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Site-Specific Excitation in Free Krypton Clusters
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Site-specific excitation in Kr clusters is investigated by high resolution inner-shell excitation in com-
bination with model calculations, which are based on a core exciton model. Partial cation and total elec-
tron yield spectra of variable size Kr clusters are reported for thadKexcitation regime (90—96 eV)
using synchrotron radiation. A cluster size-dependent spectral evolution is observed, corresponding
to the transition from low lying cluster Rydberg states into surface and bulk exciton states. The re-
sults indicate that individual sites in perfectly and imperfectly shaped clusters are clearly distinguished.
[S0031-9007(98)05596-3]

PACS numbers: 36.40.Mr, 61.10.Ht

Clusters play a central role in linking properties of iso-are used for experiments on electronic properties of small
lated atoms to those of the condensed phase of matter [1,lusters (typical size range: Krwith n < 70). Fragmen-
The size-dependent evolution of the electronic and gedation is initiated in the K3d regime by resonant MNN-
metric structure is therefore of primary interest. Van derAuger decays of the core hole leading predominantly to
Waals clusters, such as rare gas clusters, are ideal systedwubly charged clusters [10], which are known to decay
to study size effects in a systematic way. Rare gas clussia Coulomb explosiofll]. Properties of large clusters
ters are known to consist of geometrical structures whiclare investigated by TEY spectra. The average cluster size
are not well defined since perfect icosahedral structures [3V) of neutral clusters is estimated according to correla-
and imperfect structures [4] may be generated in jet extions of the reduced scaling paramefémwith (V) [12,13].
pansions, a typical cluster production technique. ResonaWe have taken thd™*-(N) calibration derived by Karn-
photon excitation of clusters is a sensitive method to probéachet al. [13], which gives more realistic values than the
changes in electronic structure as a function of cluster sizesarlier results of Fargest al. [14]. TEY spectra of solid
Recent instrumental developments in the field high resolumultilayers are obtained using an ultrahigh vacuum setup.
tion x-ray spectroscopy using synchrotron radiation make Spectral shifts of resonant excitations in clusters rela-
high spectral resolution experiments on free clusters in thdéve to the atomic Rydberg states are modeled by using
gas phase possible [4,5]. The inherent advantage in excithe concept of core exciton shifts in clusters. The radial
ing highly localized core levels is due to element specificSchrédinger equation is used in the frame of the nonstruc-
and often site specific, processes which cannot be obtainedral core exciton theory [15]. The potential for< R,,, is
by valence shell excitations. taken to belU,, = —C,, wherer is the electron hole-pair

In this Letter we present experimental results supportedistance,R,, is the atomic radiusC, is a constant, and
by model calculations. High spectral resolution in com-n is the principal quantum number of the Rydberg level.
bination with results from model calculations gives, toThe constant€’, must be such that the energy values of
our knowledge for the first time, site-specific informa- the atomic Schrédinger equation give the exact experimen-
tion on absorption processes of homogeneous clusters ol atomic excitation energies [15]. The screened poten-
curring in the inner-shell excitation regime. We havetial U, = 1/er term is substituted in the interstitial region
chosen the KBd regime (90-100 eV), since it is well (r > R,,) by the sum of the Rydberg terbi, = 1/r and
investigated for the atom [6] and the solid [7]. The pre-the perturbing electron-neutral atom pseudopotential [16],
edge regime is dominated by two series of Rydberg states

(Kr3ds;, — np and K3ds;, — np) in the atom, whereas Vo ke = Zvi _ Z[ A _ [Pi/’i]S(Pi)}
in the solid the broad features of low lying core excitons — " —L (B + pd)p? 2p;}
are observed. a \*

The experimental setup consists of a jet expansion [8]. X eXF{‘(ﬂﬂpf) }

The skimmed jet is crossed with the beam of monochro-

matic synchrotron radiation (BESSY-I, beam line: U2-augmented by a suitable trial cutoff function in the form of
FSGM [9]). Cations are accelerated into a time-of-flightan S-wave solution of the radial Schrodinger equation ac-
mass spectrometer. Total electron yields (TEY) are exeounting for the interaction of a single electron with a Kr
tracted into the opposite side using a channeltron adjaceatom. p; = | — R;| is the electronth-neutral atom dis-
to the cluster beam. Yields of mass-selected cluster catioriance,a is the electron scattering length in the single atom
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limit, andn. is the refractive index. The value of the elec- 1 _ i _ - NE
tron scattering lengtla is obtained from the elastic scat- AE, §<X”|V”|X”> ZI: [0 drlxa(r, Rl
tering cross section as a first approximation. It is further 40
optimized for the spectral shift of the dimer withs = 1 X [ — V,i(r,Ri,Q)-

and is kept constant for all other cluster sizes. The attenu- 4

ation of the electron scattering length through the refractiverhe |ogarithmic derivative of the envelope wave function
index approximates the refractive properties of the clustey, is matched for- = R,, [20] including proper normal-
environment, caused by multiple reflections of the electrofzation of the wave function. Calculations are performed
wave from the surrounding atoms. The constangdB  py investigating excitations of equivalent sites of a cluster
have the following meaning [17]A is the polarizability in order to control the accuracy of the integration proce-
multiplied by a constant (const) amlis also a constant dure. These are found to differ on the orderi66—2%.
which is related tay, with rp = (const— B)!/°. Here,ry  Several perfect and imperfect cluster structures are consid-
is the distance where the potential goes first to zero. Thegred. Icosahedral shapes are known to represent the most
competition between screening of the electron, due to restable configurations of small rare gas clusters [3]. There-
pulsive scattering, and the increased electron binding, dugre, perfectly shaped icosahedra, cuboctahedra, as well as
to cluster polarization, determines the sign of the overallmperfect species, i.e., structures with stacking faults, as
Spectral shift relative to the atomic transitiom. and ref well as a hypothet|ca| cluster K, which has been pro-

are not fit parameters, since they have a physical meaningosed to represent the embryo for fast fcc-cluster growth
In the model . ranges between 1.0 (dimer), 1.8813),  [21], are considered (cf. Table I).

and 1.336 (bulk of Kiy). The perturbation is approxi-  Figure 1 compares a series of spectra showing the
mated by the sum of the atomic potenti&ls whereas the spectral evolution as a function dfV) in the Kr3d
Iong—range cluster size- and structure-dependent Contribléxcitation regime (90_96 eV) The atomic Spectrum is
tions are considered _t?y the many-body polarization energkpresented by the Kr y|e|d [F|g 1(a)] The Spectra
factor. Herep;, = «E; is the dipole moment at the atom 1(b)—1(g) correspond to an increase i), ranging

i induced by thg electron-hole pai#, is the atomic po- from (N) =2 to (N) = 1250. Kr," yields are used
larizability, andE; is the total electric field at the location for investigating properties of small clusters. Properties
of the atomi. The latter quantity is calculated iteratively,
using the procedure outlined earlier [18]. The switching

function S(p;) [19] is designed to gradually turn off the AAARRRARELALLLARAL AL
effective electron charge inside the atomic core. We use (i)
the angular average of the radial potential, where the first A .
order energy correction is expressed by [19] E solid W)
= E (®
TABLE I. Calculated shifts of the K¥ds,, — 5p transition in "8
Kr clusters relative to the atomic transition (91.200 eV). < ()
(S
Cluster Site Shift [meV] ?_;. TEY

K. 28 Z JUM)
Kry3 (icosahedron) corner 96 O

center (bulk) 305 = L- (d)
Krss (icosahedron) corner 124 —

center (bulk) 443 05) =

edge 185 = (©)
Kr47 (icosahedron) corner 136 = Kr +

center (bulk) 441 L 2 (b)

edge 182 ~

face 205 =

second shell 287 atom )\ M)

Krss (octahedron) conter (bull) sor 80 90 91 92 93 94 95 96
edge 132 Energy [eV]

Kri46 (octahedron) corner 89
center (bulk) 384 FIG. 1. Series of spectra of Kr clusters recorded in the
edge 141 Kr 3d excitation regime. if)—(d) Kr,* yields corresponding to
face 185 (N) = 2, 12, and30, respectively. €)—(g) Total electron yields

Kr i (defect oct.) edge (stacking fault) 141 (TEY) corresponding tdN) = 90, 350, and 1250, respectively.

Kra, (hcp embryo) surface 106 (h) Same asd), where 15% atomic signal is subtracted. The
center (bulk) 321 atomic spectrum [KF yield 1(@)] and a TEY of the solidij are

included.
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of large clusters are studied by TEY spectra [cf. Fig. 1.drop by about 1 eV from the atom to the bulk [22].
(e)—(@)].- These show visible components of the atomicln addition, the linewidthd are greater in cluster and
spectrum, even in the highv) regime [cf. Fig. 1¢)]. The condensed phase spectfa= 125 meV) compared to the
atomic component is visible since it is not suppressedtomic spectrumI[ = 95 meV (cf. [23])]. The width of
as in Kp™ spectra. In addition, the absorption crossthe atomic transitions is due to the core hole lifetime.
section of the low lying atomic Rydberg states is about 3ncreased linewidths in the pre-edge regime of clusters are
times higher compared to the corresponding core excitodue to repulsive final states leading to fast decay processes
states of the solid [7]. Figure HAY is obtained from [24], so that some of the lines are blended. Lorentzian
Fig. 1@@), where a portion ofl5% atomic contribution line shapes are appropriate to fit the experimental features.
is subtracted. This contribution is due to electronsWe use the same line shape for all cluster sizes since
which come from the atomic surroundings of the clusteronly the Kds;, — Sp transition is investigated. Further
beam. As a result, spectrumhl(is similar in shape information on spectral assignments as a function of
to that of the solid [Fig. if]. All transitions are split (N) is therefore derived from spectral deconvolutions, as
by 1.2 eV as a result of spin-orbit splitting [7]. The shown in Figs. 2 and 3, including results of our model
resonances shown in Fig. 1 change their energy positionsalculations. Energy ranges corresponding tddsf, —
as a function ofN) in a systematic way. All features 5p transitions of individual sites are marked at the top
below 91.6 eV are due to Bds,, — Sp transitions. The of both figures (cf. Table I). In general, sites in small
corresponding spin-orbit componeriks3ds;,, — Sp) are  clusters represent the lower energy part of the marked
found between 92.3 and 92.8 eV. Broad features imanges. Edge and bulk sites absorb at higher energy
the regimes 91.8-92.3 eV and 93.0-93.5 eV are due tm icosahedra compared to cuboctahedra. This gives, in
higher lying K3d — np surface and bulk excitations. combination with the experimental results, site-specific
They show, as a general trend, a redshift relative tonformation on the absorption of individual atoms in
the atomic transitions as a function @), which is clusters. The Ky* vyield, corresponding toN) = 2,
directly related to the KBd ionization energies which is similar to that of the atom, with a slight redshift
of 25 meV of the discrete resonances relative to the

| [ Kr 3d Cf'
d a8

Z
.
.
.

Kr 2+
<N>=30 %
<N>=12
<N>=2 i‘
e

90.5 91.0 91.5 92.0
Energy [eV]

Relative Intensity [arb. units]

Relative Intensity [arb. units]

FIG. 2. Photoion yields of mass selected,Krnear the
Kr3ds, — 5p transition at various average cluster siZ@§

(open circles). The Kt yield (bottom) and the TEY of 90.5 91.0 91.5 92.0

the solid (top) are included. The deconvolution of the

experimental cluster spectra is performed using Lorentzians Energy [€V]

(solid lines; linewidth: 125 meV). A comparison is made

with the calculated core exciton shifts in clustess:atom; b: FIG. 3. Total electron vyield (TEY) spectra near the

bulk; ¢: corner;d: dimer, e: edge; andf: face. The shaded Kr3ds,, — 5p transition at various average cluster siZas.
areas correspond to value ranges which are due to differe#t contribution of the atomic signal is subtracted. For further
geometries and cluster sizes (cf. Table I). details, see Fig. 2.
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atomic values (K3ds,, — 5p: 91.200 eV; Kr3ds;;, —  on zero kinetic energy photoelectron spectroscopy of
S5p: 92425 eV [6]). The model calculations indicate core-excited argon clusters [25].

that the dimer K8d — 5p absorptions are redshifted by  In conclusion, we have shown that high resolution spec-
28 meV, which agrees with the experimental findings.troscopy on3d-excited Kr clusters gives in combination
The blueshifted shoulder at 91.367 eV is represented bwith model calculations, for the first time, site-specific in-
a single Lorentzian line. Since only small clusters areformation on inner-shell absorption processes in homo-
present in the jet a{N) = 2, we assign this feature to geneous Kr clusters. Experimental evidence for these
the absorption of clusters which are only slightly largerfindings comes from site- and size-dependent shifts of
than dimers. The Kr* yields, corresponding tdN) =  resonant absorption lines in the Bid pre-edge regime.

12 and 30, show clear evidence that three componentA comparison of our model calculations to the experi-
are required to fit the experimental spectra. A weakmental data shows that imperfect structures dominate the
component is less blueshifted than the other stronger onepectra, especially in the large cluster regime.

The weak component is assigned to corner sites in clusters We thank G. Reichardt (BESSY) for his help in
of icosahedral shape and surface sites of imperfectlyunning the U2-FSGM, C.M. Teodorescu, D. Gravel,
shaped clusters, such as,Krwhereas edge sites coming and |. T. Steinberger for their help with the spectra
from fragmentation of larger clusters represent the higlof the solid. Financial support by the Bundesminis-
energy component. The Kr signal reflects, therefore, terium fir Bildung, Wissenschaft, Forschung und Tech-
fragmentation of larger clusters which consist of only anologie (BMBF), the Fonds der Chemischen Industrie,
small fraction to corner sites and more abundantly to edgand the Deutsche Forschungsgemeinschaft are gratefully
sites. Face and bulk sites are expected to be present ordgknowledged.

in clusters which contain considerable amounts of bulk

atoms. These are evidently not observed in the series of

Kr,™ spectra (cf. Fig. 2). We have subtracted a variable

fraction of the atomic component from the TEY spectra
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