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Influence of the atomic structure on the quantum state of sputtered Ir atoms
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The probability of the ejection of a neutral atom in a specific quantum state after keV-ion beam sputtering is
often interpreted in terms of the interaction between the atomic states of the escaping atom and the electronic
states of the solid. In this work, we examined this interplay in the sputtering of iridium as this element
has—unlike the elements employed in previous investigations—a complex atomic structure due to strong
configuration interactions. Double-resonant two-photon laser ionization is used to probe the sputtered Ir atoms
yielding information about the probability for an ejected atom to populate a specific atomic state and its escape
velocity. The qualitative features of the corresponding population partition and state-selective velocity distri-
butions show the influence of the excitation energy and the electronic structure of the different atomic states.
A comparison is made between the experimental data and predictions from the resonant electron transfer

description.
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I. INTRODUCTION plied to sputtering of elements of which the atomic states

. . . , ) . have a more complex nature, i.e., elements that experience a

The collision of a swift atomic particle with @ metallic girong configuration interaction. An example of such an ele-
surface leads to the ejection of surface atoms, the so-call§gleny s iridium. Ir experiences strong spin-orbit interactions,
sputtering process. For already several decades, the elegyich implies strong configuration interactions: P&essel-
tronic processes during sputtering, which cause a d'St”bUt'OE’saunders:oupling no longer holds, the total orbital angular
of the sputtered atoms over different quantum states, formy,omentumL and the total spirS no longer are good quan-
the intriguing subject of many experimental and theoreticatm numbers, and the atomic levels are configuration mixed
investigations of which an overview can be found in R&f. g \we present experimental data on the relative population
Key information about the electronic processes during sputyng state-selective velocity distributions of Ir atoms sput-
tering can be found in the_ _probablllty for a sputtered neutrz_i{ered in the ground state or in one of the six lowest-lying
atom to populate a specific quantum state and the veloCityetastable states. These data are obtained by state-selective
dependence of this population probability. Therefore the,roping of the sputtered Ir atoms with double-resonant laser
p_opulatlon partitions anq stlate-selectlve velocity distribu-jgnization mass spectrometry. A thorough analysis of these
tions of sputtered atoms in different states already have beefynerimental results will clarify whether the sputtering of
reported for quite a number of transition metgl3. atoms that experience strong level mixing also can be inter-

_ First investigations showed that the population of a spepyeted by the interplay between the electronic structures of
cific atomic state after sputtering is determined by the exCiihe atom and the metal.

tation energy[2]. Later, it was recognized that also the elec-
tron configuration of the quantum state influences to a large
extent the velocity-dependent population of the different Il. EXPERIMENTAL PROCEDURE

atomic state$3,4]. Recent investigations on the sputtering of The experimental apparatus is described in detail else-
atoms in metastable states from several pure transition me\’\?here[G]. An ion gun directs 13-keV Arions at 45° inci-

als showed that it in fact is the interplay between the atomi ence onto an polycrystalline Ir foiiGoodfellow, purity
electron configuration and the bulk electron configuration 099%) located centrally in an UHV vessel with a base pres-
the bombarded solid that determines the final state of thg, o yejow 3 1010 mbar. The ion beam irradiates the target
ejected particleq5-7]. These latter investigations had in gjiher continuously or in pulses with a pulse duration down
common tha’g _the ground and metastable states of the % 100 ns. The plume of sputtered particles is intersected
ployed transition metalsCo, Ni, and Cy have a rather 4 in front of the target foil by two overlapping laser

simple electronic structure, i.e., the configuration interactior‘beams slightly defocused to a diameter of about 1 mm. The
between atomic states is weak and the degree of level mixing, , v naple laser systems, an optical parametric oscillator
is not significant. A single electron configuration could beand a dye laser, both pumped by independent Nd:YAG la-

asmgngd to :.i” probed atomic states. . sers, generate linearly polarized pulsed laser light with a
We investigated whether the interpretation based on th ulse length of 6 ns covering the wavelength range from

coupling between atomic and metallic levels can also be a 25 to 1600 nm and with pulse energies of about 5 mJ in
the UV region and a linewidth of approximately 15 GHz.
The atoms sputtered in a polar angle interval of 7° around the
*Present address: IMEC, Kapeldreef 75, 3001 Leuven, Belgiumsurface normal can be photoionized and subsequently accel-
"Electronic address; erno.vandeweert@fys.kuleuven.ac.be erated into a reflectron time-of-flight mass spectrometer for
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[~ T enhanced by several orders of magnity®glQ. For this
I a) J purpose, an exploration of the ionization continuum of Ir was
- . performed to search for suitable autoionizing states to em-
[ ploy in the ionization procedure of sputtered Ir atophd].

To measure the population partition of sputtered Ir atoms,
- N the ion beam is operated in the long pulse motig us),
[ which ensures that atoms with all velocities are present in the

I ] ionization volume defined by the two overlapping laser
- - beams. When possible, the same intermediate state was used
[ ] to directly deduce the relative population from the relative

— ey photoion signals, regardless of the ionization efficiency. Only
I b) ] saturation of the excitation transition is needed, which al-
J ready is obtained at a moderate laser fluence of the order of
Ir 1 5X 10'° photons/cr[11]. Due to the extended range of val-
) ues for the total angular momentudnin Ir, selection rules
- N governing optical transitions prohibit that the populations in
[ i all metastable states are probed via a single intermediate
I 1 state. The overall population partition is then obtained by
J combining the partial partitions of overlapping subsets of
- . metastable states. By tuning the ionization procedure into an
N ] autoionizing state, also the ionization transition can reach
Y Y Y YT saturation. This reduces the uncertainty on the photoion sig-
’ ’ ’ ) ’ ’ nal substantially as fluctuations in laser fluence now only
E1/E0 induce small variations in the measured photoion siftHL
To measure the velocity distributions of atoms sputtered
FIG. 1. LEIS spectra obtained after scattering of 2-keV lses ~ in @ specific atomic state, short ion pulses of 300 ns are
from the Ir sample beforéa) and after(b) sputter cleaning of the applied to the target. The delay time between the ion pulse
sample. and the ionizing laser pulses corresponds with the flight time
that the sputtered particles need to travel the fixed distance
mass-selective detection. Prior to each experiment, the targbgtween the sample surface and the ionization volume.
foil was subjected to prolonged sputter cleaning to removd herefore the delay time is determining the velocity of the
any Surface Contaminants_ Th|S C|eaning procedure Wagtoms present in the ionization volume and as SUCh, the ion-
evaluated bylow-energy ion scatteringLEIS) experiments. ization procedure becomes velocity selective.
This technique allows us to determine the surface composi-
tion of the Ir sample by measuring the scattering of ktas
as a function of the ratio of the kinetic energy of the"himn
after(E;) and beford E,=2 keV) scattering. The LEIS spec- We probed Ir atoms sputtered in the ground state and the
trum before sputter cleanifgee Fig. a)] shows broad and six lowest-lying metastable states of which the relevant prop-
vague features that are typical for oxidized metal surfacesrties are listed in Table I. The partial energy-level diagram
contaminated with Na, K, and hydrocarbons. Figu®)1 of neutral Ir including the transitions employed to ionize the
shows the LEIS spectrum after a prolonged ion bombardatoms sputtered in these atomic states is presented in Fig. 2.
ment to sputter clean the target. An intense peak characteri3he population partition of Ir atoms sputtered in the ground
tic for He" ions scattered of Ir atoms is observed, representstate and the lowest-lying metastable states is shown in Fig.
ing a pure, uncontaminated surface. To probe the Ir atom8. The data are corrected for the degeneracies of the atomic
sputtered in the ground state and the lowest-lying metastabktates and normalized to the population of the ground state.
states, an experimental procedure based on two-color twall six metastable states show a substantial relative popula-
step resonance laser ionization was used. Details of this exion between 3% and 12%. Overall, one can state that the
perimental procedure can be found elsewh&ie Here, we relative population on the states decreases with increasing
only sketch the main aspects of the ionization procedure. lexcitation energy. The relatively high population on the ex-
the first step, atoms in one of the envisaged states are exciteited stateqwith excitation energies up to 1.22 g\6 an-
into an intermediate state by photon absorption. In the seamther manifestation of the well-known fagt] that nonther-
ond step, the absorption of a second, independent photanal effects dominate the sputtering of particles in different
ionizes an atom in the intermediate state. To increase thatomic states. Examples of the velocity distributions of Ir
efficiency of this state-selective photoionization procedureatoms sputtered in the ground stéé2) and in some of the
the second step can be tuned to reach an autoionizing stateetastable state§9/2)’ and|7/2)’) are presented in Fig.
which is a bound state above the ionization potential mostlyl(a). The velocity distribution of atoms sputtered in the first
stemming from inner-shell excitations or multiple-electronexcited staté9/2)’ peaks at a higher velocity and is broader
excitations. As such, also the second step becomes a bourtttan the velocity distribution of the atoms sputtered in the
bound transition and the overall ionization probability can beground staté9/2). The velocity distributions of atoms in the
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TABLE |. Lowest-lying atomic states of Ir employed in this £ T T ’ T !
investigation. Due to configuration interaction, only thealue is a 8
good quantum number and is therefore chosen to represent the '§ 1 . 3
atomic states. The tabulated designation is used throughout the text g-
to identify the different atomic states. The composition of the dif- 2
ferent atomic states is according to REJ]. Only the most domi- %
nant contributions are given. § ¢.1 f f E
0 f
Excitation E
energy(eV) J  Designation LS state Contribution e
- 24 0.01 E
0.00 9/2 |9/2) 5d7 65 *F 0.84 . . . .
5d7 652 2G 0.14 0.0 05 10 15
0.35 9/2  |9/2) 5d8 6st 4F 0.96 Excitation energy (eV)
0.51 3/2 13/2) 5d7 682 2P 0.36 _ _ _ _
s 2 FIG. 3. The relative population on the different atomic states of
5d8 6s! P 0.18 | . . -
8 12 r after ion-beam sputtering, corrected for the statistical degeneracy
5d” 6s” D 0.15 of the states.
0.72 5/2 |5/2) 5d8 6s! 2F 0.27
4 . .
5d” 632 F 0.20 semble of detected neutral sputtered particles, obtained by
5d’ 65 “D(2) 0.12 summing all the velocity distributions weighted by their rela-
0.78 712 [7/2) 5d8 6s! ‘F 0.53 tive population, is shown in Fig.(8). According to linear
5d8 6s! 2F 0.27 collision cascade theory and with the reasonable assumption
5d7 62 4F 0.15 that the fraction of atoms sputtered in ionic states or other
0.88 7/2 1712) 547 62 4F 0.81 excited neutral states is negligible, the experimentally deter-
' 8 o4 ' mined velocity distribution can be approximated by the
5d8 6s! ‘F 0.13 AT :
) 4 Thompson distributiorf(v):
1.22 5/2  |5/2) 5d7 6s? F 0.40
5d8 6s! “F 0.19 03
f X% 1
5d8 6s! “P 0.18 ®) mo? 3 @
2t

other probed atomic states are identical within the experiin which Uy represents the surface binding eneftyg]. Em-

mental uncertainty and are exemplified in Figaydby the  pirically, it was observed that the surface binding energy is

velocity distribution of the metastable stdfd2)’. The latter  of the order of the sublimation energy. Figurébyindeed

distributions are shifted to lower velocities compared withshows a good agreement between the experimental distribu-

the velocity distributions of atoms in the ground state and thé¢ion and the fitted Thompson distribution with a surface

first excited state. The velocity distribution of the whole en-binding energyU, of 7.0(5) eV, close to the sublimation
energy of Ir(6.9 eV).
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IV. DISCUSSION

To interpret the various observations about sputtering in
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different atomic states, different electronic processes such as
dimer dissociation, collisional excitation at or above the sur-
face, and nonradiative deexcitation have been invoked. In
recent reports, we presented the population partitions and
state-selective velocity distributions of Co, Ni, and Cu atoms
sputtered from the corresponding pure metal in the ground
state and in all metastable stafés7|. A first general obser-
vation was that atomic states with é*3s* electron configu-
ration (x=8,9,10 for,respectively, Co, Ni, and Quhad a
relatively higher probability to become populated during
sputtering compared to the atomic states with & 34s?
electron configuration. A second observation was that the
velocity distributions of atoms in atomic states with a
3d* 4st electron configuration were systematically shifted to

FIG. 2. Partial energy-level scheme of neutral Ir. Indicated aréhigher velocities compared to the velocity distributions of
the transitions used to probe the atoms sputtered in the lowest-lyingtoms in atomic states with ad’3* 4s? electron configura-

states.

tion. Analog independent investigations on the sputtering of
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FIG. 5. Schematic representation of the most important features
of the resonant electron transfer. If a particle is ejected with a very
low velocity, all atomic states falling within the energy window
determined by the metal valence band have a significant population
probability. If a particle is ejected with a very high velocity, only
transitions into atomic states with a bulk-type electron configuration
have a significant probability.

Photoion signal (arb. units)

Second, the electronic structure of both the atom and the
metal plays a major role. The probability that an ejected
particle ends up in a specific atomic state depends on the
Velocity (m/s) coupling between the atomic state and the metal electron
levels. Atomic states with electronic wave functions that
have a good overlap with those of the metal electrons will
have a stronger couplinghe interaction matrix element is
I?arger) and will be preferentially populated after the sputter
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FIG. 4. Velocity distributions of sputtered Ir aton{g) Charac-
teristic state-dependent velocity distributio(s) Velocity distribu-
tion of the whole ensemble of detected sputtered neutral particle,

](Elt;e_((jlfy the Thompson distributiorf(v) (solid fine) given in event. Also the velocity of the escaping particle affects this
state-dependent transition probability, as schematically pre-
Ni atoms observed identical featurids8,14. We argued that sented in Fig. 5. For low velocities, the interaction time be-
these experimental observations could be interpreted as béwveen the escaping particle and the bulk metal is long and
ing the result of resonant electron transf®ET) processes consequently, the transition probability to all atomic states is
[15,14 between the bulk metal and the escaping particlestill significant. If the particle is ejected with a high velocity,
[1,6,7, a conclusion also drawn in another investigationthe interaction time is short and only a transition into an
[14]. atomic state that is strongly coupled with the bulk metal
Here, we describe the key concepts of the resonant eledevels has a significant probability. Therefore the population
tron transfer process in the sputtering of neutral atoms iprobability after sputtering on bulk-type atomic states will
different atomic states. An elaborate description can be founthcrease with increasing velocity of the ejected particles.
elsewherg6,7,14. When the particles depart from the sur-  Whether the interpretation of the sputtering of atoms in
face as a result of a collision cascade, they have to undergdifferent atomic states based on the qualitative features of the
electronic transitions. The metallic band levels, occupied byesonant electron transfer process presented above can also
the electrons when the particles are inside the solid, are ne applied to the sputtering of Ir atoms is investigated in the
longer accessible and the electrons have to evolve intoext paragraphs. The more complex electronic structure of Ir,
atomic levels. After these transitions, most of the sputterediue to strong configuration interaction, prohibits us to assign
particles end up in neutral atomic states. The populatior single electron configuration to most of the atomic states of
probability for a sputtered particle to populate a specific findr. Instead, the atomic states of Ir must be expressed as ex-
structure state depends on several characteristics of both tip@nsions of purd S states. These expansions were derived
atom and the metal. from a least-squares fit to the excitation energies of all
First of all, the excitation energy of the atomic levels with known states with outer-shell electron configurations
respect to bulk metal properties such as the work funcfion 5d’ 6s?, 5d° 6s, and %° [8]. The results for the ground state
is important. A single-electron transitiofwhich implies a  and the six lowest-lying metastable states are listed in Table
resonant or energy-conserving transijios favored above . Itis seen that even at low excitation energies strong devia-
multielectron processes. Therefore the atomic levels mugions from pureLS coupling occur. The first excited state
face occupied band levels in an energetic scheme as sch@=9/2 andE=0.35 eV} is almost purg96%) 5d° 6s bFg,.
matically presented in Fig. 5. As such, only atomic statesAlso for the ground stat&)=9/2), the dominant contribution
with an excitation energy below- ¢, in which | is the first  (84%) stems from a pur&S state(5d’ 68> a*Fg,) and at the
ionization potential of the atom, will have a significant prob- same time, the only other significant contribution also comes
ability to become populated during the sputter process.  from anLS state with a 8’ 6s electron configuration. For
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Bulk Ir Atomic Ir tion potential equals 9.0 eV. This implies that the atomic
states of Ir with excitation energies up to 3.7 &ée Fig. »
are energetically in resonance with occupied valence-band
_______________ states. Therefore the overall picture of the population parti-
tion shown in Fig. 3 agrees with a key element of the reso-
Configuration-mixed nant electron transfer process during sputtering: all states
= within the energy window defined by the metal valence band
= = ———— =T {9/ 2) will be substantially populated. Theoretical investigations of
the resonant electron transfer process taking into account a
single atomic state, yield that the population probability of
------- s-states that atomic level decreases with increasing energy difference
7 Potates between the atomic state and the Fermi le\t&),16. Under
. ) the (reasonableassumption that this dependence survives a
oo D:‘ o8 12 multilevel description, we can state that this effect corre-
nsity of states . .

(number of states per eV) sponds with the overall decrease of the population on the

atomic states of Ir with increasing excitation energy.

FIG. 6. Thes-, p-, andd-density of states of metallic Ir nearthe  The state-selective velocity distributions indicate that we
Fermi level. On the same energy scale, the atomic states of Ir argan classify the atomic states of Ir in three categoKigghe
drawn to the right. The region between the atomic ground state anground statg9/2) of which the atoms have the highest av-
the Fermi levelEg, bounded by the dashed, horizontal lines, is theerage velocity(ii) the first excited statf:9/2)’, and(iii ) the
energy window defined in the model describing the resonant elecopther atomic states of which the atoms have the lowest av-
tron transfer process. erage velocity. The difference between the velocity distribu-
ons of atoms sputtered in the ground state or in the first
xcited state can be interpreted within the framework of the
resonant electron transfer process by taking into account the
electronic structure of the atomic states. 'ghe first excited
but note that the second highest contribution stems from aﬁtoagﬁ |9u/r§1>ti 0'2 Svormg ?ﬁgd (r)cf)_usrgzttzie\;gt}hi; gmGOSS?eSI'E;O:’:]

LS state with a & 6s electron configuration. 4g ; 7 g . stp

For the resonant electron transfer process, the interpl jhe 'F state with a H 6s* glectron configuration. As the

between the electronic structure of both the e:scaping atoa%mk band structure is dominated by tkiepand, Fhere 1S a
'Yose correspondence of the electron configuration of the first

and the bpmbarded mEtal,'S of major |mp0rtar)ce. 'Therefor xcited state with the relevant part of the valence band of the
an analysis of the electronic structure of metallic Ir is needeqyatal. Thus the first excited state has. in resonant electron

for a meaningful interpretation of our observations. To obtaingnsfer terms, a much stronger coupling with the metal
information about the bulk electron configuration of_Ir, the states than the ground state. Consequently, the probability for
density of states of bulk Ir was calculated employing thea sputtered particle to end up in the first excited state in-
WIEN97 program[17]. The results of these calculations are creases with increasing ejection velocity, which explains the
displayed in Fig. 6. The integrals of these density of stategbserved differences in the velocity distributions of the at-
yield the bulk electron configuration, which is found to be oms sputtered in the ground state and the first excited state.
[Xe] 4f14 5d7° 6526 6p°5. Noffke et al. reported a bulk elec- The other atomic states all contain significant contribu-
tron configuration of[Xe] 4f45d"2 65> 6p' [18], which  tions of LS states with a &’ 6s® electron configuration as
differs in the occupation of the hybridizesp orbital and the well as a & 6s electron configuration. Taking into account
d orbital by almost one electron. The discrepancy is based othe large variations of the contributions in these “mixed”
different assignments of the electrons in the interstitial spacestates, it is a peculiar observation that the velocity distribu-
But the main part of the density of states of thband lies tions of atoms sputtered in these states are identical within
around 7 eV below the Fermi energy. This is far below thethe experimental error. Furthermore, the velocity distribu-
energy window defined in the RET model. This means thations of atoms in these states are narrow and peak at a much
the part of the valence band that the atomic states face whilewer velocity than the velocity distribution of the ground
the atom is moving away from the metallic surface is morestate and the first excited state. A smaller average escape
dominant ind character than the valence band as a wholevelocity for atoms in the excited states compared with atoms
This effect is even more enhanced by the upward energin the ground state was up to now only observed in sputter-
shift that the atomic states undergo in the vicinity of theing investigations on Ag19] and Cu[7]. Distributions that
metallic surface due to the image potenfith,16. Therefore  are skewed towards lower velocities indicate that the major-
we can state that the part of the valence band faced by thity of the ejected particles remain longer in the vicinity of the
atomic states during the sputter process is dominated by theurface. It already is well documented for the sputtering of
d band. ions that for longer interaction times between the metal and
The basic, qualitative features of the resonant electrothe departing particle other charge transfer processes gain
transfer process outlined above can now be weighted againshportancg20,21. From our experimental data, we can thus
the experimental data, the population partition, and staterot exclude that other electronic processes substantially con-
selective velocity distributions of sputtered Ir atoms. Thetribute to the population on the atomic states that are char-
work function of bulk Ir is 5.3 eV while the atomic ioniza- acterized by severe level mixing.
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all other involved states, the composition contains significang
contributions of atomic states with different electron con-
figuration. The composition of the atomic stdfe/2)’ is
dominated by the contribution of thel56s® a*F, LS state,
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V. SUMMARY the characteristics of the atomic levels with the calculated

We used doubled resonant laser ionization spectroscopy ®H/k metal levels. The velocity distributions of the other
study the sputtering of Ir particles in different atomic statesStates, which are all mixtures o states with different elec-
after keV-ion beam bombardment of a pure Ir metal. Thelron configurations, are identical within the experimental un-
atomic states of Ir endure severe level mixing due to stron§ertainty but shifted to lower velocities compared with the
configuration interaction and as a result, only the ground’eloc'ty distributions of the ground state and the first excited
state and the first excited state of Ir can be considered to b&¥ate. This observation cannot be interpreted in terms of the
pure in a single electron configuration. All other involved concepts of the basic RET model as presented above. Most

states are mixtures of differehsS states with different elec- likely, multiple electronic processes will contribute to the
tron configurations. sputtering of particles in these mixed states.

We examined whether the observed population partition
and state-selectiv_e 'velocity distributions are in agreement ACKNOWLEDGMENTS
with the characteristics of the resonant electron transfer pro-
cess. After sputtering, all probed states showed a significant We thank H. Tollet, Afdeling Fysische Scheikunde of the
population, which decreases with increasing excitation enbepartement Chemische Ingenieurstechnieken, K.U. Leu-
ergy as predicted by the resonant electron transfer descripen, for performing the LEIS measurement and S. Cottenier,
tion. We also presented distinct differences in the velocity-Afdeling Kern- en Stralingsfysica of the Departement Nat-
dependent probability for a sputtered particle to populate aiurkunde en Sterrenkunde, K.U. Leuven for performing the
specific atomic state. The relative differences in the velocitywIEN97 calculations. This work was supported by the Fund
distributions of atoms sputtered in the ground state and théor Scientific Research-Flander&WO), by the Flemish
first excited state, two states to which we can assign a singl€oncerted ActiofGOA) Research Program, and by the Bel-
electron configuration, are well interpreted within the frame-gian Interuniversity Poles of AttractiothAP) Programs. E.V.
work of resonant electron transfer processes by comparinthanks the FWO for financial support.

[1] B.J. Garrison, N. Winograd, R. Chatterjee, Z. Postawa, A.[10] V. Philipsen, J. Bastiaansen, G. Verschoren, P. Lievens, E.
Wucher, E. Vandeweert, P. Lievens, V. Philipsen, and R.E. Vandeweert, R.E. Silverans, and H.H. Telle, Spectrochim.

Silverans, Rapid Commun. Mass Spectroh2, 1266(1998). Acta, Part B55, 1539(2000.

[2] W. Husinsky, G. Betz, and I. Girgis, Phys. Rev. Lé80, 1689  [11] V. Philipsen, J. Bastiaansen, P. Lievens, E. Vandeweert, and
(1983. R.E. Silverans, Spectrochim. Acta, Part3, 1219(1999.

[3] B. Schweer and H.L. Bay, Appl. Phys. A: Solids SugD, 53 [12] M.W. Thompson, Philos. Magl8, 377 (1968
(1982. [13] C. He, Z. Postawa, S.W. Rosencrance, R. Chatterjee, B.J. Gar-

[4] B.l. Cralg, J.P. Baxter, J. Slngh, G.A. SCthk, P.H. KObrin, B.J. rison, and N. Winograd, PhyS Rev. Lefs, 3950(1993

Garrison, and N. Winograd, Phys. Rev. Le§, 1351(1986. 14 A. Cortona, W. Husinsky, and G. Betz, Phys. Rev. 5B,
[5] E. Vandeweert, V. Philipsen, W. Bouwen, P. Thoen, H. 15495(1999

Weidele, R.E. Silverans, and P. Lievens, Phys. Rev. L&dt. [15] R. Brako and D.M. Newns, Rep. Prog. Phy&2, 655(1989.

138(1997. .
. . . 16] J. Los and J.J.C. Geerlings, Phys. R&90 133(1990.
6] E. Vandeweert, P. Lievens, V. Philipsen, J. Bast , , L L
(6l W 1ev P astiaansen, and 17] Stefaan Cotteniefprivate communication

E. Silverans, Phys. Rev. B4, 195417(2001). 18 Noffk d L. Fritsch h ) h 2
[7] J. Bastiaansen, V. Philipsen, F. Vervaecke, E. Vandeweert, P: ]‘(]i%; e and L. Fritsche, J. Phys. F: Met. Phyk2, 921

Lievens, and R.E. Silverans, Phys. Rev6B, 073409(2003.
[8] W.J. Childs, M. Fred, E. Schrédl, and Th.AM. van Kleef, [19 W. Berthold and A. Wucher, Phys. Rev. LeT6, 2181(1996.

Phys. Rev. A10, 1028(1974). [20] A. Sindona and G. Falcone, Surf. S&29, 471(2003.
[9] P. Lievens, E. Vandeweert, P. Thoen, and R.E. Silverans, Phy$21] D.V. Klushin, M.Y. Gusev, S.A. Lysenko, and I.F. Urazgildin,
Rev. A 54, 2253(1996. Phys. Rev. B54, 7062(1996.

052902-6



