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Abstract. The electronic structure of supported mass-selected Ags clusters is analyzed by joint femtosecond
photoemission spectroscopy and ab initio theoretical investigations. A wide band gap insulating magnesia
ultra-thin film on Mo(100) has been chosen as substrate in order to minimize the electronic interaction
between metal clusters and support. After magnesia ultra-thin film preparation no photoemission from
the molybdenum substrate is observed anymore, instead very weak two photon photoemission is detected
possibly originating from surface or subsurface oxide defect states. Soft-landing deposition of 2% of atomic
monolayer equivalents of Ags clusters results in the disappearance also of the MgO two photon photoemis-
sion signal, while a strong single photon photoemission signal is detected from states located directly below
the Fermi level. The theoretical study of structural, electronic and optical properties of Ags at two model
sites of MgO (100), the stoichiometric MgO(100) and an Fg-center defect, based on the DFT method and
the embedded cluster model provides insight into the interactions between the cluster and the support
which are responsible for the characteristic spectroscopic features.

PACS. 61.46.Bc Clusters — 36.40.Cg Electronic and magnetic properties of clusters — 79.60.-i Photoemis-

sion and photoelectron spectra — 68.47.Jn Clusters on oxide surfaces

1 Introduction

A great deal of experimental as well as theoretical ef-
forts (see, e.g., [1]) have been devoted to elucidate the
unique physics of matter in the size regime where ‘each
atom counts’ [2] employing mass-selected silver clusters
as prototype model systems in the gas phase and in few
cases also on surfaces [3,4]. However, besides representing
model systems to illustrate metal cluster size-effects, small
clusters of silver are also strikingly unique as they exhibit
molecule like luminescence properties with unprecedented
efficiency when brought into a proper environment [5].
This surprising optical behavior was found for gas phase
silver clusters in ultra-cold helium droplets and for de-
posited silver clusters in rare gas matrices [6], as well as
for photolytically prepared silver clusters in silver oxide
thin films [7,8]. On the basis of this photo-activated silver
cluster luminescence new optical data storage media have
been proposed and realized [7,9]. An understanding of the
silver cluster optical and electronic properties on metal
oxide supports is, however, just starting to emerge [10,11]
and nothing is known so far about the photo-dynamics
leading to such surprising optical properties.
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In order to elucidate the hitherto unknown electronic
structure of mass-selected silver clusters soft-landed onto a
well-defined insulating metal oxide substrate we apply the
technique of femtosecond two photon photoemission spec-
troscopy (fs-2PPS) employing a newly developed appara-
tus for cluster generation, mass-selection, soft-landing, as
well as surface preparation and characterization [12]. Ear-
lier fs-2PPS experiments on mass-selected silver clusters
soft-landed onto a conducting graphite substrate demon-
strated the influence of the cluster size on the energy dis-
tribution of the emitted photoelectrons and on the mea-
sured overall excitation decay [4]. In our experiments,
a well-defined MgO(100) thin film grown in situ on a
Mo(100) single crystal was chosen, because of the wide
band gap of MgO even in films of only a few monolayers
thickness [13], thus, minimizing the electronic coupling be-
tween metal clusters and surface with the aim to preserve
the fascinating size dependent properties of small metal
clusters. In the case of these ultra-thin films electron spec-
troscopic methods can still be applied without provoking
charging effects [14].

2PPS investigations on metal oxides have considered
so far TiO9 [15,16], as well as large silver particles on
MgO [17] and Al;O3 [18]. Large nanometer sized silver
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particles and islands exhibit photoemission rather simi-
lar to metallic silver surfaces. The 2PP spectra obtained
from bare semi-conducting TiOs crystal surfaces are char-
acterized by electron emission from oxygen vacancy de-
fects intentionally induced by annealing, electron or ion
bombardment to achieve sufficient conductivity [15].

In this contribution we present a joint experimental
and theoretical investigation of soft-landed Ags clusters
on ultra-thin MgO films. Cluster induced states near the
Fermi level are identified by 2PPS. Ab initio calculations
rule out Ags clusters bound to stoichiometric MgO surface
sites as origin of the observed photoemission and suggest
bonding to defect sites instead. However, the calculations
also show that a model defect site Fg-center also has a
too high ionization energy to be in accord with the exper-
imental findings.

2 Experimental setup and computational
methods

The femtosecond photoemission investigations of
monodisperse soft-landed silver clusters have been
performed in a new ultra-high vacuum (UHV) cluster
beam apparatus, which will be described in detail in
a forthcoming publication [12]. The schematic layout
of the experimental setup is outlined in Figure 1. The
molybdenum single crystal with a diameter of 10 mm is
mounted on a liquid nitrogen cryostat manipulator in
the center of the photoemission chamber (base pressure
< 1 x 107 '% mbar) and its temperature can be controlled
by resistive heating between 90 and 1200 K. Cluster de-
position and photoemission measurements are performed
at 90 K. Initial crystal cleaning is performed by heating
to 1600 K in 2x10~7 mbar of oxygen and subsequent
flash to 2000 K by direct electron bombardment [14,19].
The cleanliness and the quality of the Mo(100) surface as
well as the thin film composition are routinely controlled
by Auger electron spectroscopy (AES), electron energy
loss spectroscopy (EELS) and low energy electron diffrac-
tion (LEED) [12]. In addition, the UHV photoemission
chamber also comprises a quadrupole mass spectrometer
for temperature programmed desorption (TPD) spec-
troscopy as well as several home-built evaporators for,
e.g., magnesium and silver metal (see also Fig. 1).
Mass-selected silver clusters are generated by sputter-
ing of silver-gold alloy targets with high energy Xe ion
beams produced by a cold reflex discharge ion source
(CORDIS [20]), subsequently thermalization is achieved
in a helium filled radio-frequency (rf) quadrupole ion
guide, and mass-selection via an rf quadrupole mass fil-
ter [21]. The mass-selected cluster ion beam is finally de-
flected by 90° and guided to the photoemission chamber
via an Einzel lens arrangement and an rf octopole ion
guide [12,22] (see Fig. 1). The kinetic energy spread of the
cluster ion beam is determined directly before deposition
to be less than 2 eV. This ensures soft-landing conditions
with less than 1 eV per atom in the cluster when the ap-
propriate retarding potential is applied to the substrate.
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Fig. 1. Schematic layout of the cluster deposition and fem-
tosecond photoemission experiment. See text for details.

The spatial width of the cluster beam impinging on the
surface is about 5 mm. In the experiments presented here
an Agd cluster beam current of 120 pA resulted in de-
position times of 30-40 min to obtain coverages of about
2% atomic monolayer (ML) equivalents of clusters on the
magnesia surface.

The MgO(100) ultra-thin films are prepared according
to the procedure reported in the literature by evapora-
tion of magnesium metal (0.1 ML/min) in an atmosphere
of 2x10~7 mbar of oxygen [14,19]. During film prepara-
tion the Mo crystal is held at 600 K [23-25]. The films
are subsequently annealed for 1 min at 1040 K. The ob-
tained film thickness is typically 7-10 ML as determined
by Auger electron spectroscopy [12].

Femtosecond photoemission spectra are measured with
a home-built time-of-flight spectrometer consisting of a
0.6 m long double wall p-metal tube. The femtosec-
ond laser light is generated by a Ti:Sapphire oscillator
(Kapteyn-Murnane-Laboratories), which is continuously
pumped by a 6 W Spectra Physics Millennia Nd:YVO,
laser. Pulse amplification is achieved with a Nd:YLF laser
pumped Ti:Sapphire amplifier to yield 0.8 mJ, 40 fs,
804 nm center wavelength pulses at 1 kHz repetition rate.
For the photoemission experiments presented here, the
second harmonic (402 nm) of the fundamental laser emis-
sion wavelength has been used. The laser pulse energy
was carefully adjusted between 1 and 70 nJ (irradiating a
2 mm? area on the substrate), in order to obtain compara-
ble count rates avoiding spectral broadening due to space
charge effects. Cross correlation measurements performed
by detecting the integral two photon photoemission cur-
rent from the molybdenum crystal surface directly inside
the UHV chamber yield a typical pulse lengths of 80 fs.
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The photoelectron spectrometer axis is oriented parallel to
the surface normal and a bias of 3-5 V is typically applied
to the sample. The laser beam incidence angle is 45° and
the beam was p polarized in the experiments presented
here.

In the calculations, the embedded cluster approach has
been used for the description of the MgO support which
is of ionic nature. The quantum mechanical treatment is
restricted to Mgi3013 for stoichiometric MgO(100) and
to Mg13012 for the Fg-center. The array of point charges
(PC) represented by 13 x 13 x 10 describes the distant part
of the electrostatic field of the support. In order to avoid
strong polarization by positive PC’s 16 Mg?* cations have
been introduced at the boundary of the model. This model
is suitable for qualitative purposes. However, investiga-
tion of the size dependence of e.g. the ionization poten-
tial (IP) with increasing model size is out of scope of this
work. The ground state structural and binding properties
of Ags at MgO support have been calculated using the
density functional theory (DFT) method with gradient
corrected Perdew-Burke-Ernzerhof (PBE) functional and
an adequate basis set together with the 19 electron rela-
tivistic effective core potential (19e-RECP). For details cf.
reference [11]. The structures of supported clusters were
determined by full optimization of the cluster coordinates
only since the relaxation of the neighboring support atoms
did not change the binding energies significantly. The cal-
culations of absorption spectra and photoelectron spec-
tra and the optimization of the excited state geometries
were performed employing time-dependent density func-
tional theory (TDDFT) method with the PBE functional.
For the silver atoms our 11e-RECP with the correspond-
ing basis set was used since this ECP was derived for an
accurate description of the excited states of silver clus-
ters. The time-dependent DFT method usually describes
adequately at least the lower energy excited states when
compared with the more accurate methods for the free
clusters. Since we focus on properties of low lying excited
states the TDDFT can be used with confidence.

3 Results and discussion

In Figure 2a the 402 nm (3.09 eV) femtosecond two
photon photoemission spectrum of the bare molybdenum
(100) surface is displayed. This spectrum resembles the
2PP spectrum previously obtained from a polycrystalline
molybdenum sample [27]. The corresponding two photon
excitation mechanism is schematically depicted in Fig-
ure 3a. The first photon excites an electron from an initial
state |1) within the molybdenum valence band to an in-
termediate state |2), which might correspond to an unoc-
cupied real state resonance or a virtual state. The second
photon then probes the population of state |2) by excit-
ing an electron out of the intermediate state into the final
state |3). If the final state energy is above the vacuum
energy Fyqc, the electron might leave the surface and its
kinetic energy is measured with the time-of-flight electron
energy analyzer. F,q. corresponds to the work function @,
if the origin of the energy scale is set to the Fermi level Ep
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Fig. 2. Experimental femtosecond photoemission spectra ob-
tained with 3.09 eV excitation energy (402 nm). (a) Clean
Mo(100) surface (62 nJ laser pulse energy). (b) 8 ML MgO(100)
film on Mo(100) (7 nJ laser pulse energy). The inset shows the
quadratic power dependence of the photoemission signal. The
bottom and top abscissae of (a) and (b) give the intermediate
and initial state energies in the two photon excitation process
with respect to the Fermi level. (c) 2% of atomic monolayer
equivalents of Ags clusters soft-landed onto MgO/Mo(100)
(6 nJ laser pulse energy). The inset displays the power de-
pendence of this photoemission signal. The linear behavior in-
dicates a single photon excitation process. Therefore, for signal
(c), the bottom abscissa displays the initial state energy in the
one photon excitation process.

as it is the case in Figure 3, because of ® = F,,.—FEr. The
high energy cut-off of the photoemission spectrum FE,, 4,
represents electrons with their initial state energy at the
Fermi level, E, g = 2-hv — & = 2-hv — Eyoe — Ep. It
thus serves to define the Fermi level of the photoemission
experiment which is particularly important for the inves-
tigation of the wide band gap magnesia ultra-thin films
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without electronic states around the Fermi level and for
the subsequent cluster deposition experiments. The low
energy edge E,;, of the Mo(100) 2PP spectrum in Fig-
ure 2a determines the work function @y, of the Mo(100)
surface to be 4.5+0.1 eV (Prnio = 2:-hv — (Emaz — Emin))-
This value is in good agreement with the reported value
of 4.53 eV [28].

No photoemission form molybdenum is detected any-
more, if the metal substrate is covered with the mag-
nesia ultra-thin film. Figure 2b shows that, instead, a
new two photon photoemission signal is observed located
around 0.5 eV intermediate state energy. The correspond-
ing quadratic power dependence is displayed in the inset
in Figure 2b. The width and the intensity of this signal
changes slightly with each MgO preparation, however, a
central location at 0.84+0.5 eV intermediate state energy
and the general signal shape are reproducible for MgO
films prepared at 600 K substrate temperature. A detailed
investigation of the MgO/Mo(100) 2PP spectra obtained
under different preparation conditions will be presented in
a forthcoming contribution [24].

The two photon energy used in this experiment is not
sufficient to release electrons from the oxygen 2p state-
derived valence band of MgO, because it starts between 4
and 5 eV below Er [13,29] and the reported work function
of the MgO(100) surface amounts to $ygo = 2.7 eV [30].
The photoemission signal from MgO displayed in Fig-
ure 2b originates form initial electronic states located not
more than 2.8 eV below the Fermi level. These states
within the band gap of MgO might be due to surface or
subsurface defects. However, on the basis of the presented
data the nature of this photoemission and the related ini-
tial states cannot be directly assigned to a specific defect
type of MgO [31]. The energetic location of such states
is tentatively indicated in the level schema of MgO de-
picted in Figure 3b. The low energy edge of this signal
indicates a decrease in the work function @\j,0/n0 Of the
MgO/Mo(100) system compared to the bare Mo(100) sur-
face to 3.4-3.5 eV. This value is slightly larger than the
literature value reported for the experimental work func-
tion of magnesia thin films (2.7 V) [30]. Yet, this is not
surprising as the work function of metal oxide surfaces is
known to be extremely sensitive to the preparation pro-
cedure and the analytic method [29].

If 2% of atomic monolayer equivalents of Ags clusters
are soft-landed on the magnesia ultra-thin film, the ex-
perimental femtosecond photoemission spectrum changes
again completely as can be seen from Figure 2c. A very in-
tense photoemission signal is observed at small electron ki-
netic energies. Laser power dependent photoemission mea-
surements clearly indicate that this signal is due to a single
photon excitation as illustrated by the linear behavior of
the respective graph displayed in the inset of Figure 2c.
Therefore, it has to be concluded that the electron emis-
sion is due to a one photon transition from an occupied
initial electronic state |1) to a final state |3). This is indi-
cated schematically in the level schema in Figure 3c. The
Ags induced photoemission signal is therefore plotted in
Figure 2c on an initial state energy axis corresponding to
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Fig. 3. Schematic level schemata for the different photoex-
citation processes leading to the observed photoemission. All
energies are plotted with respect to the Fermi level Er. Two
photon excitation processes involve the initial electronic state
|1), the intermediate state |2), and the final state |3). (a) Two
photon excitation of Mo(100). Depicted are the valence band
(dark gray) and the conduction band (light gray) of molyb-
denum as well as the electronic work function @ (dashed
line). (b) Two photon excitation of MgO. The bulk band gap
of MgO has been reported to be about 8 eV [13]. Depicted
are the O 2p valence band at the bottom (dark gray) and the
Mg 3s conduction band at the top of the band gap. Occupied
electronic defect states located within the MgO band gap (dark
grey area) between —2.8 ¢V and the Fermi level are assumed to
be responsible for the observed photoemission signal from the
magnesia ultra-thin film (Fig. 2b). No information about unoc-
cupied electronic states within the band gap is available. The
work function @pg0 /Mo (dashed line) has decreased compared
to the work function of Mo(100). (c¢) Soft-landing deposition
of mass-selected Ags clusters leads to a further decrease in the
work function (P4, /Mmg0, dashed line). Single photon emission
is observed (cf. Fig. 2c) from cluster induced electronic states
located just below the Fermi level.

a single photon photoemission process. From this graph it
is evident that the cluster induced signal originates from
initial states |1) located at an energy (E; — Ef) = —0.2
directly below the Fermi level at (E — Er) = 0. The low
energy edge of the signal indicates a further decrease of the
system work function to a value of about 2.7 eV. Besides
a schematic representation of the location of the silver
trimer cluster induced states, the decrease of the system
work function is also included in the level schema in Fig-
ure 3c.

More detailed insight into the electronic structure of
Ags on different model sites of the MgO surface is gained
from theoretical simulations. The calculations show that
the silver trimer is perpendicularly bound to the stoichio-
metric site of MgO(100) and to the Fg-center as can be
seen from the structure models in Figures 4a and 4b, re-
spectively. In the former case two atoms are interacting
with the surface and in the latter case interaction with
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Fig. 4. (Color online) Calculated PES for (a) Ags at MgO
(100) and (b) Ags at Fs-center. First peak corresponding to
ionization potential of the system has been obtained using ex-
tended model for MgO (100) surface with MgggOgs (Mg”)so
as QM part embedded in a 19 x 19 x 12 point charge array.

a single atom is favored. The calculated binding energies
are 1.04 eV and 2.4 eV, respectively. At the surface, the
next isomer lies 0.115 eV higher in energy and assumes
also trigonal shape with the tip pointing to the surface.
In the case of the Fs-center, three isomers with trigonal
Ags unit and slightly different geometries lying within ~
0.05 eV have been found.

As detailed above, the experimental photoemission
spectrum indicates an occupied electronic state due to
soft-landed Agsz just below the Fermi level. The ioniza-
tion potential IP of electrons occupying this state, i.e.,
the location of the state with respect to the vacuum level
Eyqe, is given by IP = (Er — E1) + ®$yvgo/no = 2.9 eV.
The theoretically determined one photon photoemission
spectrum of Ags at a stoichiometric MgO surface site is
displayed in Figure 4a. The corresponding calculated IP
for this stoichiometric surface site amounts to 4.47 eV.
The comparison to the experimentally obtained value in-
dicates that it is very unlikely that the observed photoe-
mission (Fig. 2¢) originates from Ags clusters sitting on
stoichiometric terrace sites. This is also supported by the
experimental observation of the MgO emission at 0.5 eV
intermediate state energy (cf. Fig. 2b) which indicates the
presence of defect centers on the MgO surface. This emis-
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sion almost disappears when Ags clusters are deposited
(Fig. 2¢) pointing toward some interaction of the clusters
with the MgO defect center sites.

The second model site simulated theoretically is the
neutral oxygen vacancy on an MgO(100) terrace (Fls-
center). The structural orientation of the silver cluster at
this site and the calculated single photon photoemission
spectrum are displayed in Figure 4b. The corresponding
theoretical IP value is 4.13 eV an thus by 0.35 eV lower
than the IP of Ags at the stoichiometric surface. However,
the higher theoretical IP value compared to the experi-
mental IP indicates that the Ags at an Fg-center site can
also not be responsible for the experimental findings. Fur-
ther work is in progress to characterize the nature of the
Ags binding sites on the MgO surface.

In order to provide more insight into the origin of the
experimentally observed photoemission at 3.09 eV exci-
tation energy, a comparison of the absorption spectra of
free Ags and Ags at both MgO model sites is given in
Figure 5. The lowest energy transitions for Ags at the
stoichiometric MgO(100) surface located at 1.8 eV is due
to HOMO—LUMO+2 excitation which can be character-
ized as a P—D excitation. This transition is analogous to
the transition of free Ags which is located at 2.45 eV. The
red shift for the supported Ags is due to a strong polariza-
tion by the surface. In the case of Ags at the Fg-center the
lowest intense transition located at 1.8 eV is due to excita-
tion also from HOMO—LUMO+2 and is of P—D nature.
The HOMO orbital from which the excitation takes place
is a combination of a cluster P-type orbital with appro-
priate P-type orbitals of the Fg-center. The red shift of
this transition with respect to the free cluster is due to
the interaction with the Fg-center. Although the lowest
energy intense transitions of Ags at both sites of MgO are
located at the similar energy of 1.8 eV, the red shift with
respect to the free cluster is due to different effects: polar-
ization due to the surface versus Fs-center contribution.
Optimization of the excited state geometry for both Ags
at stoichiometric MgO(100) surface and at the Fg-center
defect gives rise to bound electronic states with minima
close to absorption bands which in principle may be re-
sponsible for fluorescence.

Interestingly, there appears to be a pronounced dif-
ference of the absorption spectra of Ags at the two model
surface sites in the excitation energy range employed in the
photoemission experiment. Whereas the calculated oscil-
lator strength for Ags at the stoichiometric surface site ex-
hibits a minimum just above 3 eV (Fig. 5b), a pronounced
maximum is calculated in this energy range for the case
of Ags at the Fs-center (Fig. 5¢). The latter is due to the
defect influence and characteristic not only for the terrace
Fgs-center. This result might be taken as a further qual-
itative support for the involvement of surface defects in
the excitation mechanism leading to the observed photoe-
mission. The presence of an intense transition at 1.8 eV
(=700 nm) furthermore opens a perspective to carry out
measurements of the lifetime of this state by the time re-
solved pump-probe photoemission experiment. The infor-
mation about the lifetime of electronic states is crucial for
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Fig. 5. (Color online) Comparison of calculated absorption
spectra for (a) free Ags, (b) Ags at stoichiometric MgO(100)
and (c) Ags at an Fg-center defect obtained for optimized
structures. The nature of the characteristic electronic excita-
tions involved in intense transitions are assigned and the corre-
sponding orbitals are shown. The position of the fluorescence
line (red line) obtained by optimizing the geometry of the ex-
cited state is labeled by F.

determining the efficiency of emissive centers in this model
system.

In conclusion, our joint experimental and theoretical
efforts elucidate the photoemission properties of silver
trimer clusters soft-landed onto an ultra-thin film mag-
nesia substrate. Femtosecond two photon photoemission
is observed from defect centers on the bare magnesia sub-
strate which disappears when silver clusters are deposited.
Ags gives rise to a strong one photon photoemission sig-
nal originating from electronic states located just below
the Fermi level. The comparison to the theoretically ob-
tained photoemission spectra of the silver cluster at two
model surface sites excludes Ags bound to the stoichio-
metric MgO(100) surface as cause for the experimental
observations and supports the involvement of defects in
the bonding of Ags. However, also the terrace Fg-center
defect can be ruled out as bonding site for the silver clus-
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ters due to the considerably lower experimental ionization
energy. Further experimental work is in progress to ex-
tend the investigations to different excitation energies and
other silver cluster sizes supported by calculations of these
clusters at various additional MgO defect sites.
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