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Size-Dependent Energy Shifts and Determination of Surface Atom Coordination
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Core level photoelectron and x-ray absorption spectra for free argon clusters from (N) = 5 to
(N) = 4000 are presented. Spectral features originating from surface and bulk sites of the clusters
are identified. These are seen to shift with cluster size. From the development of the spectra from the
isolated atom to the largest clusters, information about both the size-dependent cluster-specific electronic
structure and that of the “infinite” solid is obtained. Using a simple model for the core level binding
energy shifts, effective surface coordination numbers are derived. These range from 5.3 for (N) = 10

to 8.5 for the solid.

PACS numbers: 73.61.Ng, 36.40.—c, 78.70.Dm, 79.60.Bm

Clusters can be seen as polyatomic aggregates between
isolated atoms and bulk solids, in which a considerable
part of the atoms are located in surface sites of low co-
ordination numbers [1—-3]. The nature and distribution of
these atomic sites vary with cluster size, and many of the
most interesting properties of clusters are intimately con-
nected to this interplay between the size-dependent geom-
etry and the electronic structure. This also makes clusters
interesting for applications where the tuning of various
physical and chemical properties could be achieved by
cluster size selection. In the cases of atoms, molecules,
surfaces, and solids, the connection between the elec-
tronic and the geometric structure has been extensively
studied using core level spectroscopic techniques such as
x-ray photoelectron (XP) and x-ray absorption (XA) spec-
troscopy [4,5]. Unlike valence levels, core levels, even in
solids, are atomiclike and highly localized, and core level
spectra therefore reflect local properties. Consequently,
spectral features corresponding to atoms with different lo-
cal environment, such as atoms in bulk and different sur-
face sites of solids, can often be well separated [6]. Core
level spectroscopy is therefore highly interesting to ap-
ply to the study of free clusters. This has, however, been
difficult due to intensity problems, and only recent XA
studies have shown it to be feasible [7,8].

In this Letter we present XP spectra of the 2p core
level of free argon clusters. To the best of our knowledge
these are the first core level XP spectra reported for free
clusters. These data are combined with high-resolution,
cluster-specific XA spectra. With both spectroscopies
clearly separated, bulk and surface features are identified.
From the development of the spectra with cluster size,
information not only about cluster specific properties but
also about the solid is obtained. Using a simple model for
the binding energy shifts, information about the effective
surface coordination numbers is derived.

Argon clusters were produced in an adiabatic expansion
of argon gas through a conical nozzle (diameter 0.1 mm,
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opening angle 26 = 30°). The beam consisted of a mix-
ture of atoms and clusters, characterized by an average
cluster size of (N) atoms per cluster and a width of ap-
proximately N. The average cluster size was changed by
variations of the stagnation pressure and nozzle tempera-
ture, and was derived using scaling laws [9-11]. The
uncertainty in the absolute size determination is of
the order of a factor of 2, depending on which of the
published scaling laws are used. We have, in this case,
followed Ref. [11]. The XA and XP spectroscopy
measurements were performed at the high-flux HASY-
LAB BW3 undulator beam line [12]. The spectra were
recorded with time-of-flight (TOF) techniques, using
the arrival of the photoion or photoelectron and the
following synchrotron radiation pulse as start and stop
signals, respectively. For the photoions, a very short
TOF mass spectrometer of 10 mm total flight length was
used [13]. The “cluster” beam contains a significant
amount of uncondensed atoms, especially at low (N)
conditions, but by monitoring the partial yield of cluster
ions [14], cluster-specific argon XA spectra in the 2p
region with a resolution of approximately 0.05 eV could
be recorded without atomic contributions. In comparison
to the simultaneously recorded Ar?" yield, which is
almost exclusively of atomic origin, the relative photon
energies could be calibrated to within *0.01 eV. A
second and longer (150 mm) TOF spectrometer was used
for photoelectron detection. Argon 2p photoelectron
spectra from both atoms and clusters were simultaneously
recorded with a total resolution better than 0.3 eV.

Figure 1 shows a series of argon 2p XA spectra for
various average cluster sizes (N), including the atom and
the solid. The spectrum of the atom is due to transi-
tions from the 2p core level to unoccupied Rydberg or-
bitals. The lowest-energy transition 2p3,, — 4s is located
at 244.39 eV [15]. This is followed by the spin-orbit
partner 2p,,, — 4s at 2.2 eV higher energy, above which
2p3/2, — nd transitions dominate. In the clusters, the lower
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FIG. 1. A selection of argon 2p XA spectra for argon clusters
of various average sizes (N). The spectrum of the solid is taken
from Ref. [16].

excitations are still observed as lines, whereas the higher
ones form broader features. The clearest changes are ob-
served for the 2p;3/; — 4s transition, which is split into
two separate components at somewhat higher energy. The
low-energy component dominates at small cluster sizes,
whereas the higher one gradually becomes more promi-
nent with increasing cluster size. The high-energy line is
the only one observed in the spectrum of the argon solid,
in which it has been attributed to a transition into a bulk
core exciton state associated to the atomic 2p;/124s Ryd-
berg state [16,17]. The lower of the lines is observed to
shift upward in energy from 244.58 eV (+0.19 eV, values
in brackets give the shift relative to the atomic 2p3,, —
4s transition) for the smallest cluster size to 244.70 eV
(+0.31 eV) for the largest. No comparable shift is ob-
served for the high-energy line, which has an energy of
245.14 eV (+0.75 eV) varying less than =0.01 eV over
the whole size range. The 2p3/, — 4s transition energy as
a function of cluster size is shown in Fig. 2.

Some geometric considerations are helpful for the
interpretation of the spectra. As the cluster size increases,
the fraction of atoms located at the cluster surface
will gradually decrease, whereas the bulk fraction will
increase. The coordination of the individual argon atoms
will also change, from O for the isolated atom to 8 or 9
for an atom in the surface of solid argon and 12 for an
atom located in the bulk. In the atom, the final 2p37124s
Rydberg state has an appreciably larger spatial extent
than the ground state, but unlike in more strongly bonded
systems such as semiconductors and metals, hybridization
with orbitals on the neighboring atoms is practically
negligible in this case. The effect of the coordination
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FIG. 2. Experimental surface and bulk 2p;,, — 4s transition

energies (lower left) and 2p;/, binding energies (upper left) as a
function of (N)~'/3, respectively, together with effective surface
coordination numbers (right).

has been described as a “spatial restriction” on the final
state valence orbital, resulting in an increase in energy
[14,16,18,19]. In a simplified picture the excited state
orbital is compressed by the surrounding atoms, leading
to an increase in the valence orbital energy in a way
analogous to the case of a particle confined in a shrinking
box. From this analogy it follows that the excitation
energy increases with increasing coordination [20]. Based
on the intensity dependence on cluster size and on the
energy of the transitions we therefore interpret the low-
energy line as arising from atoms located at the cluster
surface, and the high-energy line as corresponding to bulk
atoms. As seen in Fig. 2, the bulk component has a
practically constant energy over the whole cluster size
range. As soon as the first coordination shell is closed,
the bulk component can be observed at the same energy
as for the “infinite” solid. From this it follows that only
the first coordination shell has any appreciable influence
on the 2p3/;, — 4s transition. The upward shift of the
surface component can thus be understood as due to a
gradual increase in the coordination number of the surface
sites. In this sense there is a gradual transition from the
Rydberg state of the atom to the exciton state of the solid.

The development of the XA spectra thus facilitates
the understanding of the atomic origins of the solid
state spectral features. For the clusters, the reduced but
size-dependent coordination in surface sites is manifested
in energy shifts. When fully understood, these effects
may yield further information about the local geometry
in these sites. Already, at the present qualitative level
of understanding, however, the size-dependent shift of
the 2p3/, — 4s surface component can be connected to
a gradual increase in the coordination number for the
surface sites with cluster size. We will now turn to
the core level XP spectra, from which more quantitative
information about the surface coordination can be derived.
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Figure 3 shows a selection of XP spectra of the argon
2p region for various average cluster sizes (N). Note that,
in contrast to the above XA spectra, the XP spectra are
not cluster specific, but contain contributions from both
free atoms and clusters. In the spectrum of the atom the
2p,,2 and 2p3,, spin-orbit split lines are observed at 248.4
and 250.6 eV binding energy, respectively [21]. The
asymmetric line shape is due to the instrument function
of the TOF photoelectron spectrometer in combination
with post-collision-interaction effects. At small cluster
sizes, additional features are observed on the low binding
energy side of the atomic lines. As the cluster size
increases, the nonatomic lines are seen to gradually
shift towards lower binding energy, and split into two
separate lines. The lower of these two lines becomes
gradually more prominent as the cluster size increases.
For the largest size, the nonatomic components have
0.62 and 0.95 eV lower binding energies than the atomic
component, respectively.

In solid argon, the atoms surrounding the core ionized
site will be polarized. Because of this polarization screen-
ing of the ionic final state, the argon 2p binding energy will
be lower in the clusters than in the isolated atom. The spec-
tral features on the low binding energy side of the atomic
peaks can thus be attributed to clusters. The efficiency of
the polarization screening decreases rapidly with distance,
and the nearest neighbors are therefore the most important
ones for the screening. Similar to the above XA spectra,
the two separate lines at large cluster sizes can therefore
be attributed to atoms located in the bulk and at the sur-
face of the clusters, respectively. The spectra were thus
decomposed into atomic, surface, and bulk components,

L] L]

(Ar)N' clusters ~ m,

Ar2p Photoelectron Spectra
hv=254.2 eV

Intensity (arb. units)

251 250 249 248 247
Binding energy (eV)
FIG. 3. A selection of argon 2p XP spectra for argon clusters

of various average sizes (N). The decomposition into atomic,
surface, and bulk components is indicated in the top spectrum.

as indicated in the top spectrum of Fig. 3. The bulk and
surface 2p3/, binding energies are shown in Fig. 2 as func-
tion of cluster size. Since a distribution of cluster sizes is
present in the beam, and since different surface sites and
“bulk” atoms located at different distances from the cen-
ter contribute to the spectral features for each mass, these
values should be regarded as the position of the respec-
tive envelopes of the site and size distribution. In a classi-
cal polarization screening model the cluster size dependent
term is proportional to N~!/3 [2,22]. By extrapolating the
binding energies to (N)~'/3 = 0, the cluster data can thus
be used to derive information about the solid. This yields
a 2ps, binding energy of 247.4 = 0.05 eV for bulk atoms
in solid argon, i.e., a shift of —1.0 = 0.05 eV compared
to the free atom. Previously published values of this shift
are widely scattered: —2.4 eV [16], —1.0to —1.4 eV [19],
—1.0 eV [23], and +0.1 eV [17]. As the present measure-
ments, in contrast to the previous ones, do not suffer from
problems with, e.g., sample charging or nonresolved bulk-
plus-surface features, they are clearly preferable. For sur-
face atoms the extrapolation procedure yields a binding
energy of 247.7 = 0.05 eV. The binding energy differ-
ence between atoms located at the surface and in the bulk,
commonly denoted the surface shift, is 0.3 eV for solid ar-
gon. Since surface atoms have a lower coordination than
bulk atoms, the surface shift suggests a connection between
the binding energy shift and the local coordination. We
will now make use of this to study the local coordination
at the cluster surface.

At the cluster surface, atoms are located in various
sites with different coordination numbers, e.g., in corners,
edges, etc. The relative frequencies of these vary with
cluster size and between different structural models [24].
By comparing the binding energies for atoms that are
free, located at the cluster surface and in the bulk of
the solid, information about the effective coordination
number on the surface can be derived. This is done by
scaling the twelvefold coordination of the bulk atoms with
the ratio of the atom-to-cluster surface and atom-to-solid
bulk binding energy shifts. This simple model can be
justified in the following way: Even though the electric
field of the ion extends beyond the nearest neighbors,
the first coordination shell gives rise to =65% of the
polarization screening. With two more shells, 85% of the
maximal screening is reached. For an atom at the surface,
the nearest neighbors can be thought of as defining a
solid angle in which polarization screening takes place.
Already for small clusters with a mean size around 50,
there are for a surface atom on the order of two to
three atomic layers beyond the nearest neighbors. For
a certain cluster size, a surface atom on average has
more coordination shells within the solid angle defined
by the number of nearest neighbors than a bulk atom,
justifying the use of the solid bulk binding energy in
this simple model. The errors introduced by using a
linear model of the shift as a function of the number of
nearest neighbors should be in the order of or smaller
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than 15% for all the studied cluster sizes, except the
smallest one [20]. The derived numbers are averages over
the occupation frequency of the various surface sites, and
we will denote these effective coordination numbers. In
Fig. 2, these effective coordination numbers of atoms at
the surface of the cluster are seen to vary from 5.3 in the
smallest clusters ((N) = 10) to 7.8 in the largest clusters
((N) = 4000). Note that for (N) < 100, the bulk peak
could not be separated in the spectra, and the effective
coordination number does then refer to the whole cluster.

Several different structural models have been proposed
for rare gas clusters [25]. Of particular interest are the
multishell icosahedral structures with pentagonal symme-
try, favored for small clusters, and the cuboctahedral trun-
cation of the bulk fcc structure, favored for large clusters.
The transition between the two structures has been placed
somewhere between N = 750 and N = 10000 [25,26].
The average surface coordination numbers for these two
models are included in Fig. 2. These are only well de-
fined for the closed shell sizes N = 13,55,147,..., while
for intermediate sizes the values depend on which surface
sites happen to be occupied. The average surface coor-
dination number will then be lower than for the closed
shell sizes. The experimental values show the same gen-
eral trend as the models, and converge towards a value
of approximately 8.5, in good agreement with the value
of 8.4 expected for the cuboctahedral structure. Consid-
ering the relatively small differences in surface coordina-
tion numbers between the two structures, the simplicity
of the binding energy shift model and the complication of
open shell clusters we do, however, not think that any def-
inite decision can be made between the two structures at
this point. For other systems in which the shifts are more
strongly dependent on the nearest neighbors and where
there are more marked coordination number differences,
this method should, however, give direct structural infor-
mation. Some highly interesting examples of such sys-
tems are covalently bonded clusters such as Si,, C,, and
“Metcars”™ [27].

In conclusion, we have shown how the development
of the core level spectra from the isolated atom to large
clusters can be used to derive information about both
clusters and the infinite solid. One particular advantage
of core level spectroscopy compared to valence level
spectroscopy is its ability to probe local structure, e.g.,
the coordination of surface atoms. This was used to
show how the transition from atomic Rydberg states to
the exciton states of the solid is directly connected to the
increase in local coordination. Quantitative information
about such an increase in coordination for surface sites
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was derived from the core level photoelectron spectra.
These results illustrate how, at the surface of clusters, the
electronic structure changes with the geometric structure,
thus pointing forward in the direction of the tuning of
physical and chemical properties by cluster size selection.
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