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2 p core-level binding energies of size-selected free silicon clusters:
Chemical shifts and cluster structure
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The 2p core-level electron binding energies of size-selected silicon cluster ions have been determined from
soft x-ray photoionization efficiency curves. Local chemical shifts and global charging energy contributions to
the 2p binding energy can be separated, because core-level and valence-band electron binding energies exhibit
the same inverse radius dependence. The experimental 2p binding energy distributions show characteristic
size-specific patterns that are well reproduced by the corresponding electronic density of states obtained from
density functional theory modeling. These results demonstrate that 2p binding energies in silicon clusters are
dominated by initial state effects, i.e., by the interaction with the local valence electron density, and can thus be
used to corroborate structural assignments.
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I. INTRODUCTION

X-ray photoelectron spectroscopy is a standard technique
in the investigation of the electronic structure of surfaces,
adsorbates, thin films, deposited clusters, and nanocrystals.1–4

Its application to free particles like size-selected clusters,
nanoparticles, or complexes should allow to study their
unperturbed properties, but this approach is still hindered
by considerable technical challenges. While photoelectron
spectroscopy of size-selected cluster anions in the visible and
ultraviolet spectral range can be performed with laboratory
lasers, the access to deeper valence bands or core levels
requires photon energies in the extreme ultraviolet to soft x-ray
range, and synchrotron radiation facilities or free-electron
lasers as photon sources. Since the photon flux of conventional
undulator radiation is typically 3–5 orders of magnitude lower
than that of lasers, core-level photoelectron spectroscopy on
gas phase clusters has so far only been performed on neutral
cluster beams with a broad size distribution,5 or on very large
nanoparticles.6 However, these approaches do not allow to
observe detailed finite size effects. Recently, first free-electron
laser vacuum ultraviolet and soft x-ray photoelectron spectra of
size-selected clusters have been reported.7 Still, photoelectron
spectroscopy on a beam of size-selected clusters remains chal-
lenging even with the increased photon flux of a free-electron
laser because of the inherently low target density. In principle,
the same also applies to x-ray absorption spectroscopy. In this
case, however, ion traps can be used to increase the target
density, which permits to perform x-ray absorption8–14 and
x-ray magnetic circular dichroism15,16 spectroscopy of size-
selected atomic, molecular, and cluster ions with synchrotron
radiation. Such experiments allow to study the electronic
and magnetic properties of free particles, and give access to
core-level and valence electron binding energies as well as
highest occupied-lowest unoccupied molecular orbital gaps.17

Of particular interest in this respect are silicon clusters,
which exhibit strongly size dependent electronic and geometric

properties.18–21 Here, we demonstrate that 2p binding energy
spectra can be extracted from core-level photoionization
efficiency curves of size-selected free silicon clusters. In
combination with density functional theory calculations, these
binding energy spectra yield information about the intracluster
electron density distribution and its relation to geometric
structure.

II. EXPERIMENTAL METHOD

Details of the experimental setup are described elsewhere.11

In brief, cationic silicon clusters are produced in a magnetron
gas aggregation source by argon sputtering of a high-purity
silicon target. The silicon cluster cations are guided into
high vacuum by a radio-frequency hexapole ion guide, mass
selected by a quadrupole mass filter, and accumulated in
a linear quadrupole ion trap. The confined cluster ions are
irradiated by a monochromatic soft x-ray beam at BESSY II
undulator beamline U125/2-SGM. Following x-ray absorption
at the silicon L2,3 edges, the 2p core-excited state decays in a
nonradiative process with the emission of Auger electrons,22,23

which results in multiply charged cluster ions that may
further undergo fragmentation or evaporation. For ion yield
spectroscopy, these product ions are detected by a reflectron
time-of-flight mass spectrometer as the photon energy is
scanned across the silicon 2p core level binding energy with
a step size and resolution of 50–100 meV, as shown in Fig. 1
for Si+11.

III. EXPERIMENTAL CORE-LEVEL ELECTRON BINDING
ENERGIES FROM PHOTOION YIELD SPECTRA

In contrast to transition metal clusters,10–15 silicon clusters
show complex photofragmentation patterns24–26 not only in
valence band, but also in 2p core-level photoexcitation.
For silicon 2p excitation, the resulting partial ion yield
curves allow to distinguish between direct and resonant
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FIG. 1. (Color online) Normalized partial ion yield spectra of
2p excited Si+11. Si3+

11 (thick dashed line) and Si2+
7 (thick solid line)

originate from direct 2p photoionization and give access to the 2p

core level binding energies, while Si+n , n = 3–6 product ions originate
from resonant excitation. Inset: 2p photoionization efficiency curve
(dashed line) and its derivative (solid line) for Si+11.

photoionization processes. These curves are shown in Fig. 1
for Si+11 parent clusters. Here, the Si3+

11 and Si2+
7 photoion yield

curves exhibit a sharp threshold at ≈ 109.5 eV, indicating
that these product ions originate from direct 2p core level
photoionization, while Si+n , n = 3–6 are produced already
at ≈10 eV lower photon energy, therefore resulting from
resonant 2p excitation. This clear separation of direct and
resonant photoionization processes in the ion yield curves
is surprising, but follows from the possible excitation and
relaxation channels. The silicon 2p level is a shallow core-level
situated below the 3s and 3p valence levels. Following direct
2p photoionization of Si+n , Si2+

n can therefore only relax via
a single LVV Auger decay, which limits the final charge state
to Si3+

n . The maximum internal energy of this electronically
excited Si3+

n product ion is obtained when removing two
electrons from the bottom of the valence band in the Auger
decay, and equals twice the valence band width. Although this
internal energy of ≈24 eV (see Ref. 27) would be sufficient to
overcome the fourth ionization potential, the corresponding
double excited state does not couple efficiently to further
ionization, but leads to fragmentation. For small silicon
clusters (n � 10), asymmetric fission with the emission of
Si+ is the preferred channel for both doubly and triply charged
clusters. Larger clusters exhibit more complex fragmentation
patterns with a preference for the emission of Si+6 , Si+7 , Si+10,
and Si+11.21,24–26 Therefore direct 2p photoionization of Si+n and
subsequent Auger decay produces triply charged Si3+

n ions,
which can decay to dicationic Si2+

m (m < n) via the loss of
singly charged fragments.

In resonant excitation of Si+n , on the contrary, a 2p core
electron is promoted into unoccupied valence states with s

or d character, again followed by a single LVV Auger decay,
limiting the charge state to Si2+

n . Again, the remaining internal
energy leads to (asymmetric) fission that yields singly charged

TABLE I. List of doubly and triply charged product ions used to
monitor direct 2p photoionization efficiency curves for a given Si+n
parent ion.

Product ions Product ions

Si+9 Si2+
7 , Si2+

6 , Si2+
5 Si+18 Si2+

11 , Si2+
9

Si+10 Si2+
9 , Si2+

7 , Si2+
6 Si+19 Si2+

11 , Si2+
9

Si+11 Si3+
11 , Si2+

7

Si+12 Si2+
11 Si+22 Si3+

22 , Si2+
11

Si+13 Si3+
13 , Si2+

7 Si+23 Si3+
23 , Si2+

17 , Si2+
13 , Si2+

11

Si+14 Si3+
14 , Si2+

8 , Si2+
7 Si+24 Si2+

17 , Si2+
13 , Si2+

11

Si+15 Si2+
11 , Si2+

9 , Si2+
8 , Si2+

7 Si+25 Si3+
25 , Si2+

19 , Si2+
15 , Si2+

11

Si+16 Si3+
16 , Si2+

11 , Si2+
10 , Si2+

9 Si+26 Si3+
26 , Si2+

19 , Si2+
15 , Si2+

11

Si+17 Si2+
11 , Si2+

10 , Si2+
9 Si+27 Si2+

21 , Si2+
19 , Si2+

17 , Si2+
11

Si+k ions with k < n. Therefore the size and charge of a
photoion allows to trace back its origin to either resonant or
direct core-level photoionization: In the present study, Si3+

n

and Si2+
m ion yields for m < n almost exclusively represent

the 2p photoionization efficiency curves of Si+n . The dominant
ion yield channels which have been used to obtain the direct
photoionization efficiency curves are summarized in Table I.
From these curves, information about binding energies and
chemical shifts of the 2p core level for Si+n parent clusters can
be obtained. This is illustrated in the inset of Fig. 1, where
the 2p photoionization efficiency curve and its derivative is
shown for Si+11. The two lines in the derivative are separated
by the 2p spin-orbit splitting of 0.6 eV (see Ref. 28) and
exhibit an intensity ratio of 2 : 1. These lines represent the 2p

electron binding energy spectrum with respect to the vacuum
level and can be attributed to 2p3/2 and 2p1/2 core-hole
states.

IV. GLOBAL AND LOCAL CONTRIBUTIONS TO
CORE-LEVEL BINDING ENERGIES OF
SIZE-SELECTED SILICON CLUSTERS

An overview of the evolution of silicon 2p binding energies
with cluster size is shown in Fig. 2 for Si+n with 9 � n � 27.
Two effects can be seen in these spectra: an overall shift to
lower 2p binding energy with increasing cluster size, and a size
specific variation in the silicon 2p binding energy spectrum.
The overall shift can be attributed to the global charging energy
of Si+n clusters while the detailed structure of the binding
energy distribution reflects local chemical shifts in the 2p

binding energy of different atoms in the cluster.
Within the well-known macroscopic spherical droplet

model,29,30 which is successfully applied to describe valence
band photoionization of size selected dielectric clusters,31 the
ionization potential IP changes with the approximated cluster
radius R as

IP(R) = IP∞ + (Z + α)

(
1 − 1

εr

)
e2

(R + η)
,

where IP∞ is the bulk work function or the 2p electron binding
energy, Z is the initial charge of the cluster, α is a material
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FIG. 2. (Color online) 2p core level binding energy spectra of
Si+n clusters, reflecting global charging energy and local core-level
shift contributions.

specific parameter, e is the unit charge, εr is the permittivity
of the cluster, and η is commonly interpreted as the electron
spill-out. This spill-out should be smaller for cations than for
anions and, for larger clusters, is small compared to the cluster
radius R. Thus a linear change of the ionization potential with
inverse radius 1/R is expected within the spherical droplet
model, with the same slope for both, valence and 2p core level
photoionization.

To show the validity of this model for core-level pho-
toionization, 2p photoionization thresholds, obtained from
the average core-level binding energies of Si+n , n = 5–92, are
plotted versus n−1/3 ∝ 1/R in Fig. 3. As expected, the direct
2p photoionization threshold of 106–111 eV increases linearly
with n−1/3, as does the valence level photoionization threshold
in the range of 8–13 eV, also included in Fig. 3. This valence
level photoionization threshold was obtained with the same
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FIG. 3. (Color online) 2p photoionization threshold (open cir-
cles) and ionization potential (open triangles) for Si+n clusters. The
macroscopic charging energy, determined from the slopes of both
curves, is identical within the error bars and interpolates between
atomic and bulk silicon (filled symbols), see Refs. 28,32–34.

setup from photoionization efficiency curves of Si+n in the
vacuum ultraviolet spectral range, where the photon energy
at the onset of the Si2+

n signal in the photoion yield spectrum
was taken as the ionization threshold of Si+n . As expected,
the slopes of both curves, and thus the charging energies, are
identical within the error bars. This allows for the separation of
global and local contributions to the size dependence of the 2p

core level binding energy spectra by subtracting the charging
energy contribution. The remaining core-level shifts contain
information on the local charge density and can be linked to
the cluster geometry.

V. DENSITY FUNCTIONAL THEORY MODELING OF
CORE-LEVEL BINDING ENERGY SPECTRA

To study the effect of cluster structure, 2p binding energy
spectra were modeled for Si+n , n = 9–13. This size range
was chosen because of the absence of low-lying structural
isomers18,19 that allows for the assignment of individual lines to
specific sites, and thus, for geometric structure determination.
Reported geometries20 of silicon clusters were reoptimized35

with density functional theory (DFT) as implemented in
TURBOMOLE,36,37 using the Becke three parameter exchange
and Lee-Yang-Parr correlation (B3LYP) hybrid functional38,39

with the triple-ζ valence plus polarization (def2-TZVP) atomic
basis set.40 In addition, global optimization using simulated
annealing coupled to molecular dynamics (MD) simulations
was performed for Si+12,35 followed by optimization with gra-
dient based techniques and characterization of the stationary
points by vibrational frequency calculation. Gradients for MD
simulations have been obtained using the Becke exchange
and Perdew or Lee-Yang-Parr correlation (BP86, BLYP)
functionals39,41,42 with the split valence plus polarization
(def2-SVP) basis set40 and employing the resolution of identity
approximation.

Ground state 2p core-level electron binding energies were
obtained from Kohn-Sham eigenvalues of the corresponding
orbitals.43 Final state spin-orbit splitting was modeled in
the calculated spectra by a duplicated ground state density
of states, separated by the silicon 2p spin-orbit splitting of
0.6 eV,28 and weighted with the j -degeneracy of 2p3/2 and
2p1/2 core hole states. The resulting individual lines were
broadened by 290 meV full width half maximum Gaussian
profiles and calculated spectra were shifted by <500 meV to
match the experimental data.

VI. CORE-LEVEL SHIFTS, LOCAL VALENCE ELECTRON
DENSITY, AND CLUSTER GEOMETRY

In Fig. 4, the experimental and theoretical results are
compared for Si+n , n = 9–13. The calculated 2p core-level
electron binding energy spectra are in very good agreement
with the experimental data, underlining the close relationship
of electronic and geometric structure. Since final state effects
beyond the simulated 2p spin-orbit splitting in the presence
of the core hole were not accounted for in the calculations,
this good agreement implies that the experimental spectra are
dominated by initial state effects.

For Si+13, three lines are resolved in the experimental 2p

binding energy spectrum. In its lowest energy structure,20 the
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FIG. 4. (Color online) Experimental (solid lines) and modeled
(dashed lines, sticks) 2p electron binding spectra for Si+n , n = 9–13,
plotted versus effective binding energy without charging energy
contribution. For n = 12, different spectra are shown for isomers
A (dashed line) and B (dotted line), see Ref. 20.

ground-state 2p electron binding energies of Si+13 appear in
two groups which are separated by a gap of 0.3 eV in each
set of 2p3/2 and 2p1/2 lines, represented by sticks in Fig. 4.
These two different groups of binding energies can be assigned
to different sites within the cluster: the 2p levels with lower
binding energies belong to the nine outermost silicon atoms
with lower coordination number, while the stronger bound
2p levels are localized on the four silicon atoms with higher
coordination number. These chemical shifts can be correlated
with calculated local differences in the electron density:
consistent with 2p core-level shifts of surface components
observed for single-crystalline silicon,28,44,45 a decreased local
electron density causes an increased 2p binding energy
in Si+13.

For Si+12, a global optimization procedure was used to obtain
the ground state structure labeled isomer A in Fig. 4. Its
calculated 2p binding energies agree well with the experimen-
tal spectrum. Both, experimental and theoretical 2p binding
energy spectra of Si+12 exhibit a weak shoulder at low electron
binding energy, which can be assigned to electrons located
at the two outermost atoms in this cluster. As in Si+13, low
coordination numbers correspond to low 2p electron binding

energy in Si+12. At the B3LYP and def2-TZVP level,38–41 isomer
A,35 whose structure is similar to the one obtained by De
et al.,46 is 190 meV more stable than the lowest energy isomer
of Si+12 reported previously20 and labeled isomer B in Fig. 4.
In contrast to isomer A, the modeled spectrum for isomer B20

does not fit the experimental 2p binding energy spectrum,
demonstrating the sensitivity of core level binding energies
to cluster geometry in this case. The structural assignment
performed here for Si+12 is supported by the calculated infrared
spectrum of isomer A,35 which agrees with the experimental
spectrum reported by Lyon et al.20,35

For Si+11, Si+10 and, to a lesser degree, for Si+9 , the spectra
indicate a less heterogeneous electron distribution in each clus-
ter, since no strong core level shifts are visible. In particular,
the spectrum of Si+10, which is predicted to form a compact
tetracapped trigonal prism,20 shows two well separated 2p3/2

and 2p1/2 lines. This hints at a rather homogeneous electron
density distribution within this cluster, in agreement with its
predicted compact tetracapped trigonal prism structure.20 In
contrast, prolate structures18,19 in the size range of n = 14–27
contain an increasing number of inequivalent sites, leading to
increasingly broader lines in Fig. 2 where the 2p spin-orbit
splitting can no longer be resolved.

VII. CONCLUSION

In conclusion, photoionization efficiency spectroscopy at
shallow core levels of size-selected free clusters can give
access to inner-shell electron binding energy spectra. The
observed core-level shifts are sensitive to variations in the local
electron density distribution and can be used to corroborate
structural assignments in special cases. The results show that
high-resolution x-ray photoelectron spectroscopy is a very
interesting tool for the study of size-selected free clusters,
complexes, or nanoparticles, and can serve as a motivation to
overcome the technical challenges that still prevent routine
application of x-ray photoelectron spectroscopy to these
systems.
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J. Neville, M. Neeb, T. Möller, W. Wurth, E. Rühl, R. Dörner,
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