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Photoelectron studies of neutral Ag; in helium droplets
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Photoelectron spectra of neutral silver trimers, grown in ultracold helium nanodroplets, are recorded
after ionization with laser pulses via a strong optical resonance of this species. Varying the photon
energy reveals that direct vertical two-photon ionization is hindered by a rapid relaxation into the
lower edge of a long-living excited state manifold. An analysis of the ionization threshold of the
embedded trimer yields an ionization potential of 5.74+0.09 eV consistent with the value found in
the gas phase. The asymmetrical form of the electron energy spectrum, which is broadened toward
lower kinetic energies, is attributed to the influence of the matrix on the photoionization process.
The lifetime of the excited state was measured in a two-color pump-probe experiment to be
5.7+0.6 ns. © 2007 American Institute of Physics. [DOI: 10.1063/1.2723087]

I. INTRODUCTION

To date, predominantly negatively charged metal clusters
have been investigated by photoelectron spectroscopy (PES).
This technique probes the energy surfaces of the neutral in
the geometry of the anion, which can differ significantly
from the structure of the uncharged particle. A prominent
example of such a geometry change was found in the charge
reversal experiments on Ags;, which indicate a subpicosec-
ond, linear to triangular geometry change upon
photodetachment.l’2 To study neutrals with PES one must
overcome two major obstacles, (i) selection of a single clus-
ter size and (ii) the high ionization potential (IP), which lies
in the vacuum ultraviolet region for most neutral species. By
ionizing via a size-specific, long-living optically active state
[resonant two-photon ionization (R2PI)], both mass selection
and ionization can simultaneously be achieved for the silver
trimer. The IP of free Agz was determined by single photon
laser ionization studies to be 5.73 eV.> Duncan and co-
workers measured the vibronic spectrum of the B 2E" state
with the origin at 3.34 eV above the ground state.* The
R2PI spectrum of embedded Ags, obtained by Federmann et
al..® shows a broad region of optical activity between 3.35
and 3.85 eV, which we refer to here as M~. The position of
M" agrees well with the absorption spectrum of free Ags
derived from ab initio calculations.” The authors predict a
C,, ground state structure with strong transitions at energies
of 3.41, 3.48, 3.71, and 3.75 eV. By selectively exciting Ags
via M" details of the ionization dynamics are presented, tak-
ing the known IP of the free cluster as a reference.

Helium nanodroplets represent an ultracold and near per-
fect medium for spectroscopic studies at subkelvin tempera-
tures, see Refs. 8—11 for details. In a molecular beam they
have a large pickup cross section. It has recently been shown
for magnesium that up to 2000 atoms could be loaded into a
single droplet.'2 Helium droplets interact weakly with em-
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bedded neutral species. However, it is well known that a
strong interplay between charged dopants and the surround-
ing helium exists.”” As a consequence the photoionization
process of an embedded particle should be influenced, e.g.,
the kinetic energy of the photoejected electrons might be
altered in comparison to ionization in the gas phase. In a
recent publication Loginov et al™* compared photoelectron
spectra of free and in helium droplet dissolved molecules.
They found a decrease of the IP of about 100 meV and a
droplet size dependent asymmetric broadening of the struc-
tures in the spectra. It was suggested that the broadening is
caused by inelastic collisions of the photoelectrons with the
helium atoms of the droplet. Increased knowledge about the
underlying dynamical processes after excitation and ioniza-
tion will be important in successfully understanding the
spectral identity of more complex systems, for example,
large molecules, as well as metal clusters.

The paper is organized as follows. The experimental
method for growing neutral silver clusters in helium droplets
is briefly presented in Sec. II. Sections III A-III D contain
the results and discussion on photoelectron spectroscopy of
Ags including the ionization dynamics and the lifetime of
M". Section III C focuses on the influence of the helium
environment on the photoemission process.

Il. EXPERIMENTAL METHOD

The experimental technique of obtaining the photoelec-
tron spectra of mass-selected neutral clusters in helium drop-
lets via optical excited states [resonant two-photon electron
spectroscopy (R2PES)] was already demonstrated for Agg
and Ag, (see Refs. 15 and 16). Helium droplets are generated
in a supersonic nozzle source cooled by a liquid helium
cryostat to 9-16 K."” The droplets are loaded with atoms
from a metal vapor produced by a heated oven filled with
silver. By varying the expansion conditions of the helium or
the vapor density in the pickup region, the size distribution
of the metal core can be influenced. Silver clusters with up to
150 atoms can grow inside the droplet.18 The ultracold and
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FIG. 1. Photoelectron spectrum of Ag; in He droplets after two-photon
ionization at 340 nm. The known ionization potential of Ag; in the gas
phase (5.73 eV) (Ref. 3) is shown for comparison. The explanation for the
deviation from the measured threshold is given in the text.

chemically inert droplets transport the clusters into the ion-
ization regions of a magnetic bottle-type photoelectron spec-
trometer and a high resolution reflectron time-of-flight mass
spectrometer. Here, the cluster beam interacts with nanosec-
ond light pulses from tunable laser systems. In order to en-
able the classification of the measured electron signals, the
corresponding mass spectra are recorded. For the present in-
vestigations the source conditions are tuned in order to maxi-
mize the signal of Ags. The photoelectron spectrometer was
calibrated by nonresonant multiphoton ionization of free
magnesium atoms with electron energies in the range from
0.2 to 4.2 eV. From this measurement the instrumental reso-
lution is determined to be approximately 30 meV at an elec-
tron kinetic energy of about 1 eV.

For the study of the excited state lifetime a two-color
pump-probe setup is used. With two synchronized lasers, the
second having approximately 1 eV higher photon energy, the
two-color signal can be distinguished from the one-color sig-
nal in the electron time-of-flight spectrum.

lll. RESULTS AND DISCUSSION
A. Spectroscopy of Ag,

The optical spectrum of Ags in helium droplets exhibits
a strong resonance in the range from 3.35 up to 3.85 eV.* No
other silver cluster shows a significant ionization cross sec-
tion in that region. Hence excitation into M~ can be used to
exclusively select Ag;. The R2PE spectrum after excitation
with 340 nm is shown in Fig. 1. We obtain a single peak with
a threshold at significantly higher energy than the gas phase
IP and asymmetrically broadened to higher binding energies.
The full width at half maximum (FWHM) of the peak of
about 150 meV is significantly larger than the resolution of
the spectrometer itself. Finer vibronic structures, as mea-
sured in the gas phase by R2PL" have meV separation,
which is beyond the resolution of our present setup.

Neutral single photon electron spectroscopy maps the
potential energy surface of the cation in the geometry of the
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FIG. 2. Photoelectron spectra of Ag; in He droplets at three selected wave-
lengths. If a direct two-photon process were responsible for the ionization,
no shift of the apparent binding energy 2hv—E,;, would be expected. The
shaded areas under the curves visualize the washing out of the thresholds
seen when exciting with higher photon energies.

neutral. Hence, the spectrum corresponds to a transition from
Ag; into the cation Ag} ground state, 2B2<— lAl, which can
be assigned to the IP of Ags. The vertical IP is known from
gas phase experiments to be 5.73 eV.? The apparent dis-
agreement between the experimental IPs might be due to a
change of the geometry after excitation into M". The corre-
sponding potential energy surfaces of the neutral have been
calculated.”’ Due to Jahn-Teller interaction, the electronic
ground state structure (*E’ in D;, symmetry) is distorted
from an equilateral triangle into an obtuse triangle (282, Cy,
symmetry). The global minimum lies 0.02 eV below the first
excited state (2A1) and 0.15 eV below the linear transient
22;. The calculations suggest that the excited state geometry
differs only slightly from the ground states of the neutral and
the ion. Thus, no significant shift of the IP due to the two-
photon ionization is expected. Therefore, the large difference
suggests that other processes contribute when ionizing em-
bedded trimers with R2PI.

B. Dynamics within 1"

The width of the excited state manifold M~ gives us an
opportunity to study the wavelength dependence of the pho-
toemission process and its possible dynamics. The measure-
ments show an increase of the apparent electron binding en-
ergy 2hv—E,;, with increasing photon energy (see Fig. 2). In
addition the ionization threshold flank becomes shallower. In
order to analyze the threshold kinetic energy E,y, (here we
take the crossing of a tangent at the steepest point of the low
energy flank with the energy axis), it is plotted versus the
corresponding photon energy E, (see Fig. 3). In the simplest
case Ey;, should follow a linear dependence.

Ekin=NEp—AE, (l)

where AE is the energy difference to the vacuum potential.
The corresponding fit through the data points determines the
number of absorbed photons N and AE. For a vertical
two-photon process one would expect N=2 with AE equal

Downloaded 07 Nov 2008 to 131.169.95.135. Redistribution subject to ASCE license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



184306-3 Photoelectron studies of Ags in He droplets

electron kinetic energy [eV]

T T T T
3.63 3.66 3.69 3.72 3.75

photon energy [eV]

FIG. 3. Kinetic energy of the threshold photoelectrons as a function of the
photon energy. The slope of the fit [Eq. (1)] indicates that a rapid relaxation
occurs before the absorption of the second photon. The ionization proceeds
from a fixed level of Agz located 2.40+0.09 eV below the IP.

to the IP. However, the fit gives a slope of virtually
1 (N=0.95+0.05); hence the ionization takes place from an
excited state independent of the photon energy used to pro-
mote Ag; into M". Thus any excess energy is dissipated be-
fore the second photon couples into the cluster. From the fit
a value of

AE=2.40+0.09 eV (2)

below the ionization threshold is obtained. This indicates a
rapid relaxation of Ag; to the lower edge of M" located
2.4 eV below the ionic ground state energy before the ab-
sorption of the second photon. The ionization starts from this
particular level, irrespective of the excitation energy.

Further insight to the excited state dynamics can be
gained from the change of the photoelectron signal close to
the threshold. When a higher photon energy is used for ex-
citation, the low-energy tails marked in Fig. 2 increase in
length, indicating that at least a part of the signal results from
trimers with some excess energy left. That hints to a stepwise
thermalization process and the overall relaxation time de-
pends on the chosen excitation energy. Since the laser pulse
has a width of 6 ns (FWHM), the relaxation process must
proceed on a comparable but shorter time scale. A value of
several hundreds of picoseconds is feasible. Otherwise one
would expect that a significant fraction of not fully relaxed
trimers contribute to the signal leading to an even larger
broadening of the photoelectron spectra in the threshold re-
gion.

A fast relaxation toward thermal equilibrium is typical
for species embedded in matrices. Recently it was shown
that aniline molecules as well as Agg clusters embedded in
helium droplets exhibit a relaxation upon electronic excita-
tion on the picosecond time scale.'*!® Furthermore, rotation-
ally resolved spectra of tetracene and pentacene in helium
droplets show a lifetime broadening due to vibrational relax-
ation in the range of 1 ps.21 In addition, energy could be
directly coupled into the surrounding helium at excitation.
The influence on the electronic transitions of atoms can be
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understood in the frame of a bubble model.*** Due to the
different shapes and extensions of the electron wave func-
tions of the involved states, one excites a broad band of
bubble oscillations (ripplon states). The bubble relaxes
within picoseconds to its equilibrium geometry, thus dissipat-
ing the energy to the helium matrix. The existence of this
effect upon excitation of molecules and small clusters is also
conceivable.

Independent of the mechanism, the system undergoes a
rapid relaxation to the lower edge of M". This level can be
identified with the band origin of the B *E” state which has
been measured in the gas phase by Cheng and Duncan at an
energy of 3.34 eV.* Also fluorescence from Ag trimers em-
bedded in an argon matrix is observed in the same energy
range (3.32 eV).* It is therefore highly probable that in all
three experiments the same B 2E” state is probed. Assuming
a complete relaxation of Ags within the B 2E" state and ne-
glecting any influence of the helium environment on the
measured threshold energy of the photoelectrons yield an IP
of 3.34+2.40=5.74£0.09 eV in excellent agreement with
the one-photon IP of 5.73 eV measured in the gas phase.3

C. Influence of the helium environment on the
photoemission process

Despite the fact that virtual identical values for the IP of
Ags in helium droplets and in the gas phase were found, the
electron emission process is influenced by the presence of
the surrounding helium. This may affect the final kinetic en-
ergy of the individual emitted electrons hence broadening
and potentially shifting the photoelectron spectrum of the
embedded Ag;. The dominant short range electron-helium
interaction is strongly repulsive, making a barrier of about
1.0 eV for electrons entering the liquid surface. The bubble
formed around an electron in helium is as large as 3.4 nm.”
The initial formation time is thought to be in the range of a
few picosecondszs’26 with thermalization finished after
150 ps.27 However, in helium droplets under the present ex-
perimental conditions, an electron will have left the droplet
after about 10 fs, much less than the bubble formation time.
Hence, the electron upon leaving causes probably just a
small perturbation to the droplet and is emitted losing only a
fraction of its energy. The observed asymmetric broadening
of the photoelectron spectra could indicate such a process. In
a first approach elastic binary collisions of the photoelectrons
with individual helium atoms might be considered to be re-
sponsible for the observed shape. Loginov et al. suggested a
convolution of a Gaussian and an exponential decay as an
empirical fit to the spectra.14 They interpreted the linear de-
pendence of the exponential decay constants from the droplet
size as evidence for the validity of the approach. Such a fit to
the spectrum in Fig. 1 yields an exponential decay constant
of 68+3 meV at an average droplet radius of 55 A, which
matches the values published in Ref. 14. However, as clearly
seen in Fig. 1, a significant part of the photoelectron signal
spreads over an energy range of about 500 meV. The fit does
not account for this long tail of slower electrons. Still, it
cannot be excluded that the tail is a feature of the system
itself. To the best of our knowledge no gas phase photoelec-
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tron spectra of neutral Ag; have been published. Therefore,
we compare the measured profile to work on the anions,
which are linear in the ground state.”®? These spectra show
much narrower peaks. Asymmetric broadening is also evi-
dent, but appears on the low binding energy wing of the

peak. The authors attribute the broadening to X 2B, — X sy
transitions from higher vibrational levels of the linear mol-
ecule into excited vibrational states of the neutral triangular
trimer. No evidence of a prominent tail structure to higher
binding energy was observed (see Fig. 7 of Ref. 28). It is
known that the ionization process causes no significant
change in the cluster geometry, whereas the electron detach-
ment process induces a linear-triangular transition of the tri-
mer. Therefore, it is probable that the long tail of low energy
electrons does not reflect the density of states in the Agy ion.
Thus a more sophisticated model is needed to describe the
electron-helium scattering and possible inelastic processes.

Loginov et al. have found a droplet size dependent low-
ering of the ionization potential of aniline molecules in he-
lium in the range of 100 meV.'" They were able to describe
the dependence in the frame of the polarizable continuum
model.*>*" The ionization potential of the system under
study should be related to the droplet radius R as

IP(R) =1P, + e—, (3)

where IP,, is the ionization potential in bulk helium, e the
electron charge, and ¢ the dielectric constant of the helium
droplet. However, we note that this simple equation is only
able to correctly describe the asymptotic behavior of larger
droplets. The absolute shift of the IP, i.e., the difference of
IP,, to the gas phase value, is strongly dependent on the
microscopic structure around the embedded species and the
short range interactions between the solute and the helium. It
is vastly different when comparing, e.g., an aniline molecule
with Ags;. Most molecules show comparatively strong attrac-
tive interactions and an increased helium density around the
molecule, whereas single atoms and small atomic clusters are
more loosely bound to the droplet and often form a small
bubble with a reduced helium density, especially when elec-
tronically excited. This leads to a much smaller difference
between IP,, and the gas phase value. Therefore, we conclude
that the photoelectron threshold of Ag; in a helium droplet
matches the ionization potential of the free species within the
resolution of our experimental setup, whereas the overall
shape is significantly affected by the presence of the helium
nanodroplet environment.

D. Lifetime of the B 2E" state

Finally we address the relaxation dynamics of the B *E”
state. Since this state can be probed by single nanosecond
laser pulses one is able to investigate the lifetime by apply-
ing the pump-probe technique without using ultrafast laser
systems. The first laser pulse at 342 nm (3.63 eV) prepares
Ags in the excited state manifold M" which quickly relaxes
down to the B E" state. After a certain delay the second laser
pulse probes the remaining population in that state. From the
time evolution of the pump-probe signal the lifetime can be
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FIG. 4. Two-color pump-probe signal of the B 2E" level. The data are fitted
by an exponential decay convoluted with a Gaussian which accounts for the
finite width of the laser pulses (6 ns FWHM). The fit gives an excited state
lifetime of 5.7+0.6 ns.

determined. Furthermore, pump-probe photoelectron spectra
may reveal the existence of lower lying levels into which the
excited Ags might relax. The dynamics is probed by record-
ing the photoelectron spectra as a function of the delay be-
tween the two laser pulses. In order to be able to uniquely
assign the electron signal to the pump and the probe pulse, a
different photon energy for the second laser pulse was cho-
sen in the experiment. The electrons originating from ioniza-
tion with the probe pulse form a duplicated spectrum shifted
by the difference of the photon energies. In the measurement
presented here, the fourth harmonic of a neodymium doped
yttrium aluminum garnet laser with a wavelength of
N=266 nm (4.66 eV) was used as the probe pulse. The
pump-probe signal results in the appearance of an additional
peak at approximately 1 eV higher kinetic energies. Tuning
the pump-probe separation toward larger delay times, the
intensity of this peak decreases indicating a delay of the
B’E" state.

Figure 4 shows the pump-probe signal as a function of
the delay between the pulses. The widths of the laser pulses
(6 ns FWHM) are comparable to the lifetime itself. Here, the
data points are fitted to an exponential decay curve convo-
luted with the Gaussian shape of the laser pulses. Taking into
account a possible jitter of the electronic synchronization of
the two pulses, the excited state has a lifetime of
7=5.7%£0.6 ns. With the chosen probe wavelength no addi-
tional structure appears at lower electron kinetic energies.
Thus the final state after relaxation is bound by more than
4.6 eV. Considering the measured lifetime, it is probable that
Ags decays to the ground state by fluorescence. However,
experiments are under way to identify a possible relaxation
to lower lying excited states by applying higher probe photon
energies, for example, with anti-Stokes lines from a
H,-Raman cell. This may reveal competitive decay pro-
cesses, i.e., internal conversion, intersystem crossing, or pre-
dissociation. For a triatomic molecule such as Ag; irrevers-
ible nonradiative decay is unlikely because the density of
vibronic states is too low. However, coupling of the initially
excited state to other electronic states, which themselves
show broadened energy levels due to predissociation, may
allow such a decay. Thus, a sequential model leading to pre-
dissociation is also conceivable. The trimer is known to dis-
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sociate when excited in the droplets.6 If the helium environ-
ment is efficient enough in dissipating the excess energy, it
may be possible for the excited-state system to relax back to
the ground state in a nonradiative way, though experimental
evidence is lacking.

IV. CONCLUSION

In conclusion, information about the electronic structure
of neutral Ag; in helium nanodroplets was obtained by com-
bining resonant two-photon ionization and photoelectron
spectroscopy. The optical excitation is used to select Ag;
from the cluster size distribution present in the droplet beam.
A rapid decay on a subnanosecond time scale down to the
longer living B 2E" state known from gas phase spectroscopy
is observed. The excess energy is effectively dissipated in the
helium environment. Taking this process into account, the
value found for the ionization potential of the embedded tri-
mer is in accordance with results from one-photon ionization
experiments on gas phase Ags. The influence of the helium
environment on the photoemission threshold is negligible but
the shape of the photoelectron signal, especially the low en-
ergy tail, results from the interaction with the surrounding
environment. Using a two-color excitation scheme the life-
time of the B 2E" state was measured and a value of 5.7 ns
was obtained. The experiments show that R2PES is a pow-
erful tool to probe molecules and clusters embedded in he-
lium droplets.
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