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Strong interatomic effects accompanying core ionization of atomic clusters
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Fourth-order Green’s function calculations have revealed many interesting features in the core-level spectra
of Bg, and Mg, (n=2,3,4) clusters. The most striking of them are unusually low-lying intense satellites. These
are absent in the respective atomic spectra and not observed in the spectra of typical molecules. An analysis in
terms of localized configurations attributes these satellites to distitertatomicprocesses. These processes
comprise charge and energy transfer from one atom to neighboring atoms. The spectra are sensitive to the size
and conformation of the clusters. This can be useful for the experimental identification of the clusters. The
emerging physical picture of core ionization of small soft meta| Bed Mg, clusters is quite general and
applicable to other weekly bound atomic and molecular clusters.
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[. INTRODUCTION eral experimental core-level studies of atomic and molecular
clusters, there are only a few x-ray photoelectron investiga-
Atomic and molecular clusters represent a specific clastons available in the literatur’—10]. In these works clus-
of objects that have their own peculiar properties differingters of rather large size have been investigated. In the present
from those of molecules and soligdbulk). Clusters can be paper we theoretically study the core ionization spectra of
also thought of as a natural bridge between atgmsl-  small metal clusters.
ecules and solids[1]. Size dependence of different cluster It is well known thatab initio calculations of core-level
properties and their evolution to properties of the bulk is thespectra are rather cumbersome. This is due to the fact that
subject of most studies in cluster science. Until recently, theelectron relaxation and correlation in the core-ioniteare-
majority of cluster studies have been devoted to the propemexcited states are usually strong. Therefore, the use of ad-
ties of the ground electronic statgeometries, dynamics of vanced many-body approaches that can take a substantial
formation and fragmentation, interatomic and intermoleculaifraction of electron relaxation and correlation into account is
potentials, and vibrational excitationsnd to low-lying elec- required. In practice, high-levehb initio calculations on
tronic excitationgvalence photoabsorption and photoioniza-core-hole states can be performed only for relatively small
tion) [1-6]. The considerable progress made in the last yearebjects consisting of a few atoms. Small atomic and molecu-
in the field of tunable x-ray high-intensity sources, and thear clusters are of course, interesting by themselves. In the
developments of new coincidence detection techniques anpresent paper we concentrate on weakly bound systems that
cluster beam sources with high size selectivity enable one teve consider particularly interesting. Typically, neutral clus-
study highly excited electronic states of clusters. ters built of elemental unit&atoms or moleculgswith closed
Core-level spectroscopie§photoelectron, photoabsorp- electronic shells, are weakly bound systems. The weakness
tion, and Auger are well suited for studying clusters. Due to of the chemical bond favors a strong localization of electron
a compactness of atomic core levels, core-level specvacancies created upon excitation of the cluster. This local-
troscopies basically probe local properties, providing infor-ization plays a crucial role in the inner-valence photoioniza-
mation on the chemical state of selected atomic species. Qion of weakly bound hydrogen-bond¢il,12 and van der
the other hand, core-level spectroscopies allow one to studyaals[13] clusters, providing a basic condition for the ul-
also nonlocal processémteratomic or intermolecularoc-  trafast decay of the inner-valence vacancy via the so-called
curring upon core ionization, core excitation or core-holeintermolecular Coulombic decayechanisnj11]. We would
Auger decay. These interatomic processes comprise differetike to stress that the effects we would like to study are
valence electronic excitations of atomimolecule$ neigh-  present already in very small clusters, where the calculations
boring the atom with the initial core vacancy. As we shalland the analysis of these effects is much easier to perform
see, these excitations may appear in the spectra as satelliteéiambiguously.
Of course, there are also satellites in the core-level spectra To study cluster-specific effects in the core ionization, we
that correspond to local valence excitations, i.e., to excitahave chosen clusters of soft metal atofBs and Mg. This
tions of that atom with the core vacancy. To study the varioushoice is governed by the fact that small,Bend Mg, clus-
local and nonlocal excitation processes one should clearlters (h=2-4) are, first of all, weakly boun(see, for ex-
identify the respective features in the spectra. Usually, theample, Ref[14]) and, in addition, their relatively small size
interpretation of satellite structures in experimental spectra iallowed us to calculate the spectra of core ionization at a
quite a tedious task even for simple objects and it can hardlhigh level of theory. Moreover, the interatomic distances and
be done without a suitable theoretical support. Among sevbonding properties of these clusters are very sensitive to the
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cluster siz14]. This prompts us to expect that the spectralamplitude of probability to find the exact eigenstgie) 1)

bandshapes should also depend sensitively on the cluster sigethe ion ina | W}). In those cases where the ground state

and conformation. of the system is not strongly correlated, i.e., well described
by a single determinant, and, in addition, electron relaxation

Il. THEORETICAL BACKGROUND AND DETAILS and correlation are not strong in the final core-ionized states,
OF THE CALCULATIONS the lowest-energy line in the spectrum is the most intense
A. The spectrum one. This line is referred to as theain line The correspond-

ing state can be crudely described by a single determinant

JTV? chlerr:ical .bon(t.‘lhin the ?(rour(;d_ stte(tétS) qf Sd'_“‘;‘” Be  with a single electron removed from the core. Other lines in
and Vg clusters IS rather weax and Interatomic distances atg . spectrum in this case have low intensity and correspond
large. For example, the experimental binding energies of Be,

and Mg, are 0.098[15] and 0.050 eV[16], and the inter- to different excitations of the above electronic configuration

S with the core hole. These lines are referred tosatellites
atomic distances are 4.635] and 7.35 a.u[16], respec- hak d shake bfUnder the above- tioned di-
tively. In such cases the use of size-consistent methods t% ake up and sha e?n " ern) € above-mentioned cond
compute the electronic structure is imperative. We used thHONS the spectroscopic factai” of the main line is typi-
ab initio one-particle Green’s functiofGF) method within c_ally abou_t 0.8. This means that th_e remaining spectral inten-
the algebraic diagrammatic constructi®kDC) scheme con- sity (20%) is borrowed by the satellites. In thosg cases where
sistent through fourth order in the Coulomb interactiGF many-electron effect's are stronger, the mal_n'llne will have a
ADC(4)] [17,18 to compute core-ionization spectra. Apart smaller. sp_ectroscoplc factor.'ln some specific unu_sual' cases
from being complete up to fourth order, the ADIE method the main line is not necessarily the_ onvest-energy line in the
includes partial summations of diagrams to infinite order.SPectrum. Satellites below the main line may appear, which
What is particularly important in our study is that the method@'e referred to'ashgke—dowrsaltelhtes. For example, the
is size consistent, i.e., the results scale correctly with the siz@West-energy lines in the Nsl = spectrum of paranitroa-
of the systen{17]. niline [20] and of the metal/adsorbate, NNi(100 system

The ionization energies and intensities of lines in the corel21] are shake-down satellites. .
ionization spectrum appear in the spectral representation of The configuration space in the ADG scheme comprises
the Green'’s function as the pole positions and their residuedl! Singly and doubly excited configurations of the ground-
respectively. In more exact terms, the residues enter the defffaté HF determinant with an additional electron removed
nition of the intensitied , within the sudden ionization ap- from the core. In other words, the configuration space com-
proximation[19] prises all hlp and 3h2p configurations(h denotes holep

denotes particlewith respect to the HF ground-state deter-
z - 2 minant, where one of the holes is from the core. The method
< TeXe | @) requires as input data the HF orbitals and their energies.
They have been calculated using th& GAMESScodes[22]
wheren specifies the core-ionized state, is the photoion- in the 6-311§ atomic basig23]. The choice of this basis is
ization amplitude of the core orbital and the summation is governed by the fact that our ARG calculations on the Be
over all core orbitals of the same symmetry. The spectrols . Mg 1s™*, and Mg 2~ core-ionized states of the Be

Ih~

scopic amplitudes(" are defined as and Mg atoms reproduce the experimental ionization ener-
gies for the main lines and shake-up satellites quite (zek
X(C”>:<qf§—1|ac|\pg>, 2) Sec. Il A) despite the moderate size of the basis set. The

relatively small size of the atomic basis set allowed us to
whereW{ andW¥) ' denote the exact GS of tié-electron  perform GF ADG4) calculations on the clusters consisting
system(neutra) and the exacnth state of theN— 1 electron  of up to four atoms. Although larger basis sets can be used
system(ionized; &. is the annihilation operator for the core for the smaller clusters, we have decided to discuss all spec-
electron in the levet. In most cases the core electron can betra on the same level.
localized in space and then only one core orbital contributes For the Mg and Mg, clusters studied here the GF
to the intensitied ,, ADC(4) configuration space becomes large. To make pos-
sible calculations on the core-ionized states of these clusters
Lo~ 7el2IxM|?, (3  we had to freeze thesland 2p core electrons in the clusters.
We have checked for the smaller systems that for ionization
xW=|x{M|2 is called spectroscopic factor. For that core-of the Mg 2s level the freezing of Mg & and Mg 2 elec-
ionized spectrunEnX(C”)=1. When the ionizing photon is of trons does not lead to a significant change of the absolute
high energy,| 7¢|? is essentially a constant and the relativeionization energies.
intensity of two lines in the spectrum is just given by the
quotient of the respective spectroscopic factors.
The meaning of the spectroscopic amplitud[@ is clear B. Conformations and interatomic distances of the clusters

from its definition[Eq. (2)]. The sudden femO\Kléﬂ of a core  For the sake of consistency the equilibrium interatomic
Hartree-FockHF) particle from the exact GBV ) leads to  distances for the Beand Mg, clusters have been obtained
a,|WwY) that is not an eigenstate of the ion. Thu§) is the  with the above-mentioned basis set at the level of the fourth-
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FIG. 1. The computed geometries of the,Bad Mg, clusters.
The interatomic distance&.u) for Mg, clusters are shown in
parentheses.

order Mdler-Plesset perturbation theorfMP4) using the
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equilibrium distance is 4.958 a.u., whereas the respective
experimental value is 4.63 al5]. For Mg, the experimen-

tal Mg-Mg distance is 7.35 a.yl6]. MP4 gives for this
value 8.003 a.u. To avoid a misunderstanding, we should
note that calculations on the ground-state properties of Be
and Mg represent a rather delicate problem. The equilibrium
distances and binding energies of these dimers are very sen-
sitive to the atomic basis set and to the method used to
account for electron correlatiofsee, for example, Refs.
[28,29). The results obtained in the 6-3¥1pasis set at the
MP4 level can be thought of as a good compromise between
the size of the atomic basis set and the accuracy of the com-
puted GS properties.

Il. RESULTS
A. Be and Mg atoms

We begin with the core-level spectra of the elemental
units of our Be and Mg clusters, i.e., of the Be and Mg
neutral atoms. The atomic spectra are of interest owing to
several reasons. First, one should be able to distinguish be-
tween locallatomig and nonlocalinteratomig effects in the
spectra of the clusters. It is also of interest to study the evo-

GAUSSIAN98 codes[24]. The computed geometries are de- lution of the spectral band shapes from atoms to clusters.

picted in Fig. 1.

Second, the atomic core-level spectra are of interest by them-

Experimental data on the geometries of the clusters arselves. Indeed, for the Mg atom the experimental data are

only available for the dimergl5,16. Computational data on available only for the main line§Mg 1s™ !, Mg 2s 1)
Be and Mg clusters have been amply reported in the literaf30,31. The satellite structures in the core ionization spectra
ture (see Ref[25] and references thergin of the atomic Mg are poorly understood. Third, the experi-
Our computed interatomic distances for the;Beangular  mental data available for the ionization energies of the main
and Bg tetrahedral clusters are consistent with the MP4 reds ! line and shake-up satellites of atomic 2] allows us
sults obtained in the larger 6-3%1y* basis sef26]. For the to estimate the reliability of our AD@) calculations on the
Mg triangular and Mg tetrahedral clusters our MP4 dis- spectra.
tances are close to the results of multireference configuration The agreement between our computed ionization energies
interaction calculations available in the literature obtainedn the Be 15~ spectrum and experimental or[@&2] is more
using similar or better quality basis s¢&7]. than satisfactoryTable |). For the Be atom full configuration
The MP4 GS interatomic distances obtained in theinteraction(Cl) calculations have been reported in the litera-
6-311g basis set for the Be and Mg dimers are satisfactorilyture [33]. The quality of the basis set used in these calcula-
close to those derived from experiment. The Be-Be MP4ions is comparable to that used in our work. As anticipated,

TABLE |. GF ADC(4) absolute E;) and relative AE;) energies and intensities(g)) of lines in the
Be 1s™ ! ionization spectrum of the Be atom in comparison with the available experimental and theoretical
data. All energies in eV.

Theory Experimerit
—GF ADC(4)— —Full cI’—

E AE; X E AE; X E AE, State characterization
123.33 0.0 0.717  123.62 0.0 0.77 123.6 0.0 s24 (%9)
127.82 4.49 0.0 128.37  4.75 0.0 128.0 4.4 s242p (?P)
130.12 6.79 0.0 131.32 7.7 0.0 130.2 6.6 s262p (?P)
131.02 7.69 0.0 131.7 8.1 s2p? (°D)
133.05 9.72 0.094 136.07 12.45 0.017 135.1 11.5 s2pf (29)
138.32 1499 0.059 13877 15.15 0.1 138.1 145 s2sBs (29)
138.32 14.99 0.0 139.09  15.47 0.0 138.7  15.1 s2sBp (?P)
140.79 17.46  0.079 14069 17.07 0.075 1405 16.9 s2s3s (%9)
3Referencd 32].
bReferencd 33].
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TABLE Il. GF ADC(4) absolute E;) and relative AE;) energies and intensities([()) of lines in the
Mg 2s™ ! ionization spectrum of the Mg atom in comparison with the available theoretical data. The experi-
mental ionization energy for the Mgs2! main line is 96.5 e\[31]. All energies in eV.

Theory
—GF ADC(4)— —Limited CP—
E; AE; X9 E; AE; X State characterization
97.45 0.0 0.787 96.85 0.0 0.760 Mg 2 (2S)
101.78 4.33 0.0 102.03 5.18 0.0 sZs3p (2P)
104.10 6.65 0.0 105.18 8.33 0.0 sZ53p(P)
107.79 10.34 0.0 109.23 12.38 0.0 s33d (D)
107.84 10.39 0.091 107.97 11.12 0.175 $384s (%9)
108.77 11.32 0.062 108.28 11.43 0.002 $384s (%9)
109.73 12.88 0.09 Bs4s (29)
109.21 11.76 0.0 p?,2s3p4p (2P)
109.33 11.88 0.0 3p?,2s3p4p (°P)
110.60 13.15 0.0 p?,2s3p4p (°P)
110.80 13.35 0.0 111.81 14.96 0.0 s3&3d (D)
111.03 13.58 0.014 Bp4p ()

8Referencd 33].

we see that the quality of our GF ADQ) results on the main Summarizing, both the BesI ! and Mg 2! spectra of
and singly excited states is close to that of the ful(@ble  atomic Be and Mg do not exhibit any visible satellites at
). energies below about 10 eV.

The experimental and theoretical data available on the
ionization of the core levels of atomic Mg are very limited. B. Be, and Mg, clusters
The GF ADQ4) ionization energy for the Mg 4 * main
line (1309.98 eV is quite close to the experimental value of

1311.5 eV reported in Ref30]. For the ionization of the Mg ellites in the energy region below 10 eV above the main lines

2s level the agreement between our theoretical value for th?Figs 2 and 3 The spectroscopic factors for the main lines
energy of the main lin€97.45 eV and the experimental one in thé Be I ! and Mg %! spectra are 0.442 and 0.653

.(96..5 eV[31])-is also satisfactogy. We list our comqued ion- (Tables Il and IV, respectively. This means that a large
ization energies for the Mg * spectra together with the  fraction, namely, 66% of the total spectral intensity in the Be
available literature data in Table Il. Comparing our ABLC 151 gpectrum is borrowed by satellites. In the spectrum of
results with those obtained with the Cl methi@8] in the Mg, the intensity borrowed by satellites is much smaller
basis of comparable quality one can see that the energies g§50). In the Be 5! and Mg ™! spectra of the Be and
some satellite states relative to the main line differ in theseMg atoms the spectroscopic factors of the main lines were
two calculations by~2 eV. Here we should note that the Cl seen in the preceding subsection to be considerably larger
used in Ref[33] for the calculation of the Mg € * ionized (xc=0.717 and 0.787, respectivélthan those in the spectra
states is a limited Cl and not a full one. of the respective dimers. Thus, despite the rather weak
It is interesting to compare the Be and Mg core ionizationchemical bonding in Beand Mg, electron correlation in the
spectra. The first two satellitesi2p) in the Be s ! spec-  final core-ionized states is much stronger, especially for Be
trum appear at 4.5 and 6.8 eV above the main line and do ndhan in the respective atoms.
acquire any intensityTable |). This is because the symmetry  The first satellites appear in the Bs™ and Mg %!
of these satellite states i and thus they cannot couple to spectra at the surprisingly low energies of 1.68 and 1.32 eV,
the Be 17! single-hole state that h&symmetry. The first respectively(Tables Ill and IVJ. These satellites are mostly
3h2p satellite in the spectrum is at 7.7 eV. Because obits due to valence excitations of electrons from occupied orbit-
symmetry this satellite is also dark in the spectrum. In theals built of Be Z (Mg 3s) atomic orbitals to the unoccupied
Mg 2s™ ! spectrum(Table 1) the first two satellites are dark orbitals built of Be 2 (Mg 3p) atomic orbitals. The satel-
because of theiP symmetry and their energies relative to the lites are characterized by intermediate triplet spin coupling
main line(4.3 and 6.6 eYare very close to those of the first of these valence excitations and their spectroscopic factors
two satellites in the spectrum of Be. Thé@Zp satellites in  x,=0.033 and 0.001 predict lines of moderate and weak
the spectrum of Be lie significantly lower in energy thanintensity in the Be $~ ! and Mg %! spectra, respectively.
those in the spectrum of Mg. The first bright satellite, whichThe corresponding intermediate singlet counterparts of these
is rather intense, appears at 9.7 and 10.4 eV in thedé 1 satellites are at 4.47 and 2.27 eV in the Bg 1 and Mg
and Mg &~ ! spectra, respectively. 2s~ ! spectra, respectively, and predicted to be remarkably

The most striking features in the computed B& 1 and
Mg 2s ! spectra of Beand Mg, are intense low-lying sat-
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FIG. 2. The computed< * ionization spectra of atomic Be and ~ F!G- 3. The computed &~ ionization spectra of atomic Mg
small Be clusters. The spectra were aligned with respect to th@nd small Mg clusters. The spectra were aligned with respect to the

lowest-energy lines. The vertical lines represent the energies arldWest-energy lines. The vertical lines represent the energies and
intensities(spectroscopic factor®f the final states in the spectrum. intensities(spectroscopic factoy®f the final states in the spectrum.

intense(x.=0.128 and 0.106 All these satellites are domi- fect is analogous to the breakdown of the local shake-up

nated by h1p configurations. found recently in the core-ionization spectra of metal/
In contrast to the Mg & ! spectrum where low-lying adsorbate system84].
doubly excited core-hole states are absent, the®e $pec- Structures in the spectrum of Beelated to intra-atomic

trum reveals satellites at 3.85 and 5.4 eV that are essential@hake_up satellites are also seen at 7, 9, 11, and 14FigV/
3h2p states in characteffable Ill). The satellite at 3.85 eV ) Thege intra-atomic satellites are also broken down due

is very weak f=0.001) whereas the satellite at 5.4 eV ynejr interaction with numerous double excitations similarly
acquires a considerable intensity.(0.037). The higher- . 14 situation discussed above for Mg

Lylr)g Zagelhte? n the.E?e 4 f&pectrgr;gf Be afr'e ch?rac— While the intra-atomic shake-up features in the spectra of
erized by a strong mixing of=Lp an p configurations Be, and Mg are rather expected, the appearance of the in-

(Table 1ll). In particular, they form intense structures at 7—9 : . ) -
and 1114 eV above the main line. In the spectrum of Mg tense satellites at energies eV is very surprising. Indeed,

the only relatively intense feature in the energy region from E‘because of the weak interaction between the atoms of the

to 9 eV is the satellite at 5.35 eV which is essentially a sinegCIUSterS(the Be and Mg clusters have been shown to be to a

excited core-hole stat€lable 1V). The spectrum of Mgat great extent van der Waals systef@$]) one would expect .
10-12 eV resembles the respective spectrum of the atomidat the (;Iuster spectra resemble the spectra of the respective
Mg (Fig. 3. This structure in the atomic spectrum is almost&{0ms with, maybe, some weak features due to the presence
entirely due to the two €3s4s shake-up satellitetriplet of the _nelghbonng atom. Evidently, an analysis in te_rms of
and singlet intermediate couplingsn the spectrum of Mg  €xcitations of geradég) and ungeradéu) molecular orbitals

the feature that corresponds to the atomic peak consist§P-h Symmetry in the case of Bend Mg) brings no clarity
however, of 16 |0W_intensity lines. These lines are N@*? in the interpretation of the Iow-lying satellites. This is be-
ionized states that are no more dominated by single excitecause the molecular orbitals of the Bend Mg clusters are
tions as those in the atomic case but are strong mixtures afelocalized between the two atomic centers due to the high
singly and doubly excited configuratiofifable IV). Conse- symmetry. Therefore, when using these molecular orbitals
quently, the structure at 10-12 eV in the spectrum of, Mg one cannot separate between processes occurring locally on
can be viewed to correspond to the intra-atom&3&4s  the same center as the core h@lgra-atomic processgand
shake-up that is broken down due to its interaction with ahose involving excitations of the neighboring atdmter-
dense manifold of double excitations of the dimer. This ef-atomic processes
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TABLE Ill. GF ADC(4) absolute E;) and relative AE;) energies and intensities([()) of lines in the
Be 1s~! ionization spectrum of the Becluster. All energies in eV. Only nondegenerate staggditting
=0.001 eV are listed.

State characterizatiof®o)

E; AE; x 1h/2h1p/3h2p State interpretation
121.25 0.0 0.442 44/44/12 Main state
122.93 1.68 0.033 3/76/21 CTS, ET
125.10 3.85 0.001 0/19/81
125.72 4.47 0.128 13/62/25 CTS, ET
126.65 5.4 0.037 4/4/92
127.27 6.02 0.0001 0/45/55 Intra-atomic shake up, ET
128.16 6.91 0.005 0/53/47 ET, CTS
128.28 7.03 0.0001 0/28/72
128.46 7.21 0.029 3/11/86
129.05 7.8 0.011 1/8/91
129.68 8.43 0.003 0/42/58 Intra-atomic shake up
130.33 9.08 0.035 4/33/63

At the self-consistent fieldSCF) level the orbitals of the  of the locala,, anda;’, operators. Thidocalizedrepresen-
cluster _Iargely keep their atomlc_lll_<e character. This is re- ation allows one to discuss the structure of the core-ionized
flected in the computed _small splitting betweer! the levels o tates in terms of four basic types of configuratiofigtl)

g andu symmetries. This fact allows us to uniquely trans—+rs(rr) 15(r1) = r5(1r), 15(0r) = r(r1) and 15(rr )+ r(11)
form the wave functions from the symmetry adapted to the ' I - - . o »
localized representation. In this way we can separate in each € following we will use these notations for the excited

. WIS W . -
wave function of the core-ionized cluster the contributions ofconfigurations=*(vv™) wherec is the core hole on a specific

2 . -
intra-atomic and interatomic processes. This issue is addtomic site(left or righy andv andv™ denote the valence
dressed in the following subsection. v—v* excitation of an electron from one specific site to

another.s denotes the intermediate spin of the valence
—v* excitation. For exampld3(rl) means a core hole on
the left atom accompanied by the valence excitationl
from the right to the left atom.

The surprisingly low-lying satellites discussed in the pre-  The satellites at 1.68 and 4.47 eV in the Bg 1 spec-
ceding subsection are dominated by singly excited configugrum of Be, are found to be strong mixtures of th¥rl) and
rations that can be expressed in terms of annihilaéiamd  [3(rr), andI(rl) and I(rr) configurations, respectively.
creationa™ operators aéc(g,u)év(g,u)é;*(g’u)|‘lf0), wherev,  From here on we will omit the full linear combination intro-
v*, andc denote valence, virtual, and core orbitalsgodind  duced above indicating or u symmetry since the meaning is
u symmetries, respectively, af@ ) is the GS wave func- evident. In the Mg 21 spectrum of Mg the satellites at
tion. Assuming that the interatomic interaction is negligible,1.32 and 2.27 eV are dominated by th¥rl) and I%(rl)
a(gu can be expressed as followaiy ,=1WV2(& *+4,), configurations, respectively, and the satellites at 3.77 and
where+ and — are for theg andu symmetries, respectively, 5.35 eV correspond mainly to thé(rr) andl(rr) configu-
andl andr denote the “left” and “right” atomic sites. Each rations, respectively. We may conclude that the intense low-
singly excited configuration can now be expressed in term$ying satellites in the spectra of Beand Mg are due to

C. The localized representation of the core-ionization
of Be, and Mg,

TABLE IV. GF ADC(4) absolute E;) and relative energiesAE;) and intensitiesxg)) of lines in the
Mg 2s™ ! ionization spectrum of the Mgcluster. All energies in eV. Only nondegenerate stésgitting
=0.001 eV are listed.

State characterizatiof®o)

= AE, x0 1h/2h1p/3h2p State interpretation
96.94 0.0 0.653 65/30/5 Main state
98.26 1.32 0.001 0/87/13 CTS
99.21 2.27 0.105 10/78/12 CTS
100.71 3.77 0.0002 0/85/15 ET
101.78 4.84 0.0003 0/86/14 Intra-atomic shake-up
102.29 5.35 0.021 2/79/19 ET
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TABLE V. The GF ADQ4) relative energiesAE;) and inten-
sities (") of the first low-lying satellites in the Besl * spectra of
the Bg(n=3,4) clusters. All energies in eV.

PHYSICAL REVIEW 85 023203

TABLE VI. The GF ADC(4) relative energiesAE;) and inten-
sities (y{")) of the first low-lying satellites in the Mg< * spectra
of the Mg,(n=3,4) clusters. All energies in eV.

Be; triangular Be tetrahedral Begsquare Mgs; triangular Mg, tetrahedral Mg square
AE; X AE; X0 AE XY AE; X AE; X AE; X
1.40 3x10°6 2.29 0.025 1.50 0.024 143 0.004 1.67 0.004 0.92 0.014
1.93 0.004 2.79 0.007 2.39 0.011 2.26 0.017 2.73 0.003 1.300 0.051
1.95 0.030 2.43 0.011 1.305 0.009
1.97 0.026 1.75 0.005

nonlocal(interatomig@ processes. former of Beg is 4.33 eV. For the Mg clusters the changes in
Despite the fact that the spectra of the atoms do not exthe ionization energies when increasing the cluster size are
hibit any visible satellites in the energy region from the mainless pronounced than for the Be clustéfable VIII). The
line up to~10 eV, there are low-lying atomic shake-up statesionization energy of the Mg atom is larger than that of the
that are dark in the specttaee Sec. lll A In the spectra of Mg, tetrahedral cluster by only 1.48 eV. Interestingly, in the
the Be, and Mg, clusters the satellites corresponding to theBe 1s™* spectra the spectroscopic factor of the main line
dark atomic ones may become visible due to symmetry lowdecreases dramatically from.=0.717 to x.=0.442 when
ering in the cluster. The interaction between the atoms in th@oing from atomic Be to its dimer Bebut from then on this
cluster is, however, so weak that the satellites originatingyalue changes only marginally. It ig.=0.441 and x.
from these atomic shake-up states remain almost invisible= 0.469 for the main lines of the triangular Band tetrahe-
also in the spectra of the clustefEables Il and V. Inter-  dral Be, clusters, respectively. The situation is different for
estingly, these atomiclike satellites are located at muclthe Mg clusters. Here, the spectroscopic factor decreases
higher energies than are the purely interatomic features dissontinuously when going from the Mg atony{=0.705) to
cussed above. Mg, (x.=0.638) and then to the triangular Mg(x.
=0.512) to approximately stabilize when arriving at the tet-

D. Triangular, tetrahedral, and square conformers rahedral Mg (x.=0.551).

At first sight the spectra of the triangular Band the
square and tetrahedral conformers of, B some extent re-
semble the respective spectrum of the dirfleig. 2). The In contrast to the regular clusters where all the atoms are
positions of the intense features at low energies are, howevegeometrically equivalent, the linear BeBe, and Mg, Mg,
gradually shifted to higher binding energies compared to thelusters contain inequivalent atoms. This inequivalence im-
spectrum of Bg when increasing the cluster size. Interest-mediately results in some features in the spectra that can be
ingly, the interatomic distances in the Bequare and tetra- attributed to the ionization of the geometrically different at-
hedral conformers are very close to each otlef11 and oms. In the Be $~! spectrum of the linear Becluster the
3.956 a.u., respectivelyand the positions of the intense low- main line is split into two components separated by 0.31 eV.
lying satellites are close in the respective spectra as wellhe lowest-energy component is due to the ionization of the
(Fig. 2. For the Mg clusters the situation is different: the central Be atom and the second component is related to the
spectra of the various clusters exhibit a different appearancéonization of the two terminal atoms. For the lowest-energy
In the case of the Mgclusters the interatomic distance of the state the spectroscopic factgg is 0.454 whereas for the
tetrahedral conforme(5.894 a.u. differs considerably from state, corresponding to the ionization of the terminal atoms,
that of the square on@.497 a.u).and the band shapes of the x. is 0.396(Table VII). We attribute the smaller value gf.
respective spectra at energies below 6 eV also are very difn the latter case to the fact that the ionization of the terminal
ferent (Fig. 3. All the spectra of the regular BeBe,, and  atoms in the Bgcluster is accompanied by a charge transfer
Mgs, Mg, clusters exhibit very low lying satellitgables V  to the central atonfantiscreening There are two terminal
and VI). Most of these satellites are weak. The pattern ofatoms in linear Bgand Mg and, therefore, all lines appear-
those low-lying satellites depends on the geometry of théng in the spectrum due to their ionization should be attrib-
cluster. uted twice the intensity. This is taken into account in the

The ionization energies of the main lines in the B&1  envelope of the spectrum shown in Figs. 2 and 3.
and Mg ! spectra of the Beand Mg, clusters decrease For linear Bg there are two low-lying weak satellites at
when the cluster size is increasifitables VII and VII)). In 1.33 and 1.81 eV above the lowest-energy main state, which
the sequence Be-B&e; (triangula)-Be, (tetrahedral the  correspond to the ionization spectra of the termingl (
ionization energies are 123.33, 121.25, 119.96, 119.00 e\~0.002) and central .=2X10"°) atoms, respectively.
respectively. One can see that the major change occurs whdwo intense satellites appear at 2.29 and 4.18 eV, which
going from Be to Be (2.08 e\j. The difference between the correspond to the ionization spectra of the termingl (
ionization energies of the Be atom and the tetrahedral con=0.085) and centraly.=0.118) Be atoms, respectively.

E. Linear Bes, Be, and Mgs, Mg, clusters
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TABLE VII. Orbital energies €;), GF ADC(4) ionization energiesH;) and intensities x) of the main
lines in the Be $ ! spectra of atomic Be and Belusters. All energies in eV. Only nondegenerate states
(splitting =0.001 eV are listed.

Cluster —g; E, x(D) Comments
Bce 128.75 123.33 0.717
Be, 128.73 121.25 0.442
Be; triangular 128.46 119.96 0.441
Be, linear { 128.33 119.38 0.454 Central atom
128.44 119.69 0.396 Terminal atoms
127.72 119.00 0.469
Bey tetrahedral { 127.70 118.99 0.471
Be, square { 128.53 119.36 0.426
128.52 119.35 0.428
Be, linear { 127.59 118.14 0.504 Internal atoms
128.16 118.76 0.155 Terminal atoms

In the case of the linear Becluster the effects resulting the lowest-energy main line. The spectroscopic factors of
from the inequivalency of the atoms are more pronouncedhese satellites are 0.014 and 0.002, respectively. These sat-
than in the case of the Beluster (Fig. 2). The first two ellites are due to the ionization of the internal atoms. The two
states in the spectrum of the linear [Beuster are split by satellites at 2.08 and 2.58 eV are rather intefge=0.066
0.61 eV due to the inequivalent amount of many-body effecteind 0.094, respectivelyand they correspond to the ioniza-
affecting the pair of internal and the pair of terminal atoms.tion spectra of the terminal and internal atoms, respectively.
The lowest-energy line in the spectrum corresponds to the In the spectra of the linear Mgand Mg, clusters the
ionization of the internal atoms and the second line is due t@ffects due to the inequivalence of the atoms are also present,
the ionization of the terminal ones. The spectroscopic factobut not as strongly pronounced as in the spectra qf ddel
of the first line is 0.504 whereas that of the second line iBe,. The two main states in the spectrum of the JMigear
only 0.155. This means that85% of the total spectral in- cluster are split by only 0.08 e¥Table VIII). Their spectro-
tensity in the ionization spectrum of the terminal atoms isscopic factors are 0.599 and 0.536, respectively. Similarly to
borrowed by satellites. There is, therefore, a complete breakBe,, the lowest-energy state corresponds to the ionization of
down of the quasiparticle picture of the core ionization of thethe central Mg atom and the second state is due to the ion-
terminal Be atoms in this linear cluster. The main physicalization of the terminal ones. The two low-lying satellites at
mechanism responsible for this breakdown is a strong charge.17 and 1.78 eV have the spectroscopic factors of 0.006 and
transfer from the internal to the external atoms, which0.002 and correspond to the ionization spectra of the termi-
screens the core hole created upon ionization of the terminalal and central Mg atoms, respectively. The intense satellites
Be atoms. In the ground state of the cluster the internal atat 1.85 and 2.76 eVx.=0.11,0.079) correspond to the ion-
oms are negatively charged and the creation of a core hole dmation spectrum of the terminal Mg atoms and the satellite at
a terminal atom favors this charge transfer. 2.78 eV (x.=0.08) to that of the central Mg atom. There is

There are two very low lying satellites in the Bes™T also a weak satellitey(;=0.008) at 2.1 eV which is due to
spectrum of the Belinear cluster at 0.66 and 1.10 eV above the ionization of the terminal Mg atoms.

TABLE VIII. Orbital energies ¢;), GF ADC(4) ionization energiest;) and intensities x{’) of the main
lines in the Mg &~ ! spectra of atomic Mg and Mcclusters. All energies in eV. Only nondegenerate states
(splitting =0.001 eV are listed.

Cluster —g; E; Xgi) Comments
Mg 102.48 99.40(97.45) 0.785(0.787)
Mg, 102.47 98.87(96.94) 0.638(0.653)
Mg, triangular 102.53 97.98 0.512
Mg, linear { 102.45 98.45 0.599 Central atom
102.45 98.53 0.536 Terminal atoms
Mg, tetrahedral 102.51 97.92 0.551
Mg, square 102.48 99.01 0.487
M, linear { 102.47 98.98 0.525 Internal atoms
102.43 99.06 0.402 Terminal atoms
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As seen in Table VIII, the splitting between the two

lowest-energy statggnain lineg of the linear Mg cluster is N I(rr) " I(r)
very small(0.08 eV}, like that of the linear Mg cluster. The v ) v ‘\
lowest-energy state corresponds to the ionization of the in- v v

ternal Mg atoms and the second main state is due to the
ionization of the terminal ones. The spectroscopic factors of c o0 00 €S-0 00

these two states are 0.525 and 0.402, respectively. The dif- ! r ! r
ference in the intensities can be attributed to a charge transfer

from the external to the internal atoms upon the ionization of Iir) L1y

the terminal ones. This charge transfer is of an antiscreening o* ) o @
type in contrast to the case of B&here the charge transfer P T
accompanying ionization of the terminal atoms is of a v oo v oo
screening type. Thus, the effects due to the inequivalence of

the atoms on the core-ionization spectrum of linear, Mo ¢ _97’_ _‘7._ ¢ _97’_ _’;‘_

similar to those in linear Bgrather than to those in linear

Be,. As can be seen in Table VIl and VIII, the similarity of  FiG. 4. Schematic representation of the basic intra-atomic and

the processes accompanying ionization in the linearedel  interatomic processes accompanying core ionization of weakly

Mg, clusters is also reflected in the intensities of the splithound clustersc, v, andv* denote the core orbital, occupied va-

main lines in the spectra. lence orbitals, and unoccupied orbitals, respectivedtands for one
The first two weak satellites in the spectrum of linear,Mg (say lefy) atom andr for the other(right) atom of the cluster.

appear at 0.88 and 1.02 eV and possess the spectroscopic

factors y.=0.015 and 0.003, respectively. These satellitedated (Table IV). The satellites at 1.32 and 2.27 eV are

correspond to the ionization of the terminal and internal atmostly due to CTS whereas the satellites at 3.77 and 5.35 eV

oms, respectively. In contrast to the spectrum of lineay, Be are dominated by the energy transfer configurations. Thus,

where there are only two relatively intense satellites in the¢he physical mechanisms responsible for the formation of the

energy interval up to-3 eV above the lowest-energy state, intense low-lying satellites in the spectra of ;Bend Mg

the Mg 25~ * spectrum of the linear Mgcluster exhibits nine  govern the charge-transfer screening and energy transfer pro-

appreciably intense satellites in the same energy interval. cesses that are of interatontitonloca) character. _
It is worthwhile to analyze the spectra of the dimers in the

IV. DISCUSSION limit .of infinite]y ;eparatgd aFomédis_so.ciation Iimlil where
the interatomic interaction is negligible. In this case, of
Let us begin our discussion with the core-ionization of thecourse, the spectral band shapes of the dimers are just exact
dimers. Our analysis in terms of localized configurationsreplicas of the respective atomic spectra. There are, however,
shows that the low-lying intense satellites in the Be 1and  satellite states that correspond to interatomic processes and
Mg 2s™ ! spectra of Beand Mg, are dominated by thirl) that are dark in spectra due to the negligible interatomic in-
and I(rr) configurations that are of interatomic characterteraction. The computetf(rl) and|*(rl) CTS states, for
(Sec. llIA). Thel(rl) configuration describes a transfer of a instance, appear in the spectrum of,Bi the dissociation
valence electron from the right atom to the left one, wherdimit) at —0.09 and 1.17 eV, respectively. The corresponding
the core hole has been creaisée upper right panel of Fig. CTS configurations can also be viewed as tise-2p core
4). Obviously, this excitation describes charge transfer excitations of one Be atom and the simultaneous valence
(CT). Furthermore, because the electron is transferred to thienization of the other one. This point of view and the
core-ionized site, this transferred chargereensthe core  knowledge of the involved atomic energies allows one, in
hole. Thel(Ir) configuration also represents a CT processprinciple, to predict whether low-lying CTS shake-up or ever
but in this case the electron is transferred from the coreshake-down satellites are expected to appear in the spectra of
ionized atomic site to the neutral neighboring atom. This CTa particular cluster. As long as the interatortiltermolecu-
shown in the lower left panel of Fig. 4, is, consequently, oflar in the cases of molecular clusteiigteraction is weak
an antiscreeningtype. Thel(rr) configuration describes an allowing the atoms constituting the cluster to largely keep
interesting process where the creation of the core hole on ortéeir atomic character, the involved energies will usually, not
site is accompanied by a valence excitation of the neighborehange dramatically, but the interatomic satellites will ac-
ing neutral atorfupper left panel of Fig. ¥ This process can quire intensity and appear in the spectrum.
be viewed as aenergy transfefET) from the ionized atom The energy of a CTS satellite at the dissociation limit is
to the neighboring one occurring upon ionization. Finally, theequal to the energy of the core-excited state of the atom plus
[(II) configuration depicted in lower right panel of Fig. 4 is the valence ionization energy of the neighboring atom. The
a local valence excitation at that atomic site which has beerelevant experimental atomic energies of Be are available in
core ionized. the literature. Using the Besl-2p core excitation energies
In the spectrum of Bethe intense satellites at 1.68 and of 114.3 eV/(triplet state¢ and 115.4 eMsinglet statg [35],
4.47 eV are strong mixtures of the GEreening(CTS) and  and the ionization energy of the Bes 2atomic shell of 9.32
ET configurationgTable Ill). In contrast to Bg in the spec- eV [36], we find that the energies of tHé(rl) andI(rl)
trum of Mg, the CTscreeningand ET features are well sepa- satellites relative to the BesI ! ionization energy of 123.6
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eV [32] of the Be atom to be 0.02 and 1.12 eV, respectively. @
These values are very close to those calculated by the
ADC(4) method and mentioned aboye 0.09 and 1.17 eV,
respectively. In contrast to Bgthe CTSI3(rl) andI*(rl)
satellites in Mg 3~ ! spectrum of Mg appear in the disso-
ciation limit according to our calculation at higher energies, < Tntra—atomic> Interatomic
namely, at 1.33 and 1.52 eV, respectively. The experimenta
Mg 2s—3p core-excitation energy is not reported in the
literature and we cannot compare the computed satellite en
ergies with experimental energies for singlet and trip(et) ‘
satellites in the case of Mg
In the dissociation limit the computed EF(rr) and
I3(rr) satellites appear in the spectrum of,B& 3.04 and
6.09 eV and in the spectrum of M@t 2.50 and 4.51 eV,
respectively. These ET configurations correspond to the trip-
let and singlet 8—2p and 3—3p excitations of the Be FIG. 5. The hierarchy of shake-up processes in the core ioniza-
and Mg atoms infinitely separated from their counterpart thation spectra of weakly bound clusters.
carries the core hole. The corresponding experimental ener-
gies of the 3— 2p triplet and singlet excitations in the Be slightly higher energies are due to energy transfer. These two
atom are 2.725 and 5.277 eV, respectiidg]. For the Mg types of interatomic processes are mostly responsible for the
atom the energies of the triplet and singlet-33p excita-  appearance of the unusually intense low-lying satellites in
tions are 2.709 and 4.345 eV, respectivi8g]. We see that the core ionization spectra of the clusters. The intra-atomic
the energies of ET satellites in a cluster spectrum relative téeatures corresponding to the atomic dark states are very
the main line can be estimated by the energies of the valenageak in the cluster spectra. We stress that in typical mol-
excitations of those neutral atoms neighboring the atonecules(e.g., CO, N) one cannot distinguish between intra-
where the core-hole has been created. atomic and interatomic processes accompanying ionization
Thel(Ir) CT antiscreening configurations negligibly con- of core levels. This is due to the strong interactiohemical
tribute to the low-lying satellites of the dimers at reasonablebond between the atoms that mixes all intra-atomic and in-
interatomic distances. These configurations represent a rathgiratomic excited configurations in all satellite states. Soft
exotic process: the core ionization of one of the atoms isnetal clusters provide an interesting class of objects with
accompanied by the valence excitation from the same atonheir own typical behaviofwe have also studied some non-
to the other atomic center. In the dissociation limit the energynetallic clusters and found related resulior these systems
of such a process is the sum of the energy of the dicatiogne can introduce the following classification of the satellites
(valence ionized ion with the core holend that of the in the core ionization specti&ig. 5. All shake-up satellites
atomic negative ion. We have estimated the energy of thare divided into two types: intra-atomic shake up and inter-
lowest of these states to bel9 eV above the € ' main  atomic shake up. Interatomic shake-up satellites, in turn, are
state for Mg and ~24 eV above the 4 ! state for Be. divided into ET and CT satellites. And finally, the CT
Thus, it is clear that in the low-lying satellites these configu-shake-up satellites can be of the screening and antiscreening
rations do not admix with the other ones discussed abovg/pes. Some mixing among these contributions is, of course,
because of their high energy. The free atomic' Md Be possible. This classification is specific for weakly bound
negative ions are not bound. However, at finite interatomiclusters only and is generally meaningless for typical mol-
distances the energy of thélr) antiscreening configuration ecules. Here, we should also note that in CO andnidl-
can be substantially lower due to the stabilizing Coulombecules the first shake-up satellites appear at 8—10 eV above
interaction with the neighboring doubly positive ion. For ex- the main line and these satellites are very weak in contrast to
ample, the energy lowering of the Mganion due to the the case of the atomic clusters studied in the present work.
Coulomb interaction with the dication Mg at the Mg-Mg It is seen from Figs. 2 and 3 that the spectral band shapes
equilibrium distance of 8 a.u. is as large @3 eV and the of the clusters of different size and of different conformation
corresponding value for the Beanion at the Be-Be equilib- appreciably different from each other. Several factors are re-
rium distance of 5 a.u. is-11 eV. sponsible for this. First, the more atoms the more excitation
We arrive at the following overall picture of core ioniza- channels are available in the presence of the core hole. Sec-
tion of small atomic clusters. The creation of a core hole isond, the number of the excitation channels, efficiently con-
accompanied by different valence excitations. Due to theributing to the spectral band shape, depends on the symme-
weak interaction between the atoms of the cluster, these exry of the cluster. Third, the couplings of different excitation
citations have distinct interatomic and intra-atomic characchannels to each other and to the core hole depend on the
ters. These processes are energetically well separated and theeratomic distance. The latter results in the dependence of
features corresponding to them are clearly identified in thehe spectral intensity distribution on the interatomic distance.
core ionization spectra. The first low-lying intense satellitesThe fact that the spectral band shapes are sensitive to the
are mostly due to charge transfer from the neighboring atoncluster size and conformation may be useful for the experi-
This CT is of the screening type. The intense satellites amental spectral identification of clusters of a specific size and

023203-10



STRONG INTERATOMIC EFFECTS ACCOMPANYING . .. PHYSICAL REVIEW 85 023203

conformation. In case there are atoms inequivalent due tand that of the respective ionization energies are very close
symmetry (linear clusters in our study a splitting of the to each other: 0.57 and 0.62 eV, respectively.

main lines is observed. In the case of Mand Mg, the One observes a similar behavior for the Mg clusters
splitting is very small(~0.001 and~0.04 eV, respectively (Table VIIl). There seems to be a kind of saturation of the
in contrast to that in Beand Bg which is considerable many-body contributions to the lowering of the first core
(~0.11 and~0.57 eV, respectively Interestingly, splittings ionization energy in the clusters: for small clustéBe,, tri-

of the same magnitude are experimentally observed in the Bangular Bg, Mg,, triangular Mg) the major contribution to
1s~ 1 ionization spectrum of Be metal surfaces. The obserthe ionization energy lowering is due to many-body effects;
vations for the B€000J) surface are 0.87, 0.605, 0.335, and from some size ofiBe,,Mg, tetrahedralthe major contribu-

0.16 eV[37] and for Be(lO_D) 0.7, 0.5, and 0.22 eY38]. tion to the energy lowering is due to changes in the chemical
It is worthwhile to compare the dependence of the orbitafonding. It could be that the shortening of the prevailing
energies on the size and conformation of the clusters wittintermolecular distances also plays a role in this behavior.
that of the ionization energies. Generally speaking, the dif-
ference between the core orbi'tal energies of different clusters V. MAIN CONCLUSIONS
reflects the difference in their chemical bonding. In core-
level spectroscopy such a change of core-ionization energy is Our GF ADQ4) calculations on small Mg and Be clusters
referred to as the chemical shift. The difference between thbave revealed remarkable cluster-specific features in their
orbital energies of the Be atom and Bzuster is very small core ionization spectra. These intense features have distinct
(~0.02 eV} whereas the respective ionization energies differinteratomic character and can be experimentally detected.
substantially by 2.08 eV. This means that the chemical bond€harge transfer and energy transfer processes have been
ing plays a minor role in lowering the ionization energy of shown to be responsible for the appearance of these intense
Be, with respect to the Be atom. This lowering is essentiallylow-lying satellites. The spectra are sensitive to the size and
only due to relaxation and correlation in the final core-conformation of the clusters. This can be used for the experi-
ionized states of the Beeluster. When increasing the cluster mental identification of the clusters. The resulting physical
size, the contribution of the chemical bonding to the ioniza-picture of the core ionization of small atomic metal clusters
tion energy lowering becomes larger: the difference betweeis transparent and can be expected to apply to weakly bound
the core orbital energies of the Bdimer and the Betrian- ~ molecular clusters as well. The intensities and energies of the
gular cluster is 0.27 eV and that between the ionization enlow-lying satellites in other systems will, of course, depend
ergies is 1.29 eV. The difference between the orbital energie@n the specific properties of the corresponding molecules. Of
of the Be triangular and Betetrahedral clusters is 0.74 eV. particular importance in the investigation of cluster spectra is
This value is close to the respective difference between thtéhat by a proper choice of clusters one can separately study
ionization energieg0.96 eV). In the linear Bg cluster the different physical processes such as energy transfer and
orbital energy splitting due to the inequivalence of atoms ischarge transfer between the monomers in the cluster.
0.11 eV. The respective splitting of the ionization energies is
0.31 eV. Also, this splitting is seen to be sensitive to electron
relaxation and electron correlation. Surprisingly, the situation
is different in the linear Bgecluster where the splittings be- Valuable discussions with J. Schirmer are gratefully ac-
tween the orbital energies of the terminal and central atomknowledged. Financial support by the DFG is acknowledged.
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