Investigation of the 2p correlation satellites in neon clusters
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Abstract

Photoelectron spectra of the 2p correlation satellites in free Ne clusters have been
measured for a number of cluster sizes. With the exception of the least strongly bound
prominent satellite line, derived from the 2p*(*D)3s atomic configuration, the satellites in
the cluster show a broadening with the increase of cluster size, but no pronounced energy
shift with respect to the atomic lines. The 2p*(*D)3s satellite has peculiar properties that
are analyzed in detail: We find a small monomer-cluster shift of the binding energy, but no
splitting of the satellite in a bulk and a surface component. Final state mechanisms that
could lead to this behavior, which differs significantly from the main valence

photoelectron lines, are discussed.

I. Introduction

Although photoionization primarily results from interaction of a single photon with a
single electron, in any complex system additional electrons can rearrange in the ionization
process due to electron correlation. This leads to transitions to electronically excited final
states, which in a photoelectron spectrum are observed as weak features with a somewhat
smaller kinetic energy than the main line from the single electron transition. These weak
lines are referred to as “satellite’ lines, and their investigation has contributed a lot to the
understanding of electron correlation in atomic, molecular and condensed systems. The

valence satellite lines of atomic Ne are an example which has been investigated by a



number of different experimental techniques [1-9] and by theory [10], and is well
understood today. An important topic of early studies on Ne satellites was the distinction
between different satellite production mechanisms [3]. For isolated atoms, satellites are
basically produced either by configuration interaction in the ground or final states, or by
‘shake-up’, which is a relaxation phenomenon.

For bulk matter, additional mechanisms for satellite production are known and have
fruitfully been employed to study its electronic structure [11]. In an extended system, one
has to distinguish between intrinsic and extrinsic satellites, with the former being produced
in the photoionization process and the latter being caused by inelastic losses of the
photoelectron on its way through the solid to the surface. Extrinsic losses lead to an
inevitable, unstructured background in all photoelectron spectra from solids but can also
have a structured fraction. Additional mechanisms for production of intrinsic satellites
include charge transfer satellites, which are produced due to screening of the photoion by
electrons from neighboring atoms or by delocalized states in the solid.

Since clusters offer a basis to study the evolution of electronic properties from the atom or
isolated molecule to the infinite solid, it seems desirable to investigate photoelectron
satellites in these systems. However, so far few such studies have been reported. Dobrodey
et al. have calculated properties of core level photoionization satellites in metal clusters
[12-14]. On the experimental side, Hergenhahn et al. reported on extrinsic satellites in Ne
clusters, which are produced by a fraction of 2p photoelectrons that, by inelastic
scattering, create an exciton while traveling through the cluster [15].

Another topic in cluster photoionization is surface effects: Since clusters are small, the
role of the surface in photoionization can be significant. With respect to bulk and surface
cluster sites, photoelectron spectroscopy (PES) provided useful information about energy

shifts, intensity variations and relaxation as has been reported [16-20]. Already earlier, the



bulk and surface properties of the rare gas clusters were extensively probed by
fluorescence excitation and X-Ray absorption techniques [21-28].

Here, we report on an investigation of the 2p correlation satellites in free Ne clusters. Ne
clusters were created in a supersonic expansion and were probed by synchrotron radiation
of variable photon energy. The focus of our study is to see in detail how the satellite
structure reflects the bulk and surface of the clusters. Spectra covering the 2s
photoelectron main line and a range of 2p correlation satellites are presented for a series of
cluster sizes. A closer look at the spectra reveals that both the bulk and the surface atoms
of the cluster contribute to the satellite intensity. However no surface to bulk energy split

of the satellite lines can be observed.

I1. Experimental

The experiments were carried out at the undulator beam line U125/1-PGM of the
synchrotron radiation source BESSY (Berlin, Germany). The clusters were produced by
supersonic expansion of Ne gas through a liquid helium cooled nozzle. A first series of
overview spectra was recorded with a nozzle of 100 um diameter and a half opening angle
of 15° (with a length of 275 um). A series of cluster sizes (65 — 500 atoms) was produced
by varying the stagnation pressure at the nozzle from about 400 to 700 mbar and the
temperature of the gas from about 62 to 38 K. For further high-resolution measurements,
clusters were produced by an 80 um diameter conical nozzle of half opening angle 15° and
a nozzle consisting of a 50 um cylindrical orifice, which widens to a diameter of 2 mm
with an opening angle of 45°, and further extends through the nozzle material to a total
length of 3 mm.

The determination of cluster size from the parameters of a supersonic expansion is still a

topic of debate, since different methods of size determination did not always arrive at



convergent results. In this article, we will give approximate cluster sizes calculated from
the scaling law proposed by Hagena [29], that is, the average cluster size (N) is given by

* \2.35

I
N)=33 ——
<> 1000

with the scaling parameter I'* calculated from

d 0.85

~_ P
L IR

Here, k collects all material properties and unit conversion constants, and can be calculated
as 187.23 [30] when the stagnation pressure p is given in mbar, the nozzle diameter d in
pum and the nozzle temperature T in K. For spectra recorded with a conical nozzle, instead
of d the equivalent diameter deq = 0.736 d/tan o, with o the half opening angle of the cone,
has been entered. For the clusters produced by the non conical 50 um nozzle (see topmost
panel of Fig. 4) we give a size estimate based on a comparison to clusters of a similar
bulk-to-surface ratio, which were produced by a conical nozzle. This is because Hagena's
scaling laws are not applicable to a nozzle of this particular geometry.

Alternatively, one can estimate the size of the clusters from the surface to bulk ratio of the
main photoline [18]. We observe that the sizes estimated from the Ne 2s signal are larger
(by a factor of about 2) compared to the estimates from Hagena’s scaling law. The reason
of this deviation is not yet completely understood. However, we note that most research on
estimation of noble gas cluster sizes was carried out for Ar, not Ne, and Hagena's
formulation of the material dependence of the scaling law mostly rested on the comparison
to metal clusters [29].

The cluster beam crosses the beam of monochromatized synchrotron radiation after

passing a skimmer, which separates the expansion chamber from the main vacuum



chamber. A Scienta ES-200 hemispherical electron analyzer was mounted perpendicular to
the light propagation axis and at an angle of 54.7° (magic angle) relative to the horizontal.
Linearly polarized synchrotron radiation with a horizontal electric field vector was used.
Further details of the apparatus have been published [31, 32].

The cluster beam inevitably contains a fraction of uncondensed Ne atoms (Ne monomers)
that were used for binding energy calibration of the cluster features. The binding energy of
the atomic 2s photoline was set to 48.475eV [33, 34]. The size dependent series of
measurements was corrected for the variation of analyzer transmission with electron
kinetic energy, which was determined by measuring atomic Xe 4d photolines at a number
of energies and normalizing them to some of the N5 OO Auger lines. Satellite spectra
were also recorded for a series of photon energies above the Ne 2s ionization threshold up
to 120 eV. An overall energy resolution of 80 meV was used for the cluster-size dependent
measurements. Detailed spectra of the first prominent satellite were recorded with energy
resolutions of 35 and 20 meV, see below. All spectra were subjected to a least squares fit
to model the data. A Voigt line shape was used to model the cluster feature while a
Gaussian profile was used for the atomic peaks [19]. A linear baseline was fitted
simultaneously with the spectra. The residual, that is the difference between the data and
the fit, was plotted for each fit in order to judge the quality of the fitting. No significant

lifetime broadening of the satellite lines was found.

I11. Results

Figure 1 shows Ne photoemission spectra for the monomer and for a series of cluster
sizes. The spectra were recorded with a photon energy of 60.5 eV to both cover the Kinetic
energy regions of the 2p correlation satellites and the 2s photoline. Obviously, with

increasing cluster size the cluster 2s line gains intensity while the uncondensed fraction of



the beam, visible as the 2s monomer photoline, reduces. The 2s cluster photoline is split
into contributions of bulk and surface atoms. Our value of the surface-bulk split (0.2 +
0.03 eV) is consistent with an earlier report by Ohrwall et al. [19]. The bulk contribution
increases as the cluster size is increased. The atomic satellites are marked in the figure and
assigned following the work of Kikas et al. [7]. The configuration labels refer to a
1s°2s%2p* core configuration, which can form a (*P), (D) or (*S) multiplet state, ordered
by increasing binding energy. lonization of the 2p electron can go along with the
excitation of another valence electron to a discrete bound 3s state, which results in three
satellite lines at binding energies of 49.16 eV, 52.14 eV, and 55.88 eV. (The fine-structure
splitting due to the 3s electron was not resolved.) Within the resolution limit of this work,
the 2p*(*S)3s cannot be distinguished from the 2p*(*D)3p(*P) state.

The satellite at a binding energy of 52.14 eV, denoted as (*D)3s, shows a distinct cluster
component (cluster satellite) shifted by about 200 meV towards lower binding energy. It
can be seen that this cluster satellite gains intensity and slightly shifts towards lower
binding energy as the cluster size is increased.

The satellites resulting from 2p photoionization jointly with valence excitation into a 3p
state do not show distinct cluster components, which is partly because the cluster satellite
components are blended by atomic lines pertaining to other excited configurations. In
order to make these cluster satellites more apparent, the monomer signal was subtracted
from the spectrum recorded with the largest cluster size, and the difference spectrum is
shown in figure 2. It confirms the appearance of cluster satellite lines for electron
excitations into the (°P)3p and (*P)3s states. However, they are too broad for quantitative
interpretation. Hence, we will focus on the Ne 2p*(*D)3s cluster satellite here and carry

out a detailed investigation.



Interestingly, no surface-bulk split can be seen in the (*D)3s satellite lines in contrast to
the photolines. In order to analyze the line profiles in greater detail, we have used a peak
fitting routine to model the monomer and cluster components due to the 2s main line and
the (*D)3s satellite. All monomer peaks were modeled by Gaussian profiles, while we
decided to model the cluster features by Voigt line shapes, because inner valence holes in
clusters can have a finite lifetime due to a fast decay channel made available by the
neighboring atoms in the clusters (Interatomic Coulombic Decay), as predicted by theory
[35] and proven experimentally in the past few years [36, 37]. The lifetime broadening we
observe for the cluster 2s main line, and the differences between bulk and surface
component, are compatible with published data [19]. However, for the cluster satellite line
there was no noticeable gain in the quality of the fit by using a Voigt in comparison to a
Gaussian profile apart from a little improvement in description of the low binding energy
tail.

The width of the (*D)3s satellite line will be discussed next. One can expect quite broad 2p
photolines because the 2p valence states are involved in band formation in neon clusters.
Indeed, the 2p photoelectron band of Ne clusters, as recorded by our group, looks similar
to that of solid neon [38]. Also the inner valence 2s photolines are influenced to some
extent by broadening due to energy differences between different final states as seen from
the larger Gaussian widths of the Voigt profiles. However, the cluster satellite lines which
are produced simultaneously with 2p photoionization do not show any broadening of a
comparable extent. We explain this somewhat surprising result as a final state effect:
While the energy difference between surface and bulk states in cluster photoionization
results from the different amount of polarization (see below) the broadening within each
component has been explained by the formation of ionic molecular oligomers within the

cluster as a result of the ionization [39], or, alternatively, by band structure formation in



analogy to the rare gas solids [40]. In the former model, the broadening is the result of the
overlap of numerous electronic states of the ionic molecules that are formed, each one also
being subject to vibrational broadening. Obviously, no such interaction of the final state
with its surroundings takes place for the Ne* 2p*(*D)3s ionic Rydberg state within the
clusters. We have calculated the radius of the 3s orbital in ionized atomic Ne as 1.65 A by
a single-configuration Hartree-Fock code [41]. In comparison with the interatomic spacing
of 3.72 A [42], the ionic 3s orbital radius is small enough to produce little interaction with
the neighboring atoms.

Figures 3 (a) and (b) show the results of the peak fits. In order to compare the intensities of
the satellite (a) and that of the 2s photoline (b), the contributions of the monomer, cluster-
bulk, cluster-surface, and cluster-total (bulk + surface) components are plotted for a series
of cluster sizes. It can be seen that the surface contribution to the total intensity of the 2s
photoline outweighs the bulk contribution for cluster sizes smaller than (N) ~ 150. It is
interesting to note that the percentage of satellite peak area (a) develops proportionally to
the summed percentage of surface and bulk peak areas of the photoline (b). This suggests
that both the surface and the bulk atoms of the cluster contribute to the satellite intensity.
In this context it is surprising that this satellite does not show an energy split due to
different screening of bulk and surface atoms, similar to the 2s photoline, as mentioned
above.

In order to further investigate this behavior, we have measured photoelectron spectra of
the satellites with better energy resolution. Figure 4 comprises the results of high-
resolution 2p*(*D)3s satellite spectra along with the results of a peak fit for four different
expansion conditions, with cluster mean sizes of approximately (N) = 40, 255, 450 atoms
as determined from the scaling law, and 550 atoms as estimated from the comparison to

another spectrum (of clusters produced by a conical nozzle) with similar surface to bulk



ratio. The topmost spectrum was recorded with a total apparatus resolution of about 35
meV, while the rest of the spectra were measured with 20 meV resolution. Below the
spectrum, the residual, i.e., the difference between the fit and the data is plotted.

In the high resolution spectra measured for larger cluster sizes a second component
appears in the cluster satellite peak as a shoulder at the lower binding energy side. From
our peak fits we derive an energy difference of about 60 meV with respect to the main
peak. The component at lower binding energy (I1) shows an increase in the intensity as the
cluster size is increased. Straightforwardly, these two components could be interpreted as
bulk and surface components of the satellite. However, the intensity ratio of the two
components, and the change in intensity with cluster size are neither compatible with an
assignment of the weak component as the bulk sites, in analogy to the main line, nor with
the reverse assignment. If the components were correctly assigned as bulk and surface, one
would have to conclude that the transition amplitude into the satellite state strongly
depends on whether this state is excited on the surface of the cluster or in the bulk. While
this cannot be ruled out a priori, a strong site dependence of the satellite intensity would
not be consistent with our earlier observation that the satellite intensity as a function of
cluster size behaves like the sum of 2s surface and bulk.

Instead, we would like to suggest that these two components arise due to the presence of
two types of (local) cluster structures in the beam, i.e., icosahedron (1) and fcc (I1). The
basis fcc structure is classified as tetrahedron, cuboctahedron etc. depending upon the
shape of the cluster. The icosahedral structure does not belong to the fcc basis and
according to theoretical studies of the total binding energy, this structure is favored until a
certain size (number of atoms) is reached (see e.g. [43]). On the other hand, a structural
change towards fcc must take place at some size, since an infinite lattice cannot be built

from an icosahedral symmetry, and the fcc structure is also energetically favored for very



large cluster sizes, where surface strain does not play a role. It does not seem likely
however, that clusters undergo a global change of structure at some size N in order to
minimize total energy. Rather a coexistence of several structures has been proposed, as
explained below.

To discuss the plausibility of this assignment of features (1) and (1), we briefly refer here
some results for Ar clusters, where structural transitions were investigated intensively.
According to previous theoretical work [43] and electron diffraction experiments [44] a
critical size for a structural change from icosahedron to fcc in Ar clusters is at least 750
atoms. However, recently Kakar et al. [45] observed fcc-sensitive maxima in EXAFS
measurements on Ar clusters already at (N) ~ 200. It was suggested that the cluster
production method (supersonic expansion) would give rise to defects in the clusters which
facilitate growth of fcc crystals for a considerably smaller size. These EXAFS
investigations support our hypothesis of fcc structured local environments in the satellite
spectra of Ne clusters, which are produced in our work by supersonic expansion similar to
the experiment of Kakar et al. [45]. It is known that clusters produced by supersonic
expansion of gas have a size distribution. Thus, the cluster beam may consist of some
bigger clusters (e.g., (N) ~ 750) which are fcc structured together with small clusters of
icosahedral structure. The rise in the intensity of component (I1) would then be an
indication of an increasing amount of the fcc structured (bigger) clusters against small
clusters in the cluster beam as the mean cluster size is increased. The two structural types
might even be present simultaneously in one and the same cluster, since the inability of
theory to reproduce the latest electron diffraction experiments on Ar clusters was
rationalized by the assumption that defects in the icosahedral shaped cluster cores serve to
seed further growth of the cluster with a different local structure, most probably fcc [43,

46]. In the EXAFS work mentioned above with respect to clusters smaller than (N) ~ 200
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the authors found that neither icosahedral nor fcc structures are clearly prevalent, and
suggested that both may compete in the composition of the clusters. The presence of
different local structural motifs in one and the same cluster and within an ensemble of
finite temperature clusters of N=201 produced by a Monte Carlo method was recently also
found theoretically [47]. Based on this evidence, we tentatively assign component (I) and
(1) in the high resolution spectrum of Fig. 4 as due to icosahedral and fcc cluster
structures, respectively.

Recent theoretical investigations of nearest neighbor effects on the excited states inside an
Ar crystal report that both confinement of the excited orbital and polarization of the
surrounding medium influence the excited electron energy [48]. The energy shift increases
as the distance between neighboring atoms is reduced. The distance of some of the nearest
neighbors is less in case of the icosahedron as compared to the fcc structure, e.g.
cuboctahedron. This possibly explains the energy shift of the component Il to the smaller
binding energy, which arises from the fcc structured clusters in the beam.

Now let us try to understand why no surface to bulk splitting is observable in the cluster
satellite spectra. As we have mentioned, the structure of the outer valence photolines in
rare gas clusters presumably shows final state effects not explained in detail. In
comparison, the inner valence and core vacancy states are simpler to understand [16, 17,
40]. The resulting cationic state is localized, shows few interaction with its surrounding
and energy differences between bulk and surface can readily be explained by the smaller
amount of polarization screening in the surface sites. If we consider this mechanism only,
it would lead to a bulk-surface split for the satellite final states as well. This however
might cancel with the different amount of work which is necessary to excite an outer
valence electron into the 3s Rydberg state within the polarized surrounding of the vacancy.

Whether this effect indeed leads to the cancellation of bulk-surface energy differences to
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the amount that is seen in our spectra would have to be confirmed by calculation and
might be fortuitous, however this effect will in any case diminish the observed splitting.
The observation of a small bulk-surface energy difference of the 2p*(*D)3s satellite has
been qualitatively confirmed by a preliminary ASCF calculations of an icosahedral Nejs
cluster carried out by N. Kosugi [49]. A mechanism that could lead to this result is the
influence of exchange interactions of the lone 3s electron with the surroundings. More
generally, one can speculate about the specifics of the final state wavefunctions in
question. The clusters, although not a long range ordered system, are a first step towards a
band structure and this favors a rapid delocalization of the hole (formation of an exciton)
due to wave function overlap. Moreover, the wave function overlap is different for
different orbitals depending on the local atomic arrangement and the size and symmetry of
the atomic wave functions. The valence excited ionic states are again different, both in
symmetry and size, and they may form a very different wave function overlap.
Furthermore, this may be very different for surface atoms and bulk atoms due to the local
surroundings. Therefore, our failure to observe surface-bulk energy split of the first
satellite state can be qualitatively understood as the influence of different wave function
overlap of surface and bulk excited states. More extended calculations however are needed
for a quantitative modeling.

For the ionic Ne 3s Rydberg orbital it is still probable that it does not extend beyond the
nearest neighbors of the ionized site (Frenkel exciton). The more strongly bound satellites
however will involve excitations into delocalized orbitals or Wannier excitons, in
condensed matter terminology. For delocalized quantum states, e.g., in quantum dots,
which can be treated by a particle-in-a-box model, energy level shifts occur with the size
of the system [e.g. 50-53]. This so-called quantum confinement effect can be different for

surface states (2-dimensional confinement) as compared to bulk states (3-dimensional
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confinement) [22], and thus can lead to a stronger upward shift of binding energies for
bulk than surface states. This will not affect the main lines, but may lead to an increase in
binding energy for satellites involving excitations to n > 3. This will also tend to

compensate screening effects.

V. Summary

In conclusion, we have presented measurements on a series of Ne cluster sizes to
investigate 2p correlation satellites and the main 2s photoline. Apart from cluster-specific
excitonic satellites, very less information about atom-specific satellites in rare gas clusters
is available and we have tried to shed some light on this aspect here. The cluster satellite
lines are comparably less broadened than the main photolines, thus indicating a small
interaction of the ionized site with its surroundings in the final state. Interestingly, no
surface-bulk energy split is observable for the cluster satellites. Tentative explanations of
this fact have been discussed in the text. For the 2p*(*D)3s cluster satellite, the intensity
develops as a sum of cluster bulk and surface intensities. High-resolution data for this line
reveal the presence of two components with a small energy difference, which might be

attributable to icosahedral and fcc structured regions within the clusters.
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Figure Captions:

Fig.1

Photoelectron spectra of atomic Ne (bottom) and mixtures of atomic Ne with Ne clusters
(other traces). The cluster series was produced by varying the gas pressure and nozzle
temperature. The mean cluster size (N) is determined using a scaling law (see text for
details). The spectra were recorded with a photon energy of 60.5 eV. Assignments of the
Ne 2p correlation satellites are taken from Ref. [7]. For a better view of the satellite lines

the spectral region from 48.8 eV to 58.2 eV is enlarged.

Fig.2
Spectrum of 2p correlation satellites from Ne clusters, inferred by subtracting the scaled

atomic contribution from the topmost spectrum in Fig. 1

Fig.3

Relative intensities of monomer and cluster photoelectron lines vs. cluster size for the
2p*(*D)3s satellite (panel a, top) and the 2s main line (panel b, bottom). For the 2s main
line, the decomposition in bulk and surface component is also given. The percentage of the
satellite peak area develops proportionally to the sum of surface and bulk peak areas of the

photoline.

Fig. 4

(Color online) Photoemission spectra of Ne 2p*(*D)3s satellites for four different average
cluster sizes, (N)=40, (N)=255, (N)=450, and (N)=550. The spectra were recorded with
photon energies of 60.5 eV. The fit reveals two cluster satellite components (I-11, solid

lines), which are tentatively assigned to a different local ordering in the cluster, as
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described in the text. The residuals (i.e., the difference between the data and the fit) are

shown below the corresponding spectra.
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