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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 c
bination with model calculations, which are based on a core exciton model. Partial cation and tota
tron yield spectra of variable size Kr clusters are reported for the Kr3d excitation regime (90–96 eV)
using synchrotron radiation. A cluster size-dependent spectral evolution is observed, correspo
to the transition from low lying cluster Rydberg states into surface and bulk exciton states. Th
sults indicate that individual sites in perfectly and imperfectly shaped clusters are clearly distingui
[S0031-9007(98)05596-3]
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Clusters play a central role in linking properties of iso
lated atoms to those of the condensed phase of matter [1
The size-dependent evolution of the electronic and ge
metric structure is therefore of primary interest. Van d
Waals clusters, such as rare gas clusters, are ideal syst
to study size effects in a systematic way. Rare gas cl
ters are known to consist of geometrical structures whi
are not well defined since perfect icosahedral structures
and imperfect structures [4] may be generated in jet e
pansions, a typical cluster production technique. Reson
photon excitation of clusters is a sensitive method to pro
changes in electronic structure as a function of cluster si
Recent instrumental developments in the field high reso
tion x-ray spectroscopy using synchrotron radiation ma
high spectral resolution experiments on free clusters in t
gas phase possible [4,5]. The inherent advantage in ex
ing highly localized core levels is due to element specifi
and often site specific, processes which cannot be obtai
by valence shell excitations.

In this Letter we present experimental results support
by model calculations. High spectral resolution in com
bination with results from model calculations gives, t
our knowledge for the first time, site-specific informa
tion on absorption processes of homogeneous clusters
curring in the inner-shell excitation regime. We hav
chosen the Kr3d regime (90–100 eV), since it is well
investigated for the atom [6] and the solid [7]. The pre
edge regime is dominated by two series of Rydberg sta
(Kr3d5y2 ! np and Kr3d3y2 ! np) in the atom, whereas
in the solid the broad features of low lying core exciton
are observed.

The experimental setup consists of a jet expansion [
The skimmed jet is crossed with the beam of monochr
matic synchrotron radiation (BESSY-I, beam line: U2
FSGM [9]). Cations are accelerated into a time-of-fligh
mass spectrometer. Total electron yields (TEY) are e
tracted into the opposite side using a channeltron adjac
to the cluster beam. Yields of mass-selected cluster cati
0031-9007y98y80(11)y2302(4)$15.00
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are used for experiments on electronic properties of sma
clusters (typical size range: Krn, with n , 70). Fragmen-
tation is initiated in the Kr3d regime by resonant MNN-
Auger decays of the core hole leading predominantly to
doubly charged clusters [10], which are known to decay
via Coulomb explosion[11]. Properties of large clusters
are investigated by TEY spectra. The average cluster siz
kNl of neutral clusters is estimated according to correla
tions of the reduced scaling parameterGp with kNl [12,13].
We have taken theGp-kNl calibration derived by Karn-
bachet al. [13], which gives more realistic values than the
earlier results of Fargeset al. [14]. TEY spectra of solid
multilayers are obtained using an ultrahigh vacuum setup

Spectral shifts of resonant excitations in clusters rela
tive to the atomic Rydberg states are modeled by usin
the concept of core exciton shifts in clusters. The radia
Schrödinger equation is used in the frame of the nonstruc
tural core exciton theory [15]. The potential forr , Rm is
taken to beUn ­ 2Cn, wherer is the electron hole-pair
distance,Rm is the atomic radius,Cn is a constant, and
n is the principal quantum number of the Rydberg level.
The constantsCn must be such that the energy values of
the atomic Schrödinger equation give the exact experimen
tal atomic excitation energies [15]. The screened poten
tial Un ­ 1yer term is substituted in the interstitial region
sr . Rmd by the sum of the Rydberg termUn ­ 1yr and
the perturbing electron-neutral atom pseudopotential [16]
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augmented by a suitable trial cutoff function in the form of
an S-wave solution of the radial Schrödinger equation ac-
counting for the interaction of a single electron with a Kr
atom. $ri ­ j$r 2 $Rij is the electron–ith-neutral atom dis-
tance,a is the electron scattering length in the single atom
© 1998 The American Physical Society
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limit, andnref is the refractive index. The value of the elec-
tron scattering lengtha is obtained from the elastic scat-
tering cross section as a first approximation. It is furthe
optimized for the spectral shift of the dimer withnref ­ 1
and is kept constant for all other cluster sizes. The atten
ation of the electron scattering length through the refractiv
index approximates the refractive properties of the clust
environment, caused by multiple reflections of the electro
wave from the surrounding atoms. The constantsA andB
have the following meaning [17]:A is the polarizability
multiplied by a constant (const) andB is also a constant
which is related tor0, with r0 ­ sconst2 Bd1y6. Here,r0
is the distance where the potential goes first to zero. Th
competition between screening of the electron, due to r
pulsive scattering, and the increased electron binding, d
to cluster polarization, determines the sign of the overa
spectral shift relative to the atomic transition.a andnref
are not fit parameters, since they have a physical meanin
In the model,nref ranges between 1.0 (dimer), 1.28sKr13d,
and 1.336 (bulk of Kr146). The perturbation is approxi-
mated by the sum of the atomic potentialsVi, whereas the
long-range cluster size- and structure-dependent contrib
tions are considered by the many-body polarization ener
factor. Here,$pi ­ a $Ei is the dipole moment at the atom
i induced by the electron-hole pair,a is the atomic po-
larizability, and $Ei is the total electric field at the location
of the atomi. The latter quantity is calculated iteratively,
using the procedure outlined earlier [18]. The switchin
function Ssrid [19] is designed to gradually turn off the
effective electron charge inside the atomic core. We u
the angular average of the radial potential, where the fir
order energy correction is expressed by [19]

TABLE I. Calculated shifts of the Kr3d5y2 ! 5p transition in
Kr clusters relative to the atomic transition (91.200 eV).

Cluster Site Shift [meV]

Kr2 228
Kr13 (icosahedron) corner 96

center (bulk) 305
Kr55 (icosahedron) corner 124

center (bulk) 443
edge 185

Kr147 (icosahedron) corner 136
center (bulk) 441
edge 182
face 205
second shell 287

Kr44 (octahedron) corner 71
center (bulk) 381
edge 132

Kr146 (octahedron) corner 89
center (bulk) 384
edge 141
face 185

Kr146 (defect oct.) edge (stacking fault) 141
Kr22 (hcp embryo) surface 106

center (bulk) 321
r

u-
e

er
n

e
e-
ue
ll

g.

u-
gy

g

se
st

DE1
n ­

X
i

kxnjV i
njxnl ­

X
i

Z `

0
drjxnsr, Ridj2

3
Z dV

4p
V i

nsr, Ri, Vd .

The logarithmic derivative of the envelope wave function
xn is matched forr ­ Rm [20] including proper normal-
ization of the wave function. Calculations are performe
by investigating excitations of equivalent sites of a cluste
in order to control the accuracy of the integration proce
dure. These are found to differ on the order of1% 2%.
Several perfect and imperfect cluster structures are cons
ered. Icosahedral shapes are known to represent the m
stable configurations of small rare gas clusters [3]. Ther
fore, perfectly shaped icosahedra, cuboctahedra, as wel
imperfect species, i.e., structures with stacking faults, a
well as a hypothetical cluster Kr22, which has been pro-
posed to represent the embryo for fast fcc-cluster grow
[21], are considered (cf. Table I).

Figure 1 compares a series of spectra showing th
spectral evolution as a function ofkNl in the Kr 3d
excitation regime (90–96 eV). The atomic spectrum i
represented by the Kr1 yield [Fig. 1(a)]. The spectra
1(b)–1(g) correspond to an increase inkNl, ranging
from kNl ­ 2 to kNl ­ 1250. Kr2

1 yields are used
for investigating properties of small clusters. Propertie

FIG. 1. Series of spectra of Kr clusters recorded in th
Kr 3d excitation regime. (b)–(d) Kr2

1 yields corresponding to
kNl ­ 2, 12, and30, respectively. (e)–(g) Total electron yields
(TEY) corresponding tokNl ­ 90, 350, and1250, respectively.
(h) Same as (g), where 15% atomic signal is subtracted. The
atomic spectrum [Kr1 yield 1(a)] and a TEY of the solid (i) are
included.
2303
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of large clusters are studied by TEY spectra [cf. Fig. 1
(e)–(g)]. These show visible components of the atomi
spectrum, even in the highkNl regime [cf. Fig. 1(g)]. The
atomic component is visible since it is not suppresse
as in Kr21 spectra. In addition, the absorption cros
section of the low lying atomic Rydberg states is about
times higher compared to the corresponding core excit
states of the solid [7]. Figure 1(h) is obtained from
Fig. 1(g), where a portion of15% atomic contribution
is subtracted. This contribution is due to electron
which come from the atomic surroundings of the cluste
beam. As a result, spectrum 1(h) is similar in shape
to that of the solid [Fig. 1(i)]. All transitions are split
by 1.2 eV as a result of spin-orbit splitting [7]. The
resonances shown in Fig. 1 change their energy positio
as a function ofkNl in a systematic way. All features
below 91.6 eV are due to Kr3d5y2 ! 5p transitions. The
corresponding spin-orbit componentssKr3d3y2 ! 5pd are
found between 92.3 and 92.8 eV. Broad features
the regimes 91.8–92.3 eV and 93.0–93.5 eV are due
higher lying Kr3d ! np surface and bulk excitations.
They show, as a general trend, a redshift relative
the atomic transitions as a function ofkNl, which is
directly related to the Kr3d ionization energies which

FIG. 2. Photoion yields of mass selected Kr2
1 near the

Kr3d5y2 ! 5p transition at various average cluster sizeskNl
(open circles). The Kr1 yield (bottom) and the TEY of
the solid (top) are included. The deconvolution of the
experimental cluster spectra is performed using Lorentzia
(solid lines; linewidth: 125 meV). A comparison is made
with the calculated core exciton shifts in clusters:a: atom; b:
bulk; c: corner; d: dimer, e: edge; andf: face. The shaded
areas correspond to value ranges which are due to differe
geometries and cluster sizes (cf. Table I).
2304
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drop by about 1 eV from the atom to the bulk [22
In addition, the linewidthsG are greater in cluster and
condensed phase spectrasG ­ 125 meVd compared to the
atomic spectrum [G ­ 95 meV (cf. [23])]. The width of
the atomic transitions is due to the core hole lifetim
Increased linewidths in the pre-edge regime of clusters
due to repulsive final states leading to fast decay proces
[24], so that some of the lines are blended. Lorentzi
line shapes are appropriate to fit the experimental featu
We use the same line shape for all cluster sizes sin
only the Kr3d5y2 ! 5p transition is investigated. Furthe
information on spectral assignments as a function
kNl is therefore derived from spectral deconvolutions,
shown in Figs. 2 and 3, including results of our mod
calculations. Energy ranges corresponding to Kr3d5y2 !
5p transitions of individual sites are marked at the to
of both figures (cf. Table I). In general, sites in sma
clusters represent the lower energy part of the mark
ranges. Edge and bulk sites absorb at higher ene
in icosahedra compared to cuboctahedra. This gives
combination with the experimental results, site-speci
information on the absorption of individual atoms i
clusters. The Kr21 yield, corresponding tokNl ­ 2,
is similar to that of the atom, with a slight redshif
of 25 meV of the discrete resonances relative to t

FIG. 3. Total electron yield (TEY) spectra near th
Kr3d5y2 ! 5p transition at various average cluster sizeskNl.
A contribution of the atomic signal is subtracted. For furth
details, see Fig. 2.
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atomic values (Kr3d5y2 ! 5p: 91.200 eV; Kr3d3y2 !
5p: 92.425 eV [6]). The model calculations indicate
that the dimer Kr3d ! 5p absorptions are redshifted by
28 meV, which agrees with the experimental finding
The blueshifted shoulder at 91.367 eV is represented
a single Lorentzian line. Since only small clusters a
present in the jet atkNl ­ 2, we assign this feature to
the absorption of clusters which are only slightly large
than dimers. The Kr2

1 yields, corresponding tokNl ­
12 and 30, show clear evidence that three componen
are required to fit the experimental spectra. A wea
component is less blueshifted than the other stronger o
The weak component is assigned to corner sites in clust
of icosahedral shape and surface sites of imperfec
shaped clusters, such as Kr22, whereas edge sites coming
from fragmentation of larger clusters represent the hi
energy component. The Kr2

1 signal reflects, therefore,
fragmentation of larger clusters which consist of only
small fraction to corner sites and more abundantly to ed
sites. Face and bulk sites are expected to be present o
in clusters which contain considerable amounts of bu
atoms. These are evidently not observed in the series
Kr2

1 spectra (cf. Fig. 2). We have subtracted a variab
fraction of the atomic component from the TEY spectr
in order to obtain electronic properties of large cluster
The results are presented in Fig. 3 along with spect
fits. The bottom spectrum of Fig. 3skNl ­ 30d gives a
direct comparison to the corresponding Kr2

1 yield shown
in Fig. 2, indicating that both spectra are almost identic
This is a clear indication that both detection method
give similar results in a size regime that applies to bo
methods. The TEY corresponding tokNl ­ 150 shows
the strongest component for edge sites in cuboctahedr
shaped clusters. A similar absorption energy correspon
to corner sites in icosahedra, but these are expected to
weak atkNl ­ 150. In addition, stacking faults in defect
octahedra will enhance the intensity of this absorptio
These findings point to the fact that fast growing cluste
reaching large sizes are imperfectly shaped with fc
structural elements [4,21]. There is also evidence f
face sites as well as two different bulk component
corresponding to subsurface layers and the bulk inter
of the clusters. The critical size range for the occurren
of bulk excitons is found to be aroundkNl ­ 90. This
is unexpected since, for the perfect icosahedron Kr55, one
would expect that23% of the atoms are already located in
the bulk [3]. It is another piece of evidence that imperfe
cluster structures are formed with increasingkNl, which
have a higher surface-to-bulk ratio than the correspond
perfectly shaped icosahedra. The TEY atkNl ­ 1250 is
dominated by the bulk exciton component. All other site
are considerably weaker in intensity. The strong bu
exciton signal is not likely to reflect deviations from th
determination ofkNl rather than an enhanced sensitivit
of the TEY signal to low kinetic energy electrons whic
are formed by inelastic scattering in the bulk of th
clusters. This is in agreement with previous experimen
s.
by
re

r

ts
k

ne.
ers
tly

gh

a
ge
nly
lk
of

le
a
s.
ral

al.
s

th

ally
ds
be

n.
rs
c-
or
s,
ior
ce

ct

ing

s
lk
e
y
h
e
ts

on zero kinetic energy photoelectron spectroscopy o
core-excited argon clusters [25].

In conclusion, we have shown that high resolution spec
troscopy on3d-excited Kr clusters gives in combination
with model calculations, for the first time, site-specific in-
formation on inner-shell absorption processes in homo
geneous Kr clusters. Experimental evidence for thes
findings comes from site- and size-dependent shifts o
resonant absorption lines in the Kr3d pre-edge regime.
A comparison of our model calculations to the experi-
mental data shows that imperfect structures dominate th
spectra, especially in the large cluster regime.
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