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Abstract. We present new results for the inner valence levels of clusters of the three inert gases Ar, Kr and
Xe based on photoelectron spectroscopy studies. The inner valence levels are compared to the localised
core levels and to the delocalised outer valence levels. This comparison shows a gradual change from a
relatively localised behaviour for Ar inner valence 3s, over the intermediate case of Kr inner valence 4s, to a
more delocalised behaviour for Xe inner valence 5s. This change correlates well with the ratio between the
orbital sizes and the interatomic distances. The Kr4s intermediate case is found to exhibit characteristics

of both localised and delocalised behaviour.

PACS. 36.40.-c Atomic and molecular clusters — 36.40.Wa Charged clusters — 61.46.+w Nanoscale
materials: clusters, nanoparticles, nanotubes, and nanocrystals

1 Introduction

The electronic structure of atoms, molecules or larger
polyatomic systems is usually divided into valence lev-
els and core levels. Already for diatomic molecules it is
well-known that in most cases the outer valence levels of
the atoms overlap and become delocalised over the entire
system. This is the basis of many physical and chemical
properties. Core levels of neighbouring atoms, having sig-
nificantly smaller spatial extent, are usually considered
not to overlap. They are therefore considered to be lo-
calised and are still atomic-like even in a large molecule
or an infinite solid. The situation for the inner valence
levels, i.e. the orbitals energetically located between the
outer valence levels and the core levels, is much less clear
and no general statement can be made.

Clusters, as (artificial) aggregates of a finite number
of building blocks, atoms or molecules, bridge the gap be-
tween the isolated atom and the infinite solid (Ref. [1]).
They give the possibility to study the development of ma-
terial properties like chemical bonding, electrical conduc-
tivity etc. as a function of a varying number of building
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blocks (cluster size). The microscopic origin of physical
and chemical properties is the electronic structure of a
system. For clusters the above mentioned subdivision into
outer valence, inner valence and core levels can in principle
be made as well.

The atomic-like character of core levels means in gen-
eral that the binding energies of these levels are element
specific. Beside the element specificity of core-levels, also
small changes of the binding energy due to the local atomic
environment, the so-called “chemical shifts”, can be en-
countered. It is thus possible to distinguish different atoms
of the same element located at different inequivalent sites
in polyatomic systems. This is the basis of Electron Spec-
troscopy for Chemical Analysis (ESCA) (see Ref. [2]).

Rare gas clusters are important model systems to in-
vestigate the development of certain properties and phe-
nomena with size. They can be studied by a variety of
experimental techniques. In particular, detailed knowl-
edge about the electronic structure of free, neutral clus-
ters is of fundamental interest and is rapidly expanding.
Most of the studies performed so far have been made
with X-ray absorption spectroscopy (see Refs. [3—5] and
references therein) where essentially the unoccupied va-
lence and Rydberg levels are probed. Several studies can
be found in the literature on the occupied outer valence
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levels (see e.g. Refs. [6,7]) and on the core levels (see
Refs. [8-14]). However, we are, to the best of our knowl-
edge, not aware of any conventional photoelectron spec-
troscopy study performed in the inner valence region of
rare gas clusters, even though the inner valence spectral
region of rare gas clusters has been addressed earlier with
other related spectroscopy techniques (see e.g. Refs. [15,
16] and references therein).

In this work, we investigate changes in the elec-
tronic structure of Ar, Kr and Xe clusters relative to the
uncondensed atoms by means of high resolution photo-
electron spectroscopy, choosing a cluster mean size (N) =
1000 atoms if not otherwise stated. We present a compar-
ative study of the occupied outer and inner valence levels
as well as the outermost core levels based on quantitative
least-squares curve-fitting data analysis. In particular, the
transition from a delocalised description, as usually appli-
cable for outer valence orbitals, to a localised description,
as typically valid for core-levels, is of interest, and there-
fore the inner valence levels of these rare gas clusters are
investigated in details.

2 Experiment and data analysis procedures

The measurements were performed at the undulator
beamline 1411 at the MAX II storage ring, MAX-lab,
Lund, Sweden [17]. This beamline is equipped with a mod-
ified Zeiss SX700 plane grating monochromator covering
the energy range from 50 eV to 1200 eV and a multipur-
pose end station which contains a hemispherical Scienta
SES 200 photoelectron spectrometer. The electron anal-
yser can be rotated around the incoming photon beam
relative to the polarisation vector of the linearly polarised
synchrotron light. For the present study the spectrometer
was set at the magic angle of 54.7° relative to the elec-
tric field vector of the linearly polarised synchrotron light
in order to avoid intensity variations due to anisotropic
angular distributions of the emitted electrons.

The clusters were created by an adiabatic expansion
source [10], resulting in a distribution of cluster sizes
around a certain mean size value. In this type of clus-
ter source, a gas jet is expanded into vacuum through a
narrow nozzle. Uncondensed atoms coming out of the noz-
zle are skimmed from the cluster beam before it enters the
photoionisation region of the end station. For the present
experiments we used a converging-diverging conical nozzle
with 150 pm throat diameter, 10° total divergence angle
and a 12 mm long diverging cone. The nozzle was cooled
down to —25 °C for the Ar, Kr and Xe studies, respec-
tively, by making use of a Peltier-element-based cooling
system. Pressures in the stagnation chamber of 2.5 bars,
1.3 bars and 0.68 bars were used for the creation of Ar,
Kr and Xe clusters of an average size of (N) = 1000,
respectively. Simply, by varying the gas pressure in the
stagnation chamber and/or by varying the temperature at
the nozzle other mean cluster sizes could be created. The
cluster sizes were determined by making use of the scaling
parameter I'* formalism discussed in references [18-20].
The results are found to be very well in line with the
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today most accurately known scaling laws presented in
reference [21].

High target density together with narrow monochro-
mator bandpass and high spectrometer resolution allowed
us to resolve contributions to the photoelectron spectra
from surface and interior (“bulk”) atoms separately for all
investigated cluster core levels as well as for some of the
investigated cluster inner valence levels as we will discuss
below. We would explicitly like to point out that in pho-
toelectron spectroscopy studies, the intensity ratio of sur-
face to bulk is highly sensitive to the energy of the ionising
radiation due to so-called “flux attenuation” of the outgo-
ing photoelectrons (see Ref. [13]). Hence, the surface-to-
bulk ratio is not, as naively expected from stochiometri-
cal considerations, a constant quantity, but will vary, in
particular when addressing different orbitals. In turn, as
suggested in reference [13], this energy dependence of the
surface-to-bulk ratio can be used as an independent check
for the cluster mean size.

The outer valence spectra were recorded at a photon
energy of fiw = 61 eV, choosing a monochromator band-
width of 10 meV full-width-at-half-maximum (FWHM)
and an electron spectrometer resolution of 40 meV, which
results in a total resolution of about 42 meV. The inner
valence spectra were recorded under similar conditions,
choosing a photon energy of fiw = 78 eV. For the core
level spectra the photon energies were chosen in a way
that the kinetic energy of the ejected core electrons was
around FEy;, = 60 eV, i.e. the photon energy for the Ar
spectra was fw = 310 eV, for the Kr spectra iw = 150 eV
and for the Xe spectra hiw = 130 eV, in order to avoid
possible lineshape distortion due to Post-Collision Inter-
acting (PCI) [22-24]. The spectrometer contribution for
the core-level spectra was 40 meV and the monochroma-
tor bandwidth, depending on the used photon energy, was
in the Ar case 55 meV, in the Kr case 20 meV and in the
Xe case 15 meV, resulting in a total experimental resolu-
tion of about 70 meV, 50 meV and 45 meV, respectively,
which in all three cases is substantially smaller than the
corresponding value of the core-hole lifetime (see discus-
sion below).

The electron spectra were analysed using the commer-
cially available software package Igor Pro™ from Wave-
metrics [25] in which a least-squares curve-fitting macro
written by Kukk [26] was implemented. The data analy-
sis of the spectra was performed using Voigt line shapes
for the outer and inner valence spectral features which
were generated using the algorithm supplied by the soft-
ware package. For the core level components we used PCI
lineshapes in order to take into account possible lineshape
distortion effects. As the kinetic energy of the ejected core
electrons was around 60 eV for all of the analysed core
level spectra, no substantial lineshape distortion was en-
countered for any of these spectra, suggesting that PCI
is not an issue in these spectra. In the fitting procedure,
the lifetime of the created holes was represented by the
Lorentzian part of the line profiles, whereas the resolu-
tion of the monochromator and spectrometer as well as
other broadening effects were represented by the Gaussian
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part. The Lorentzian part of the line profiles was neg-
ligibly small for the outer and inner valence lines, both
for the atomic and cluster components, which reflects
the comparatively long lifetime of the valence states. For
the XPS spectra we used values for the core-hole life-
time I' given by reference [31], assuming that the core-
hole lifetime has not changed dramatically upon cluster
formation; in particular: FAr2p3/2 = FAr2p1/2 = 118 meV,
FKr3d5/2 = FKr3d3/2 = 88 meV, and FXe4d5/2 =111 meV,
FXe4d3/2 = 104 meV.

3 Results and discussion

In Figure 1 we show photoelectron spectra of the outer-
most valence orbitals of Ar, Kr and Xe clusters for a mean
size (N) = 1000 atoms. In all the spectra both lines orig-
inating from uncondensed atoms and broad spectral fea-
tures originating from clusters are present. The spectra
are presented on the binding energy scale and are cali-
brated in energy relative to literature values of the atomic
lines (Ref. [27]). Corresponding spectra for smaller clus-
ter sizes ((N) < 100 atoms) were obtained and discussed
earlier in references [6,7], where spectral subfeatures were
interpreted on the grounds of a modified version of the
Haberland’s ion-core model [28]. Briefly, in this model
small ion-cores like e.g. Ard, Ard and Arj; dissolved inside
the clusters are considered to be formed upon photoion-
isation of neutral clusters; each ionic core size gives rise
to a certain spectral subfeature in the broad outer valence
bands of the rare gas clusters. An alternative interpreta-
tion can be based upon experimental results obtained for
solids of Ar, Kr and Xe (see e.g. Ref. [29]) which show
band structure formation. This interpretation of spectral
appearances is corroborated by many theoretical investi-
gations for the infinite solid (see Ref. [30] and references
therein).

As we can see from Figure 1, the cluster signals are
shifted towards lower binding energies, and in all the clus-
ter signals two gross features can be distinguished which
are reminiscent of the two atomic spin-orbit split com-
ponents np; /o and npz/o (‘n’ denotes the main quantum
number) as was discussed for the Kr and Xe cases by ref-
erence [7]. The cluster features are comparatively broad,
showing a typical full-width-at-half-maximum (FWHM)
of the np3 /o component of ~1.2 eV and of the np;/, com-
ponent of ~0.4 eV as can be extracted unambigueously
from the Xe-cluster data. The difference in width between
the spin orbit features may possibly be due to crystal-field
splitting in the np3/, component. The ratio of integrated
areas of the features is close to 1:2, which is expected for
npy/2:nps 2. Further fine structures are hard to reveal in
the broad cluster signals, even when applying a total ex-
perimental resolution of better than 50 meV.

In Table 1 we summarise the results of our curve-
fitting data analysis performed on these spectra. Both val-
ues for the relative energy shifts of the center of gravity
(AESE ....) and of the top of the valence band (i.e. of the
extreme end of the valence band; AELY B ) of the clus-
ter features with respect to the atomic peaks are given. As
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Fig. 1. Photoelectron spectra of the outer valence orbitals for
Ar, Kr and Xe clusters for a mean size (N) = 1000 atoms.

we can see, by going from the lightest system, Ar, to the
heavier systems, Kr and Xe, the binding energy shifts are
systematically increasing, both for the np;,» and nps/o
components. For the pure atomic lines it is well-known
that the np;/5 to nps/o spin-orbit splitting is increasing
by going from Ar (n = 3) to Kr (n =4) and Xe (n =5) as
we can see from Figure 1 (see Ref. [27]). A similar trend
can be encountered in the cluster signals. The splitting of
the cluster signals, however, seems to be larger than in
the atomic signals. In summary; the outer valence levels
exhibit broad spectral features with no pronounced sur-
face/bulk separation, a behaviour typical of delocalised
valence bands of solids.

In contrast to the outer valence levels, core levels are
considered being localised to a very high degree. For free,
neutral clusters, this is manifested e.g. by the existence
of separate surface and “bulk” components in core level
photoelectron spectra. The character of these components
can be established by studying changes of their relative
intensity as a function of cluster size, and by studying
changes of their relative intensity as a function of kinetic
energy, due to variations in the mean free path of the
escaping electrons [8,9,13]. In Figure 2, we show photo-
electron spectra of the outermost core-levels of Ar, Kr
and Xe clusters for a mean size (N) = 1000 atoms. Both
atomic and cluster signals are present in all the spectra.
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Table 1. Outer valence level shifts of the np; /o and np3/, orbitals in Ar, Kr and Xe clusters.

npi/2 nps/2
atomic [GV] AEglC';u,ste'r [ev] AEgl‘:;?ter [ev] atomic [ev] AEglC';u,ste'r [GV] AEgl"/u,Ete'r [ev]

Ar (n=3) 15.9372 —-0.4 -0.8 15.7596 —-1.0 -1.8

Kr (n=4) 14.6656 —-0.7 (—1.0) 13.9997 —-1.1 —-2.0

Xe (n=5) 13.4364 —-0.9 —-1.6 12.1299 —-1.3 —2.2
Cluster core level @ E,, = 60 eV Ar these subcomponents were investigated earlier in ref-
<N>=1000 erences [8-10,13], and even though the experimental res-
Ar2p,,  surface olution was rather limited at the time of references [8,9],
atomic ~| "bulk" they could be assigned to surface and “bulk” compo-

"Hulk"
. surface

Kr3d

Intensity (arbit. units)

"pulk"

surface

Xe4d

ato

0.5
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Fig. 2. Photoelectron spectra of the outermost core-levels of
Ar, Kr and Xe clusters for a mean size (N) = 1000 atoms.

For convenience, we present only the higher spin-orbit
split component (Ar2ps /o, Kr3ds /o, Xedds,s) of the core-
level spectra. The spectra are shown on a relative binding
energy scale, where they are calibrated relatively to the
spectral lines of the uncondensed atoms. An absolute en-
ergy calibration can easily be made with well-known liter-
ature values for the atomic lines as given by reference [32].
Typical results of our curve-fitting data analysis are also
included in this figure. It is worth pointing out that even
if the lower spin-orbit split components for Ar and Xe
are not included in this figure, they were included in our
curve-fitting data analysis. In the Kr spectrum we actu-
ally can see the Krdds/; cluster components overlap with
the Kr3ds /> atomic line.

As we can see from Figure 2, the cluster signals
show distinct subcomponents in all three systems. For

nents due to different polarisation screening of the final
ionic state for atoms located in the “bulk” or on the sur-
face. Briefly, the efficiency of the polarisation screening
decreases rapidly with distance, and the nearest neigh-
bours are therefore the most important ones. Atoms lo-
cated on the cluster surface are surrounded by fewer near-
est neighbours compared to atoms located in the cluster
“bulk”. Hence, the polarisation screening is less for sur-
face atoms due to the reduced number of nearest neigh-
bours, and this manifest itself as a shift in binding energy.
With the advance of third generation light sources and
the improvement in photoelectron spectrometers as used
in the present work, this explanation has been investigated
in detail (for further reading see Ref. [13]). Furthermore,
the high quality of the present data allows analysis of the
width of the spectral features, which is a key point for the
following discussion.

In Table 2 we summarise the numerical results of our
curve-fitting data analysis performed on these spectra.
Binding energy shifts of the surface components relative
to the atomic signals AFE 45 and the energy difference be-
tween the surface and the “bulk” components AEgp are
given in this table. Furthermore, the Gaussian widths for
the surface and “bulk” components, Gs and G g, respec-
tively, are also included in this table. As we can see, the
energy shifts of the Ar2p surface components relative to
the corresponding atomic lines are ~663(10) meV towards
lower binding energies. For the Kr3d components slightly
larger shifts of ~744(10) meV towards lower binding en-
ergies are obtained for the surface components, and even
larger binding energy shifts of ~826(10) meV towards
lower binding energies can be found for the Xedd com-
ponents. It is interesting to note from Table 2 that the
energy difference between the surface and “bulk” compo-
nents seems to be almost constant for all three systems and
different spin-orbit split components (~300 meV). More-
over, the Gaussian width of the surface peak Gg is in
comparison to the width of the “bulk” peak Gp slightly
larger for all core-level spectra presented in Figure 2. This
can be, again, explained as due to different polarisation
screening of the final ionic state (Ref. [8]). The number
of nearest neighbours varies for surface atoms, depending
on which sites they are located at, whereas the number of
nearest neighbours in the bulk is constant, resulting in a
larger Gaussian distribution of the polarisation screening
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Table 2. Core level shifts and surface/bulk separations of the
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2p1/2 and 2p3/o orbitals in Ar and the nds/; and nds/o in Kr

(n = 3) and Xe (n = 4) clusters. The Gaussian widths of the surface and bulk components are included.

2p1/2 2p3/2 widths (FWHM)
AFEss [meV] AEsp [meV] AEas [meV] AEgsp [meV] Gs [meV] Gp [meV]
Ar —664(10) —291(10) —663(10) —291(10) 241(10) 182(10)
nd3/2 nd5/2 widths (FWHM)
AFEas [meV] AFEsB [meV] AFE s [meV] AFEsB [meV] Gs [meV] G [meV]
Kr (n=3) —745(10) —307(10) —T744(10) —304(10) 202 (5) 180 (5)
Xe (n=4)  —826(10) —297(10) —825(10) —298(10) 206 (5) 169 (5)
Cluster inner valence level Table 3. Inner valence level shifts of the ns orbital in Ar
@ hv =78 eV, <N>=1000 (n = 3), Kr (n = 4) and Xe (n = 5) clusters. The Gaussian
Ar3s widths of the surface and bulk components are included.
surface
"bulk” AEss [meV] AEsp [meV] Gs [meV] Gp [meV]
Ar (n=3) —636(10)  —313(10) 248 (10) 264 (10)
Kr (n=4) —723(10) —345(10) 274 (5) 398 (5)
2 curface Xe (n=5) (=756(20)) (—346(30)) 400 (30) 440 (30)
5 bulk”
.-‘é
K spectrum shows essentially a broad cluster spectral fea-
.%‘ ture. As the experimental conditions were the same for all
S of these spectra, this finding cannot trivially be explained
£ in terms of insufficient instrumental resolution. The exper-
imental resolution is reflected by the width of the atomic
lines.

In Table 3 we present the results of the curve fitting
data analysis performed on these spectra. In analogy to
the analysis of the core-level spectra, we give the relative
binding energy shifts of the first cluster component, what
we call the “surface” component, relative to the atomic

‘ ‘ ‘ = signal, AE 45, and the energy difference between the first
0.5 0.0 -0.5 -1.0 1.5 and the second cluster components, the “surface” and the

Relative Binding Energy (eV)

Fig. 3. Photoelectron spectra of inner valence levels of Ar, Kr
and Xe clusters for a mean size (N) = 1000 atoms.

for surface atoms than for “bulk” atoms. In reference [13]
we present a more thorough investigation of the core-level
shifts of Ar, Kr and Xe spectra for different cluster sizes.

In Figure 3 we show photoelectron spectra of the inner
valence levels of Ar, Kr and Xe clusters for a mean size
(N) = 1000 atoms. Again, the spectra are presented on a
relative binding energy scale for convenience, where they
are calibrated relatively to the atomic spectral lines. An
absolute energy calibration can easily be obtained with the
well-known literature values for the inner valence atomic
lines as can be found in reference [27]. As in the outer va-
lence and in the core-level spectra, both atomic and cluster
spectral features are present in the spectra. Typical curve-
fitting results are also graphically included in this figure.
As we can see from Figure 3, the Ar3s and Kr4s spectra
show distinct subcomponents in the cluster signals which
are reminiscent of the core-level spectra, whereas the Xebs

“bulk” components, AFEsp in this table. Moreover, the
Gaussian widths for the “surface” and the “bulk” com-
ponents, Gg and Gp, respectively, are also included in
this table. As we can see, for the Ar3s inner valence
spectral features an energy shift of the surface compo-
nent of AE4s = —636(10) meV and an energy shift of
the “bulk” component relative to the surface of AEsg =
—313(10) meV is found. Both values are very reminiscent
of the binding energy shifts found for the Ar2p core levels
(cf. Tab. 2). Moreover, for the Ar3s inner valence cluster
signal, the Gaussian width of the “surface” component
Gg is about the same as the width of the “bulk” com-
ponent G g (see Tab. 3). It is worth pointing out that the
Ar3sinner valence cluster features seem to mimic the Ar2p
core-level cluster features in relative binding energy shifts
also for other cluster mean sizes (N) as we have exper-
imentally investigated (not shown in the figures). More-
over, the relative intensity ratio between the Ar3s “sur-
face” and “bulk” component varies as a function of cluster
size in a similar fashion as encountered for the Ar2p lev-
els. For Kr clusters the value AE g = —723(10) meV is
very close to the corresponding value of the Kr3d core
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levels AEss = —744(10) meV, but the value for the
energy difference AEgp = —345(10) meV seems to be
larger than the corresponding value for the Kr3d core lev-
els (AFEsp = —304(10) meV; cf. Tab. 2). Furthermore,
the Gaussian widths of the Kr4s cluster “bulk” component
turns out to be larger than the width of the surface compo-
nent (Gp > Gg) and the width of the Kr4s cluster “bulk”
component is about twice as broad as the Kr3d cluster
“bulk” component (G5 > G%). We would like to recall
in this context that in all of the core-level spectra exam-
ined above the surface peak was broader than the “bulk”
peak for the same cluster mean size (N) = 1000 atoms
(GS > Gp).

There may be several effects causing the larger widths
and reversed surface/bulk width relation for the inner va-
lence levels relative to the core levels. Holes in the here
investigated inner valence levels can only decay by photon
emission, resulting in rather small lifetime widths, which
can safely be neglected here. Theoretical studies have re-
cently predicted an additional decay channel for an in-
ner valence hole in clusters [33]. This decay resembles an
Auger decay, but the two final state outer valence holes are
distributed on different atoms in the cluster, thus lowering
the energy and making the process energetically possible
in clusters. A first experimental evidence of this peculiar
decay process was very recently reported by reference [11]
for Ne clusters. This new decay channel will decrease the
lifetime of the inner valence hole, and hence increase the
Lorentzian contribution to the spectral line width. How-
ever, while this decay channel was predicted and observed
to occur in the context of 2s ionisation in Ne clusters, it is
expected to be disallowed for ns ionisation in Ar (n = 3),
Kr (n = 4) or Xe (n = 5) [34]. Inclusion of a Lorentzian
width in the fitting procedure for the inner valence spec-
tra resulted in very small Lorentzian contributions. There-
fore we conclude that this is not the major cause of the
large width of the inner valence levels. Another possible
broadening effect could be a stronger excitation of phonon-
like vibrations upon ionisation of the cluster. If the in-
ner valence levels are localised as the core levels are, this
broadening should be very similar for inner valence levels
and core levels. The same argument holds for the possible
broadening effects of the more heterogeneous site distri-
bution of the surface relative to the bulk. However, the
contradiction of our experimental observations to the lat-
ter two arguments points towards a different broadening
effect, namely the formation of delocalised bands due to
overlap of inner valence orbitals of neighbouring atoms.

Therefore, we can interpret the reversed linewidth be-
haviour observed for the Kr4s inner valence levels as well
as the substantially larger Gaussian linewidth of the Kr4s
“bulk” component compared to the Kr3d “bulk” as being
due to a less core-like, but a more band-like behaviour. A
similar curve-fitting data analysis was attempted for the
Xebs inner valence cluster feature using two distinct “sur-
face” and “bulk” components. By simultaneously curve
fitting Xebs inner valence cluster spectra for two different
sizes ({(N) = 1000 atoms and (N) = 4000 atoms) recorded
for the same photon energy as well as by simultaneously
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Fig. 4. A series of Kr4s inner valence cluster spectra as a
function of cluster size. The cluster mean size was varied from
(N) = 230 up to (N) = 1800 in this series of measurements.
The linewidth of the bulk component is found to be larger
than the linewidth of the surface component, opposite to the
situation found for core-levels.

curve fitting two spectra for (N) = 1000 atoms but mea-
sured for two different photon energies, we succeeded in
decomposing the essentially broad structure into surface
and “bulk” components as indicated in Figure 3. The re-
sult of only analysing a single Xebs inner valence spectrum
for (N) = 1000 atoms turned out to be not unique within
the same error bars as for the Ar and Kr cases. Instead,
quite many different solutions were possible as it is re-
flected by the comparatively large error bars reported in
Table 3 for the Xe results. Moreover, both the Gaussian
widths of the “surface” and the “bulk” components are
at least twice as broad as in the XPS case. In general, we
find the inner valence Xe5s cluster feature much more rem-
iniscent of the broad cluster features of the outer valence
bands than of the comparatively narrow cluster features
of the core levels.

In order to investigate the larger linewidths and the
reversed linewidth behaviour of the Kr4s cluster features
compared to that of surface and “bulk” components in
core level spectra, we measured a series of Krds cluster
spectra as a function of cluster size (see Fig. 4). In this se-
ries of measurements the mean size was varied from (N) =
230 to (N) = 1800. Curve fitting data analysis showed
that, save for the smallest cluster size, the linewidths did
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Table 4. Radii r; of the inner valence atomic ‘ns’ orbitals for
Ar, Kr and Xe, as obtained from the Bohr model using Slater’s
screening constants, distance to the nearest neighbours dyn
according to the infinite solid (fcc-structure; cf. Ref. [35]) and
the ratio r;/dnn as a measure for the orbital overlap.

Ti [A] dNN [A] Ti/dNN
Ar(n=3) 0.54 3.76 0.15
Kr(n=4) 0.79 4.01 0.2
Xe (n=5) 0.93 4.35 0.21

not show any remarkable change for these cluster sizes.
For the smallest cluster size, however, we obtained the re-
sult that the “bulk” component (~510(10) meV) and the
surface component (~320(10) meV) was broader. This re-
sult might be an artifact of our curve fitting analysis due
to the weakness of the cluster features for the smallest
cluster size and remains, for the time being, a subject
suitable for further investigation. Furthermore, by going
from large clusters to smaller clusters the relative amount
of atoms in the “bulk” of the cluster is getting smaller
compared to the amount of atoms located on the surface.
This is directly reflected by a decrease in relative intensity
of the bulk component in the photoelectron spectra, why
the “bulk” component is more difficult to take accurately
into account in such spectra. Please note, that the inten-
sity variation of the “bulk” as a function of cluster size
favours a localised description as it is reminiscent to the
intensity variation exhibited by the localised core-levels. A
similar, however less pronounced trend was encountered as
well for the Xe inner valence spectra recorded for different
sizes.

The observation of distinct surface and “bulk” compo-
nents with similar widths for the Ar3s inner valence re-
gion, but essentially only a broad spectral feature for the
Xebs inner valence region, as well as a reversed linewidth
behaviour for Krds compared to the core-level results, can
be rationalised in terms of different radii of the orbitals.
The Ar3s orbitals are much less spatially extended than
the Krds and Xebs as can be seen from the orbital radii
r; given in Table 4. The interatomic distances dypy for
Ar, Kr and Xe, can be roughly estimated as the distances
found for the fcc-structure in the corresponding infinite
solids (see Tab. 4; cf. Ref. [35]). They increase also with
the atomic number, but much less than the radii. Hence,
the ratio r;/dyn increases successively with the atomic
number. In addition to that, a direct comparison with
systematic studies performed on rare-gas solids strongly
supports our interpretation, where it was shown both ex-
perimentally (see e.g. Ref. [29]) and theoretically (see e.g.
Ref. [30]) that the valence bandwidth increases by going
from Ar to Xe.

Therefore, the Ar3s inner valence levels can probably
be considered being rather localised and hence “core-like”.
In contrast, the Xebs inner valence orbitals seem rather to
be delocalised over the entire cluster, showing a “valence-
like” behaviour. The Kr4s inner valence cluster orbitals
can probably be considered as an intermediate case be-
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Fig. 5. A direct comparison between the Kr3ds,, cluster core-
levels, the Krds cluster inner valence spectral features and the
Krdps,o cluster outer valence bands.

tween a localised and a delocalised description and may
be considered as the onset of band structure formation.
In order to emphasize the importance of Kr clusters
as the intermediate case for the formation of band struc-
ture, we compare in Figure 5 directly the Krdds /s cluster
core-levels with the Kr4s cluster inner valence spectral fea-
tures and the Krdps ; outer valence bands. As we can see,
for the Kr3ds /o core-levels the “bulk” component is some-
what narrower than the surface component. By comparing
the core-level spectrum with the Kr4s inner valence spec-
trum, we can see that the “bulk” component in the inner
valence spectrum is broader than the “bulk” component
in the core-level spectrum by a factor of 2, whereas the
surface components have approximately the same widths.
Furthermore, by comparing the inner valence spectrum to
the Krdps /o outer valence spectrum, we can see that only
a broad single band is observable for the outer valence
spectral region. This illustrates a gradual transition from
localised core-orbitals to highly delocalised outer valence
orbitals giving rise to band structure. The fact that the
Kr4s inner valence “bulk” component shows a Gaussian
width of G = 398(5) meV, but the surface component
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shows a smaller Gaussian width of G& = 274(5) meV, can
be understood on the grounds that there are more near-
est neighbours available in the “bulk” for the formation
of band structure compared to the surface. Already for
the Ar3s cluster inner valence features a slightly broader
“bulk” component was obtained in our curve-fitting data
analysis (see Tab. 3). This change in linewidth, however,
is rather small compared to the change in Kr and there-
fore not a strong indication of band structure formation,
but it is in line with our data interpretation. In general,
bandwidths in the order of 0.3 eV to 0.4 eV as observed
in the Kr4s inner valence region are small compared to
broad bands of metals or semiconductors (2—10 eV).

It is interesting to note that for core-levels where the
distinction between surface and bulk components is rela-
tively easy to make, a localised orbital description is ap-
propriate. In contrast, for the outer valence levels, where
only broad bands are observable, a delocalised orbital de-
scription has to be used. For the inner valence levels like
for example the Krds states, the situation is much more
complicated; two different pictures have to be used, as on
one hand a distinction into surface and bulk components
is possible, indicating a localised description, but on the
other hand a band-like behaviour is encountered which
points into the direction of a delocalised description.

4 Summary

We performed a comparative study between the outer and
inner valence levels as well as the outermost core levels of
the three inert gas clusters Ar, Kr and Xe for a mean size
(N) = 1000 atoms, based on quantitative least-squares
curve-fitting data analysis. The outer valence orbitals of
all three investigated systems were found to be highly de-
localised showing broad spectral bands. In contrast, the
outermost core-levels have shown a well pronounced sep-
aration in surface and interior (“bulk”) spectral compo-
nents for all three cluster systems, suggesting a localised
description for the core orbitals of clusters. The situation
for the inner valence levels was found to be less distinct.
The binding energy shifts of the cluster features of the core
2p and valence 3s levels in argon were found to be similar,
and both levels showed distinct “surface” and “bulk” com-
ponents of comparable widths. This picture was different
for the Kr4s inner valence spectrum, where the “bulk”
component was found to be twice as broad as the “bulk”
component in the Kr3ds,, cluster core-level spectrum. In
extreme, for the Xeb5s essentially only a broad inner va-
lence band was experimentally encountered. In particular,
the Kr4s inner valence region is found to be an interme-
diate case between a localised and a delocalised cluster
orbital description.
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