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information on the plasmon are determined for the example of closed-shell Age; . Notably, the peak energy of
this anion (3.74 eV) is higher than the small particle limit in Mie theory of 3.5 eV. Different methods to extract
cross sections from the spectra are applied. In particular, we compare the results obtained by integrating the
full electron yields to analyses based on evaluating specified binding energy windows. The approach opens up
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1 Introduction

Novel properties of matter arising from unique structures at the
nanoscale are of high interest for scientific research and
applications." Composites which comprise nanoparticles offer
interesting opportunities to build up functional materials,
which, e.g., provide an effective coupling between nanooptics
and catalysis.> In particular, the optical response of metal
nanoparticles, i.e. the Mie plasmon resonance,” and their use
in nanoplasmonics is appealing, because it may be used for
improved light guiding and trapping, e.g. in thin-film solar
cells* and for nanoscale focusing in tapered waveguides,” or
nanoscale antennas.® In order to exploit the possibilities in the
context of complex materials, it is essential to explore the
optical properties of the elementary building blocks, which
includes the plasmonics of free metal clusters. By controlling
particle size and charge state, unique optical fingerprints can
be realized, that provide avenues to design dedicated materials.

The electronic properties of metal particles’” and fullerenes®®
can be well-described by the response of nearly-free electrons
within the context of the jellium model. Alkali clusters, e.g., show
a collective resonance of the valence electrons down to cluster sizes
of N = 8.'%" 1t is well-known that the plasmon energies Amayi
show a red-shift as a function of decreasing radius R.">™** This
phenomenon is related to the electron spill-out §." In a first order
treatment, the resulting increase in the static polarizability o from
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new possibilities to conduct studies on Landau fragmentation as a result of multielectron excitations.

the classical metallic sphere result R® to (R + §)° leads to a ratio
between the plasmon frequency of the alkali clusters wp;i(R) and
the small particle limit Zawy;e of®

Oalkati (R) IMie R )
OMic V Caikaii (R) (R+90)%

Within Mie theory® the value of myg. can be calculated from the
optical constants."”” Eqn (1) well-describes the size-dependence of
the plasmon energy in alkali clusters. The optical response has
been studied as function of ellipsoidal deformation,'®"
temperature*® and oxidation.>" Calculations on different theoreti-
cal levels are capable to reproduce the experimental findings.**>*

Coinage metals and in particular silver particles are also
known to exhibit distinct plasmon resonances. Due to the
influence of the d-electrons, however, the optical constants
modify’” and the peak in silver shifts from the free-electron
value wye to fiwpg. = 3.5 eV.?° In contrast to alkali clusters,
Agy' shows a blue-shift of the resonance with decreasing N,
that can be understood, when taking into account the reduced
sd-screening near the particle surface.”””>° One finds®”:

2
Dsiver (R) _ 1( ws ) Dy

Ag 2

—_— 2
Dpie % R ( )

Dpie

where hwg = 3.7 €V is the corrected surface plasmon energy and
Dy = —0.8 A the sd-screening parameter. Whereas eqn (2)
describes the development of the plasmon energies in Agy',
the situation for anions is different as they show a red-shift
with decreasing size.’® This particular behavior motivates a
more thorough study of the plasmon energy development in
silver cluster anions.
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Even up to date, the method of choice to measure optical
spectra of anionic clusters is to record photodepletion yields.**
The corresponding signals are extracted by measuring photo-
reaction yields, that is

Agn t+ho — Agy t+e”
= Agn-m t Agm (3)

A drawback of the photodepletion method is that essential
details of the cluster response are lost, i.e., the coupling to the
electronic system triggered by the photoabsorption is not
accessible. In contrast, recording the corresponding photoelec-
tron spectra will provide this information.

In this contribution, we record photoelectron spectra of
silver cluster anions of size N = 91 in order to obtain relative
photodetachment cross sections, i.e. differential cross sections
with respect to the energy of the emitted photoelectrons. To the
best of our knowledge, such a treatment was not utilized before
to obtain an extended characterization of the plasmonic
response of metal clusters. Further, the method presented here
will enable us to capture the optical response of a broader class
of systems, namely polyanionic clusters.

2 Experimental setup

Details about the experimental setup have been published
elsewhere.?* Briefly, a magnetron-based gas aggregation source
is used to produce a molecular beam of clusters, which con-
tains negatively charged silver cluster anions.*® After size-
selection, the particles enter a digital radio frequency ion
trap,>* where the anions are accumulated using argon buffer
gas cooling. By pulsed extraction at a rate of 10 Hz, the anions
are transferred into the interaction region, where light from a
tunable laser system illuminates the cluster bunch. An optical
parametric oscillator (OPO) laser system delivers nanosecond
light pulses between Epp, = 3.52-4.11 €V at pulse energies on the
order of 1 pJ. The OPO process, however, comes along with
considerable pulse-to-pulse fluctuations. Therefore, electron
signals and pulse energies are monitored on a shot-to-shot
basis. This allows for a compensation of pulse fluctuations in
the data evaluation, thus ensuring the determination of reliable
response cross sections. Photon fluxes are adjusted with respect to
changes in the photodetachment cross sections. The entire energy-
resolved photoelectron signals are obtained by a magnetic bottle
electron spectrometer.>® Special care was taken in the calibration
procedure to minimize artificial electron binding energy shifts,
when changing the laser wavelength.

3 Results

The photoelectron measurements were conducted on Ago; .
This particular size was chosen for two reasons: (i) according to
jellium calculations a metal cluster having N, = 92 valence
electrons represents a closed-shell system.'” Such magic clus-
ters are expected to have a spherical shape and thus should
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Fig. 1 Experimental photoelectron energy spectrum of Age:~ (blue line),
obtained at Ey, = 3.76 eV. The panels (a-c) illustrate three different
methods to analyze the spectrum and determine relative photodetach-
ment cross sections, see corresponding shaded regions. (a) The signals are
integrated up to a photon-energy dependent binding energy value of
EW . = Epn — Et. Ex marks the energy range, where the transmission of the
spectrometer decreases significantly (Method I). Note that the excluded
binding energy range may contain substantially more electrons than
registered in the above plot (Fig. S1, ESIT) (b) irrespective of the photon

energy, the electron yields are summed up to a selected maximum binding

energy value EX, (Method 1); (c) the spectrum is integrated only within a

selected narrow binding energy region, i.e. [EN0. — §E; EXN 1 (Method I11).

reveal only a single plasmon peak.'® (ii) The onset of photo-
emission, characterized by the electron affinity E, = 3.03 eV,*® is
low compared to larger cluster anions.*® Thus, an excitation
energy range, which extents to lower Ep, can be captured to
determine detachment cross sections. Fig. 1a shows the elec-
tron spectrum taken at Ep, = 3.76 eV. The onset of photoemis-
sion is found at an electron binding energy Ey;, of around
2.95 eV, followed by a first peak at 3.07 eV and a second one at
Epin = 3.42 eV. The overall structure compares well with
previous studies of other groups.’” At a binding energy of
almost 3.6 eV the signal decreases substantially, which origi-
nates from the low detection efficiency of the spectrometer for
slow electrons, We take this into account by defining a mini-
mum detection threshold for the electron kinetic energy of
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E. = 0.23 eV (Fig. 1). Thus, signals for Epy, > Ep, — E. are
excluded from further evaluation.

The single-shot data acquisition, where both, the laser pulse
energy and the photoelectron yield, are recorded, enables us to
analyze the data as shown in Fig. 2: a linear function is fitted to
the number of electrons detected and plotted versus the num-
ber of photons. From the resulting slopes relative photodetach-
ment cross section are determined. Note that conducting the
analysis in such a way has the advantage, that offsets in the
determination of the pulse energies and/or electron counts (e.g.
due to dark counts of the detector), see intersections with the
ordinate, have no effect on the extracted cross sections.

In the core of the subsequent evaluation, we concentrate on
the photon energy dependent cross sections, which are also a
function of the binding-energy range. For this reason, we
specify three methods and analyze:

e The entire photoelectron spectra up to the highest acces-
sible Epin, i.6. Eax = Epn — E¢ (Fig. 1a).

e The photoelectron spectra up to a predefined maximum
binding energy EWW, (Fig. 1b).

e The photoelectron spectra only within a selected energy
window JE, ie. in the range [EWY) — §F; ESl] (Fig. 1c).

Note that only Eg‘)ax depends on Epy,, whereas EE}]‘Q,X and E&IB(
are constant values to be defined.

3.1 Method I

Evaluation of the entire spectrum (Method I) allows for a
comparison to corresponding photodepletion experiments,
whereby one has to take into account that photo-induced
cluster fragmentation is not captured. The cross sections oy
from wavelength-dependent measurements are shown in Fig. 3
(open symbols). Inspecting oy, a clear increase in the optical response
is obtained at energies between E,;, = 3.58 eV and 3.78 eV. The cross
sections show a broad feature, that decreases slowly for energies
above 3.85 eV. Backed by results obtained by photodepletion,*®

photoionization®***® and photoabsorption®**"** experiments on

Electron counts
N
=]

1

-
o
1

Number of photons / 102

Fig. 2 Number of electrons per laser shot vs. number of photons,
exemplary shown for two selected photon energies (red: 3.92 eV, blue:
3.76 eV). Slopes obtained from linear fitting (black) provide measures of the
relative photodetachment cross sections. The experimental data points are
plotted as connected lines for better clarity.
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Fig. 3 Photon energy dependent electron detachment cross sections
obtained for Age; . The photoelectron signals were evaluated up to
Epin = Epn — E¢ (Method |, open symbols). Correcting the data for
contributions from low-energy electrons (0 < En < Ey, the actual
photodepletion cross sections are estimated (closed symbols). Note the
increase in the error margins due to the correction procedure. See text for
details.

unsupported Ag clusters and nanoparticles, the feature can be
assigned to a collective response of the valence electrons. As indicated
in Fig. 1, electrons having kinetic energies below E; are excluded from
the analysis, due to the reduced detection efficiency with respect to
low energy electrons. Consequently, the cross-section values may be
largely underestimated especially at lower photon energies, leading to
an artificial peak shift towards higher energies. In fact, in photo-
depletion restricted to electron emission (see eqn (3)), the entire
electron spectrum has to contribute when determining the optical
response. In order to obtain more reliable values, a representative
photoelectron spectrum taken at the highest photon energy of
Epi* =4.11 eV is used to “complete” the spectra recorded at photon
energies Ey, < Epp — E¢ = 3.88 eV. We thereby assume no qualitative
change of the spectra with Ep,j,. Thus, one can estimate the fraction of
the electron yield Y within the critical energy window [Epn, — Eg Epn]
and correct the previously obtained cross sections with a
corresponding factor

Eph
Y (E™)d By
() = 0 SRS
Jo™ Y (ER¥)d B

Conducting the analysis in such a way leads to the corrected
cross sections presented in Fig. 3 (closed symbols). Fitting a
Lorentz profile to the data results in a plasmon peak position at
3.76 eV. By consideration of the correction procedure, the cross
sections increase by up to a factor of eight, which is due to the
large proportion of electrons located at high binding energies
above 3.3 eV (Fig. S1, ESIt). One should therefore note that a
significant number of low energy electrons showing up in the
binding energy region [Ey;, — Eg; Epp] may lead to a noticeable shift
of the cross section values. Possible qualitative changes of the
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spectra with photon energy are also not covered. These contribu-
tions, however, could have a significant impact on the resulting
cross sections and hence represent a drawback of the procedure.

3.2 Method II

While Method I represents a complex data analysis, the results allow
for a direct comparison with other depletion experiments. However,
the approach comes along with some disadvantages. In order to
bypass the correction procedure and thus avoid systematic errors in
the detection method, it is advisable to concentrate on a limited
energy range in the evaluation (Fig. 1b). In the implementation of
Method II, we assume that the selected range of E;, adequately
maps the cross sections. Electron signals are evaluated up to a
predefined binding energy EL,. Excitation energies are thereby
restricted to Epp, > Enax + Ee This ensures that the specified binding
energy window is fully covered for all Epy,.

Resulting detachment cross sections oy for selected EWM
values are presented in Fig. 4. We notice, that:

e all energy windows show a similar development of ogy;.

e choosing the value of Eﬁ,{gx too small leads to significant
uncertainties with respect to ay; due to lower statistics (a).

e the statistical uncertainty reduces when increasing the
energy window (a-c). However, cross sections at lower excita-
tion energies are not captured for too large E&, (c).

3.3 Method III

Finally, the electron spectra were evaluated by using Method III.
The procedure is similar to Method II, but now the energy
window is tuned to specific needs, i.e. [ E\L —OE; E4L], see
Fig. 1c. This enables us to resolve photon energy dependencies
of the cross sections for different binding energy regions. In
order to illustrate Method III, a 0E = 50 meV broad slice of the
low binding energy peak is selected, see Fig. 1, and analyzed
with respect to electron detachment. The corresponding cross
sections are presented in Fig. 4d. Clearly, the development of
the data points as obtained by Method I (Fig. 3) and II (Fig. 4a—-
c) is well-reproduced although the energy window used for the
evaluation is significantly restricted.

Fig. 5 summarizes the collective resonance energies deter-
mined by applying Methods I-III. Although different evaluation
techniques are used, the Methods II and III provide a reliable
plasmon energy of 3.73 eV. Note that analyzing different
regions of the low binding energy peak using Method III shows
almost no shift of the plasmon. Clearly, the plasmon energy of
Agy; neither depends on the chosen values of Ey,,x nor on the
method applied. As long as the envelope of the resonance is
sufficiently sampled, a conclusive fit curve can be obtained, see
also Fig. 4. The plasmon energy value obtained by Method I of
3.76 €V, is only about 30 meV higher, which is probably a result
of the increased uncertainty due to the correction as discussed.

4 Discussion

In our photoreaction experiment on Agy; only a single reac-
tion pathway, i.e. photodetachment of electrons, is considered,
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Fig. 4 Photoelectron cross sections of Agg;~ (red dots) with Lorentz fit
functions (black lines). The photoelectron signals were evaluated up to a
predefined maximum binding energy EW  as indicated (Method I, a—c)
and in a defined binding energy range between 3.05 and 3.10 eV (Method
111, d).

but other processes may contribute as well. This raises the issue
of the coupling of the collective electron motion to single
particle states termed Landau damping.*® Indeed, fluorescence
as a corresponding plasmon decay channel has been found,
however, for only a few clusters like Ags.** This process requires
excited-state lifetimes on the order of nanoseconds. Such
exceptional long lifetimes are not expected for metal clusters
in general due to the high density of electronic states. This
statement is supported by experiments on supported Ag clus-
ters, where lifetimes in the femtosecond regime have been
reported.”” The excess energy may also dissipate into other
internal degrees of freedom, potentially leading to the evapora-
tion of atoms. Indeed, in plasmon measurements on Nao; ,
photofragmentation has been identified as competing decay
channel to photodetachment.>® Moreover, at higher photon
energies, photoemission is almost suppressed. If the excitation
leads to a heating of the electron system, single electron
emission does not take place. The coupling of the electronic

This journal is © the Owner Societies 2023
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Fig. 5 Comparison of the plasmon energy obtained from the different
data evaluation methods described in the text. The photoelectron signal

was either analyzed up to Epi, = E‘,'r‘l’ax (blue square) or in separated binding

energy windows [EW). — §E; EM ] (SE = 50 meV) (red circles), see Fig. 4.

The low-energy cutoff of the spectrometer limits the electron transmis-
sion, which requires a correction procedure for Method |, see Fig. 3 and
text for details. The solid line shows the corresponding corrected value,
when using the entire electron signal. Note that when determining the
error margins, only statistical errors were taken into account.

excitation to vibrational modes finally results in an evaporation of
atoms, which has been observed for small silver clusters on time
scales extending up to several milliseconds.*®™*® Time-dependent
local-density approximation (TDLDA) calculations on Nay have
shown that Landau damping contributes beyond N = 92.>* In our
experiments, we cannot exclude photofragmentation.*® Probably,
the increase in the density of single electron states with cluster
size>® favors extensive Landau damping into many electron-hole
states. Further energy dissipation into vibratioal modes finally
triggers cluster fragmentation. Analyzing photoemission signals
in specific energy ranges may provide further insights into relaxa-
tion pathways. With the availability of ultrashort laser pulses®” it
has even become possible to trace the electronic response on
ultrafast time scales, ie. conducting time-resolved photoelectron
spectroscopy.>>”>

The plasmon energies of free, supported and embedded silver
nanoparticles have been studied in detail experimentally®®>**” as
well as by theory.”®®® By considering the respective matrix shifts,
experiments on size-selected Ag clusters embedded in rare gases
confirm the results obtained in the molecular beam.>” An interest-
ing dependence is obtained, when comparing clusters of different
charge state, keeping the relevant number of valence electrons
constant. In Agg***° and Ag,™® the position hardly shifts, whereas
in Ag;~ the plasmon lowers in energy by 0.68 eV with respect to Agy"
and centers at 3.34 €V.>® Interestingly, our result for Agy;~ (3.73 eV)
overshoots the small particle limit R, of 3.5 eV and tends to
coincide with the result of 3.74 eV expected for Age," (eqn (2)).
Possibly, the Ag cluster charge state has hardly any influence on the
plasmon energies in this size range, which is in contrast to the
behavior of sodium clusters of similar size.'**' Followup experi-
ments on the cluster anion size dependence are under way, which
will clarify, whether the plasmon energies in larger Agy indeed
develop similar to those of cationic systems.”” Evidence for the

This journal is © the Owner Societies 2023
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applicability of eqn (2) to larger systems, independent of their
charge state, stems from photoabsorption measurements on unsup-
ported 2 nm silver nanoparticles.*!

All methods described in the present work can be applied in
parallel, since the values are determined after the data sets have
been recorded. Method I is closest to photodepletion and thus
provides the traditional measure of the absorption cross sec-
tions. However, for a full analysis, measurements on the
competing decay channel of photofragmentation have to be
conducted, too. To get access to the entire photoelectron signal,
the detection efficiency of magnetic bottle spectrometers at low
electron energies has to be improved. This can be accom-
plished by accelerating the electrons by a weak electrostatic
potential.***” Method 1I is based on the assumption that
photodetachment fully reflects in the evolution of the weakly
bound electrons and that therefore the evaluated signals are
good measures of the actual cross sections. As an advantage,
only the signals close to the detachment energy threshold are
evaluated. Compared to Method I, the yields in the selected low
binding energy region depend to a lesser extent on spectro-
meter transmission. As demonstrated by Fig. 4 and 5, the
analysis allows to adjust E&), in a proper way. In our experi-
ment on Agy; (Ex = 3.03 eV), which covers a photon energy
range between 3.52 and 4.11 eV, EX .« = 3.3 eV is an appropriate
choice. Method III in principle allows to study the wavelength
dependence of selected photoelectron peaks. It is well-known
from other experiments, that inelastic energy loss, shake-up,
and autodetachment can modify the spectra.®® Method III
reveals the differential cross section with respect to the photo-
electron energy and, thus, in principle allows for investigating
such processes.

5 Conclusions

In summary, a procedure has been described, which allows to
determine relative photodetachment cross sections of silver
cluster anions in various ways, providing information on the
optical response with respect to direct photoemission. The
methods of evaluation are not restricted to metal nanoparticles
but can be applied to other systems as well. For example, the
present studies could be extended to the optical response of
polyanionic molecules, which are relevant to photochemistry.®®
In contrast to photodepletion, photoelectron spectroscopy
allows to separate direct electron emission from processes like
fragmentation, which develop on longer time scales. Evaluating
plasmon-induced photoemission is thereby of utmost impor-
tance for applications like photocatalysis’® and photovoltaics.”*
Understanding the fundamentals of plasmon decay into hot
electrons in metal nanoparticles and nanostructures offers
promising prospects for efficient energy conversion of light.
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