as a function of the cluster radius for a spherical N a20 . Electron energy levels with radial and angular-momentum
quantum numbers and degeneracies of the levels (in parentheses) are also shown.
The total number of electrons in a given shell is indicated on the right hand side.
Only the electrons occupying the highest occupied molecular orbitals are displayed
by arrows [181]. 3.3(b) Mass spectrum of Nan . Prominent features correspond to
neutral magic clusters [181].

to fragmentation [180].

3.1.2 Clemenger-Nilsson Model
The approximation by a spherical jellium model cannot explain the fine structures
(for 12, 14, 26, 30, 36, 38, 50, 54 ... electrons) between the shell closings in the mass
spectra, since this simplification only holds for clusters having zero total angular
momentum (i.e. closed electronic shell structure). The Jahn-Teller theorem states
that degenerate energy levels split by lowering the symmetry of the system (e.g. by
deformation) [182]. For partly filled orbitals this leads to an increase in binding
energy within one shell, since the splitting yields a lower-lying (binding) and higherlying (anti-binding) state, at which the lower state is occupied to a higher degree.
Thus, it can be concluded that spherical clusters having only partly filled shells,
are instable towards deformation and the energetically favorable structure is nonspheric. Largest deformations are expected for partly filled shells having high angular
momentum. In 1985, Clemenger was the first using a deformed potential which could
explain the fine structure [183]. He adapted the Nilsson model [184] from nuclear
physics to cluster physics in the so called Clemenger-Nilsson model, which treats the
clusters as an ellipsoid. The potential includes an anharmonic component, which
depends on the square of the shell angular momentum [167]. Figure 3.4 displays a
so-called Clemenger-Nilsson diagram. It represents the single particle energies as a
28

3.1 Metal Clusters
function of cluster shape. The total electronic energy is equal to the sum of the single
particle energies in that model. The minimum of the resulting total energy curve
for a given number of electrons is indicated by a dot at the highest occupied level.
Closed shell clusters are spherical, whereas maximum deformation occurs in between
the main shell closings of 4, 14, 26, 50, ... electrons. To obtain the energies of the
shells for a certain cluster, one has to draw a vertical line through the corresponding
dot. The interceptions with the curves correspond to shell energies.

Figure 3.4: Clemenger-Nilsson diagram. The electron numbers are positioned at
the highest occupied levels and at the equilibrium configuration. The energy levels are
characterized by the main quantum number n, the quantum number in z-direction nz
and the projection of the orbital angular momentum on the z-axis Λ. The distortion
z −Rx
parameter η describes the shape deformation: η = 2 R
where the Ri are the
Rz +Rx
semiaxes of the ellipsoid [33].
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3.2 Photoelectron Spectroscopy
3.2.1 Basics
Mass spectra can only give a rather indirect access to the structure of clusters.
Therefore, direct methods for finding the geometric or electronic structure are necessary to develop and test more accurate models for clusters [180].
A well known method from solid state physics for studying the electronic structure
is photoelectron spectroscopy (PES). It is based on the photoelectric effect, which
is a quantum electronic phenomenon in which so called photoelectrons are emitted
from matter after the absorption of energy from electromagnetic radiation. This
effect was explained by Albert Einstein [185] who was awarded the Nobel Prize in
physics in 1921 “for his services to Theoretical Physics, and especially for his discovery of the law of the photoelectric effect” [186].
A standard PES experiment uses a light source with known photon energy for
detaching photoelectrons. Their kinetic energy is measured, which can be converted
into binding energy. In solid state physics, this is usually done by a XPS (X-Ray
photoelectron spectroscopy) [187] or an UPS (ultraviolet photoelectron spectroscopy)
[188] experiment. The electron spectrometers used are mainly dispersive, i.e. only
electrons of a certain, small energy range can be detected at a time. However, to obtain a complete photoelectron spectrum, the whole energy range has to be scanned.
An advantage of this method is the high energy resolution (∼ 5 meV [189]), under
the condition that the electron counting rate is high enough or the measurement
time sufficiently long to get a feasible spectrum. For bulk surfaces, these conditions
usually apply.
In case of mass selected clusters, however, the target density is around 104 to 106
particles per cm3 , which is about six magnitudes lower than for a molecular beam
of neutrals (1010 to 1012 particles per cm3 ). The particle density in an ion beam is
comparable to ultra high vacuum at 10−10 mbar [190].
To compensate for the low target density, a high photon intensity is necessary,
which can be accomplished by using a laser. A disadvantage of commercial lasers
is the relatively low photon energy, so that in most cases only the highest occupied
states can be probed. This is also the reason for studying anions rather than cations:
The energy necessary for detaching an electron from a cation is usually much higher
than the photon energy of commercial lasers. The electron affinity (EA)1 of anions
1

The electron affinity of an atom or molecule is the energy released when an electron is attached
to the neutral atom or molecule.
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is lower than the ionization potential2 of neutrals or cations. EAs of metal cluster
anions range from 1 eV to 3 eV, whereas the ionization potentials of neutral clusters
are 5 eV to 8 eV. For very large clusters (n  100) the electron affinity of the anion
and the ionization potential of the neutral converge towards the work function of
the corresponding bulk [190].
For the study of ultra-fast processes, a fs-laser system was used in the present
work, i.e. the whole experiment was carried out in pulsed mode (40 Hz). One advantage of this mode is the potential use of a time-of-flight electron spectrometer (see
section 4.3), which is capable of detecting all kinetic energies of the photoelectrons
detached with the laser pulse at once and hence reducing the time for recording a
spectrum by two orders of magnitude.
PES spectra yield information about the electronic structure, i.e. about the orbitals. In the following sections, two models will be discussed which can be used for
the interpretation of the spectra.

3.2.2 Single Particle Picture
The most simple model, being a crude approximation, is the single particle picture.
The main assumption is that the incoming photon only interacts with one single
electron in the cluster and completely transfers its energy to it. The electron gets
detached if the photon energy hν is higher than its binding energy EBind . Besides
that it is assumed that the electron does not interact with its neighbors, neither
in the bound state nor while leaving the cluster. The kinetic energy Ekin of the
photoelectron is given by
Ekin = hν − EBind .
(3.1)
A photoelectron spectrum displays the kinetic energy distribution of the electrons
and corresponds to a an averaging over many ionization processes. For electrons
originating from different orbitals, various peaks with different kinetic energies can
be seen. Figure 3.5 shows this correlation schematically. The relative peak intensities indicate the probabilities of the different detachment processes and depend on
the number of electrons occupying the orbital, the symmetry of the orbital and the
photon energy [191]. In this respect, PES directly maps the electronic structure up
to a maximum binding energy, which corresponds to the difference between photon energy and electron affinity. The single particle model fails to explain the line
broadening sketched in figure 3.5. However, this can be made up within the many
particle model (see page 35).
2

The ionization potential of an atom or molecule is the minimum energy required to remove one
of its electrons
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Figure 3.5: Scheme for photodetachment in the single particle picture. The orbitals
of the particle below the vacuum level Evac are displayed. The additional electron
of the anion occupies the LUMO of the neutral. A photon having the energy hν
detaches an electron from its bound state above Evac [192].

The single particle picture can be used both for neutrals and for anions. However,
figure 3.5 shows a special property of PES on anions: If for a neutral the highest
occupied molecular orbital (HOMO) is completely filled, which corresponds to a
shell closing (see section 3.1.1), the additional electron of the anion has to occupy
the lowest unoccupied molecular orbital (LUMO)3 . Analogous to atom, molecular
and nuclear physics, a shell closing usually corresponds to a stable particle. In case
of a closed shell species (for the neutral), in the PES spectrum of the anion a peak
having high kinetic energy appears, since the relative weakly bound electron from
the LUMO of the neutral is detached. The energy difference between this peak
and the next, lower energetic feature corresponds to the energy difference between
HOMO and LUMO of the neutral, which is referred to as HOMO-LUMO gap. This
gap corresponds to the lowest possible excitation energy of the neutral and can be
associated with the band gap of a bulk semiconductor. The size of this gap is an
3

here the notation refers to the neutral
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important parameter correlated with the stability and chemical reactivity of a cluster [190].
The above considerations hold under the assumption of identical geometries for
anion and neutral. If the geometries differ, the above conclusions do not hold exactly
anymore, since changes in the electronic structure are much faster than changes in
geometry (see Born-Oppenheimer approximation in section 3.2.3). It is important
to note that the PES spectrum yields information about the electronic states of the
neutral, but in the geometry of the anion.
In an accurate description, the photoemission process is a transition from the
initial state EiN having N electrons to the final state EfN −1 with N − 1 electrons
[187], which yields a kinetic energy for the photoelectrons of
Ekin = hν − (EfN −1 − EiN ).

(3.2)

The single particle model and the simplified equation 3.1 are based on Koopmans
theorem [193], which neglects the effects of the emitted electron on the final state and
the influence on the remaining electrons. Hence, there are features in the spectra,
which cannot be explained within the single particle picture, since they originate
from processes which take place during the detachment process. To obtain better
results, the following final state effects can be taken into account to amend this
simple model [194, 35]:
• Relaxation
The charge state of the particle increases due to the detachment of an electron,
which yields an increase of the binding energy of all orbitals. This relaxation
energy is transferred to the outgoing electron and increases its kinetic energy.
• Multiplet Splitting
In the final state, the remaining electrons can couple their spins and angular
momenta to different total spins and angular momenta. Depending on the
energy of the final state, the kinetic energy of the photoelectron can differ by
the energy differences of the possible final states, so that multiple peaks might
appear in the spectrum.
• “Shake Up” Process
In this case, the photon interacts with more than one electron: During the
detachment process, another bound electron might be excited into a previously
unoccupied state, which leads to a detached electron having a kinetic energy
lowered by the excitation energy.
• Configuration Interaction
Especially the emission of electrons from deeper lying orbitals can disturb the
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remaining electrons so strongly, that the single particle orbitals of the final
state do not have much similarity with the ones from the initial state. In
that case, the features in the PES spectrum cannot be related anymore to
the emission from occupied orbitals of the particle in the initial state and the
final state has to be described by a linear combination of many initial state
configurations.
Multiplet splitting and shake up processes have been observed e.g. for PES on
Agn clusters [35]. In all four processes, not only the photon and the emitted electron
but also the remaining electrons play an important role, which cannot be accounted
for in the single particle picture. Therefore, a model including all valence electrons
with spins and angular momenta has to be used for obtaining a more detailed interpretation of the spectra.

3.2.3 Quantum Mechanical Model
For a complete quantum mechanical description of the photoemission process, not
only the electrons but also the motion of the nuclei has to be taken into account. By
means of the Born-Oppenheimer approximation [195, 196], the many-body problem
is simplified: Due to the much higher mass of a nucleus compared to an electron
the electronic processes take place much faster than the motion of the nuclei, so
that the electrons can immediately follow those motions. Therefore, an electronic
transition occurs without considerable change of the distances between the nuclei,
i.e. the motion of the electrons and the motion of the nuclei to some degree can be
treated independently of each other.
In the quantum mechanical many body picture the photodetachment process is
considered as a transition from an initial all-electron state X with defined energy,
spin and angular momentum into various all-electron states X, A, . . . (right part in
figure 3.6). In contrast to the single particle picture, where only the binding energy
of the valence orbitals is considered, the total energy of the state including all electrons is taken into account, which is therefore used in figure 3.6 as ordinate. The
abscissa shows a generalized reaction coordinate which for a dimer corresponds to
the distance of the nuclei. In the spectrum the peak with the lowest binding energy
is assigned to the transition from the electronic ground state X of the anion (assuming vibrationally “cold” clusters) into the electronic ground state X of the neutral
particle. The next peak can be assigned to the transition into the first excited state
A of the neutral, so that the statement of “a PES spectrum being a direct mapping
of the electronic states” still holds.
For the full interpretation of the proceeding processes, the dipole selection rules
have to be applied also. The outgoing electron may carry any angular momentum
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Figure 3.6: Right part: Scheme of the photoemission process in the quantum mechanical model. Plotted are the electronic potential energy curves including vibrational states (n = 0, 1, . . .) and corresponding wave functions of the ground state
X of the anion, the ground state X and the first excited state A of the neutral. In
the left part, the photodetachment process is sketched for an unspecified cluster M4 .
Modified from Tim Fischer [197].

and may have arbitrary parity, so that usually transitions into almost all of the
electronic states of the neutral are allowed [191]. Only the selection rule for the spin
is important: The outgoing electron carries a spin of 1/2, hence the total spin of
initial and final state can only differ by that value in case of angular momentum
coupling (Russel-Saunders coupling). E.g., if the ground state of the anion is a singlet (multiplicity 1, see footnote 4), only transitions into doublets (multiplicity 2) of
the neutral are allowed [194].
Within the quantum mechanical model, the line broadening and the vibrational
fine structure can be explained [25, 30, 189]. The initial state could be the electronic ground state X of the anion, having vibrational degrees of freedom. If the
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anion is “cold”, it is in the vibrational ground state with n = 0. The final states
X, A,. . . also have different vibrational states, enabling transitions not only into the
vibrational ground state but also into excited vibrational states with n = 1, 2, . . .
(figure 3.6). For certain electronic transitions many vibrational transitions might be
allowed, leading to a broadening of the “electronic” peaks. With sufficient energy
resolution of the electron spectrometer different vibrational transitions [30, 189] can
be distinguished. The intensities of the vibrational transitions are governed by the
Franck-Condon principle [198, 199] and depend on the equilibrium geometries of initial and final state. Classically, the Franck–Condon principle uses the approximation
that an electronic transition is most likely to occur without changes in the positions
of the nuclei in the molecular entity and its environment. The resulting state is
called a Franck–Condon state, and the transition involved is a “vertical” transition.
The quantum mechanical description of this principle states that the intensity of
a vibronic transition is proportional to the square of the overlap integral between
the vibrational wavefunctions of the two states that are involved in the transition
[200]. Figure 3.6 shows the probability density |ψ 2 | for the vibrational states (green
curves). Most probably the nuclei are found at the maxima of |ψ 2 |. Similar to classical physics, they are located close to the turning points, but for the vibrational
ground state n = 0, the maximum is exactly in the middle between the turning
points. The transition shown in figure 3.6 starts from the maximum of |ψ 2 |. Using
the Born-Oppenheimer approximation, the position and momenta of the nuclei do
not change, so that the transition can be described by a vertical arrow upwards,
parallel to the ordinate. Under these conditions, the most likely transition in figure
3.6 occurs into the electronic ground state X, being vibrational excited with n = 2.
Due to the finite width of the probability distribution transitions into other neighboring vibrational states also take place, but having lower probability, yielding lower
peak intensities. Broad peaks indicate big differences in the equilibrium geometry of
anion and neutral. For similar geometries only transitions between similar quantum
numbers can be observed (e.g. 0 −→ 0 transitions) and the peaks are sharp.
Besides that, figure 3.6 explains the difference between adiabatic detachment
energy (ADE) and the vertical detachment energy (VDE) of a particle: ADE is
defined as transition from the electronic and vibrational ground state of the anion
into the electronic and vibrational ground state of the neutral. However, during
the emission process, the geometry of the particle is “frozen” (considering the BornOppenheimer approximation), so that the VDE is observed in the spectra rather
than the ADE. The VDE is the energy, which is necessary to detach an electron
from the electronic and vibrational ground state of the anion, if the geometry remains unchanged during the transition. Only if the minima of the two potential
curves lay exactly on top of each other, ADE and VDE are identical. If a neutral
cluster binds an electron, the vertical electron affinity (VEA) is released, usually
resulting in a vibrational excited anion.
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In the left part of figure 3.6, the processes and energies described above are illustrated for an hypothetical cluster M4 . A vertical transition yields a vibrationally
0
excited neutral cluster (M4 )hot in the geometry of the anion, while the equilibrium
geometry of the neutral ground state is different.

3.2.4 Time-Resolved Photoelectron Spectroscopy
One major issue about the unique properties of clusters is the electronic relaxation
after photoexcitation. Experimentally, this can be explored using time-resolved
photoelectron spectroscopy (TR-PES). The study of ultrafast phenomena such as
electron dynamics or direct photodesorption requires ultrashort laser pulses (see section 3.7) with pulse durations below 100 fs. In TR-PES, a short laser pulse (pump)
disturbs the system (e.g. excites an electron to another state) and a second, delayed
pulse (probe) maps the electron distribution by means of photoemission, which corresponds to a snapshot of the electronic system at the selected delay. To follow the
time evolution of the system after excitation, the delay between pump and probe
is varied and every measurement at a certain delay mirrors the dynamics (e.g. relaxation) of the system at that specific delay. If pump and probe pulse have the
same wavelength, one can speak of a one-color experiment, whereas in case of two
different wavelengths it is called a two-color experiment.
The big advantage of a pump-probe experiment compared to other time-resolved
techniques is the fact that the time resolution is not limited by the detector. Electronic devices are usually too slow, e.g. the fastest photodiodes have a temporal
response in the order of picoseconds. For pump-probe experiments, time resolution
is limited only by the duration of the pulses and the possible spatial delay steps.
The duration and the length of a laser pulse are correlated by the speed of light.
Thus, the phrase “pulse length” is often used as a synonym for pulse duration. A
pulse having a duration of 100 fs has a spatial length of around 30 µm.

3.3 Dynamics in Atoms
The energy levels in atoms are discrete and their distance is usually in the eV
regime. For an isolated atom, an excited electron relaxes by emission of a photon
(luminescence). This probability λ depends on the electronic structure of the atom
and the probabilities λi for possible transitions to lower states [201]. The decay
follows an exponential law in a way that the population density N of a state is given
by
t
N (t) = Nt=0 e−tλ = Nt=0 e− τ
(3.3)
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P
with λ = i λi . Hence, the lifetime of an excited state τ = λ1 is usually in the order
of nanoseconds [202]. A metastable state for which the transition to the ground
state is normally not allowed by the dipole selection rules of quantum mechanics,
can have much longer lifetimes. In that case, relaxation takes place by multipole
transitions of higher order or multi-photon transitions, having lifetimes in the range
of milliseconds to seconds or even much longer relaxation times [202].

3.4 Dynamics in Molecules
In case of molecules, several relaxation processes are possible after photoexcitation.
In contrast to single atoms, also vibrational modes can contribute and interactions
between electrons and nuclei become important. Some of the most important relaxation mechanisms are listed below:
• At sufficiently low vibrational energies, vibrations of a molecule can be described by a superposition of normal modes, which are independent. For
higher energies, the anharmonic part in the potential becomes important and
can lead to couplings between the normal vibrations. In this case, the vibrational energy is distributed among all accessible modes and this process is
called internal vibrational redistribution (IVR). IVR occurs usually on
a picosecond timescale [203].
• On a timescale of nanoseconds or even longer, photon emission can occur. If
the states involved into the transitions have the same multiplicity4 , the process
is spin-allowed and photon emission is called fluorescence. If the multiplicity
is changed, the emission process is called phosphorescence and the transition
probability is usually much lower. Typical values for relaxation times are
10−9 − 10−6 s for fluorescence and 10−2 − 102 s for phosphorescence [204].
• Also several radiationless processes can lead to the decay of an excited state.
The coupling between initial and final state can be mediated by several effects
such as vibronic coupling (IVR), spin-orbit coupling, the Jahn-Teller effect (or
Renner-Teller5 effect for linear molecules), or electrostatic interaction [203].
Such nonradiative relaxations are called internal conversion if the transition
occurs between two electronic states of the same multiplicity and intersystem
crossing if the states have different multiplicities [204–206]. In these cases,
the potential energy of an excited state is converted partly into vibrational
4

Multiplicity M : Number of possible orientations of the spin angular momentum for a given total
spin quantum number S, calculated as M = 2S + 1
5
A degenerate state in the linear configuration can split into two potential curves during a bending
vibration; analog to the Jahn-Teller effect [203]
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energy of another electronic state.
This can proceed e.g. via a conical intersection of the two potential energy
surfaces involved (see figure 3.7). It is noteworthy to mention that an intersection is not required. Radiationless jumps between potential surfaces can also
occur at avoided crossings.

Figure 3.7:
Scheme of a conical intersection between two potential energy surfaces [207].

• Dissociation or predissociation6 of a molecule.
• Autoionization, i.e. spontaneous emission of an electron without further interaction with an energy source [200]. In this case, the bound molecular state of
the neutral molecule lies above the states of the molecular ion and can couple
to those, producing an ionic state and emit an electron [203].

3.5 Dynamics in Bulk Materials
In bulk materials, many energy levels are close together, i.e. the density of states is
so high that the energy levels can be viewed as continuous, forming energy bands.
At a temperature of 0 K these bands are filled with electrons up to the Fermi-level
EF , conforming to the Pauli principle. The relation between the number of electrons
having a particular energy and the temperature in thermal equilibrium is described
by the Fermi-Dirac distribution f (E, T ). For temperatures higher than 0 K electrons
with an energy above EF and unoccupied states (holes) below EF already exist.
6

Predissociation: Excitation into a level below the dissociation limit can lead to dissociation, if
this level is above the dissociation limit of another electronic state and couples to continuous
energy levels of that state [203]
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1. Theoretical Background

Figure 1.1.: Processes induced by a fs-laser pulse arriving at a metal surface. The metal is in thermal
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of 0.1 − 10 ps (depending on the amount of energy which has to be dissipated
and on the phonon frequency) by inelastic electron-phonon scattering (see sec6 tion 3.5.2 below).
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(e) The net energy transfer from the electronic system to the lattice ends when
electron bath and lattice reach the same temperature (i.e. the energy flows in
both directions are equal).
Also other processes such as electron-defect scattering, electron-magnon scattering
(for ferromagnetic materials [209]) or fluorescence can contribute to the relaxation.
Since electron-defect scattering is mainly elastic, the clusters studied here are not
ferromagnetic and photon emission takes typically nanoseconds, it will be focused on
the processes mentioned before. It is important to note that the different relaxation
mechanisms overlap in time, e.g. electron-phonon interaction already starts before
the electronic system is thermalized. In the next two sections, processes (c) (electronelectron scattering) and (d) (electron-phonon scattering) will be discussed in more
detail, since they can also play an important role in the relaxation dynamics of
clusters.

3.5.1 Electron-Electron-Scattering
For Auger-like electron-electron scattering the primary electrons (created by photoexcitation) relax on a timescale of ten to several hundred femtoseconds by ultrafast
scattering processes with the “cold” electrons of the Fermi-sea at or below EF and
hence lead to creation of “hot” secondary electrons, which are excited into unoccupied states above EF [107, 111].
At high excitation densities, rapid thermalization via multiple collisions among
the photoexcited non-equilibrium electrons (or holes) may establish a Fermi-Diracdistribution, characterized by an electron temperature, before equilibration with the
lattice temperature is reached. For low excitation densities (< 1019 electrons/ cm3
in metals), scattering between the primary electrons can be neglected [111] and
scattering rates can be described within the framework of Landau’s Fermi liquid
theory [211]:
The relaxation time depends mainly on the number of electrons available for
inelastic scattering and the number of unoccupied states. Energy and momentum
have to be conserved, lowering the number of allowed scattering processes. The
higher the excitation energy of the electron, the more unoccupied states between
the excited state and EF are accessible and the faster the decay can take place (see
figure 2.2). Landau’s Fermi liquid theory for e-e interactions in metals yields for the
lifetime of an excited state in a free electron gas [211, 212]:
2
1
τe−e = a · n
E − EF
r
1 5
4πε0
with a = 16π 6 3 6 ~4
,
e2 m3
5
6



(3.4)
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Figure 3.9: Scheme of the relaxation of an optically excited free electron gas. At
time t0 the electron gas can be described by a Fermi-Dirac distribution with temperature T0 . Photoexcitation creates a highly non-thermal distribution at t1 . Inelastic
electron-electron scattering leads to energy redistribution, yielding a Fermi-Dirac distribution at t2 with T2 >> T0 . Via electron-phonon scattering energy is transferred
from the electronic system to the vibrational degrees of freedom and at t3 the electron gas can be characterized by a Fermi-Dirac distribution with T3 (T2 > T3 > T0 ).
Modified from [210].

where m and e are mass and charge of a free electron and n is the density of the
electron gas. The relation τe−e ∼ (E − EF )−2 can be rationalized by the number
of accessible states for electron-electron scattering in a three dimensional system
and has been confirmed for silver and tantalum [19, 107]. With increasing electron
density the DOS increases ∼ n1/3 , i.e. the accessible phase space increases and the
lifetime should decrease. In contrast to that screening of the electrons increases with
increasing n, reducing the scattering probability and hence increasing lifetime. For
a free electron gas the screening effect dominates according to 3.4 and the lifetime
increases with increasing electron density. Depending on the electronic structure,
the first or second effect dominates, but considering different elements certain trends
exist:
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Noble metals have closed d-bands but open s/p-bands, whereas transition metals
have open d-bands. Since d-bands are usually narrower in energy but consist of more
states, they have a higher DOS near EF compared to s/p-metals. Due to the higher
DOS, transition metals show usually faster electron relaxation than noble metals,
the screening plays a minor role here.
Data on silver, tantalum and rhodium is in good agreement with Fermi liquid
theory [19, 107], whereas for gold and copper the lifetimes are considerably higher
than predicted. Possible reasons might be the higher lying d-band for Cu and Au
which contributes more to the screening [103]. For the description of the electron
dynamics of more complex band structures (e.g. graphite), the model of a free electron gas is not suitable.
Complete thermalization of the hot electrons in metals to a Fermi-Dirac-distribution
is usually reached after about 1 ps [109, 112].

3.5.2 Electron-Phonon-Scattering
The hot electron gas interacts with the cooler ion cores (lattice) until thermal equilibrium is reached, i.e. the electronic system cools down and the lattice gets hotter.
The interaction can be rationalized within the following picture: On the one hand,
motion of the positive nuclei from the equilibrium position changes the local electronic charge distribution. On the other hand, modifications of the electronic charge
density influence the nuclei via electrostatic interactions. In this manner interaction
between electrons and phonons can be visualized [213].
The thermalization of electron gas and lattice can be described by the so called
“two-temperature model” [214, 215]: Electron gas and lattice are treated as two independent heat baths which exchange energy. It is assumed that the electron gas is
in thermal equilibrium (i.e. it follows a Fermi-Dirac distribution with a temperature
Tel ) and then transfers energy into the lattice (which is also in thermal equilibrium
and the phonons follow a Bose-Einstein distribution having temperature Tph ). The
relaxation time for electron-phonon scattering depends on the amount of energy
which has to be dissipated and on the phonons which can be created. For a material with a low phonon frequency, i.e. low energy phonons, relaxation is slower
since multi-phonon scattering processes are necessary for energy dissipation, which
are less likely than a process involving only one quantum [109]. Thermalization of
electron gas and lattice usually takes place on a timescale of several picoseconds [103].
Mathematically, this model is described by two coupled differential equations,
which describe the change of the electronic temperature Tel and the change of the
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lattice temperature Tph , respectively [112, 213, 216]:

1. Basic concepts

1.2.
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Boltzmann equation is divided into thermal and non-thermal parts [109]:
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∂
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(1.13b)

+ fthermal [Tel (t)]

The first equation describes the temporal change in the energy content of the electron gas
which
44 is due to absorption of the laser pulse S(z, t), energy transfer to the lattice H(Tel , Tph )
via electron-phonon coupling and due to transport into the bulk via diffusion. z denotes the
distance from the surface into the bulk. It is sufficient to apply the calculations only to this
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The thermal part fthermal corresponds to the Fermi-Dirac distribution and only depends on the temperature, whereas the non-thermal part fnonthermal depends on the
electron density. The relaxation of fnonthermal is governed by the differential equation


1 δE
∂fnonthermal
=−
fnonthermal
(3.8)
∂t
τth EF
having the following solution:


δE
fnonthermal (δE, t) = f0 exp −
EF

2

t
τth

!
,

(3.9)

where f0 is the primary electron distribution, δE = E − EF and τth a constant.
Energy is transferred from the non-thermalized distribution to the thermalized one,
while energy is dissipated from fthermal to the lattice at the same time. The change
in energy of the electron gas is given by
Z
∂
∂Tel
= −G(Tel − Tph ) +
fnonthermal E 3/2 dE .
(3.10)
Cel (Tel )
∂t
∂t

3.5.3 Desorption
For surfaces covered with an adsorbate, the energy from excitation can also trigger
reactions such as desorption, which is one of the most simple surface reactions. In
surface science, a photon induced excitation is called “direct”, if the photons are
absorbed by adsorbate molecules directly and “indirect” or “substrate-mediated”, if
absorbed by the substrate.
Figure 3.11 illustrates the energy flow between the different subsystems of an adsorbate covered metal surface.
In case of direct photodesorption, photons couple directly to the dipole moment of
the substrate-adsorbate bond or transition dipole moment of the substrate-adsorbate
complex.
Coupling to the dipole moment leads to ladder-climbing (figure 3.12), which can be
observed using IR-photons even at metal substrates (acting as IR-mirror). However, this process is strongly hindered by the anharmonicity of the potential, which
causes the vibrational level spacing to decrease with increasing vibrational quantum
number, pushing some of the required transitions off-resonance as a consequence.
Nevertheless, IR-lasers can be tuned in resonance with an intramolecular adsorbate
vibration and energy will be transfered by anharmonic coupling from the initially
excited mode to the substrate-adsorbate vibration and to substrate phonons. This
might also lead to desorption, if enough energy is accumulated in the substrateadsorbate vibration [218].
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Figure 3.11: Scheme of the energy flow at adsorbate covered metal surfaces after
fs-laser excitation. Direct adsorption in the adsorbate can be neglected for thin
atomic or molecular layers [21]. The laser pulse excites the electronic system, which
can thermalize with the lattice. Surface reactions can be driven either by the electron
or phonon system, the latter mechanism is slower. Modified from [217].

Direct excitation of the transition dipole moment and induction of an electronic
transition (anlagous to the DIET7 -mechanism, see page 50 below) dominates in the
UV/vis range at semiconductor surfaces.
In contrast to semiconductors, metal surfaces have a high absorptivity for UV/vis
light, thus preferring indirect mechanisms (absorption in thin atomic or molecular
adsorbate layers can be neglected). Indirect processes involve two steps: Initial
absorption of the photons by the substrate and subsequent energy transfer to the
adsorbate. Direct and indirect processes can be discriminated experimentally by the
dependence of the desorption yield on the polarization of the light. The cross section
for direct excitation is highest for light polarized along the dipole/transition dipole
moment of the bond to be broken, whereas for indirect routes (substrate mediated)
the polarization plays only a minor role [219].
Since the indirect, substrate mediated routes are dominant for optical excitations
at metal surfaces and metal clusters are studied within the presented work, a brief
overview over these mechanisms will be given. In a simplified picture, a metal substrate can be viewed as consisting of two heat baths, the lattice and the electron gas
(section 3.5.2). Each of these subsystems can couple independently to the adsorbate
and transfer energy, which was originally gained by photoexcitation and distributed
among the different subsystems as depicted in figures 3.8 and 3.11. Desorption can
then be driven by different processes:
7

DIET: desorption induced by electronic transitions
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• The conventional picture for the desorption process is given by an electronically
adiabatic8 energy transfer in the electronic ground state of the system and is
called ladder climbing process (figure 3.12): Substrate and adsorbate atoms
are coupled by their vibrations, until enough kinetic energy is accumulated in
the adsorbate to overcome the barrier towards desorption. Both systems are
in thermal equilibrium. The reaction rate k for thermally activated processes
depends nonlinear on the temperature and is usually given by an ArrheniusEdes

like equation of the form k = ν0 · e kB T , where Edes is the activation energy
necessary for desorption and ν0 the so-called “attempt” frequency. The COdesorption from a Ru-surface was explained by this mechanism [220, 221].

E

adsorbate
substrate
kBTph
phonons
ground state

Edes

Figure 3.12:
Sketch of phonon mediated,
adiabatic desorption (modified
from [210]). Substrate and adsorbate couple by their vibrations and the energy required
for desorption is transferred
into the adsorbate (vibrational
ladder climbing).

reaction coordinate
Besides excitation by phonons, reactions can also be electron mediated. The
photo-induced catalytic activity of some surfaces, e.g. the oxidation of CO on
Ru(0001), has been attributed to an excitation of the adsorbed O2 by the hot electron bath [220, 221]. In surface femtochemistry, two conceptually different models
have been developed to describe the energy transfer mediated by electrons, where
thermalized as well as non-thermalized electrons from the metal-substrate can interact with the adsorbate [222]:
• In the frictional approach, the energy transfer is treated in terms of friction
[223–225]. Figure 3.13 depicts a physical picture of the process. Vibration
of the adsorbate, i.e. motion of the adsorbate along the reaction coordinate,
leads to a shift and broadening/narrowing of the adsorbate resonance. For
8

A reaction in which there is no change of electronic state or multiplicity can be called (electronically) adiabatic.
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decreasing distance to the substrate, the level shifts downward due to the increasing image potential and also broadens, since its lifetime decreases due
to the increasing overlap with the Fermi-level [222]. On the one hand, this
resonance can be transiently populated by (hot) substrate electrons created
e.g. by photoexcitation. The charge flow induces motion to the adsorbate,
which results in the mentioned level shift and broadening/narrowing. In other
words, the charge transfer triggers adsorbate motion and energy from the hot
electrons is transferred into kinetic energy of the adsorbate, which can lead to
desorption. On the other hand, if not enough energy for desorption is accumulated, the vibrational motion along the reaction coordinate leads to an electron
flow back and forth between substrate and adsorbate, i.e. the resonance is populated for close distances between substrate and adsorbate and depopulated
for larger distances due to the energy shift of the level. This current is subject to damping (corresponding to friction), which leads to relaxation of the
substrate-adsorbate vibration.

E
hot e-

adsorbate
current

c

b

a
EF
substrate

reaction coordinate

Figure 3.13: Illustration of the electronic friction model (adapted from [210]). An
adsorbate resonance (i.e. an adsorbate orbital) may be populated (a, b) by substrate
(thermalized or non-thermalized) electrons, initiating adsorbate motion by the change
of the charge distribution. If enough kinetic energy is accumulated, desorption might
occur. If not enough energy is accumulated, the adsorbate motion leads to an electron
flow back and forth between metal and adsorbate, which is subject to damping (friction). In case of high-lying adsorbate resonances (c), this charge-transfer channel
may not be open [21].

48

3.5 Dynamics in Bulk Materials
• In case of the second concept describing energy transfer mediated by electrons,
two processes can be distinguished, depending on the excitation density. Figure
3.14 illustrates the principle of both mechanisms. In this approach, “hot”
electrons from the substrate can transiently populate an unoccupied excited
state of the substrate-adsorbate bond and relax after a certain time into the
ground state. In this case, two potential energy surfaces are involved so that
this mechanism is not adiabatic but rather diabatic.
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EF
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substrate

adsorbate
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Figure 3.14: Schematic illustration of the DIMET process (modified from [210]).
The energy exchange involves (repeated) transfer of electrons from the high-energy
tail (red) of the electronic distribution into an unoccupied molecular orbital (LUMO)
of the adsorbate-substrate complex. In contrast, from a cold electron distribution
(dashed area), electrons cannot reach the respective unoccupied levels [21]. The system evolves on the excited state which leads to nuclear motion of the adsorbate
(substrate-adsorbate vibration). If enough kinetic energy is accumulated before relaxation into the ground state, desorption occurs (DIET process, green). If several
electronic transitions occur before desorption (green & yellow), the process is called
DIMET.

For low excitation densities of the photon source (typically cw9 or ns-lasers),
the system evolves on the potential energy surface (excited state) for a time τ
and electronic energy is converted into nuclear motion of the adsorbate, until
9

cw stands for continuous wave, which means continuous output
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it relaxes back into the ground state. If the amount of acquired vibrational energy (corresponding to kinetic energy of the adsorbate molecule) is sufficient,
i.e. if τ is bigger than a critical time, desorption occurs. This process is called
DIET (desorption induced by electronic transitions). This model using a repulsive excited state was proposed by Menzel and Gomer [226] and Redhead
[227] and is called MGR-model. Antoniewicz showed that the same formalism leading to desorption can be used for an excited binding state, having an
equilibrium position closer to the substrate, as depicted in figure 3.15 [228].
For DIET, the fluence F dependence of the reaction yield Y is linear, Y ∼ F ,
for up to 1.5 mJ/cm3 [219], since the average time between two excitations is
long compared to the relaxation times of the excited state and the substrateadsorbate vibration.

(a)

(b)

MGR

R

Antoniewicz

R

Figure 3.15: DIET/DIMET in the MGR-model (a) with a repulsive excited state
and in the model of Antoniewicz (b) with a bonding excited state having an equilibrium position closer to the substrate than the ground state. R is the reaction
coordinate. Modified from [222].

Using intense photon sources such as fs-lasers, the density of excited electrons
can be high enough so that the process outlined for DIET can take place several
times before the substrate-adsorbate vibration is damped. If enough energy
is acquired by these transitions, desorption can occur. This model is named
DIMET (desorption induced by multiple electronic transitions) [229]. The
reaction yield at the same wavelength usually is higher than for DIET and has
a superlinear dependence on the absorbed laser fluence, Y ∼ F n with n > 1
(typically 2 − 10 [219]), which is a consequence of the multiple repetition of
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the excitation/de-excitation cycles. Furthermore, the reaction yield also shows
an isotope effect, i.e. an adsorbate mass dependence, since a lighter adsorbate
molecule gains more speed until relaxation into the ground state than a heavier
one [21]. Besides that, strong internal vibrations of the desorbed molecule are
typical and the branching ratios for concurring reactions can be different to
DIET conditions [217, 219].
Both concepts concerning electron mediated substrate-adsorbate coupling (electronic friction and DIET/DIMET) use similar processes in a different mechanistic
description, describing different limits. For low excitation densities, low energy levels are crucial in the friction-model whereas high lying states are not reachable. In
the DIMET-model these high lying states are populated. At high excitation densities both approaches are physically equivalent [21]. However, both concepts can be
combined in a unifying formalism [230].

3.6 Dynamics in Clusters
Clusters are closely related to molecules, thus also the relaxation mechanisms described in section 3.4 can occur. Compared to the respective bulk material clusters
have different properties, since finite size or even quantum size effects might play an
important role. However, the relaxation mechanisms explained for bulk materials
also occur, but in the nanometer regime clusters of metals might show semiconducting behavior or vice versa. How the cluster relaxes and on which timescales can be
studied by TR-PES. A scheme of the most likely processes for energy dissipation
after excitation is shown in figure 3.16.
These processes can again be divided into direct and indirect processes. For indirect
processes (indicated by the yellow clusters in figure 3.16), the photon energy is first
thermalized among the electrons and/or vibrational modes of the cluster.
Direct Processes
Some of the direct processes (marked by the blue clusters in figure 3.16) are listed
below:
• Photon emission: Either fluorescence or, less likely, phosphorescence can occur. Both was observed e.g. for C60 . In case of phosphorescence, excited state
lifetimes of more than 40 ms were found [231–233].
• Direct photoemission: The energy of the photon is directly transferred to an
electron which is detached (photoelectric effect).
• Direct fragmentation/desorption via dissociative state: Similar to DIET for
bulk metal-substrates, an electron is excited from the ground state into an
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Figure 3.16:
Scheme of possible processes for
energy dissipation after photoexcitation. Processes indicated by the blue clusters are
direct, the yellow clusters illustrate indirect processes.
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excited state in the first step. This excited state can be either repulsive
(MGR-model) or binding (Antoniewicz) with an equilibrium position closer
to the substrate than to the ground state (figure 3.15, considering only one
excitation/relaxation cycle). In the second step, the system evolves on the
excited potential energy surface and the adsorbed molecule moves away from
the cluster. In the third step the electron relaxes back into the ground after a
certain time. If the adsorbate has gained enough kinetic energy till relaxation,
it can escape [20]. Important is the lifetime of the excited state which must
be longer than a critical value for dissociation. In case of a repulsive excited
state (MGR-model), dissociation can also occur while the electron is still in
the excited state, provided that the lifetime is long enough so that the motion on the potential curve leads directly into dissociation without electronic
relaxation. For bulk metals, direct photodesorption is not very likely to occur,
since this process competes with the very fast relaxation mechanism of inelastic
electron-electron scattering (section 3.5.1), which quenches the excitation [22].
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Relaxation and Thermalization; Internal Conversion
Besides that, indirect processes, which follow energy relaxation and thermalization,
are also possible. In this case, the photon energy is first thermalized by inelastic
electron-electron scattering (section 3.5.1) and electron-phonon scattering (section
3.5.2), similar to the case of bulk materials. Thus, the excitation energy is distributed among the vibrational degrees of freedom of the cluster.
Another radiationless deexcitation mechanism, which was described above, is internal conversion (or intersystem crosing). The transition between electronic states
might proceed through a conical intersection or an aovided crossing.
It is important to note that nanoclusters have another degree of freedom different
from bulk and large nanoparticles: They can undergo fast structural changes as a
response to excitations. During such a geometric transformation the single particle
orbitals continuously change their binding energies and might even cross in the energy diagram. This concept corresponds to the above described internal conversion,
induced by a shape deformation. The potential surface of the ground and excited
states might touch in a particular geometry during the deformation process, resulting in a fast and efficient relaxation of the excited state. The crossing point in
the energy diagram is described as a conical intersection. The concept of internal
conversion induced by a shape deformation provides an explanation for the fast relaxation observed in the case of Al13 , as pointed out by Kresin et al. [23] (see page
17). It is interesting to note that recently an excitation induced lattice relaxation
is also considered as a solution of the “phonon bottleneck” problem10 of larger semiconductor nanoparticles [24].
In contrast to particles on a bulk surface, for gas phase clusters the excitation
energy is confined in the cluster and cannot dissipate into the substrate. As described, also the relaxation dynamics for clusters are different from that of atoms or
bulk materials, since the electronic structure differs. The density of states near the
highest occupied state (the Fermi-level for bulk metals) is usually higher than for
atoms but lower than for bulk metals, so that relaxation in clusters is rather faster
than for atoms but slower than for bulk metals (see figure 3.2). In this respect, new
photochemical properties might occur, because the electronic properties can change
with each additional atom.

10

Semiconductor nanoparticles or quantum dots (quasi 0D materials) were expected to show slow
relaxation after excitation due to confinement, which gives rise to a reduced electronic DOS
for phonon-assisted processes [234, 235]. However, lifetimes in the subpicosecond to picosecond
regime were observed [236–240].
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Indirect Processes
After relaxation of the initially excited cluster, the following indirect processes might
occur:
• Delayed dissociation/desorption of a monomer/adsorbate: This process can
be mediated either by hot electrons (DIET/DIMET or frictional approach) or
by excitation of the vibrational system (ladder climbing process), as already
discussed for bulk materials.
Thermal dissociation of clusters can be described by statistical models. As
already mentioned, the dissociation/desorption in thermal equilibrium is due
to statistical energy fluctuations. There is a certain statistical probability for a
sufficient amount of energy to be accumulated in one of the vibrational degrees
of freedom to break the bond. The decay time depends on the ratio between
excitation and binding energy and on the number of degrees of freedom. This
correlation was first described by Rice and Ramsperger [241], and Kassel [242].
Their theory, called RRK-theory, treats molecules or clusters as a collection
of s independent harmonic oscillators (representing the vibrational degrees of
freedom), which are strongly coupled in a way so that energy can be transferred
among them. It is assumed that dissociation occurs if, by chance, sufficient
energy Ediss is accumulated in one of the oscillators, which corresponds to
the breaking of a bond. The probability for that process is then given by
the number of possible arrangements, provided that an energy higher than
Ediss in the particular oscillator is accumulated, divided by the total number
of possible arrangements of the energy within the cluster. Using statistical
physics, the number of possible ways for distributing the energy E among s
E s−1
, and the reaction probability is [243]
degrees of freedom is (s−1)!
(E − Ediss )s−1 /(s − 1)!
=
E s−1 /(s − 1)!



E − Ediss
E

s−1
,

(3.11)

which gives a reaction rate k being inversely proportional to the decay time τ

s−1
1
E − Ediss
k(E) = = νvib · g ·
,
(3.12)
τ
E
where g is the degeneracy of the reaction path and νvib the frequency of the
particular oscillator (meaning that the oscillator is running νvib times per second against the dissociation barrier).
In the limit of infinite n (number of atoms in the cluster), s is divergent but
equation 3.12 can be simplified using the relation E = skB T , which “defines” a
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cluster temperature T , being the energy within a cluster divided by its number
of vibrational degrees of freedom (kB is Boltzmann’s constant) [168]:
k(T ) =

E
1
− diss
= νvib · g · e kB T .
τ

(3.13)

This expression can be suitable already for n > 30 [168]. However, compared
with experiments, the classical RRK-theory can underestimate the dissociation rates quite often by many orders of magnitude [243]. One problem of this
theory is the classical treatment of the vibrational degrees of freedom.
A quantum version of the theory was developed by Kassel [244]: For s oscillators having the same frequency, the number of possible ways to distribute
j quanta among these oscillators is (j+s−1)!
. Assuming that the cluster has
j!(s−1)!
j = hhνEvib i quanta of vibrational excitations, hνvib i is the mean frequency of all
vibrations of the cluster and m = Ehνdiss
quanta are required for dissociation of
vib
the chosen bond [163], the reaction probability is given by
j!(j − m + s − 1)!
(j − m + s − 1)!/(j − m)!(s − 1)!
=
,
(j + s − 1)!/j!(s − 1)!
(j + s − 1)!(j − m)!

(3.14)

so that the dissociation rate becomes [245]
k(E) =

1
j!(j − m + s − 1)!
= g · νvib
.
τ
(j + s − 1)!(j − m)!

(3.15)

The quantum mechanical formulation of the RRK-theory is still not accurate
enough for many cases [243], hence Marcus developed the RRKM-theory [246,
247], based on the RRK-theory. It makes use of the concepts of a transition
state located on the maximum of the hyper potential surface on the reaction
path from the cluster to the fragments. Now all the vibrational and rotational
degrees of freedom are considered and also the zero-point energies are included.
Using statistical mechanics the reaction rate is given by [245]
k(E) = l6= ·

1 N (E 6= )
h ρ(Ev )

(3.16)

where N (E 6= ) is the sum of states of the active vibrations of the cluster in the
transition state, ρ(Ev ) corresponds to the density of states of the active degrees
of freedom of the excited system and l6= is the number of different transition
states which can be formed if the atoms are distinguishable. N and ρ can
be calculated by efficient algorithms, but it is quite a challenge to find the
appropriate transition state. For more details see [243, 245] and the references
therein.
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3.7 Ultrashort Light Pulses
For real-time observation of very fast processes, such as electron dynamics in clusters
or chemical reactions, ultrashort laser pulses with duration below 100 fs are essential.
The use of ultrashort pulses in spectroscopy is called femtosecond spectroscopy.

3.7.1 Properties
In contrast to cw-lasers, showing a very narrow frequency width, ultrashort pulses
have a spectral width which is directly correlated to their duration by the Heisenberg
uncertainty relation: Spectral width ∆ν and pulse duration ∆τ can not be infinitely
sharp at the same time. The shorter a pulse, the broader its spectral width.
The energy is packed in a very short period of time, therefore very high intensities
are reached. Together with the broad spectral width this leads to several effects
within propagation of such a pulse through a media, since spectrum, chirp11 and
duration of the pulse become modulated. On the one hand, such effects can be
desired (e.g. frequency doubling by non-linear effects), on the other hand undesired
effects like pulse broadening have to be taken care of, e.g. by pulse compression.

3.7.2 Generation
A standard medium for generating ultrashort laser pulses is Ti-doped corundum
3+
(Ti :Al2 O3 ), usually called Ti:Sa. It can be pumped with light in the range of
400 nm - 600 nm and offers a very broad fluorescence region (650 nm - 1000 nm)
[248].
To achieve short laser pulses, modelocking is necessary: A fixed phase relationship
between the modes of the laser’s resonant cavity has to be induced. In a cavity, only
those modes with wavelength λ are amplified, for which the length L of the cavity is
an exact multiple of λ2 . The frequency separation between any two adjacent modes
c
is 2L
, where c is the speed of light. If the phases of several modes are locked, they
constructively interfere at a certain position and form a pulse, but destructively
interfere at all other positions. The more modes are locked, the shorter the pulse.
For pulses in the femtosecond-regime, active modelocking with electronic devices is
no longer possible due to the short timescale. Hence, passive modelocking without
external electronic control has to be applied.
In case of Ti:sapphire lasers the so-called Kerr-lens modelocking is used, which
bases on a non-linear effect in the Ti:sapphire crystal:
For high light intensities, the refractive index of a medium does not only depend
on the frequency ν of the propagating light, but also on its electric field E (or
11

In a chirped pulse, the frequency increases (‘up-chirp’) or decreases (‘down-chirp’) with time
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intensity I). The refractive index n is then time-dependent and can be written as
n(t) = n0 + n∗2 |E(t)|2 = n0 + n2 I(t).

(3.17)

If a Gaussian beam profile is assumed and if it is considered that light is deflected
towards the optically thicker medium, a laser beam gets focused within a non-linear
medium (having positive n2 ) to the center of the beam. This effect is called selffocusing and originates from the non-uniform power density distribution in a Gaussian beam, leading to a change of the refractive index across the beam, which is
higher in the center than at the edges. Therefore, a rod of an active Kerr medium
acts as a lens for high intensity light. For Ti:sapphire lasers the crystal acts as a
Kerr-lens. To achieve modelocking rather than cw-mode, it can be necessary to “assist” the constructive interference at a certain position. This leads to higher intensity
at this point and thus stronger focusing in this zone. In the simplest case an aperture
blocks the less focused part of the beam. After some round-trips the modelocking
is amplified and an ultrashort light pulse is created. In case of the laser system
used in this work, an AOM (acousto-optical-modulator) is used for introducing a
disturbance which establishes modelocking (see section 4.4.2). In case of optimal
alignment of the beam path including the pump-beam, even the aperture can be
abandoned. A little disturbance occurring while the laser is running in cw-mode can
amplify and lead to modelocking [249].
Unfortunately the propagation through the laser cavity also leads to dispersion12
of the pulse, limiting the minimal reachable pulse duration [250]. This is caused
by optical components such as mirrors and the exit window, but mainly by the
crystal itself. Therefore, it is necessary to counteract the dispersion already within
the cavity. This can be done by using a prism compressor, consisting of at least
two prisms: In the first prism, the dispersion of the prism material causes different
wavelength components to travel along different paths. A second prism superposes
the different components again. Depending on the setup, the components previously
separated in time can be made overlapping after the compressor.
In the used setup, four prisms are installed, which is illustrated in figure 4.7. The
second prism parallelizes the spatially broadened beam, so that by means of a slit
the central wavelength of the pulse can be changed, leading to a slightly tunable
laser. The third and fourth prisms combine the different wavelength components
and optimize the overlap in time.

12

Here: Different wavelengths within the pulse have different group velocities which causes a
prolongation of the pulse duration
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4 Experimental Setup
In this chapter the basic experimental setup for studying clusters via time-resolved
photoelectron spectroscopy is described. A schematic overview of the experimental
apparatus is shown in figure 4.1. It consists of five components, which are described
in the corresponding sections:
• Cluster source (section 4.1)
• Mass spectrometer (section 4.2)
• Photoelectron spectrometer (section 4.3)
• Laser system (section 4.4)
• Optical setup (section 4.5)
e- detector
e-

Coil

fs-Laser system
Magnetic
bottle

l=800nm, 1kHz, 0.7mJ, 70fs

Optical setup
Adsorbate
valve

Skimmers

fs-Pulses

Cluster
detector
Deceleration unit

He
Clusters

PACIS

Permanent
magnet

Time-of-flight mass spectrometer

Reflectron

Figure 4.1: Scheme of the experimental apparatus. Clusters are generated with a
PACIS and mass separated by a time of flight mass spectrometer with reflectron. A
mass spectrum can be obtained from the cluster detector. In the interaction zone, a
selected cluster bunch is irradiated by two laser pulses (pump & probe), detaching
photoelectrons. In the strong divergent field of a permanent magnet, the e− follow
the gradient towards the homogeneous field of a coil, which guides them to the e−
detector and a photoelectron spectrum is recorded. Modified from [251].
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The apparatus was originally built by P. W. Gerhardt [144]. Within the presented
work, a reflectron was installed, providing higher mass resolution and thus enabling
studies on reacted clusters. Furthermore, the optical setup was modified to higher
photon energies, allowing time-resolved measurements on species with higher electron affinity: An optical setup for one-color pump probe experiments using 3.1 eV
and an arrangement for two-color pump probe studies with 3.1 eV and 4.65 eV were
installed.
Basically, two kinds of concepts can be distinguished: Continuous experiments
and pulsed ones. The first PES experiments on mass-selected cluster anions were
performed in the groups of W. C. Lineberger and K. H. Bowen with a continuous
setup [25, 30, 252, 253]. Advantages of this concept are a high energy resolution
due to the dispersive electron spectrometer (∼ 5 meV [189]) and the chance of angular resolved PES. In combination with a cluster source providing a high continuous
cluster intensity (e.g. a magnetron sputter source [254, 255]), this setup is especially
suitable for cluster deposition [256]. However, a dispersive spectrometer can detect
only electrons of a certain energy at a time, so that only low photoelectron intensities can be achieved.

Chamber I

II III

Chamber IV

Reflectron

Spitfire 50 fs

Millennia V

1m

Evolution X

Chamber V

Tsunami
sub35

Figure 4.2: Arrangement of the experimental setup. Chamber I contains the
PACIS. Chambers II and III are used to pump down the carrier gas used for cluster
generation. Chamber IV contains the ion optics and the acceleration unit. The electron spectrometer and the interaction zone between laser and cluster beam is located
in chamber V, where also the reflectron is mounted. The arrangement of the laser
system is shown in the lower right corner.
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The experiment described here is a pulsed experiment, which was developed almost simultaneously in the groups of O. Cheshnovsky and R. E. Smalley [257] and
G. Ganteför, K.-H. Meiwes-Broer and H. O. Lutz [27]. Here, the experiment is run
in pulsed mode, which allows the use of other types of source and spectrometer.
In particular, a TOF photoelectron spectrometer can be used, which provides a
resolution of 1% and a collection efficiency of 50% [189]. Moreover, it is possible
to study dynamical processes by means of a femtosecond laser system. The basic
experimental setup was already described in several essays [144, 145, 251, 258] and
will be briefly discussed in this chapter.
Cluster source, mass spectrometer and electron spectrometer are located within a
vacuum system, which consists of several chambers. The vacuum system is designed
in such a way that it can be decomposed and shipped to suitable light sources. The
arrangement is sketched in figure 4.2.

4.1 Cluster Source
Clusters are mostly generated by condensation of atoms or molecules in the gas
phase via adiabatic expansion into vacuum. For non-gaseous substances it is necessary to vaporize them first. Depending on the material, this can be achieved by
different methods such as an oven [259], a laser vaporization source [260–262] or a
sputter source [254, 255].
In this experiment, a PACIS (Pulsed Arc Cluster Ion Source)[263–266] is used
and will be described in this section. It is similar to a laser vaporization source, but
uses an electric arc rather than a laser to vaporize the cluster material in a helium
atmosphere (see figure 4.3). One crucial advantage of the PACIS is the high amount
of created ions, so that ionization after the initial discharge is not necessary.
The PACIS is located in chamber I (see fig. 4.2). The pulsed arc burns in a quartz
or boron-nitride cube, where two channels cross each other perpendicularly with a
variable repetition rate (40 Hz for the measurements described here). Two electrodes
are located on opposite sides of the cube and have a distance of 0.5 − 3 mm, which
can be varied by changing the position of the anode. Helium is inserted as carrier
gas by a pulsed solenoid valve at a pressure up to 20 bar. Simultaneously an ignition
voltage of around 600 V is applied between the electrodes and an arc is ignited, which
burns for a variable time (∼ 10 − 100 µs) at a selected voltage (∼ 100 − 150 V) and
+
a current of several thousand amps is flowing. In the arc ionized He ions are accelerated towards the cathode and ablate the target material by sputtering. The metal
vapor and the helium mixes within the discharge and the resulting plasma is flushed
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O2
Copper anode

He

Extender
Quartz cube
Metal cathode
Figure 4.3: Scheme of the cluster source PACIS. The cathode gets vaporized by the
arc and the resulting plasma is carried along with the helium. The collisions with
the extender cool down the mixture and clusters form [192].

into the extender. The gas mixture is cooled down by collisions with the walls of
the water cooled extender1 , which enables condensation and formation of clusters.
At the stage of the interaction with the laser system, the cluster temperature is
estimated to be roughly room temperature [29]. About 10 % of the emitted material is charged (both positively and negatively) [264, 266]. A second solenoid valve
is mounted on the extender and allows for the creation of metal-adsorbate clusters.
These clusters can be generated in two different ways [268]: A pulse of adsorbate gas
(here: O2 ) is injected downstream by the second valve into the extender and the O2
molecules react with the clusters, generating preferentially moleculary chemisorbed
species. Alternatively, a pulse of adsorbate gas is inserted into the source before the
He valve opens to allow the O2 being present in the electric arc, leading to dissociation of a large fraction of the molecules into atomic oxygen, which can react with
the clusters. In this manner, also dissociatively chemisorbed species can efficiently
be created [92].
The size distribution of the generated cluster strongly depends on the conditions
within the source. A long, narrow extender leads to bigger clusters since more
collisions of the vaporized target material take place. To further optimize the cluster
1

the supersonic expansion into vacuum is too weak for cooling in the arrangement used here [267]
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yield, it is possible to change the duration and the time delays between the gas pulses,
the discharge and the start of the acceleration voltage. Typical delay times are in
the region of ten up to several hundred microseconds.

4.2 Mass Spectrometer
After leaving the extender, the clusters pass through three skimmers (located in
chambers II and III), cutting out the center region of the beam which prevents it
from being dispersed by the Mach front and makes it easier for the carrier gas to
be drawn off by the pumps. Furthermore, they separate the differential pumping
stages, so that the clusters travel through a pressure gradient towards lower pressure
into the mass spectrometer.
In chamber IV, the clusters enter the time-of-flight mass spectrometer (TOF).
Therein, the clusters get accelerated by a pulsed (40 Hz) negative electric potential
(∼ 1000 V). The electrodes used for acceleration have the shape of a cone, to
achieve a spatial focus of the beam and accordingly increase cluster intensity. In
this manner, the negatively charged particles get accelerated, while the neutrals drift
without influence of the field and the positively charged get filtered out. Due to the
electric field, all anions gain the same kinetic energy and subsequently travel through
a field free zone. Since light particles travel faster than heavy particles having the
same kinetic energy, the “cluster cloud” separates into several bunches, each bunch
containing clusters of the same mass. The clusters reach a speed v, which is inversely
proportional to the square root of their mass m:
r
2qαU0
(4.1)
v=
m
U0 corresponds to the applied voltage for acceleration, q is the charge of the cluster
and α a correction, which takes into account that √
in reality not all clusters gain
the kinetic energy e · U0 . Using 4.1, the relation t ∝ m is obtained, which enables
the calibration of the spectrometer by using particles of known masses. In order to
guide the ion beam through the apparatus, ion optics (consisting of several electric
lenses and steerers2 ) is used.
m
The mass resolution ∆m
is limited by several effects [251]: The cluster cloud entering the acceleration unit has a certain size, so that clusters at different starting
positions feel different potential differences and gain different kinetic energy. Besides
2

A steerer consists of a pair of metal plates, where a variable potential can be applied, each
plate having opposite polarity with respect to the counterpart but equal absolute value of the
potential (similar to a “classical” capacitor). Varying the voltage, the ions can be deflected as
desired.
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that, the thermal velocity distribution of the clusters coming from the source also
yields a decrease of mass resolution. However, this effect plays only a minor role,
since the adiabatic expansion within the supersonic beam leads to a relatively sharp
velocity distribution. A third aspect are coulomb effects between the clusters [269].
Especially for high ion intensities (which is crucial for pump-probe experiments),
these effects lead to repulsion of the clusters and to broadening of the velocity distribution of a cluster bunch. Another important limiting factor are inhomogeneities
of the acceleration fields. If they are to high, they can act as an electrical lens and
aberration might occur. To minimize those effects, grids can be used to homogenize
the fields (also within the reflectron). However, grids cause a severe drop of ion
intensity. Since high intensity is a very important factor, grids are abandoned in our
experiment. Further limiting factors of a high mass resolution are the cone shape
of the channeltron for cluster detection and the stability of the high voltage power
supplies for acceleration pulse and reflectron [267].
To avoid these effects or at least to compensate for them, different measures can
be taken [251]:
On the one hand ionization can take place within the acceleration unit with a focused
laser. On the other hand, the advantages of the PACIS, which are a high cluster
intensity and already ionized clusters, would be foiled.
Wiley and McLaren [270] suggested in 1955 the use of a two-stage acceleration unit
instead of an one-stage unit. For an one-stage unit, the focus point, where a faster
particle overtakes a slower, is at a fixed position, which is in a distance of 2L from
the ending of the acceleration zone, if L is the length of that unit. For a two stage
unit, the focus point depends on the ratio of the applied voltages and can be varied,
leading to an optimum resolution at a desired position (e.g. at the interaction zone
or the mass detector).

4.2.1 Reflectron
To take advantage of a two-stage setup and increase mass resolution, a reflectron
was attached to chamber V of the experimental apparatus (see figure 4.2). The
reflectron has two stages: A deceleration field (having a steep increase of the electric
field) and a reflection field (with slow increase). This is implemented by using several
(40) equally spaced metal rings, which are connected by resistors. In this way, a
linear increasing voltage can be applied. The deceleration field is generated by 5
rings, with a potential difference of ∼ 550 V, whereas to the reflection field a similar
potential difference is applied on, but divided among 35 rings.
Two effects of the reflectron increase mass resolution: Firstly the flight distance
of the clusters gets prolonged which improves mass separation; Secondly, faster
clusters penetrate deeper into the reflection field and experience a time delay due
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Figure 4.4: Principle of a time-of-flight mass spectrometer with reflectron [271].

to the longer flight distance compared to the slower clusters (figure 4.4). The ratio
between deceleration and reflection field determines the focus point, where the faster
and slower particles arrive at the same time, and a two-stage acceleration unit can be
waived. A comparison of mass spectra using the Wiley-McLaren type TOF (black)
and after installing a reflectron (red for bare Aun and blue for Aun Om ) is shown in
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figure 4.5. The new setup was developed in this work, which is capable of a mass
m
≈ 400.
resolution of roughly ∆m

4.3 Photoelectron Spectrometer
The cluster beam is focused on the interaction zone with the laser by means of
electric lenses. By variation of the time delay between acceleration pulse and laser,
it is possible to select a bunch containing clusters of the same mass, which are
then irradiated by a laser. The kinetic energy of the photoelectrons is measured
by a time-of-flight setup: They travel through a drift tube, and the time until they
reach the detector is measured. The time-of-flight
spectra can be converted into
√
energy spectra by using the relation t ∝ 1/ Ekin between time and kinetic energy.
Comparison with known spectra allows for the calibration of the spectrometer.

4.3.1 Magnetic Bottle
The spectrometer used in this work is a so-called “magnetic bottle”. It is named after the bottle-like shape of the magnetic fields within the spectrometer. It was first
published in 1983 by Kruit and Read [272] and used shortly after in cluster science
by Chesnovsky et al. [257] and Ganteför et al. [273]. The basic principle is shown in
figure 4.6. In the interaction zone of ion beam and laser, a highly divergent magnetic
field (∼ 0.1 T/mm [194]), caused by a bar magnet, is present. In the inhomogeneous
field, the detached photoelectrons follow the field gradient towards a weaker, homogeneous magnetic field (∼ 0.001 T [194]), which guides the electrons through a
drift tube onto a channeltron. Since the Lorentz-force is always perpendicular to the
velocity of the electrons, the kinetic energy remains constant. In this manner, almost all photoelectrons, independent of the direction of their emission, get collected
[265] and it is possible to scan the whole relevant energy regime in one measurement.
The longer the drift tube, the better the energy resolution [189]. Here, the drift
tube has a length of around 1.5 m and is coated with a thin graphite layer to obtain
a homogeneous and conducting surface, having the same work function everywhere,
which minimizes losses due to space charge effects. The use of magnetic fields increases the photoelectron intensity by two orders of magnitude, which enables spectroscopy using very low laser intensity [194]. This fact is especially important for
experiments using a femtosecond laser, since the pulse intensity should be kept as
low as possible, to minimize undesired non-linear effects (e.g. multi-photon ionisation, etc.). For further optimization, two Helmholtz-coils are used to compensate
for the earth’s magnetic field.
The energy resolution is mainly limited by the Doppler broadening due to the
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Figure 4.6:
Basic Principle of the “magnetic bottle”. The detached photoelectrons are
deflected by the inhomogeneous magnetic field at the interaction zone into
the drift tube, where a homogeneous
magnetic field guides them to the detector. The kinetic energy of the electrons
can be derived from their flight time.
Modified from [33, 192].

velocity of the clusters. The velocity of the electrons ~ve observed by the spectrometer
is the sum of the velocity of the electrons caused by the photo effect ~vphoto and the
velocity of the ions ~vion . Taking this into account, the kinetic energy of an electron
(having mass me ) is
1
Ekin = me (~vphoto + ~vion )2 .
2

(4.2)

Neglecting the part containing (~vion )2 , the maximum broadening depends on the
product of both velocities:
∆Ekin ∝ me · vphoto · vion

(4.3)

According to this formula, the resolution decreases with increasing kinetic energy of
the photoelectrons.
To minimize the Doppler broadening, the cluster ions are decelerated in the photodetachment region by a pulsed electric field, depending on the acceleration field
(here: ∼ 950 V). Another effect, which limits the resolution, is coulomb repulsion
due to high ion intensity (which is especially important for pump-probe experiments
as in this work). As already mentioned, the energy resolution depends on the kinetic
energy of the photoelectrons and the variance for the presented measurements was
around ± 0.1 eV. However, it has been demonstrated that an energy resolution of
6 meV can be reached with this type of spectrometer [189].
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4.4 Laser System
The laser system used in this work is manufactured by Spectra Physics and consists
of four components (see figure 4.2). The two main parts are:
• The oscillator Tsunami (see section 4.4.2), generating the ultra-short pulses,
which is pumped by the Millennia V (sect. 4.4.1).
• The regenerative3 amplifier Spitfire (sect. 4.4.4), which amplifies these pulses.
It is pumped by the Evolution X (sect. 4.4.3).

4.4.1 Millennia V
The first component is the Millennia V, a Nd:YVO4 solid state cw-laser, pumped
by two arrays of laser diodes having a maximum power of 20 W each. The first
harmonic (1064 nm) is frequency doubled by a LBO4 -crystal, which generates up to
5 W at a wavelength of 532 nm (green) [274]. It is used for pumping the Tsunami
with a power of 4.3 W.

4.4.2 Tsunami
The Tsunami is a mode-locked Ti:sapphire-laser, which generates laser pulses < 35 fs
length at a repetition rate near 80 MHz [275]. The wavelength of the pulses is centered at about 800 nm (infrared) and their width is about 40 nm. The average output
power reaches up to 300 mW.
The optical path inside the Tsunami is shown in figure 4.7. The green pump beam
from the Millennia is injected into the cavity via mirrors P1 and P2 and pumps the
Ti:sapphire crystal, leading to laser emission (red beam) between the ending mirrors
M1 and M10 . The sequence of prisms Pr1 to Pr4 is used for pulse compression. The
different components of the spectrum are spatially separated, so that the central
wavelength can be selected by a slit, which is variable in vertical direction and connected to a micrometer caliper. The amount of glass from the prisms which is in the
beam, can be changed by a second micrometer caliper. In this way, the pulse compression can be optimized and correspondingly the pulse length minimized. Thereby
Pr2 and Pr3 move vertically up or down. When the output wavelength is modified,
the cavity has to be adjusted, to achieve the shortest pulses. In first order, slit and
prisms have to be moved at the same rate, i.e. the micrometer calipers have to be
turned by the same amount. To optimize output power, mirrors M1 and M10 can be
3

Regenerative amplifier: An optical amplifier with a cavity in which pulses do a certain number
of round trips
4
Lithium triborate (LiB3 O5 )
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Figure 4.7: Sketch of the optical path inside the Tsunami and the regulator circuit
for modulating the AOM.

adjusted from outside the laser. The AOM (acousto-optical-modulator) is used to
achieve modelocking rather than cw-mode by assisting the constructive interference
generating ultra short pulses (section 3.7) at a certain position. The AOM basically switches the quality factor of the cavity (“Q-switching”) between high losses
(meaning no laser activity) and almost no losses (laser activity) per roundtrip. It is
controlled by an electronic device, obtaining the optimum frequency from a photo
diode, which detects the pulses going around in the cavity. In this manner, changes
of e.g. the cavity length can be detected and the AOM frequency adjusted. After
establishing modelocking, the AOM can be turned off.

4.4.3 Evolution X
The Evolution X serves as pump laser for the Spitfire. The laser medium is Nd:LiYF4 ,
which is pumped by four arrays of AlGaAs laser diodes. By means of Q-switching
using an AOM, pulses of 50 ns to 150 ns and a maximum pulse energy of 10 mJ at a
repetition rate of 1 kHz are generated [276]. The fundamental at 1053 nm is intracavity frequency doubled by a LBO to 527 nm (green), with a maximum power of
10 W. For the experiments carried out an output power between 6.4 W and 6.8 W
was used.
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4.4.4 Spitfire
The ultra-short pulses, coming from the Tsunami, are amplified within the Spitfire
by chirped pulse amplification [277]: A femtosecond pulse is stretched in time by
taking advantage of its high spectral width, which yields a chirped pulse. In the next
step, the energy per pulse is increased by linear amplification. At last, the pulse
is compressed again. The stretching in time (here done by means of a grating) is
necessary, since the high field strength of a femtosecond pulse can damage the gain
medium, which is in this case a Ti:sapphire crystal. The compressor mainly consists
of a second grating, which basically reverses the stretching caused by the first one.
The optimum distance between compressor grating and a mirror assembly, sitting
on a slide, can be adjusted from outside by a stepping motor.
Special care has to be taken of the fact that the Tsunami can accidentally switch
from fs-operation to cw-mode. In this case, the spectral width is very narrow and
the grating is not able to stretch the beam in time, so that the intensity inside the
Ti:sapphire-crystal can exceed its damage threshold. To virtually prevent damage,
two photo diodes, separated by a few centimeters, observe the first order of diffraction coming from the stretcher grating. In case the spectrum is not wide enough,
one of them or both do not record light and prevent the beam from further propagating into the amplification cavity by changing the polarization of the beam, using
a Pockels5 cell. Obviously, their signals and subsequent triggered processes cannot
exceed the speed of light, so even in case the diodes recognize the problem, there
is still a limited exposure time of the crystal to the beam (which might cause some
damage), but it is kept as short as possible.
After leaving the Spitfire, the beam has a diameter of 7 mm, a central wavelength
of 800 nm (infrared), corresponding to a photon energy of 1.55 eV. It is horizontally
linear polarized and the pulse duration is around 70 fs. The average power is in the
regime of 600 − 700 mW at a repetition rate of 1 kHz. Compared to the average
power of the Tsunami, this does not seem very impressive. However, taking into account the repetition rate giving the energy per pulse, the Spitfire yields 0.6 − 0.7 mJ
per pulse compared to only a few nJ for the Tsunami. For more details (e.g. optical
path inside the Spitfire) see [145, 278].

4.5 Optical Setup
In the presented work, three different pump-probe setups were used. They basically
differ in the wavelength of the beams for pump and probe. In all setups, the infrared
5

The Pockels effect produces birefringence in an optical medium induced by a constant or varying
electric field
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beam passes, after leaving the Spitfire, a type I6 BBO7 (not focused), where second
harmonic generation (SHG) takes place. The resulting vertically polarized light has
a wavelength of 400 nm (blue), corresponding to 3.1 eV photon energy. Changing
the orientation of the BBO with respect to the polarization of the incoming beam,
the infrared power, which is converted to blue light, can be varied. The maximum
blue output power is around 150 mW. In the following, the infrared beam will be
referred to as “red” and the blue beam as “blue”.

4.5.1 Optical Path for Red-Blue
The optical arrangement for the red-blue experiments is shown in figure 4.8. After
SHG, red and blue are separated by a wavelength selective mirror. To obtain a
variable delay between pump and probe pulse, the red beam is directed towards a
retro reflector, which is mounted on a delay stage. The delay stage can be adjusted
using a micrometer caliper with an accuracy of 10 µm.
BBO for SHG

Beam splitter

Red & blue

Beam
combiner

Red
pulse

Retro reflector

¬Delay stage®

Blue
pulse
Retro reflector
to interaction zone

Figure 4.8: Sketch of the optical path for the red-blue experiments.

The delay time, introduced by the stage, is ∆τ = 2d
, if d is the elongated path.
c
The delay stage is arranged in a way that red as well as blue can be used as pump
pulse. Both beams are recombined using a second, wavelength selective mirror. A
lens (f = 500 mm) focuses both beams to the interaction zone with the clusters. By
changing its position, the laser intensity irradiating the clusters can be varied.
6

Type I: Two photons having ordinary polarization with respect to the crystal combine to form
one photon, having double the frequency and extraordinary polarization
7
BBO stands for β-BaB2 O4 (beta barium borate), which is a crystal used in non-linear optics
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The position of zero delay between both pulses is determined “in situ” by using the
pump-probe feature of a cluster with a lifetime much shorter than the time resolution
of our experimental setup. In this case the dependence of the pump-probe signal on
the delay between pump and probe pulse corresponds to the time resolution (115 fs).
The maximum is taken as time zero. In this case Ag3 was taken as reference (see
section 5.2.1).

4.5.2 Optical Path for Blue-Blue
For the extension of our pump-probe experiments to gold clusters, the optical setup
was modified for higher photon energy, because gold clusters have higher detachment
energies than the silver clusters studied before. For this part of the study, a onecolor pump-probe experiment was performed using two blue pulses acting as pump
and probe.
BBO for SHG

l/2

Beam splitter

Retro reflector

Pump
pulse

Pump&probe

¬Delay stage®

Probe pulse

to interaction zone

Figure 4.9: Sketch of the optical path for the one-color blue-blue experiments.

In this case, only a few items are changed compared to the red-blue setup (see
figure 4.9): A Glan-Laser calcite polarizing beam splitter cube is used for splitting
the second harmonic into two beams (the ratio of the outgoing beams depending
on the polarization of the incoming beam). The outgoing beams are perpendicularly polarized with respect to each other and their intensity ratio can be varied by
changing the orientation of the λ/2-wave plate, which turns the polarization of the
incoming beam before the beam splitter. The retro reflector mounted on the delay
stage has a high reflectivity for 400 nm and high transmission for 800 nm. The time
delay between the two pulses can still be changed as described before. Both beams
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are recombined using a second polarizing beam splitter cube. The same lens used
in the previous setup focuses both pulses on the clusters.
For a one-color pump-probe setup, the zero point can be determined outside the
chamber, since the dispersion due to the lens and the window is the same for both
pulses. In this case, the interference pattern of both pulses is observed on a screen
(e.g. a sheet of paper). The zero point is assigned to maximum interference. In
order to let both pulses interfere, the polarization of the beams has to be parallel
(due to the beam splitter, they are polarized perpendicular to each other). This can
be done by means of a third polarizing beam splitter cube, which is oriented 45◦
with respect to the other cubes. This procedure can also provide an upper limit for
the time resolution of the optical setup (270 fs), taking the delay difference between
beginning and ending of the interference pattern while scanning over the zero point.
The lower resolution compared to the red-blue setup can be explained by the fact
that the pulses propagate through more material before interacting with the cluster
beam (especially the used calcite beam splitters with 13.7 mm length), introducing
pulse broadening.

4.5.3 Optical Path for Blue-UV
The third optical setup used in this work (shown in figure 4.10) is a further development of the blue-blue setup to even higher photon energy. After SHG red and blue
are separated by a wavelength selective mirror. The red beam passes a λ/2-wave
plate and enters a second delay stage, where it is recombined with the part of the
blue which is reflected from the beam splitter (see below). The λ/2-wave plate is
used to rotate the polarization of the red beam in such a way, that it is parallel
to the part of the blue beam it is combined with. Similar to the blue-blue setup,
the blue beam passes a λ/2-wave plate after its generation, which is used to rotate
its polarization and determines the ratio between the reflected, vertically polarized
part and the transmitted, horizontally polarized part (called “pump” in figure 4.10).
The pump part passes the retro reflector located on the delay stage which is used
to introduce the time delay between pump and probe. As already mentioned, the
vertically polarized part of the blue beam is combined with the red beam on the
second delay stage, which is used to create spatial as well as temporal overlap within
the UV-BBO. It is also a type I BBO (cut in a different angle than the BBO used
for SHG), optimized for generating the third harmonic with a wavelength of 266 nm
(now referred to as UV), corresponding to 4.66 eV. Blue pump and UV probe are
combined, using the second polarizer, and focused on the interaction zone with the
cluster beam using the 500 mm-lens.
The determination of the zero point is more difficult for the blue-UV experi-
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Figure 4.10: Sketch of the optical path for the two-color blue-UV experiments.

ments. To roughly determine zero delay, the dye BiBuQ8 [279] can be used. BiBuQ
fluoresces if it is irradiated by a UV pulse isotropically and the lifetime of the corresponding state is very long (0.9 ns [280]). If the blue pulse arrives after UV, the
excited state is depopulated by stimulated emission, pointing in propagation direction of the causative blue pulse. This can be observed as a dip in the fluorescence
perpendicular to the laser beam. This was accomplished by inserting a test-tube
containing BiBuQ solved in dioxane9 into the beam path, focusing both pulses using
a 75 mm-lens and monitoring the fluorescence by a spectrometer, depending on the
position of the retro reflector for the pump pulse. This procedure allows only for a
rough estimate of real zero, since the dispersion of tube and solution are different to
the one of the window.
After this procedure time zero can be determined more exactly by monitoring the
pump-probe features of Au3 versus delay time (see fig. 4.11 and 4.12), which has
two long-lived excited states accessible with an excitation energy of 3.1 eV (see figure 4.12). Pump-probe peaks can be observed at around 2.9 eV and 3.9 eV kinetic
energy (see fig. 4.12). The peak at 0.8 eV decreases with increasing delay, since an
electron is excited from this state yielding the peak at 3.9 eV. The peaks centered
at 1.4 eV and 2.2 eV correspond to two-photon processes from the pump pulse. The
intensity of the pump-probe features plotted versus delay time shows a S-like edge
(fig. 4.13). Only if the UV pulse hits the clusters after the blue beam has already
excited them, the maximum of the curve is reached. The center of the slope is assigned to the zero point. The derivative of the fit curve has a Gaussian-like shape
8
9

C48 H66 O2 : 4,4´´´-bis[(2-butyloctyl)oxy]-1,1´:4´,1´´:4´´,1´´´- quaterphenyl
C4 H8 O2

74

4.5 Optical Setup
and its FWHM can be taken as approximation for the time resolution of the setup,
yielding 300 fs. Again the lower time resolution compared to the red-blue setup can
be explained by pulse broadening, caused by more material (especially the beam
splitter cubes) the pulses have to propagate through.
-

Figure 4.11:
TR-PES “waterfall” plot of Au3 using
pump and probe pulses with 3.1 eV and
4.65 eV, respectively. For details refer
to the text.
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Figure 4.12:
Expanded view of the TR-PES spectra
of Au3 , showing the pump-probe peaks
at around 2.9 eV and 3.9 eV.
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Figure 4.13:
Integrated intensity of the pump-probe
peak at around 2.9 eV of Au3 , showing
an S-like edge.
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5 Results and Discussion
5.1 Data Recording and Processing
For the experiments carried out in this work, all cluster anions are synthesized using a PACIS (see section 4.1), where helium with a backing pressure of 20 bar is
used as carrier gas. The trigger signals opening the valve have a duration of around
0.1 ms. The length of the water-cooled (∼ 280 K) extender is varied between 0.16 m
and 0.20 m, and its inner diameter is 4 mm. At the stage of TR-PES, the cluster
temperature is estimated to be roughly room temperature, since the anions spend a
sufficient amount of time inside the water-cooled extender.
The PES-signal is detected with a channeltron and is related to the time of flight
of the photoelectrons after detachment. The signal is accumulated using a time-todigital converter with a time resolution of up to 1 ns. The spectrometer is calibrated
using data of clusters with known spectra. Accordingly, from the time of flight information the kinetic energy of the photoelectrons can be obtained, using a computer
algorithm. Measurement of a single photoelectron spectrum at a given delay usually
takes only a few minutes, depending on the cluster intensity. This short time is quite
remarkable, since a mass selected gas phase ion beam is examined.
To obtain the binding energy spectrum, the kinetic energy has to be subtracted
from the energy of the detaching photon(s), corresponding to equation 3.1. For femtosecond and especially two-color pump-probe experiments, the features observed
in the spectra might originate from different photon energies and multi-photon processes. A peak appearing at a certain binding energy might belong to another state,
having different binding energy. Thus, it is sometimes more appropriate to display
the kinetic energy of the photoelectrons rather than the binding energy. In this
work, both representations are used, depending on the context.
Comparison of the spectra taken at different delays between pump and probe pulse
requires normalization, because mainly cluster intensity but also laser intensity or
measurement time can vary from one measurement to the next. Several normalization procedures can be applied:
• The spectra can be normalized to the total intensity of all photoelectrons. This
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is suitable, if the total detachment cross section is assumed to be constant at
a given probe photon energy. However, no electrons should be “lost” during
a pump-probe series, which can happen by fragmentation, if the fragment
signal is out of reach for the used probe energy or simply if the cross section
for photodetachment changes. Therefore, this procedure was only used for
AuO2 , since in this case all observable features show time-dependent behavior
and therefore normalization to a single peak is misleading.
• Another method is a single peak as normalization reference. In this case,
the peak must be time-independent and often originates from a one-photon
process, since these processes usually show a high cross section. Also two- or
multi-photon processes can be used, but it is required that they originate from
a single pulse only (pump or probe). This method is used for all other clusters.
In this work, the dynamics of bare silver, silver oxide and gold oxide clusters
are studied. Several series of pump-probe photoelectron spectra are recorded. The
pump pulse can excite a fraction of the anions in the mass-selected bunch, whereas
the probe pulse detaches electrons from the same bunch. The photon energy of the
pump-pulse cannot be scanned in the experimental system. Therefore, pump-probe
signals can only be observed for clusters having an available excited state for the
electron excitation using the fixed energies of the respective optical setup.
The photon flux of both pulses is optimized in order to minimize the number of
cluster anions hit by two or more photons from the same pulse, and to maximize the
number of species hit by one single photon from each pulse. The photon flux can
be optimized with the following procedure: Only using the pump pulse the photon
flux is decreased below a certain value, showing onset of electron detachment by
two-photon processes. The same procedure can be applied for the probe pulse. The
photon flux of both, pump and probe pulse, have to be readjusted for different clusters, because the cross sections of the corresponding processes may vary significantly
as a function of cluster size.
The lifetime of an excited state and the relaxation time of a cluster can be different, which is illustrated schematically in figure 5.1. The lifetime is given by an
exponential factor describing the depopulation of the state independent of the decay
channel. The relaxation time is the time the system needs to relax back into the
ground state, corresponding to the vanishing of any time-dependent signal in the
photoelectron spectrum. Relaxation of an excited state usually proceeds via various
steps in a cascade and the lifetime is the first step of such a cascade. Since it is usually hardly possible to distinguish between different decay steps within a cascade on
the basis of photoelectron data alone, only the relaxation time can be determined,
which contains rather limited information about the total dynamics of the system.
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Figure 5.1:
Illustration of the difference between
lifetime and relaxation time. The
Lifetime of state C is the time for
its depopulation, whereas the relaxation time corresponds to the time
needed for the system to relax back
into the ground state G.

Ground
state G

To extract the lifetime/relaxation time associated with a time-dependent peak in
the PES-spectrum, the intensity of the regarded energy range can be plotted versus
time-delay between pump and probe pulse. Assuming an exponential decay, the
time constant can be calculated (see e.g. top trace in fig. 5.23).
First, results on bare silver clusters will be presented, continuing the studies on
relaxation of s/p metal clusters performed on gold in the the group of G. Ganteför,
where long-lived excited states have been discovered (see page 18 and ref. [143, 146]),
in contrast to the fast relaxation of open d-shell metal clusters (see page 17 and ref.
[138–141, 158]). These experiments are carried out using the red-blue optical setup
(section 4.8).
In the next part, photodesorption is studied, starting with experimental data on
Agn O2 , which are obtained using the red-blue setup as well. To extend the studies to
clusters having higher electron affinity (e.g. Aun Om ), the optical setup has first been
modified for one-color pump-probe experiments with blue light (section 4.9). Under
these conditions, Au2 O has been examined. In order to obtain even better insight
into the electronic states and allow for experiments on species with even higher
electron affinity, the optical setup has very recently been modified further to carry
out experiments using blue as pump pulse and the third harmonic (UV) as probe
pulse (see section 4.9). Using this newly developed setup, Ag8 O2 is studied to clarify
the findings on the silver oxide clusters using lower photon energy. Furthermore,
Ag2 O3 turns out to exhibit dynamics which can be observed very clearly with the
new setup. In the last step the investigations are extended to gold oxide clusters.
However, for better comprehensibility this chapter’s context is presented in order of
the type of clusters and physical processes (relaxation, desorption) which are studied
and not classified by the optical setup.
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5.2 Bare Silver Clusters
As discussed in section 2.2.1, different relaxation dynamics have been observed for
small metal clusters, depending on the DOS. Furthermore, a relaxation mechanism
different to bulk materials or large nanoparticles was proposed for nanoclusters,
namely internal conversion induced by a shape deformation following excitation [23].
In the present work, the studies are extended to Agn clusters to check the validity
of the aforementioned ideas.
The pump pulse used for the studies on bare silver clusters has a photon energy
of 1.55 eV and the probe pulse a photon energy of 3.1 eV. The optical setup used for
the measurements on bare silver clusters is the one described in section 4.8. Pumpprobe signals were detected for Agn with n = 3, 7–9, 11, 14, 15, 18, 19 and 21.
For the species Ag3 , Ag7 , Ag18 and Ag19 the pump-probe signals were sufficiently
intense to allow for a more detailed analysis of the dynamics.
For all clusters showing pump-probe signals, the time-dependent signal intensity
has been integrated and plotted versus pump-probe delay, resulting in an estimation
of the relaxation times of the excited states (see figure 5.2 and table 5.1). In most
cases the time-dependent signal decreases, following an exponential law described
by a single time constant. In other cases (n = 7, 18, 19) it is possible to distinguish
between a fast and a slow component. Both values are listed in Table I. However, the
true relaxation behavior might be more complex and the time constants extracted
from the photoelectron spectra can only be taken as crude estimations, describing
the behavior of the excited cluster. Ag3 , Ag7 , Ag18 and Ag19 show a rather unusual
behavior and will be discussed in more detail.

Relaxation Time (fs)

5000

-

4000

Pump 1.55 eV
Probe 3.1 eV

3000

Agn

1000
800
600
400
200
0
2

4

6

8 10 12 14 16 18 20

Number of Atoms n

80

Bulk

Figure 5.2:
Relaxation times (fast comp. only)
versus cluster size. The bulk value
(from ref. [19]) is averaged for
energies between 0.5 eV and 1.5 eV
above EF . If no data is shown, no
pump-probe signal was observed at
the used photon energy. Clusters at
or shortly following the shell closings (with 8, 18 & 20 electrons =
b
7, 17 & 19 atoms) exhibit longer relaxation times.
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Number of
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19
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5
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Table 5.1: Decay times of the pump-probe signals of Agn after excitation by a
1.55 eV photon. The relaxation times have been obtained by integrating the true
pump-probe signal. The intensities decrease with increasing delay and the relaxation
times are determined by a standard exponential fit procedure. If the relaxation time
is equal to the experimental resolution, we cannot determine the relaxation time and
115 fs is given as an upper limit. In some cases a slow and a fast component have been
identified and both values are given. The value for bulk Ag averaged for excitation
energies between 0.5 eV and 1.5 eV above Fermi energy is taken from reference [19].
Unusual long relaxation times are observed at n = 7, 18, 19, 21) (corresponding to
clusters at or shortly following electronic shell closings).

5.2.1 Silver-Trimer Ag3

-

The experimental time-resolution is determined by recording pump-probe spectra of
a short-lived excited state. Figure 5.3 displays a series of pump-probe photoelectron
spectra of Ag3 . The pump-probe signal at a kinetic energy of 2 eV indicates the
existence of an excited state with a lifetime much shorter than the time resolution.
The intensity of this peak plotted versus pump-probe delay (figure 5.4) corresponds
to the crosscorrelation curve and gives the real time-resolution of the apparatus.
The spectra are normalized to the photoelectron peak at a kinetic energy of 0.7 eV
corresponding to photodetachment from Ag3 by one photon of the probe pulse.
The 11 traces represent a scan range of 100 µm of the retroreflector corresponding
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Figure 5.3:
Pump-probe photoelectron spectra of Ag3
proving the time-resolution of the experimental setup. The pump-probe signal exhibits the signature of an excited state with
a lifetime much shorter than the time resolution of the experimental setup. In this
case the dependence of the pump-probe signal on the delay between pump and probe
pulse corresponds to the time resolution.
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Figure 5.4:
Pump-probe intensity of the feature at
2 eV of Ag3 plotted versus time delay.
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to 660 fs. As time resolution the FWHM1 (115 fs) of the pump-probe signal intensity
as a function of the delay fitted by a Gaussian function is taken. The deconvolution
of this curve (multiplication by √12 for Gaussian pulses) yields the pulse duration
(81 fs), assuming equal duration and shape for pump and probe pulse. In addition,
the maximum of this signal was taken as time zero. If the unknown lifetime of the
excited state is not negligible, the time resolution measured in this way gives an
upper limit of the real time resolution.
1

FWHM = Full Width at Half Maximum
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5.2.2 Silver-Heptamer Ag7

-

Figure 5.5 displays a series of pump-probe photoelectron spectra of the magic cluster
Ag7 . The spectra are normalized to the one-photon emission peak (not shown)
caused by the probe photons at Ekin = 0.54 eV corresponding to the known vertical
detachment energy of this cluster, which is 2.56 eV [35]. At zero delay, a maximum
at the expected position of 2.09 eV=3.1 eV+1.55 eV-2.56 eV appears. At long delays
(trace recorded at 25.7 ps) the pump-probe signal vanishes. In between, it exhibits
a rather complex behavior with a change in shape, position, and intensity. The
signal to noise ratio does not allow a profound discussion of shape variations and
the gradual shift of its position. The time-dependent signal was integrated between
1.2 eV and 2.5 eV kinetic energy for each spectrum. Since the observed decrease
in intensity was found to be fast within the first 3 ps and much slower thereafter,
the curve was fitted by two subsequent exponential decay functions. The time
constants for the decays are 3.8 ps and 9.5 ps, respectively. Obviously, the real
relaxation process is rather complex and the description by two decay times is an
approximation.

Normalized Intensity (arb. units)

Figure 5.5:
A series of the pump-probe photoelectron spectra of Ag7 is displayed. The
vertical detachment energy of Ag7 is
2.56 eV and the spectra are normalized to the signal at Ekin = 0.54 eV
(not shown). At zero delay a feature
at Ekin = 2.1 eV appears. With increasing delay this feature exhibits a
rather complex behavior and finally disappears. The decrease in intensity is
best fitted with two subsequent exponential decay functions with a time constant
of 3.8 ps ± 1 ps for delays < 3 ps and
9.5 ps ± 2.5 ps for longer delays.
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5.2.3 Ag18

-

Figure 5.6 displays difference spectra of Ag18 , which have been obtained by subtracting the non-time-dependent photoemission signal, recorded at very long delay,
from the TR-RES spectra at each delay. At a kinetic energy of around 2.2 eV,
a time-dependent peak appears at zero delay, which shifts towards lower kinetic
energy. In the range from 0.9 eV to 1.8 eV, an intense pump-probe signal can be
observed, which makes it difficult to monitor a possible shift of the “main” peak.
The signal at 2.2 eV decreases in intensity and at the same time, the lower kinetic
energy feature increases. For delays longer than 600 fs the overall intensity of the
pump-probe signal decreases. As in the case of Ag7 , the dynamics can be described
approximately by two subsequent exponential decay functions. The main peak in the
region between 1.8 eV and 2.2 eV decays within 400 fs ± 100 fs, whereas the feature
at lower kinetic energy has a longer time constant of 2900 fs ± 1000 fs.
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Figure 5.6:
A series of TR-PES difference spectra of
Ag18 is displayed. The spectra have been
obtained at different pump-probe delays and
displayed after the non-time-dependent photoemission signal had been subtracted. The
peak at around 2.2 eV decreases in intensity
and shifts towards lower kinetic energy. The
broad feature between 0.9 eV and 1.8 eV also
decreases in intensity, but with a lower time
constant.
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5.2.4 Ag19

-

Time-resolved photoelectron difference spectra of Ag19 are displayed in figure 5.7.
At zero delay a peak appears at 1.8 eV, corresponding to the excitation of an electron
of the uppermost occupied orbital of the anion (2s) by a photon of the pump pulse.
With increasing delay the pump-probe feature exhibits a gradual shift towards higher
binding energy developing into a maximum between 1.1 eV and 1.5 eV kinetic energy
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at 1.3 ps. This feature disappears with further increasing delay. Again, the relaxation
can be described by two time constants: The signal in the interval between 1.5 eV
and 2.0 eV decreases with a time constant of 630 fs, while the broad peak between
1.1 eV and 1.5 eV vanishes more slowly with a time constant of 2.7 ps. The blue
arrow at 1.1 eV in figure 5.7 corresponds to the estimated position of the upper edge
of the 1f/2s gap and the red arrow at 1.82 eV indicates the position of the pumpprobe peak, corresponding to an electron excited from the 2s into 1f-orbital. For
details see section 5.2.6.

Ag19-

2s

1f

0 fs
Normalized Intensity (arb. units)

Figure 5.7:
Series of pump-probe photoelectron spectra of Ag19 . Only the time-dependent
part of the photoelectron signal is shown.
The delay-independent signal, which has
been determined by recording a spectrum
at a large delay when no further detectable
changes occur, has been subtracted. At zero
delay a peak appears at the expected position of the pump-probe signal as calculated
from the sum of the photon energies minus
the vertical detachment energy (indicated by
the red arrow: 1.82 eV = 1.55 eV + 3.1 eV −
2.83 eV). The estimated position of the upper edge of the 1f/2s gap is indicated by the
blue arrow at 1.1 eV.
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5.2.5 Agn with n = 8, 9, 11, 14, 15 and 21
-

For the species Agn with n = 8, 9, 11, 14, 15 and 21 the amount of clusters created
by the source was rather limited, thus the intensity of the pump-probe photoelectron
signal was low. Consequently, only the relaxation times have been evaluated since
the signal to noise ratio did not allow for a more detailed analysis. Figures 5.8, 5.9
and 5.10 show the series of TR-PES spectra of these clusters.
Agn (n = 8, 9, 11, 15) exhibit time constants of around 200 fs, whereas for Ag14
the relaxation time was below the time resolution, similar to Ag3 . In contrast, Ag21
has a relaxation time of 420 ± 80 fs, comparable to those of Ag18 and Ag19 .
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Figure 5.8: Series of pump-probe photoelectron spectra of Ag8 and Ag9 . In both
cases, at kinetic energies of around 2.7 eV and 2.0 eV, respectively, a time-dependent
peak can be observed.
-
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Figure 5.9: Series of pump-probe photoelectron spectra of Ag11 , Ag14 and Ag15 .
Again, time-dependent features can be observed. The relaxation times are listed in
table 5.1.
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Figure 5.10:
Series of time-resolved difference spectra of
Ag21 , showing only the time-dependent part.
A broad feature around 1.1 eV kinetic energy
is visible, decaying with a time constant of
420 ± 80 fs and slightly shifting towards lower
kinetic energy.
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5.2.6 Discussion
-

-

None of the Agn studied here exhibit a relaxation time comparable to those of Au3
or Au6 [146]. Auger-like processes and phonon assisted relaxation cannot rationalize
the observed fast relaxation times in the present work because of the large energy
gaps between electronic levels of these small clusters. Thus, as a possible decay
mechanism, one should consider the high ability of clusters to deform as a response
to a single electron excitation which might result in a very fast radiationless decay
by internal conversion.
A qualitative understanding of the data on Ag cluster anions can be obtained
within the following concept: Silver clusters are mostly bound by their s-electrons
while the contribution of d-electrons to the chemical bonds is small [34]. s/p-orbitals
form bonds with less preference for certain bond angles or geometries compared
to d-orbitals. Therefore, electronic excitations might easily induce a considerable
change in the cluster geometry as indicated by the simplified Clemenger-Nilsson diagram in figure 5.11: A 20-electron metal cluster (e.g., Ag19 ) has the closed shell
configuration 1s2 1p6 1d10 2s2 and a spherical symmetry. After single electron excitation corresponding to the transition of a 2s-electron into the 1f shell, the system
gains binding energy by prolate deformation. Already for medium deformation the
1f- and 2s-sublevels cross and radiationless relaxation is possible.
Originally, this approach has first been used by Kresin et al. [23] to explain the
fast relaxation of the HOMO-LUMO excitation in Al13 , which was observed in our
group [142]. They showed theoretically that nanoclusters can support a fast non-
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Figure 5.11: Simplified Clemenger-Nilsson diagram (modified from [33]) of the
electronic shells in clusters of simple metals. Each curve corresponds to a nondegenerate single particle orbital in a deformed spherical potential. The binding energy depends on the degree of structural deformation. For simplification, only prolate
and oblate deformations are considered and some sublevels have been omitted. At
spherical symmetry the deformation parameter is zero and the sublevels are degenerate. The stars indicate the positions of the 2, 7, 8, 20, 40 and 58 electron clusters
(labeled on the right hand side). The configuration of a 20 electron cluster (e.g.,
Ag19 ) is 1s2 1p6 1d10 2s2 and the lowest possible excitation corresponds to a 2s → 1f
transition. Analogous, a 40 electron cluster (e.g., Al13 ) undergoes a 2p → 1g excitation. For both cases possible radiationless relaxation pathways are indicated by
arrows.

radiative relaxation channel which derives from their distinctive ability to undergo
Jahn-Teller shape deformations. The calculations were done for a three-dimensional
potential well undergoing a spheroidal distortion and the time evolution of the distortion parameter is calculated. The basic concept of these calculations, internal
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conversion via a conical intersection, is illustrated in figure 5.11 and possible relaxation pathways are indicated by arrows.
In the case of gold clusters, the geometric structure is strongly influenced by the
d-electrons and the large spin-orbit interactions [64]. For these reasons Aun up to
n ∼ 11 are planar [61]. Here, an electronic excitation might yield a weaker geometric
change and the mechanism of internal conversion is not valid because of too rigid
geometric structures. This explains the extremely long lifetimes of excited states
found in some Aun .
The picture of purely s/p-bonded flexible clusters, which undergo considerable
geometrical changes after electronic excitations, explains the short relaxation times
for Agn (figure 5.2 and table 5.1). Among the species studied here, Ag3 shows a
very fast relaxation of the excited state. This can also be understood in terms of
a fast shape deformation. The ground state Ag3 is linear, while the neutral and
positively charged trimers are triangular. An excited state of Ag3 might also be
triangular, so that photoexcitation of the linear trimer anion might trigger a fast
geometry change, during which the system passes through a crossing point with the
ground state potential surface, resulting in radiationless relaxation. In the already
mentioned NeNePo study of the trimer a slower dynamical response time (700 fs)
was observed [149]. The time scale depends on the local gradient of the potential
energy surface of the final state and might be different for different processes and
different excitation energies in the same system.
-

Ag7 is the only exception of the general behavior with a lifetime of about an order
of magnitude longer than those of all other Agn . It has the largest HOMO-LUMO
gap among the clusters studied here [30, 31, 33, 35], which might explain the longer
relaxation time. However, it is important to note that Al13 has a gap of similar size
but exhibits an extremely short relaxation time [142]. Hence, a large gap alone does
not explain the data on Ag7 . Based on the simplified Clemenger-Nilsson diagram in
figure 5.11, the longer lifetime of the excited state in Ag7 compared to Al13 can be
justified as follows: In the case of the 8-electron cluster, a much larger geometrical
deformation is necessary than for a cluster with 40 electrons (Al13 ) to approach a
crossing point. The series of photoelectron spectra (figure 5.5) show that the excited
-*
Ag7 immediately starts to change its geometry resulting in a fast initial shift of
the excited state towards lower kinetic energy. It then needs a relatively long time
for further deformation before the cluster finally approaches a crossing point and
the peak in figure 5.5 disappears. Thus, the longer time scale of relaxation observed
for Ag7 (figure 5.5) can be related to the large deformation necessary for a crossing
of the 1d- and 1p-sublevels in figure 5.11 as well as the large HOMO-LUMO gap.
The finding of a significantly enhanced relaxation time of the 8 electron Ag7 agrees
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well with the results on neutral Ag8 mentioned above, indicating the existence of a
long-lived excited state for this magic cluster [154, 156, 157].
-

For most of the Agn , relaxation after photoexcitation might proceed via a combination of various mechanisms involving Auger-like processes, relaxation via vibrational modes, and internal conversion. The relaxation times become longer by about
a factor of two for clusters with more than 18 valence electrons (figure 5.2 and table
5.1). The larger clusters – especially around the shell closings at 18 and 20 electrons
– might have a stronger preference for a spherical geometry and an excitation involving the 2s-orbital might induce only a small change of the cluster geometry. This
could explain the slower relaxations of theses clusters, i.e., although relaxations via
other mechanisms might be enhanced due to the higher density of states, ultrafast relaxation might be slower for the larger clusters in the size regime between n = 18–21.
-

For Ag19 , the signal to noise ratio is sufficiently high to analyze the structures
observed in the time resolved photoelectron data (figure 5.7). The maximum of the
pump probe signal shifts gradually from 1.8 eV in kinetic energy to about 1.2 eV and
then disappears. Again, this behavior can be explained by a structural deformation
of the cluster after photoexcitation with a final radiationless internal conversion back
to the ground state.
However, if we assume a rigid geometric structure of this cluster, an alternative interpretation of the spectra is possible, which is illustrated in figure 5.12: The excited
electron first moves within the manifold of levels of the electronic shell above the
2s-level (= the 1f-orbital containing seven suborbitals) similar to the relaxation of
an excited electron in the conduction band of a semiconductor, and then approaches
the lowest edge of the 1f manifold of states above the 2s-1f gap. The broad maximum
visible in the spectrum taken at 1.3 ps delay is located right above this gap between
the 2s-shell and the 1f manifold of states. The size of this gap can be estimated by a
careful analysis of photoelectron spectra of Agn taken at higher photon energy [35].
Such relaxation via electron-phonon-like interactions is possible, if the level spacing
is comparable to the typical energy of the vibrational modes.
-

In case of Ag18 , the peak at 2.2 eV can be assigned to an excitation from the
2s-orbital into the unoccupied 1f-orbital (as for Ag19 ). Again, a peak shift can be
observed, but the 1f-2s gap is not clearly visible in the TR-PES spectra due to the
intense pump-probe signal already existing at zero delay. This can be explained
by excitation of an electron from the deeper lying 1d-orbitals into the 1f-orbital,
corresponding to the broad feature from 0.9 eV to 1.8 eV (compare figure 3.3(a)).
Another possibility might be “switching” to another isomer2 (having a different elec2

Isomer refers here to a different, metastable structure rather than a temporarily from the original
shape deformed cluster
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Figure 5.12: Relaxation scheme of Ag19 . After excitation (red arrow), the excited electron relaxes down to the lowest edge of the 1f manifold of states (yellow
arrow, τ ∼ 630 fs). Eventually, it relaxes back into the ground state (green arrow,
τ ∼ 2.7 ps).

tronic structure) with the pump-pulse, though this is not very likely, considering
the fact that already at zero delay both features are visible. The observed dynamics
could be rationalized similarly to the clusters aforementioned within the picture of
internal conversion, induced by laser excitation which might cause a shape deformation of the cluster.
Similar to Ag19 , the relaxation dynamics might also proceed via a radiationless
decay known from semiconductors, as already illustrated for Ag19 in figure 5.12.
However, for Ag18 the possible 2s-1f gap is not clearly visible as explained before,
which favors the model of internal conversion by shape deformation.
According to the considerations mentioned above, internal conversion can be proposed as the dominant relaxation channel of excited states in metal clusters with
low density of electronic states and a fluxional geometry. The deformation of a
cluster induced by photoexcitation of a single electron can be visualized using the
Nilsson diagram. The simplified Nilsson diagram displayed in figure 5.11 shows that
already a small change in geometry of a 40-electron cluster results in closure of the
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1g-2p gap [23]. Thus, most likely the deformation leads to internal conversion via a
conical intersection, during which the excess energy is converted to “heat”. In figure
5.11 one possible relaxation path of an excited state of Al13 is indicated by arrows.
However, one should note that the Nilsson diagram is a crude approximation. In a
more accurate description, both the ground state and the excited state of a cluster
have to be described by potential energy surfaces in a multidimensional space.

5.3 Silver Oxide Clusters
In contrast to the studies on bare silver clusters, a second valve introduces O2 into
the extender, resulting in the effective generation of Agn O2 . In earlier studies, oxygen was found to be mostly molecularly chemisorbed to even-numbered silver cluster
anions [8, 92]. Not only even-numbered but also odd-numbered clusters can react
with atomic oxygen, but for the odd numbered species, dissociative chemisorption
might be more likely.
In these experiments, again the optical setup described in section 4.8 was used.
However, the order of pump and probe was reversed compared to the measurements
on bare silver clusters. Consequently, pump and probe have a photon energy of
3.1 eV and 1.55 eV, respectively. This change was done for the following reasons:
In case of Agn O2 , photons of 3.1 eV are appropriate for photoexcitation, whereas
1.55 eV photons do not lead to an excited state. Although the probe energy of
1.55 eV is rather low, it has one crucial advantage: There are practically no twophoton processes even at high photon flux. The Agn O2 clusters have an excited
state using 3.1 eV pump pulses and two-photon processes are rather likely at this
photon energy. At slightly increased photon flux, electrons from such two-photon
processes conceal the weak pump-probe signal. Thus, in a 3.1 eV/3.1 eV pumpprobe experiment both pulses need to have a minimum photon flux resulting in an
extremely weak pump-probe signal. With the intense 1.55 eV probe pulse, excited
states and systems with low electron affinities are easily detected. Therefore, this
arrangement using intense but low photon energy probe pulses is especially suitable to study the time evolution of the excited states. The time resolution of the
setup is the same as for the measurements on bare silver clusters (better than 115 fs).
-

As already described in section 2.1.3, Agn clusters readily react with O2 molecules,
showing an even-odd alternation in reactivity, with almost all of the even numbered
clusters reacting with O2 , whereas the odd numbered clusters are inert. If atomic
oxygen is provided in the cluster source, all Agn react, resulting in formation of
clusters with various numbers of Ag and O atoms in a cluster. Depending on the
conditions in the cluster source, for a small fraction of the Ag2 O2 , dissociative
chemisorption was detected in a recent study [92]. In the current work, the dynam-
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ics of the species with molecularly adsorbed oxygen were examined.
Before discussing the time-resolved photoelectron spectra, it might be helpful to
have a closer look at the ground state electronic structures of Agn and Agn O2 clusters. Figure 5.13 compares standard photoelectron spectra of Agn and Agn O2 with
n = 2, 3, 4 and 8 [8, 267]. Adsorption of O2 results in an increase of the electron
affinity by about 0.5 eV −1.3 eV. Note that detachment with 1.55 eV photons is possible only for Ag2 . The electronic structure is different for each cluster, especially
in case of the reacted clusters. It seems unlikely that these clusters have excited
states with similar properties (energy, lifetime, Franck-Condon profile).

-
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Figure 5.13: Standard photoelectron spectra of bare Agn and reacted Agn O2 , measured with a Nd:YAG-Laser (4.66 eV photon energy) [8, 267]. The spectrum of
Ag3 O2 was taken with the UV-pulse (4.65 eV) of the fs-Laser (see section 4.10) and
this species has been generated by reaction with atomic oxygen. O2 chemisorption
results in an increase of the electron emission threshold by about 1 eV. The spectra
agree well with earlier results [30, 35]. For all species except Ag2 , the emission
threshold is beyond the probe photon energy of 1.55 eV.

Using TR-PES, the evolution of the clusters after absorption of 3.1 eV photons
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was studied. The time evolution of the system is monitored by recording photoelectron spectra with the 1.55 eV probe pulse and only the species with sufficiently low
electron affinities can be observed using low photon energy. These are the transient
excited states of the Agn O2 clusters and the potential negatively charged photofragments O (EA3 = 1.461 eV [281]), Ag (EA = 1.304 eV [282]), O2 (EA = 0.45 eV
[283]) and Ag2 (VDE = 1.06 eV [30]). For species with an electron affinity lower
than 3.1 eV the pump pulse contributes to the electron signal by photodetachment,
which is independent of the pump-probe delay. Therefore, the time-independent
part is subtracted from each spectrum, as well as some time-independent features
from undesired multi-photon processes.
-

-

-

In this section, first Ag2 O2 will be discussed in detail. Next, Ag4 O2 and Ag8 O2
will be addressed since similar features are observed as in case of Ag2 O2 . Additionally, results from blue-UV measurements on Ag8 O2 are depicted. Then, data on
Ag3 O2 is shown, exhibiting different behavior. The last part of this section deals
with Ag2 O3 , exhibiting an intense excited state signal using the blue-UV setup.

5.3.1 Ag2 O2

-

-

Figure 5.14 displays the ground state photoelectron spectra of Ag2 O2 and Ag2
recorded using a standard Nd:YAG laser with a photon energy of 4.66 eV [267]. For
Ag2 O2 , the threshold for electron emission is at a binding energy of about 2.2 eV,
and the VDE is about 2.7 eV, corresponding to the maximum of the electronic transition at the lowest binding energy. The spectrum exhibits a pronounced vibrational
fine structure (red arrows) assigned to the O-O stretching vibration (170 meV). The
VDE of Ag2 is much lower than that of Ag2 O2 (yellow arrow) [30].
-

Figure 5.15 demonstrates time-resolved photoelectron spectra of Ag2 O2 recorded
using the femtosecond laser system. The upper trace shows a spectrum recorded
exclusively using a 3.1 eV laser pulse. In this spectrum, two different features can be
observed: A weak peak at a kinetic energy of 2.8 eV (marked A in figure 5.15) and
an intense maximum centered around a kinetic energy of about 0.35 eV(marked C).
Feature C can be assigned to direct photoemission from Ag2 O2 and corresponds to
the maximum visible in figure 5.14 (lower trace) between 2.4 eV and 3.1 eV binding
energy. The peak at a kinetic energy of 2.8 eV (marked A) should be caused by a twophoton process. A simple two-photon process corresponding to direct photoemission
would result in a peak at a kinetic energy of 0.35 eV +3.1 eV = 3.45 eV, which differs
significantly from peak A’s position. Thus, feature A must be due to two-photon
excitation of electrons with higher binding energies than those giving rise to the
appearance of C. The standard spectrum of Ag2 O2 (figure 5.14) shows a second,
3

the electron affinities (EA) given in the text are the ones of the corresponding neutrals
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Photoelectron spectra of Ag2 and
Ag2 O2 recorded using a standard
Nd:YAG laser with a photon energy of
4.66 eV [267]. The energy resolution
is roughly 50 meV and varies with the
binding energy. The temperature of
the anions prior to detachment is about
room temperature. The pronounced vibrational structure (red arrows) in the
spectrum of Ag2 O2 indicates molecular
chemisorption of oxygen.
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more intense peak at higher binding energy range (3.4 eV - 4 eV). According to
Koopman’s theorem, excitation with a photon of 3.1 eV from this state would result
in a bound state with low binding energy (0.3 eV, see horizontal green bar in lower
trace of figure 5.14). A second photon from the 3.1 eV pulse detaches this electron
with a kinetic energy (Ekin ) of 3.1 eV − 0.3 eV = 2.8 eV. Some excess energy Evib
remains in the neutral Ag2 O2 , which can be estimated to
Evib = 2hν − EA(Ag2 O2 − ) − Ekin .

(5.1)

-

The EA of Ag2 O2 is unknown, but the threshold energy in the photoelectron spectrum of Ag2 O2 (figure 5.14, lower trace) gives an upper limit of the EA:
EA(Ag2 O2 − ) < 2.2 eV.

(5.2)

Thus, the excess energy Evib in the remaining neutral Ag2 O2 is at least
Evib > 2 · 3.1 eV − 2.2 eV − 2.8 eV = 1.2 eV.

(5.3)
-

The appearance of feature A indicates the existence of an excited state of Ag2 O2
with an electron binding energy of roughly 0.3 eV, which is optically accessible by
photons of 3.1 eV. Note that the spectrum (upper trace of figure 5.15) is generated
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Figure 5.15:
Photoelectron spectra of Ag2 O2 using
a single femtosecond pulse with a photon energy of 3.1 eV (upper trace), two
femtosecond pulses with 3.1 eV and
1.55 eV photon energies, respectively,
at zero delay (middle trace) and at
7300 fs delay (lower trace). Marked
features are discussed in the text. No
electron signal is observed with the
1.55 eV laser pulse only.

Normalized Intensity (arb. units)

5 Results and Discussion

C

A
3.1 eV
only

x 20

B
Zero Delay

c’ Vibr.
Long Delay
1
2
3
Kinetic Energy (eV)

using the pump pulse only and is superimposed to all spectra obtained using both
femtosecond laser pulses.
If Ag2 O2 is irradiated using both femtosecond pulses with photon energies of
3.1 eV and 1.55 eV, respectively, a new feature at a kinetic energy of about 1.25 eV
appears (figure 5.15: Middle trace, marked B). This feature can be explained by
assuming the existence of an excited state of Ag2 O2 with an electron affinity of
about 0.3 eV (1.25 eV = 1.55 eV − 0.3 eV). The state is populated by the pump
pulse (3.1 eV), and the large intensity of this two-photon feature is indicative of
a large cross section for this excitation. The red arrows mark features of the fine
structures assigned to excitation of the O2 stretching vibrations, having a vibrational
frequency of 170 ± 40 meV.
With increasing pump-probe delay, feature B disappears and a photoelectron spectrum resembling the one obtained using only the pump pulse is observed (figure 5.15,
lower trace) with a weak shoulder appearing on the high kinetic energy side of feature C (marked c’).
The changes in the pump-probe spectra as a function of delay time become more
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Figure 5.16:
Delay-dependent part of the timeresolved photoelectron spectra of
Ag2 O2 .
Pump and probe photon
energies are 3.1 eV and 1.55 eV, respectively, with the 3.1 eV pulse being
first. The pump-probe delay is given in
femtoseconds. The delay-independent
photoelectron signal (upper trace in
figure 5.15) has been subtracted for
each spectrum. The marked features
correspond to the ones in figure 5.15.
Feature B (red) is assigned to an
excited state of Ag2 O2 and peak c’
(yellow) is tentatively assigned to the
peak at 1.1 eV binding energy in the
spectrum of Ag2 (figure 5.14, upper
trace). The arrows are assigned to the
O2 stretching vibration.
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pronounced in the difference spectra, in which the delay-independent electron signal (figure 5.15, upper trace) is subtracted (figure 5.16). Assuming an exponential
decay of the optically excited state, it can be observed that feature B, assigned to
the detachment from the excited state of Ag2 O2 , disappears with a time constant
of < 100 fs, which is less than the time resolution of the experimental setup. In
the difference spectra, shoulder c’, observed in figure 5.15 (lower trace), appears
as a peak at 0.5 eV kinetic energy. Peak B decreases in intensity with increasing
time interval between the pulses, whereas peak c’ grows concomitantly. Since the
probe photon energy is 1.55 eV, the binding energy of these electrons corresponds
to 1.55 eV − 0.5 eV = 1.05 eV. Within the experimental error of ±0.1 eV, this coincides with the VDE of Ag2 . Hence, peak c’ in figure 5.16 is tentatively assigned to
photofragmentation, yielding pure Ag2 :
-

- *

-

Ag2 O2 + hν3.1 eV −→ (Ag2 O2 ) −→ Ag2 + O2
For the assignment of peak c’ to this photofragmentation process, the following
uncertainties should be taken into account:
-

(i) Identification of Ag2 as photofragment is based on the peak position of feature
c’, which became clearly visible only after some treatment of the raw data in
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the difference spectra. Shape and exact position of the peak change within a
certain range, depending on the subtraction parameters.
(ii) Multi-photon processes contributing to the signal cannot be excluded. Other
reaction pathways involving different neutral or charged photofragments and
two or even three photons might yield a similar peak in the photoelectron
spectrum. Although the power of each laser pulse was kept as low as possible,
such processes cannot be completely ruled out.
Although these issues should be considered, the process of photodesorption of neutral
O2 seems to be reasonable and similar to the known photodesorption process of CO
from Au2 [163]. The latter is a thermally activated process, in which the energy of
the pump photon is first thermalized and then CO desorbs from the hot anion:
-

- *

-

-

Au2 (CO) + hν1.5 eV −→ (Au2 (CO) ) −→ (Au2 (CO) )hot −→ Au2 + CO
-

-

In contrast to Au2 (CO) , the data on Ag2 O2 are more suggestive of a direct photodesorption process due to the following reason:
In case of thermally activated processes each photoelectron spectrum of the TR-PES
series corresponds to the superposition of parent and fragment spectra. With increasing delay, the parent spectrum decreases in intensity and the fragment spectrum
increases. In case of a direct process, the time-dependent change of the electronic
structure is reflected in gradually changing shapes and positions of the photoemission features. Figure 5.17 displays the time development of feature c’ exclusively (the

c’
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Figure 5.17:
Time evolution of the shape of feature c’ as extracted from the data displayed in figure 5.16.
Feature B observed in the lowest trace of figure 5.16 is subtracted from each spectrum displayed in figure 5.16. The residual signal is
dominated by feature c’. The procedure reveals
a delay-dependent change in the shape of this
peak.

5.3 Silver Oxide Clusters
contribution of excited state B to the spectrum has been subtracted). A change in
the shape of feature c’ is visible with increasing delay time, whereas only the increase
of the peak intensity without a change of peak shape is expected for a thermally
activated process in an ensemble of clusters.
The direct process occurs within a time scale comparable to the instrumental
time resolution and it was hardly possible to observe details in the changing of
the electronic structure taking place with the O2 desorption. The primary goal of
monitoring the breaking of the chemical bond and the subsequent reorganization
of the electronic structure is not yet fully reached. Summarizing the main results
demonstrated so far
-

(i) Unambiguously an optically accessible excited state of Ag2 O2 is identified.
The optically allowed transition has a large cross section which is evident
through the unusual high intensity of pump-probe feature B (figure 5.15).
(ii) The excited state decays most likely by direct photofragmentation via the
- *
process Ag2 O2 + hν3.1 eV −→ (Ag2 O2 ) −→ Ag2 + O2 .
This is in contrast to bulk surfaces where direct photofragmentation competes with
efficient thermalization. Accordingly, the use of clusters instead of bulk surfaces
might enhance the efficiency of photochemistry drastically.
In the next paragraph, the results will be compared to the NeNePo studies of
Socaciu-Siebert et al. on the same cluster anion [165]. The NeNePo data were
suggested to be based on a one-photon pump process:
-

Ag2 O2 + hν3.05 eV −→ Ag2 O2 + e− .
The neutral Ag2 O2 is unbound and the O2 molecule leaves the Ag2 in a unimolecular
decay process:
*

Ag2 O2 −→ Ag2 + O2 .
The neutral Ag2 might be vibrationally excited (indicated by the asterisk). The
*
probe laser pulse then ionizes the neutral Ag2 in a multi-photon process. The in+
tensity of Ag2 is recorded with respect to the pump-probe delay. The ion signal
varies periodically as a function of time delay between pump and probe pulse and the
*
frequency is assigned to the Ag2 stretching vibration. This vibrational frequency
is red shifted compared to the one of the NeNePo signal of bare Ag2 . The authors
interpret this behaviour as a vibrational excitation with an excess energy of 0.7 eV
in the neutral Ag2 after desorption of an O2 molecule.
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The NeNePo data agree with the TR-PES spectra, assuming that the pump pulse
detaches the electron from Ag2 O2 in a two-photon process via the excited state of
the anion. In TR-PES this two-photon process gives rise to feature A in figure 5.15.
The kinetic energy of the detached electron is 2.8 eV, and the electron affinity of
Ag2 O2 is below 2.2 eV (threshold of the lower trace in figure 5.14). The energy
balance leaves an excess energy of 1.2 eV in the neutral Ag2 O2 as calculated above
(1.2 eV = 2 · 3.10 eV − 2.8 eV − 2.2 eV). The O2 desorption requires some energy so
that an excess energy of 0.5 eV − 0.8 eV may remain in the neutral Ag2 , explaining
the red shift in the NeNePo data.
Thus, based on the TR-PES data, the first step of the NeNePo data might be
reassigned to two-photon detachment of the pump pulse via the excited state of
the Ag2 O2 anion. This specific two-photon process leaves an excess energy in the
neutral Ag2 O2 and this energy probably causes the O2 desorption.
In the TR-PES experiment, the excited state is populated by a one-photon process and its decay is recorded using the probe pulse. The (undesired) two-photon
pump process leads to the appearance of an additional weak feature (A) in the photoelectron spectra. The direct photodetachment of Ag2 O2 can be viewed as a third
competing process, leaving almost no excess energy in the neutral Ag2 O2 (figure
5.15, feature C). It is not possible to observe the further fate of this relatively “cold”
neutral Ag2 O2 . Summarizing, there are three processes corresponding to the three
features A, B and C in figure 5.15:
• Process I, feature C: One-photon detachment
-

-

Ag2 O2 + 1 · hνpump −→ (Ag2 O2 )cold + e0.35 eV
• Process II, feature B: One-photon excitation of the anion and subsequent desorption
-

- *

-

Ag2 O2 + 1 · hνpump −→ (Ag2 O2 ) −→ Ag2 + O2
• Process III, Feature A: Two-photon detachment
-

-

Ag2 O2 + 2 · hνpump −→ (Ag2 O2 )hot + e2.8 eV
(Ag2 O2 )hot −→ (Ag2 )hot + O2
With TR-PES, process II was studied, while in the previous NeNePo experiment
most likely process III was detected. The observation of hot neutral Ag2 is a consequence of the existence of the excited state of Ag2 O2 . A one-photon pump-process in
case of the NeNePo experiment can be excluded, because there is not enough energy
left in the neutral to explain the red shift of the vibrational frequency. The electron
from single photon detachment has a kinetic energy of about 0.35 eV (feature C in
figure 5.15) and the residual energy for Ag2 O2 is negligibly small.
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-

5.3.2 Ag4 O2 and Ag8 O2

-

-

Figure 5.18 displays time-resolved photoelectron spectra of Ag4 O2 and Ag8 O2 (in
case of Ag6 O2 , the cluster intensity was low and no pump-probe signal was detected). Similar to Ag2 O2 , in both cases broad peaks with vibrational fine structures (marked by arrows) are observed, with their intensity decreasing exponentially
with time. These peaks are assigned to excited states of the anions Ag2 O2 (see also
above), Ag4 O2 and Ag8 O2 with lifetimes of < 100 fs, 400 fs ± 50 fs and < 100 fs,
respectively. For Ag8 O2 , only upper limits of the lifetimes can be given due to the
limited time resolution of the experiment. The vibrational frequencies are determined to be 320 meV ± 40 meV and 240 meV ± 50 meV, respectively. Interestingly,
the spectra of Ag4 O2 and Ag8 O2 are similar to those of Ag2 O2 . Although the
products of the assumed desorption process (Ag4 and Ag8 ) cannot be observed
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Figure 5.18: Time-resolved photoelectron spectra of the even-numbered Agn O2 clusters with n = 4 and 8. The anions are excited with a 3.1 eV photon and the spectra
are recorded using 1.55 eV photon energy. The broad feature at zero delay is assigned
to photodetachment from an excited state of the anions, which exponentially decays
with a short lifetime (400 fs ± 50 fs for n = 4 and < 100 fs for n = 8). The arrows
mark finestructures assigned to excitation of the O2 stretching vibration.
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due to their high electron affinities with a probe energy of 1.55 eV, the similarity
of the peak shapes, peak positions and time evolution suggest that the underlying
mechanisms of these three clusters should be analogous (using higher probe energy,
it is possible to identify Ag8 as fragment after photoexcitation of Ag8 O2 , see below). The observed broad maxima are tentatively assigned to excited states, which
are localized close to the chemisorbed O2 molecule and have antibonding character,
resulting in fast and direct desorption. The states are suggested to be localized
because the electronic structure of the entire cluster varies strongly with increasing
number of Ag atoms, yet the excited state changes only slightly.
In photoelectron spectroscopy, vibrational fine structure most likely corresponds to
the structure of the final state of the photoionization, which is the neutral species in
this case. For neutral Ag2 O2 , the binding energy of the O2 molecule is predicted to be
low, and a vibrational frequency close to the value of free O2 is expected (195 meV),
in line with the observation (170 meV ± 40 meV). For Ag4 O2 and Ag8 O2 , vibrational
frequencies (300 meV and 240 meV, respectively) are larger, and thus comparable
+
or even higher than the one of the positive ion O2 [284]. This result can partially
be explained by charge transfer to the metal cluster. However, one should note
that after this two-step photodetachment process involving two photons, the neutral Agn O2 cluster may not necessarily be in the electronic ground state, and excited
states of neutral O2 with vibrational frequencies as high as 370 meV were already
observed [284]. A detailed assignment is difficult at the present state of knowledge.
However, in all three cases the vibrational fine structure can only be assigned to the
O2 stretching vibration. The broad Franck-Condon profile indicates that the state
is indeed localized close to the oxygen molecule.
Very recently, the optical setup was modified as described in section 4.10 to higher
photon energies, using 3.1 eV as pump and 4.65 eV as probe energy. In contrast to
Ag4 O2 (and Ag3 O2 ), for Ag8 O2 , TR-PES spectra (shown in figure 5.19) could be
obtained, which might be due to a higher cross section of this cluster for the UV
probe pulse. In order to obtain better insight into the dynamics, difference spectra
are plotted in figure 5.20. For easier comparison to spectra obtained by conventional
PES, they are plotted versus binding energy. At zero delay, a peak at a binding energy of 0.8 eV can be observed, which develops into a broad maximum and shifts
towards higher binding energy. These features are assigned to an excited state. At
the same time, a peak centered at around 1.7 eV (marked A in figure 5.20) develops.
It cannot exactly be observed at which delay this peak starts to appear, since the
signal of the excited state is superimposed and the signal to noise ratio for these
measurements is lower than in case of the red-blue setup, complicating the analysis.
This is caused by the lower intensity of the UV probe pulse, which is due to two nonlinear processes involved (the first is generation of blue light by frequency doubling,
and the second frequency mixing of red and blue) in its generation. Plotting the
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integrated intensity of the broad feature (in the range between 0.4 eV and 1.4 eV)
of each trace versus time-delay, exponential relaxation behavior can be observed
with a time constant of 275 ± 50 fs. The relaxation rate obtained from the blue-UV
data is lower than the one from the blue-red experiment. This can be explained
by the lower signal to noise ratio, making it more difficult to analyze the data, and
the lower time resolution for this optical setup. In case of the blue-UV setup, the
pulses travel through more material, giving rise to pulse broadening. Furthermore,
the kinetic energy of the observed features is higher compared to the blue-red setup,
giving rise to a lower energy resolution (see equation 4.3). Another feature evolves
at a binding energy of roughly 3.0 eV(marked B in figure 5.20). Again, the signal to
noise ratio and the fact that the signal is superimposed by a one-photon signal from
Ag8 O2 make the analysis more difficult.
The energetic position of both evolving peaks (A and B in figure 5.20) match the two
features with lowest binding energy of bare Ag8 (figure 5.13) within the experimental resolution, indicating fragmentation. Another fact supporting this interpretation
is the development of the initially excited state into a broad maximum, which indicates a change in the geometric structure. From the appearance of feature B at
3.0 eV it can be concluded that the signal around 1.7 eV results from bare Ag8 for
delays longer than 600 fs. Both fragment peaks are detectable almost immediately
after decay of the excited state, suggesting a fast and direct process. For thermal
desorption, a longer timescale would be expected, since Ag8 O2 has more degrees of
freedom than e.g. Pt2 N2 , which shows thermal desorption on a timescale of tens of
picoseconds [164]. However, the time constant depends on the ratio between excitation and dissociation energy. In case of Pt2 (N)2 , an excitation energy of 1.5 eV was
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Figure 5.20: Time-resolved difference spectra of Ag8 O2 . A spectrum taken at
negative delay has been subtracted. The left series shows the binding energy range
between 0.35 eV and 3.3 eV, while the right series shows an expanded view of the
region near the excited state. At a binding energy centered at 0.8 eV and ranging
from 0.5 eV to 1.1 eV, an excited state can be observed at zero delay. With increasing
delay, this peak evolves into a broad maximum and shifts towards higher binding
energy. Concomitantly, a peak at a binding energy of around 1.7 eV evolves, marked
A. Another feature develops at a binding energy of roughly 3.0 eV, marked B.
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used whereas a pump energy of 3.1 eV is applied here, reducing the expected time.
Unfortunately, an estimate cannot be performed since no data on the dissociation
energy is available in literature to the best knowledge of the author. Nevertheless, a
change in shape can be seen for the fragment peaks, which support an interpretation
in favor of direct rather than thermal desorption.
-

For Ag2 O2 the excited state decays by direct photodesorption indicating an antibonding character with respect to the O2 -Ag bond, and the blue-UV data on
Ag8 O2 also suggests direct photofragmentation. Since all even-numbered clusters
studied here exhibit excited states with similar energetic positions and vibrational
fine structures, it seems likely that direct O2 desorption also takes place in Ag4 O2 .

5.3.3 Ag3 O2

-

In the case of Ag3 O2 theoretical studies predict for the geometrical structure a linear
Ag3 subunit with molecularly bound O2 [96, 285]. It is important to note that in
these calculations the adsorption of molecular oxygen was investigated, but in this
experiment atomic oxygen was provided for generating Ag3 O2 . This might lead to
the creation of an isomer with dissociatively bound O2 . Figure 5.21 displays a series

Figure 5.21:
Time-resolved photoelectron spectra of
Ag3 O2 . The clusters were generated using
atomic oxygen. The narrow feature is assigned to photodetachment from an excited
state of the Ag3 O2 anion. The lifetime for
the excited state is 5.4 ps ± 1.5 ps.
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-

of TR-PES spectra of Ag3 O2 , showing a single narrow peak (corresponding to an
excited state) with a long lifetime of 5.4 ps ± 1.5 ps. Furthermore, no vibrational
fine structure could be detected, which is also in contrast to the even-numbered
clusters. These observations indicate different dynamics after photoexcitation. If
dissociatively chemisorbed oxygen is assumed, direct desorption of O2 is not possible,
hampering the relaxation and leading to the observed long-lived excited state. The
decay path of this state cannot be revealed while using the present experimental
setup.

5.3.4 Ag2 O3

-

A pronounced excited state can be seen in case of Ag2 O3 , recorded using the blueUV setup. A series of time-resolved spectra is depicted in figure 5.22. The excited
state at a kinetic energy of 4.4 eV relaxes with a lifetime of 420 fs ± 80 fs, deduced
from a plot of the integrated intensity of the peak versus time-delay (figure 5.23).
The electron which is excited should originate from a state reachable with the probe
energy. Indeed, the feature around 1.3 eV shows a decrease in intensity starting at
a delay of −200 fs. At that time-delay, both pulses start to overlap. The intensity
decreases until a delay of 730 fs but increases again for longer delays, indicating
relaxation back into the ground state (figure 5.24. Besides that, an increase of
intensity in the region from 1.5 eV to 2.4 eV can be observed, starting simultaneously
with the decay around zero delay (figure 5.24 and 5.23, lower trace). The time
constant for that increase is 900 ± 300 fs. With increasing delay, the intensity shifts
towards lower kinetic energy.

-

Ag2O3

Pump 3.1 eV
Probe 4.65 eV

De
lay

(ps

)

-3.3
-0.27
-0.2
-0.13
-0.07
0
0.07
0.13
0.2
0.4
0.73
0.87
1
1.1
1.3
1.4
6.7
40.1
73.5

1.5

2.0

2.5

3.0

3.5

Kinetic Energy (eV)

106

4.0

4.5

Figure 5.22:
Time-resolved photoelectron spectra of Ag2 O3 in a “waterfall”
plot, normalized to the peak at
2.8 eV. An excited state is observed centered at a kinetic energy of 4.4 eV. A decrease in intensity of the peak at 1.3 eV can
be seen from −200 fs onwards,
when both pulses start to overlap,
since the excited electron originates from that state. Concomitantly, the intensity in the energy
range from 1.5 eV to 2.4 eV increases.
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Figure 5.23:
Plot of the integrated intensity of the
time-dependent features of Ag2 O3
versus time-delay. The upper trace
(blue) shows the integrated intensity of the pump-probe peak centered
at 4.4 eV, resulting in a lifetime of
420 ± 80 fs. The lower trace (red)
depicts the increasing intensity in
the intermediate energy range from
1.5 eV to 2.4 eV, yielding a time constant of 900 ± 300 fs.

Data: Data1_C
Model: ExpDec1
Equation: y = A1*exp(-x/t1) + y0
Weighting:
y
No weighting

Pump-Probe Peak
at 4.4 eV

Chi^2/DoF
= 0.00231
R^2
= 0.99207
y0
A1
t1

τ ~ 420 fs

Intermediate Region
(1.5 eV to 2.4 eV)
τ ~900 fs

0.06759
1.56712
0.38172

Data: Data1_D
Model: MnMolecular1
Equation: y = A1 - A2*exp(Weighting:
y
No weighting

Chi^2/DoF
= 6404.961
R^2
= 0.85946
A1
A2
k

0

1
2
3
4
5
6
Pump-Probe Delay (ps)

Normalized Intensity (arb. units)

-1

±0.0314
±0.0543
±0.0381

1245.30516
436.0492
1.11784

±71
±81
±0.

7

-

Ag2O3

Pump 3.1 eV
Probe 4.65 eV
-0.27 ps
0 ps
0.73 ps
6.7 ps
40.1 ps

2

3

4

Kinetic Energy (eV)
-

Figure 5.24: Selected TR-PES spectra of Ag2 O3 . An excited state at 4.4 eV can
be seen, which is populated by an electron from the peak at 1.3 eV, decreasing from
zero delay to 730 fs but increasing again for longer delay times. Concomitantly, the
increase of intensity in the energy range from 1.5 eV to 2.4 eV is clearly visible.
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The relatively fast relaxation might be due to electron-electron interactions, since
the excited state decays and at the same time “hot” electrons in the region from
1.5 eV to 2.4 eV occur, shifting towards lower kinetic energy. For long delays, a
shoulder persists, indicating a vibrationally hot cluster. This behavior is similar to
the relaxation observed for open d-shell transition metal clusters [136–141]. However, these clusters exhibit lifetimes lower by at least a factor of two, which might
be attributed to the higher DOS compared to the silver oxides. An alternative
relaxation channel could be fragmentation, yielding e.g. Ag2 O2 . To check for fragments, difference spectra were examined, using different time-delays for subtraction.
However, no indications for such processes were found. Nevertheless, fragmentation
cannot completely be excluded, since only a relatively small fraction of the cluster
ensemble might be interacting with pump and probe and the potential fragment
signal might be superimposed by the signal of Ag2 O3 .

5.4 Gold Oxide Clusters
In this section, results on gold oxide clusters are presented, which exhibit higher
electron affinities compared to silver oxide clusters (a similar effect as for the respective bare clusters). Therefore, higher photon energy for the probe pulse is required.
Accordingly, the optical setup is first modified according to a one-color pump-probe
scheme (using blue light; section 4.9) which turns out to be especially suitable for
Au2 O . In case of Au1 O2 and Au2 O2 , undesired multi-photon processes induced by
3.1 eV are rather likely. Hence, the recently developed blue-UV setup (section 4.10)
has been applied on these species.
The gold oxide clusters are generated with a source setup very similar to the case
of silver oxides in the section above, introducing O2 into the extender before or after
ignition of the electric arc for effective creation of the desired oxides.

5.4.1 Au2 O

-

The energies (3.1 eV) of pump and probe pulse are optimized at long delays, respectively, maximizing the photofragment signal of AuO and Au and minimizing
the two-photon signal from each individual pulse. As a result, the pulse energy of
the pump pulse is higher than the one of the probe pulse and there is a considerable two-photon signal generated by the pump alone, which does not depend on
the pump-probe delay. The pulse energy of the probe pulse is set to a lower value,
-*
allowing effective one-photon detachment from the excited Au2 O species and the
charged photofragments Au and AuO . From the neutral fragments no signal can
be detected due to their high ionization potentials.
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Figure 5.25:
Photoelectron spectra of Au , AuO ,
Au2 and Au2 O recorded with a single pulse of the femtosecond laser system. The pulse energy is reduced below
the onset of two-photon processes. The
upper two spectra are recorded using a
photon energy of 3.1 eV, whereas for the
lower two 4.65 eV was used.
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Figure 5.25 displays ground state photoelectron spectra of those anions (Au , AuO
and Au2 ), which might play a role in the photofragmentation of Au2 O . All spectra
in figure 5.25 are recorded with a single pulse of the femtosecond laser (3.1 eV or
4.65 eV). The spectra of Au and AuO are measured using the second harmonic
(3.1 eV) of the Ti:sapphire laser, while the spectra of Au2 and Ag2 O were obtained
with the third harmonic (4.65 eV). In the observable energy range the spectrum of
Au exhibits a single peak at 2.3 eV binding energy (marked A), corresponding to
the electron affinity of Au [30]. For AuO , two peaks at 2.4 eV and 2.6 eV (marked
B and C) are observed with the feature at 2.6 eV having about twice the intensity
of the 2.4 eV peak. Both spectra agree with earlier measurements [30, 286]. In the
energy regime accessible by the 3.1 eV pump photons, Au2 exhibits a single feature
centered at 2.0 eV (marked D), while for Au2 O the electron affinity is higher than
3.1 eV (marked E), thus no one-photon signal appears in the TR-PES measurements. Again, the spectra agree with earlier data recorded with standard pulsed
lasers [30, 93].
-

The high electron affinity of Au2 O makes it an ideal candidate for photoexcitation
experiments, since the competing channel of photodetachment is closed for photon
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energies up to 3.5 eV. Species with such a high EA allow for the observation of the
time evolution of high-lying excited states in a TR-PES experiment. In addition, for
Au2 O , all possible charged photofragments can be observed using 3.1 eV photons
due to their low electron affinities.
-

A series of time-resolved spectra of Au2 O is depicted in figure 5.26. The spectra
are normalized to the peak centered at around 1.3 eV binding energy. The signal below 1.3 eV is caused by two-photon processes from the pump pulse. With increasing
delay, two peaks labeled A/B and C increase in intensity. For deeper insight into
the delay-dependent contribution, difference spectra are displayed in figure 5.27. At
zero delay, the difference signal vanishes. In the spectrum recorded at 1.0 ps, a broad
maximum between 2.0 eV and 2.5 eV appears. With further increasing delay, both
peaks already visible in figure 5.26 grow on top of this feature at binding energies
of 2.35 eV (marked A/B) and 2.6 eV (marked C), while the intensity of the broad
maximum decreases simultaneously.
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Figure 5.26:
TR-PES spectra of Au2 O
recorded with pump and probe
pulses of 3.1 eV. The spectra
are
normalized to the peak
0
centered at around 1.3 eV. The
pulse energy of the pump is
above the threshold of twophoton processes, giving rise to
the signal below 1.7 eV. With
328
94
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delay, two peaks
61
34
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A/B and C grow.
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Using 3.1 eV laser pulses, three basically different spectra can be observed for
Au2 O . At zero delay, the signal is dominated by the two-photon contribution of
the (more intense) pump pulse. It can be tentatively assigned to the spectrum of
the excited state of Au2 O in the geometry of the anion ground state (figure 5.28,
lower trace, left part). The spectrum is delay-independent and does not appear in
figure 5.27. The excited state develops with increasing time into a new geometry,
yielding a broad maximum, which dominates the pump probe difference spectra at
a delay of 3.7 ps (figure 5.28, middle trace). At further increasing time delay, the
broad maximum disappears and features assigned to photofragments are observed
in the pump-probe difference spectrum (figure 5.28, upper trace).
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Figure 5.27:
Series of pump-probe photoelectron spectra of Au2 O recorded
with pump and probe pulses
having a photon energy of
3.1 eV.
The delay between
both pulses is given in picoseconds for each trace. Only the
delay dependent signal is displayed, the delay-independent
signal has been subtracted. The
two peaks marked A/B and C
are assigned to the photofragments Au and AuO , respectively (for further details refer
to the text).
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Both peaks visible at long delays (figure 5.27, lowest trace, marked A/B and C)
are assigned to the charged photofragments Au and AuO , which can be rationalized by figure 5.29. The EAs of Au and AuO are the same within 0.065 eV [30, 286].
Accordingly, the feature at lower binding energy (marked A/B) consists of two components: A contribution from the low binding energy feature of AuO (figure 5.25,
peak B) and the signal from the Au anion (figure 5.25, peak A).
-

-

The time constants of both decay channels, yielding Au or AuO , are determined
by plotting their photofragment intensities versus delay time. The intensity of AuO
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Figure 5.28: Selected photoelectron spectra of Au2 O . The lowest trace displays
a comparison between the spectrum of the ground state recorded with one pulse of
4.65 eV photon energy (violet) and the spectrum obtained with the 3.1 eV pump pulse
only (black). The pulse energy of the 3.1 eV pump pulse is set above the onset of
two-photon processes. This two-photon signal is delay-independent and subtracted
from each spectrum in figure 5.26 to obtain the spectra displayed in figure 5.27. The
middle trace (red) shows a difference spectrum recorded at a delay of 3.7 ps before
onset of fragmentation. This spectrum is assigned to the excited state of Au2 O in a
new geometry. The upper trace (green) displays a difference spectrum at long delay
(328 ps). The intensity of the broad maximum observed at 3.7 ps is reduced, and the
spectrum is dominated by features assigned to photofragments.

-

is directly proportional to that of peak C in figure 5.27. In case of Au , the intensity
corresponds to that of peak A/B, corrected by the contribution from AuO-. This
has been done by subtracting 44 % of the intensity of feature C, since this reflects
the contribution of peak B in feature A/B, as can be seen in the second trace of
figure 5.25. The resulting intensities are shown in figure 5.30. Assuming a single
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-

Intensity (arb. units)

Figure 5.29:
The energetic positions of the features visible in the TR-PES spectrum of Au2 O at a
delay of 328 ps (upper trace) are compared
with photoelectron spectra of AuO (middle trace) and Au (lower trace) from figure 5.25. The peak at 2.6 eV corresponds
to the high binding energy feature of AuO ,
whereas the peak at 2.35 eV consists of both
the Au peak and the low binding energy feature of AuO .

Au2O @ 328 ps

-

AuO

Au

-

0.5
1.5
2.5
Binding Energy (eV)

-

AuO
Au

Imax - Intensity (arb. units)
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Fit: Time Constant 110 ± 30 ps
Delayed Onset @ 7 ± 2 ps

1
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Figure 5.30: Delay dependence of the intensities of the photofragments, extracted
from the series of pump-probe spectra displayed in figure 5.27. Shown is the difference
(normalized to 1) between the maximum intensities Imax of the fragment signals at
infinite delay and the measured intensities I on a logarithmic scale. Both fragment
signals appear after a delay of 7 ± 2 ps. Within the experimental accuracy both
fragment signals increase with the same time constant of 110 ± 30 ps.
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exponential growth, the intensity I for each fragmentation channel is given by
I = Imax (1 − e−t/τ ),

(5.4)

where τ is the time constant for fragmentation and Imax corresponds to the maximum fragment ion intensity, depending on the energies of pump and probe and on
the cross sections for on the one hand photoexcitation of the parent anion and on
the other hand photodetachment of both fragment anions. Both parameters (Imax ,
τ ) can be different for both channels yielding AuO and AuO . Furthermore, the
delay of the onset for fragmentation might also be different. For extracting the time
constant τ and the onset delay, it is convenient to plot (Imax − I)/Imax versus delay
time t on a logarithmic scale. In this case, fragmentation according to equation 5.4
is given by a linear increase starting at 1 and having a slope corresponding to τ .
Within the error bars of the experimental data, both fragmentation channels can
be described by the same time constant (110 ± 30 ps) and onset delay (7 ± 2 ps).
Hence, the decay mechanism is very similar in both cases.
In order to shed light on the possible fragmentation channels, it is useful to evaluate the energetics involved in the possible decay paths:
-*

Au2 O + hν3.1 eV

−→
−→
−→
−→

-

AuO + Au
-

Au + AuO
-

Au2 + O
-

O + Au2

(I)
(II)
(III)
(IV)

The excitation energy necessary for process III is predicted from theory [101] to
be 3.14 eV, which is slightly higher than the excitation energy of our system. This
finding agrees with the fact that a signal from Au2 is not observed. Process IV
requires even higher energy due to the low electron affinity of O and can also be
excluded. Processes I and II might be very close in energy, because the electron
affinities of Au and AuO are very close [30, 286]. This fact may explain that both
processes are observed with comparable probability.
Delayed onsets of the photofragment signal have been observed in similar experiments earlier [287, 288]. Their origin is still unclear, but two mechanisms seem to
be possible explanations:
1. The system needs time to evolve on the excited state potential energy surface
until it approaches a minimum, from which a decay is possible (e.g., via a
conical intersection).
2. The photofragments need time to separate after relaxation into the ground
state.
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Using TR-PES, it is possible to study the excited anion during the first few picoseconds after excitation in detail as shown in figure 5.31. The data are the same
used in figure 5.27, but smoothed and plotted with expanded intensity scale. Within
1 ps after excitation a broad maximum appears, growing in intensity and and shifting towards higher binding energy with increasing time delay. After about 7 ps no
further change in shape and position can be observed. These observations suggest
the following interpretation: The maximum corresponds to the anion, being in a
local minimum of the excited state potential surface. The equilibrium geometry of
the anion in the excited state is different from the one of the ground state, and the
change of shape and position of the broad feature reflects the geometric rearrangement the system undergoes after excitation. As long as the geometry of the excited
anion is similar to the initial geometry, the difference spectra displayed in figures
5.27 and 5.31 show a vanishing signal. With increasing geometric rearrangement
a gradually increasing peak appears, shifting in position and shape until the anion
approaches the new equilibrium geometry. Hence, the data strongly support the
first mechanism mentioned above being mainly responsible for the delayed onset.

Pump 3.1 eV / Probe 3.1 eV
-

Intensity (arb. units)

Au2O

0 ps
0.03 ps
0.07 ps
0.33 ps
0.7 ps
1.0 ps
1.7 ps
2.3 ps
3.0 ps
3.7 ps
4.3 ps
7.7 ps
11 ps
14.3 ps

Figure 5.31:
Details of the dynamics of Au2 O for
short delay times, corresponding to
an expanded view of the data in figure 5.27. After ∼ 1 ps a maximum
appears in the high binding energy
regime accompanied by a dip at low
binding energy, caused by the subtraction procedure. With increasing delay, the maximum increases in intensity and shifts towards higher binding
energy (arrow).

0.0 0.5 1.0 1.5 2.0 2.5
Binding Energy (eV)
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5.4.2 AuO2

-

According to PES measurements in combination with theory, oxygen is bound dissociatively to AuO2 , in contrast to neutral AuO2 or anionic Au2 O2 [93]. A standard
photoelectron spectrum together with the calculated structure is depicted in figure
5.32.

Figure 5.32:
Standard PES of AuO2 obtained with
an ArF laser (6.4 eV photon energy).
Various features can be observed (labeled A to D). The inset illustrates the
predicted structure. Modified from [93].

C
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Binding Energy (eV)
The time-resolved measurements on this species are performed using the blue-UV
optical setup, providing pump and probe pulses with 3.1 eV and 4.65 eV, respectively. Figure 5.33 shows the resulting TR-PES spectra in a “waterfall” plot. In the
binding energy region between 0.2 eV and 2.7 eV, time-dependent dynamics can be
observed, which are assigned to excited states. Furthermore, from the full scale spectra it can be seen that also the high energy peaks at 3.5 eV and 4.3 eV contribute to
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the dynamics, since their intensity decrease at the zero point. To check for possible
fragmentation, difference spectra are plotted in figure 5.34. Four pronounced peaks
(labeled A, B, C and D) can be observed. Taking into account the broad FranckCondon profile, they match with the energetic positions of the features visible in the
standard spectrum in figure 5.32 labeled in the same way, but shifted by the pump
energy of 3.1 eV. A small shift of the peak position can be observed for the delays
at 0 fs and 133 fs, indicating a slight change in geometry. For longer delay times,
the peak positions do not show any shift but only a decrease in intensity with the
same rate. Evaluation of the integrated intensity between zero and 2.65 eV versus
time-delay yields an exponential decay with a time constant of 31 ± 7 ps. The spectra shown are normalized to the overall intensity in the full energy range observable
with the probe pulse, since all peaks are involved into the dynamics. Nevertheless,
normalization to one of the high energy peaks results in the same difference spectra

A u O

2

4 6 ,1 0

-5 3 4 fs
4 6 ,0 5

-2 0 0 fs
4 6 ,0 4

-1 3 3 fs
4 6 ,0 3

N o r m a liz e d In te n s ity ( a r b . u n its )
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Figure 5.34:
Difference spectra for AuO2 , taken with
a pump photon energy of 3.1 eV and
a probe energy of 4.65 eV.
A spectrum at negative delay has been subtracted. Four time-dependent features appear, when pump and probe overlap sufficiently. Considering the broad FranckCondon profile, all features can be assigned to excitation by 3.1 eV from the
peaks labeled in the same way as in figure 5.32. All of the excited states decay
on the same timescale of 31 ± 7 ps.
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(not shown) and gives basically the same decay time e.g. for the peak at 3.5 eV).
-

-

-

-

Possible fragmentation products are AuO , Au , O , O2 and their neutral counterparts. The most probable processes would be fragmentation into AuO and O or
Au and O2 , since Au and AuO have the highest (and a very similar) EA among the
possible fragments. However, O2 is bound dissociatively, favoring the first process,
since O2 -desorption is hampered similar to the case of Ag3 O2 , and thus leading to
a relatively long relaxation time. Nevertheless, none of the mentioned fragments
can be identified in the spectra. Furthermore, no peak shift or “hot” secondary
electrons can be observed, indicating a relaxation mechanism different from Augerlike electron-electron scattering, electron-phonon coupling or relaxation enabled by
shape deformation of the cluster.
The measured electron affinity of 3.30 eV corresponds roughly to the vertical detachment energy, which is considerably higher than theoretically predicted (2.95 eV)
[93]. This might be a sign for an adiabatic detachment energy lower than 3 eV, which
is below the pump energy of 3.1 eV. Thus, another relaxation channel, called vibrational autodetachment, might be open [32, 289]. In this case, absorption of the
pump photon yields an electronically excited state, being also vibrationally excited.
As the excitation energy is higher than the adiabatic detachment energy, dissipation
of energy by emission of a low kinetic energy electron is possible. Such electrons can
not be detected with the electron spectrometer used here (the minimum kinetic energy is around 0.1 eV [267]), but have been found e.g. for Au6 [32, 289] or I (H2 O)4
and I (D2 O)4 [118, 121]. This mechanism might explain the relaxation dynamics
observed here.

5.4.3 Au2 O2

-

For comparison, a standard spectrum of Au2 O2 , modified from reference [93], is
depicted in figure 5.35. In contrast to AuO2 , oxygen is bound molecularly. Accordingly, relaxation of the cluster after photoexcitation by desorption of an O2 molecule
might be allowed, similar to Agn O2 with n being even.
To check for this assumption, time-resolved measurements are carried out using
the blue-UV optical setup (section 4.10), with 3.1 eV photons for pumping and a
4.65 eV pulse as probe. A series of time-resolved photoelectron spectra is shown in
figure 5.36. Plotted is the normalized intensity versus binding energy. The spectra
are normalized to the one-photon signal of feature A in figure 5.35. To examine
the dynamics in more detail, difference spectra are depicted in figure 5.37. At a
binding energy of around 1.85 eV, a peak appears at a delay of −133 fs, when pump
and probe start to overlap. This peak is time-dependent and assigned to an excited
state. After at a delay of 200 fs it vanishes and a broad feature in the binding energy
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Figure 5.35:
Standard PES of Au2 O2 obtained with
an ArF laser (6.4 eV photon energy).
The inset illustrates the predicted structure. Modified from [93].
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region between 1.6 eV and 2.2 eV can be observed. For longer delays between pump
and probe, the excited state develops into a more narrow feature, centered at 2.0 eV.
From an analysis of the standard spectrum in figure 5.35, the origin of the observed excited states can be obtained, assuming only one-photon pump processes
with 3.1 eV. Accordingly, the peak at 1.85 eV is caused by excitation from peak C.
The broad feature indicates an equilibrium geometry of the excited Au2 O2 different
from the ground state geometry.
The peak at 2.0 eV, growing for delays longer than 1 ps, matches the position of the
low binding energy peak of bare Au2 (feature D in figure 5.25). Thus, photoexcitation using 3.1 eV yields desorption of O2 via an intermediate excited state, similar
to the silver oxides mentioned in section 5.3. This is in agreement with experimen-
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0 fs
33 fs
100 fs
Figure 5.37:
Series of difference spectra of Au2 O2 , taken
with a pump photon energy of 3.1 eV and
a probe energy of 4.65 eV. Several timedependent features are observed. For details
refer to the text.
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tal [290] (1.01 eV) and theoretical [95, 291, 292] (0.95 eV– 1.40 eV) values for the
binding energy of O2 to Au2 , all being more than a factor of two to three below
the pump photon energy. Therefore the dynamics can be described according to the
following scheme:
-

-

Au2 O2 + hν3.1 eV −→ Au2 + O2 .
However, the lifetime of the excited states is longer and the fragment signal is observed at rather long delays, which is similar to the case of Au2 O . In case of
the blue-UV measurement, the signal to noise ratio is not high enough for a more
detailed analysis of the data, e.g. a peak shape analysis of the fragment peak. Con-
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sequently, it cannot completely be excluded that thermodesorption occurs as it was
found e.g. for Au2 (CO) (section 2.2.2), but desorption from the excited state surface
seems more probable, since a broad intermediate excited state and a concomitantly
increasing fragment peak can be observed.

121

6 Conclusion
Led by the vision of searching for suitable candidates for future applications in
catalysis and energy conversion, systematic studies on the dynamical properties of
several size-selected clusters have been performed. The following questions were
addressed:
• What are the basic relaxation mechanisms of clusters consisting of s/p-metals?
Do bare silver clusters show similar properties to the previously studied gold
or aluminum clusters?
• Do metal clusters exhibit different dynamical behavior from bulk metals with
respect to photon induced desorption?
• Can species with long-lived excited states be identified?
-

-

In order to address these issues, Agn (n up to 21), Agn O2 with n = 2, 3, 4, 8,
Ag2 O3 , Au2 O and Aun O2 for n = 1, 2 were synthesized using a PACIS and investigated systematically by time-resolved photoelectron spectroscopy. Different optical
setups were installed within this work, because pump and probe energies had to be
modified in order to access and probe excited states for various clusters.
1. Bare Silver Clusters
Agn with n = 3, 7–9, 11, 14, 15, 18, 19, 21 were photoexcited by absorption of
a single photon with an energy of 1.55 eV and the time-dependent development
of the excited system was observed by recording photoelectron spectra using
a second laser pulse with a photon energy of 3.1 eV. For most of the species
the excited state signal disappears on a time scale considerably shorter than
1 ps. Since the spacing between neighboring electronic levels is of the same
order as the excitation energy and much larger than the typical energy of
vibrational modes, relaxations via combinations of Auger-like processes and
coupling of electronic and vibrational excitations are unlikely. The ability
of these small clusters to deform after optical excitation is proposed to be
responsible for the short relaxation times analogous to the previously studied
case of Al13 . Qualitatively, the relationship of electronic shells and their gaps
and the deformation of the clusters is described by the Nilsson diagram. With
help of this diagram, a first qualitative understanding of the experimental data
can be gained.
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2. Silver Oxide Clusters
Excited states of Agn O2 clusters with even n = 2, 4 and 8 were discovered,
having high photoabsorption cross sections for a pump energy of 3.1 eV. The
excited states of these species are similar, although the electronic structure
varies strongly with increasing number of Ag atoms in the cluster. The state
is localized close to the oxygen molecule and decays for Ag2 O2 into Ag2 and
O2 via direct photoinduced desorption. The data indicate the existence of two
other processes: The regular one-photon detachment leading to the electronic
ground state of the neutral Ag2 O2 and a resonant two-photon detachment process via the excited state leading to “hot” neutral Ag2 O2 . In the latter case the
excess energy is a consequence of the anion’s excited state configuration, which
does not allow a transition into the electronic ground state of neutral Ag2 O2 .
Most likely, the latter process is the one observed in the NeNePo experiment
of Socaciu-Siebert et al. [165]. This resonant two-photon detachment might
dominate at slightly higher pump pulse energies. Analogous, measurements
using the new blue-UV optical setup (pump 3.1 eV, probe 4.65 eV) reveal photodesorption for Ag8 O2 , suggesting again a direct process. The excited state
with similar energy, lifetime and vibrational fine structure found for Ag4 O2
suggests similar direct photodesorption processes occurring for this cluster.
On metal surfaces, direct desorption is unlikely, because any excited state is
quenched effectively by the DOS near the Fermi energy. In clusters the DOS
is low, allowing longer lifetimes and competing processes become more likely.
This interpretation is supported by the finding of an excited state with a long
liftetime for Ag3 O2 . Here, O2 is suggested to be dissociatively chemisorbed
and the only remaining “fast” relaxation channel (desorption) is blocked. The
lifetime increases by more than one order of magnitude to 5.4 ps.
-

In case of Ag2 O3 , an intense pump-probe signal is detected (pump 3.1 eV,
probe 4.65 eV). The relaxation time is about 420 fs and hot electron dynamics
can be observed, suggesting Auger-like electron-electron interaction to be responsible for relaxation. This finding is different from the other studied silver
oxides, which either relax via desorption or exhibit rather long-lived excited
states.
3. Gold Oxide Clusters
Photofragmentation of Au2 O induced by excitation with a 3.1 eV photon was
observed using one-color TR-PES. The data indicate the existence of an excited state of the anion with a very long lifetime of more than 100 ps. From
this excited state, the parent anion decayed into Au + AuO or AuO + Au.
Fragmentation did not start immediately after excitation but with a delay of
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7 ps. A detailed analysis of the spectra at short delay times indicates that the
delayed onset for fragmentation corresponds to the time for geometric rearrangement.
-

Au1 O2 was studied using the blue-UV setup. For this cluster, oxygen is bound
dissociatively, inhibiting relaxation by desorption of O2 . Several excited states
could be identified, all having relaxation times of about 31 ps. No charged
fragments could be observed, although their EA is within the used probe energy. Furthermore, peak shifts of the excited states were not observed during
relaxation. Since the pump energy was just above the threshold for photodetachment and the ADE might be slightly below, relaxation via vibrational
autodetachment is proposed for energy dissipation of this cluster.
-

For Au2 O2 , a rather short-lived excited state (< 1 ps) could be observed using
the blue-UV pump-probe scheme. The excited state developed into a broad
-*
maximum with increasing time, indicating an equilibrium geometry of Au2 O2
different from the ground state geometry. For this cluster, oxygen is bound as
a molecule, allowing again energy dissipation by O2 -desorption. Indeed, Au2
could be identified in the spectra, suggesting photodesorption similar to the
even numbered silver oxide clusters and Au2 O .
In summary, the results obtained in this work demonstrate that for small metal
clusters fast thermalization is not always the dominant relaxation channel. Furthermore, direct photodesorption and long-lived excited states have been identified,
which have not been observed from metal surfaces. Thus, photoactivation or photodesorption may prevail as dominant processes for such small clusters, suggesting
unique photochemical properties and making them very interesting for photochemistry and promising candidates for future applications in energy storage, energy conversion and catalysis. In the following two tables, a short overview of the relaxation
dynamics (table 6.1) for metal/semiconductor cluster anions and of the desorption
dynamics (table 6.2) from metal clusters found so far is given as final conclusion.
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Cluster

hνP ump
[ eV]

Relaxation
time

Relaxation
mechanism

Ref.

open d-shell metals
Pd3,4,7

-

1.5

42 fs, 91 fs, 25 fs

e-e

[139, 140]

Pt3

-

1.5

< 70 fs

e-e

[138]

Ni3

-

1.5

215 fs

e-e

[141]

1.56

< 100 fs

e-e

[158]

3.1

1.2 ns

fragm

[132, 145, 146]

1.5

∼ 1 ps

ic (IVR)

[158]

1.5/1.56

> 1 ns/> 90 ns

not known

[145, 146]/[158]

3.12

∼ 1 ps

e-e/IVR

[158]

1.55

< 250 fs

ic (deform)

this work

W3-14

-

s/p metals
-

Au3

Au5,7,8

-

-

Au6

Au7,14,20

-

Ag3,8,9,11,14,15
Ag7

-

-

Ag18,19,21

1.55

3.8 ps

ic (deform)

this work

-

1.55

400 − 630 fs

ic (deform)

this work

-

1.55

220 − 450 fs

e-ph

[142, 144]

1.55

250 fs

ic (deform)

[23, 142, 144]

1.5

1.2 ps

e-ph

[143]

1.53

34 ps/∼ 10 ps

e-ph

[130]

1.0

2 − 9 ps

e-ph

[131]

3.1

420 fs

e-e

this work

Al6-12,14,15
Al13

-

other clusters
Si4

-

-

Hg11 /Hg12-16,18
Hg7-13,15,18
Ag2 O3

-

-

-

Table 6.1: Overview of the relaxation dynamics for bare metal/semiconductor cluster anions after photoexcitation. Given are the pump photon energy, the lifetime of
the initial excited state if known or the relaxation time, and the dominant relaxation
mechanism. The following abbreviations are used: e-e = Auger-like electron-electron
scattering, e-ph = electron-phonon interactions, ic = internal conversion, deform =
shape deformation, fragm = fragmentation, IVR = internal vibrational redistribution.
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Cluster

hνP ump
[ eV]

Decay
time

Decay
mechanism

Ref.

-

1.5

0.5 ps

thermo

[163]

-

1.5

3 ps

thermo

[163]

1.5

-

thermo/fragm

[164]

open d-shell metals
CO-desorption
Au2 (CO)

Pt2 (CO)5

N2 -desorption
Pt2 (N)2

-

s/p metals
O2 -desorption
Ag2 O2

-

3.1

< 100 fs

direct

this work

Ag3 O2

-

3.1

5.4 ps

-

this work

Ag4 O2

-

3.1

< 400 fs

direct

this work

Ag8 O2

-

3.1

< 100 fs

direct

this work

Au1 O2

-

3.1

31 ps

no desorp

this work

Au2 O1

-

3.1

110 ps

fragm

this work

Au2 O2

-

3.1

∼ ps

direct

this work

Table 6.2: Overview of photodesorption from metal cluster anions after photoexcitation. Given are the pump photon energy, the decay time, and the dominant decay
mechanism. The following abbreviations are used: thermo = thermodesorption, direct = direct photodesorption, fragm = fragmentation, - = unknown.

127

7 Outlook
The data presented are part of a systematic study of the photochemical properties
of small metal clusters. To continue this project, further investigations of Aun Om ,
Aun Hm and Aun (H2 O)m clusters are planned. Concerning applications in photocatalysis and energy conversion, especially gold clusters might be very intriguing,
since for Au2 O and in previous studies for Au3 and Au6 [146], very long-lived excited states have been found. The recently developed optical setup provides photon
energies which are sufficient for studying even these species with high EA.
Furthermore, silver oxide clusters are also promising candidates for photochemistry, showing direct photodesorption. The blue-UV setup will be applied on larger
species, enabling the detection of possible fragments. As soon as a higher timeresolution becomes available, direct photodesorption can be monitored in real-time.
This could be achieved by spectral broadening in a gas-filled hollow fiber, where most
of the intensity propagates in the gas, and self-phase modulation occurs. Subsequent
dispersive compression can be done e.g. with double-chirped mirrors or prisms. This
method allows to compress e.g. 15 fs pulses down to a few femtoseconds [293, 294].
Also applications of clusters in hydrogen storage are very auspicious. In this respect, especially Al-hydrides could be promising candidates. The PACIS, used in
this work, is capable of generating clusters with various numbers of Al and H atoms
in a cluster [295, 296]. First examinations of Aln Hm are currently under way, showing excited state dynamics.
In order to make the planned studies on gold hydride clusters possible, a higher
mass resolution is necessary. To achieve this, the reflectron will be extended to the
maximum length, limited just by the size of the laboratory.
Moreover, another aspect not considered yet will be addressed in the future: The
interaction of clusters with external fields and forces. This is a very intriguing issue,
because “nano” matter might respond in a different way to external forces than bulk
matter. As described within this work, lifetimes and relaxation channels of clusters
vary drastically with the number of atoms, depending on the details of the electronic
and geometric structure. A perturbation induced by an external field might change
relaxation for a given size, since e.g. the mixing of electronic states can be altered.
In this respect, a magnetic field should induce a Zeeman splitting of the electronic
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levels, because electrons occupying high quantum number shells can carry large angular momentum [297]. Such a giant Zeeman effect, which was already observed
for nanoparticles [298] but not yet considered for clusters, could alter the relaxation
dynamics. It is planned to modify the magnetic bottle in order to apply varying
magnetic fields using an electro magnet.
Besides that, relaxation rates might be also temperature dependent, since vibrational excitations play an important role in relaxation by internal conversion, which
is induced by a shape deformation [23]. This should lead to a reduced relaxation
rate at lower temperatures for the double magic cluster Al13 . To modify the cluster
temperature, a longer extender can be attached to the PACIS and cooled to liquid
nitrogen temperature.
In addition, a controlled change of geometry of a cluster having different isomers
might be induced by a pump pulse. This “isomer switching” can be examined timeresolved by the probe pulse. A suitable candidate might be Ag2 O2 , since O2 can be
bound either molecularly or dissociatively [92].
Finally, real-time observation of a catalytic reaction such as CO-oxidation on a
“cluster surface” might yield new insight into the catalytic processes of nanocatalysis.
Such reactions (e.g. CO and O2 on Aun clusters [10]) could be triggered by a pump
pulse and observed by the probe.
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8 Zusammenfassung
Im Hinblick auf geeignete Materialien für mögliche Anwendungen in der Katalyse und zur Energiekonversion wurden systematische Studien der Dynamik verschiedener massen-selektierter Cluster durchgeführt. Insbesondere wurden dabei
folgende Punkte beleuchtet:
• Was sind die grundlegenden Relaxationsmechanismen von Clustern aus s/pMetallen? Zeigen reine Silbercluster ähnliche Eigenschaften wie die zuvor untersuchten Gold- oder Aluminiumcluster?
• Zeigen Metallcluster ein anderes dynamisches Verhalten bei photoneninduzierter
Desorption als Festkörperoberflächen?
• Haben manche der untersuchten Cluster langlebige angeregte Zustände?
-

-

Um diese Fragestellungen zu untersuchen wurden Agn (n bis 21), Agn O2 mit
n = 2, 3, 4, 8, Ag2 O3 , Au2 O und Aun O2 für n = 1, 2 mit Hilfe einer PACIS
hergestellt und systematisch durch zeitaufgelöste Photoelektronenspektroskopie untersucht. Im Rahmen dieser Arbeit wurden verschiedene optische Versuchsanordnungen aufgebaut, da die Energien von Pump und Probe Puls angepasst werden
mussten, um angeregte Zustände von verschiedenen Clustern erreichen und untersuchen zu können.
1. Reine Silbercluster
Agn mit n = 3, 7–9, 11, 14, 15, 18, 19, 21 wurden durch Absorption einzelner
Photonen von 1.55 eV angeregt und die zeitliche Entwicklung des angeregten
Systems durch Aufnahme von Photoelektronenspektren mit einem zweiten
Laserpuls (3.1 eV Photonenenergie) studiert. Bei den meisten untersuchten
Clustern verschwindet das Pump-Probe Signal deutlich schneller als 1 ps. Da
der Abstand benachbarter elektronischer Niveaus in der gleichen Größenordnung wie die Anregungsenergie liegt und viel größer als die Energie der Vibrationsmoden ist, ist Relaxation mittels einer Kombination von Auger-ähnlichen
Prozessen und Elektron-Phonon Streuung unwahrscheinlich. Zur Erklärung
des Relaxationsmechanismus wird deshalb ein anderer Effekt herangezogen,
nämlich die Fähigkeit dieser kleinen Cluster, sich nach optischer Anregung
zu deformieren, ähnlich dem zuvor untersuchten Al13 . Qualitativ kann die
Beziehung zwischen den elektronischen Schalen und ihrer Abstände und der
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Deformation des Clusters durch das Nilsson-Diagramm beschrieben werden,
um ein erstes Verständnis der experimentellen Daten zu gewinnen.
2. Silberoxidcluster
Für Agn O2 mit geradzahligem n = 2, 4 und 8 wurden angeregte Zustände
entdeckt, die einen hohen Wirkungsquerschnitt für die Absorption von Photonen mit 3.1 eV haben. Die angeregten Zustände dieser Cluster verhalten
sich ähnlich, obwohl sich die elektronische Struktur mit zunehmender Anzahl
der Silberatome im Cluster stark ändert. Der angeregte Zustand ist nahe am
Sauerstoffmolekül lokalisiert und führt beim Ag2 O2 zum Zerfall in Ag2 und
O2 durch direkte photoinduzierte Desorption. Außerdem deuten die Daten auf
zwei weitere Prozesse hin: Das normale ein-Photonen Detachment, was zum
elektronischen Grundzustand des neutralen Ag2 O2 führt und einen resonanten zwei-Photonen Detachmentprozess über den angeregten Zustand, der zu
“heißem” neutralem Ag2 O2 führt. Im zweiten Fall ergibt sich die Überschussenergie als Konsequenz aus der Konfiguration des Anions im angeregten Zustand, die keinen Übergang in den elektronischen Grundzustand des neutralen
Ag2 O2 erlaubt. Dieser zweite Prozess wurde vermutlich in einem NeNePoExperiment von Socaciu-Siebert et al. [165] beobachtet. Dieses resonante
zwei-Photonen Detachment könnte bei höheren Energien des Pump-Pulses dominieren. Analoge Messungen mit dem neuen blau-UV Aufbau (Pump-Photon
3.1 eV, Probe-Photon 4.65 eV) zeigen auch für Ag8 O2 Photodesorption und
weisen auf einen direkten Prozess hin. Der angeregte Zustand am Ag4 O2
mit ähnlicher Energie, Lebensdauer und vibratorischer Feinstruktur deutet
ebenfalls auf direkte Photodesorption hin. An Metalloberflächen hingegen ist
direkte Photodesorption unwahrscheinlich, da angeregte Zustände wegen der
hohen Zustandsdichte in der Nähe der Fermikante durch Auger-artige Prozess
sehr schnell relaxieren können. Für Cluster ist die Zustandsdichte niedrig,
deshalb sind längere Lebensdauern und Konkurrenzprozesse wie direkte Photodesorption wahrscheinlicher.
Diese Interpretation wird durch die lange Lebensdauer eines angeregten Zustands beim Ag3 O2 gestützt. In diesem Fall ist O2 vermutlich dissoziativ
chemisorbiert und der einzige“schnelle”Relaxationskanal (Desorption) ist blockiert. Die Lebensdauer ist dementsprechend um mehr als eine Größenordnung
länger (5.4 ps).
-

Ag2 O3 zeigt ein intensives Pump-Probe Signal (Pump-Photon 3.1 eV, ProbePhoton 4.65 eV). Die Relaxationszeit beträgt 420 fs und “heiße Elektronen”
werden beobachtet, die auf Auger-artige inelastische Elektron-Elektron Streuung hindeuten. Diese Beobachtung unterscheidet sich von den anderen un-
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tersuchten Silberoxidclustern, die entweder durch Desorption relaxieren oder
einen langlebigen angeregten Zustand zeigen.
3. Goldoxidcluster
Die Photofragmentation von Au2 O induziert durch ein 3.1 eV Photon wurde
mittels TR-PES untersucht (Probe ebenfalls 3.1 eV). Dabei zeigte sich ein
angeregter Zustand mit einer langen Lebensdauer von 110 ps. Aus diesem angeregten Zustand heraus zerfiel der Cluster in Au + AuO oder AuO + Au.
Die Fragmentation setzte nicht sofort nach der Anregung ein, sondern mit
einer Verzögerungszeit von 7 ps. Eine genaue Analyse der Spektren für kurze
Verzögerungszeiten zwischen Pump- und Probe-Puls deutet daraufhin hin,
dass der verzögerte Eintritt der Fragmentation der Zeit für eine geometrische
Umordnung des Au2 O entspricht.
-

Au1 O2 wurde mit Hilfe des blau-UV Aufbaus untersucht. An diesem Cluster
ist Sauerstoff dissoziativ gebunden, so dass Relaxation durch Desorption von
O2 nicht stattfinden kann. Mehrere angeregte Zustände konnten beobachtet
werden, die alle Lebensdauern von ungefähr 31 ps haben. Mögliche geladene
Fragmente konnten nicht identifiziert werden, obwohl deren Elektronenaffinitäten
innerhalb der Probe-Energie liegen. Des Weiteren waren keine Verschiebungen in der Position der Peaks während der Relaxation zu erkennen. Da die
Pump-Energie nur sehr geringfügig über der Schwelle für Photodetachment
liegt und die adiabatische Detachmentenergie darunter liegen könnte, ist Relaxation durch vibratorisches Autodetachment wahrscheinlich.
-

Am Au2 O2 wurde mittels des blau-UV Aufbaus ein eher kurzlebiger angeregter
Zustand (< 1 ps) beobachtet. Der angeregte Zustand wurde mit zunehmender
Verzögerung zu einem breiten Maximum, was auf eine Gleichgewichtsgeome-*
trie des Au2 O2 hindeutet, die unterschiedlich zu der des Grundzustands ist.
Für diesen Cluster ist Sauerstoff molekular gebunden und O2 -Desorption “erlaubt”. Tatsächlich konnte Au2 in den Spektren identifiziert werden, was auf
Photodesorption ähnlich den geradzahligen Silberoxiden und Au2 O hinweist.
Die Ergebnisse dieser Arbeit zeigen, dass für kleine Metallcluster schnelle Thermalisierung nicht immer der dominante Relaxationskanal darstellt. Außerdem wurden direkte Photodesorption sowie langlebige angeregte Zustände gefunden, was an
Metalloberflächen bisher nicht beobachtet wurde. Dementsprechend können Photoaktivierung oder Photodesorption die dominanten Prozesse für solche kleinen Cluster bilden, was auf einzigartige photochemische Eigenschaften hindeutet und diese
Cluster sehr interessant für Photochemie und als vielversprechende Kandidaten für
Anwendungen in Energiespeicherung, Energiekonversion und Katalyse macht.
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A Abbreviations
Table A.1: Description of frequently used abbreviations.
Abbreviation

Description

ADE

adiabatic detachment energy

AOM

acousto-optic modulator

BBO

beta barium borate (β-BaB2 O4 )

DFT

density functional theory

DIET

desorption induced by electronic transitions

DIMET

desorption induced by multiple electronic transitions

DOS

density of states

EA

electron affinity

EF

Fermi energy

FLT

Fermi liquid theory

HOMO

highest occupied molecular orbital

HOPG

highly-oriented pyrolytic graphite

IVR

internal vibrational redistribution

LBO

lithium triborate (LiB3 O5 )

LUMO

lowest unoccupied molecular orital

MO

molecular orbital

Nd:YAG

neodymium-doped yttrium aluminium garnet
(Nd:Y3 Al5 O12 )

Nd:YLF

neodymium-doped yttrium lithium fluoride
(Nd:LiYF4 )

Nd:YVO4

neodymium-doped yttrium orthovanadate

NeNePo

negative to neutral to positive
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PACIS

pulsed arc cluster ion source

PES

photoelectron spectroscopy

STM

scanning tunneling microscope

Ti:Sa

titanium-doped corundum (Ti :Al2 O3 )

TIED

trapped ion electron diffraction

TOF

time-of-flight mass spectrometer

UPS

ultraviolet photoelectron spectroscopy

UV

ultraviolet

TR-PES

time-resolved photoelectron spectroscopy

VDE

vertical detachment energy

VEA

vertical electron affinity

XPS

X-ray photoelectron spectroscopy
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3. Zeitaufgelöste Photoelektronenspektroskopie photochemischer Reaktionen an größenselektierten Clustern
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[68] P. Koskinen, H. Häkkinen, B. Huber, B. von Issendorff and M. Moseler. LiquidLiquid Phase Coexistence in Gold Clusters: 2D or Not 2D? Phys. Rev. Lett., 98(1),
p. 015701, (2007). 7
[69] S. Bulusu, X. Li, L.-S. Wang and X. C. Zeng. Evidence of hollow golden cages.
Proc. Natl. Acad. Sci. USA, 103(22), p. 8326–8330, (2006). 7, 8
[70] X. Xing, B. Yoon, U. Landman and J. H. Parks. Structural evolution of Au nanoclusters: From planar to cage to tubular motifs. Phys. Rev. B, 74(16), p. 165423,
(2006). 7
[71] S. Bulusu, X. Li, L.-S. Wang and X.C. Zeng. Structural Transitions from Pyramidal
to Fused Planar to Tubular to Core/Shell Compact in Gold Clusters: Aun (n =
21-25). J. Phys. Chem. C, 111(11), p. 4190–4198, (2007). 7
[72] H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl and R. E. Smalley. C60 :
Buckminsterfullerene. Nature, 318(6042), p. 162–163, (1985). 7, 25
[73] M. Ji, X. Gu, X. Li, X. Gong, J. Li and L.-S. Wang. Experimental and Theoretical Investigation of the Electronic and Geometrical Structures of the Au32 Cluster.
Angew. Chem. Int. Ed., 44(43), p. 7119–7123, (2005). 7
[74] M. P. Johansson, D. Sundholm and J. Vaara. Au32 : A 24-Carat Golden Fullerene.
Angew. Chem. Int. Ed., 43(20), p. 2678–2681, (2004). 7
[75] X. Gu, M. Ji, S. H. Wei and X. G. Gong. AuN clusters (N = 32, 33, 34, 35): Cagelike
structures of pure metal atoms. Phys. Rev. B, 70(20), p. 205401, (2004). 7

146

Bibliography

[76] Y. Gao and X. C. Zeng. Au42 : An Alternative Icosahedral Golden Fullerene Cage.
J. Am. Chem. Soc., 127(11), p. 3698–3699, (2005). 7
[77] J. Wang, J. Jellinek, J. Zhao, Z. Chen, R.B. King and P. vonRagueSchleyer. Hollow
Cages versus Space-Filling Structures for Medium-Sized Gold Clusters: The Spherical Aromaticity of the Au50 Cage. J. Phys. Chem. A, 109(41), p. 9265–9269, (2005).
7
[78] I. L. Garzón, J. A. Reyes-Nava, J. I. Rodrı́guez-Hernández, I. Sigal, M. R. Beltrán
and K. Michaelian. Chirality in bare and passivated gold nanoclusters. Phys. Rev.
B, 66(7), p. 073403, (2002). 7
[79] A. Lechtken, D. Schooss, J. R. Stairs, M. N. Blom, F. Furche, N. Morgner, O. Kostko,
B. von Issendorff and M. M. Kappes. Au42 : A Chiral Gold Cluster? Angew. Chem.
Int. Ed., 46(16), p. 2944–2948, (2007). 8
[80] L.-M. Wang, S. Bulusu, H.-J. Zhai, X.-C. Zeng and L.-S. Wang. Doping Golden
−
Buckyballs: Cu@Au−
16 and Cu@Au17 Cluster Anions. Angew. Chem. Int. Ed., 46,
p. 2915–2918, (2007). 8
[81] D. Schooss, M.N. Blom, J.H. Parks, B.v. Issendorff, H. Haberland and M.M. Kappes.
+
The Structures of Ag55 and Ag55 : Trapped Ion Electron Diffraction and Density
Functional Theory. Nano Lett., 5(10), p. 1972–1977, (2005). 8
[82] M. N. Blom, D. Schooss, J. Stairs and M. M. Kappes. Experimental structure
+
determination of silver cluster ions (Agn , 19 ≤ n ≤ 79). J. Chem. Phys., 124(24),
p. 244308, (2006). 8
[83] X. Xing, R. M. Danell, I. L. Garzon, K. Michaelian, M. N. Blom, M. M. Burns and
J. H. Parks. Size-dependent fivefold and icosahedral symmetry in silver clusters.
Phys. Rev. B, 72(8), p. 081405, (2005). 8
[84] S. Lee, C. Fan, T. Wu and S. L. Anderson. CO Oxidation on Aun /TiO2 Catalysts
Produced by Size-Selected Cluster Deposition. J. Am. Chem. Soc., 126(18), p.
5682–5683, (2004). 8
[85] M. Haruta. Size- and support-dependency in the catalysis of gold. Catal. Today,
36(1), p. 153–166, (1997). 8
[86] T. M. Bernhardt. Gas-phase kinetics and catalytic reactions of small silver and gold
clusters. Int. J. Mass spectrom., 243(1), p. 1–29, (2005). 8, 11
[87] M. Valden, X. Lai and D. W. Goodman. Onset of Catalytic Activity of Gold Clusters
on Titania with the Appearance of Nonmetallic Properties. Science, 281(5383), p.
1647–1650, (1998). 8
[88] A. Cho. Connecting the Dots to Custom Catalysts. Science, 299(5613), p. 1684–
1685, (2003). 8

147

Bibliography

[89] A. Lange de Oliveira, A. Wolf and F.i Schüth. Highly selective propene epoxidation
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[203] W. Demtröder. Molecular Physics. WILEY-VCH, Weinheim, (2005). 38, 39
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