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1. INTRODUCTION

This thesis is rather unusual at least because of the papers, on which thesis is 
based, was done during the last two decades. Core spectroscopies, as near-edge 
x-ray absorption fine structure (NEXAFS), x-ray photoelectron spectroscopy 
(XPS), Auger electron spectroscopy (AES) have been very rapidly developed 
during the last decades and have improved considerably the knowledge of 
electonic structure o f solids. The new techniques which have become available 
have made it possible to look at old problems from new angles and so reader 
can see progress in the theoretical understanding problems under study.

In large, we can divide papers, on which thesis is based, into two groups. 
The first group contains papers I-IV , which was published in 1980-1985. The 
main objects of the study in these papers were the electron excitations o f ionic 
solids created by inner-shell excitation o f two sequences, the argon-like (K+, 
Ca2+, Sc3+ 2p excitations) and xenon-like (Г, Cs+, Ba2+, L a3+ 3d excitations) 
sequences o f ions. In the papers of this group it is demonstrated by using X-ray 
absorption spectroscopy (XAS) and electron excited X-ray emission spectros
copy (XES) that core hole drastically affect the electron densities of com 
pounds. W e found of strong atomic-like peaks in XAS spectra and explained the 
quasiatomic character o f XAS spectra of argon- and xenon-like series by a 
collapse (an abrupt spatial contraction of the radial wave function) of 3d and 4f 
wavefunction, respectively. Collapse of excited electron wavefunction makes it 
impossible to explain the observed spectra by using the conventional interpreta
tions based on energy band theory. The experimental work was done mainly on 
conventional X-ray sources. Some experimental work has been done by using 
synchrotron radiation from the VEPP-2M  storage ring at Institute o f Nuclear 
Physics, Novosibirsk.

The developm ent of studies at the qualitative new level became possible at 
early 1990-ies when the spectroscopy of synchrotron radiation and electron 
spectroscopy reached the level, needed for a detailed study of the decay 
products of selectively created electron excitations (resonant excitations) of 
solids. So in the second group of papers, which contains papers V -V III 
published in 1993-1997 we report on the resonant-photon-excited Auger and 
photoelectron spectra of the argonlike and xenonlike ions in ionic solids excited, 
respectively, in the vicinity of 2p  and 3d  absorption edges of these ions. The 
electron spectra have been studied to obtain detailed new data on the dynamics 
of X-ray excitations (including atom-like core excitons) in these solids and on 
the nature of their decay products. The observation of resonantly excited 
electron spectra has led us to a number of very interesting results and provides 
new insights about the electronic structure and excitation dynamics in argon
like and xenon-like sequences of ions in solids. The experiments have been 
carried out using synchrotron radiation at M AX-lab, Lund University, Sweden.
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The interpretation o f the complex observed phenomena couldn’t unam 
biguously be made only on experimental ground. The interpretation of these 
experimental results is impossible without essential theoretical calculations. As 
if the first results indicated a dominating role o f atomic effects in the collapsed 
electron excitations o f ionic crystals, a calculation model based on the Hartree- 
Fock method was used. The solid-state effects on the wave functions were 
accounted using so called W atson sphere which reduces the effect of ions 
surrounding the considered ion (atom) to corrections of spherical symmetry. 
The intensities of electron transitions (photoexcitation cross sections, Auger 
transition rates) were calculated in the approximation of the intermediate 
coupling scheme. For the calculations the effective FORTRAN codes was 
developed and used.

This work is devoted to an experimental and theoretical study of collapse of 
3d and 4f wavefunctions. The phenomenon o f sudden compression of the radial 
wave function of an electron in neutral atoms or in an isoelectronic sequence, 
which was named electron collapse, was predicted by Fermi in 19281. He used 
the Thomas-Fermi (TF) statistical model of the atom to predict a collapse of 
orbitals to explain the formation o f the rare-earth series of elements.

Goeppert M ayer2 showed that the collapse of f electrons arises because of 
specific features of the effective potential for f electrons. In the central field 
model the atomic wave functions are determined by the atomic Coulombic 
attraction potential V(r) and the centrifugal repulsion term /(/+ l)/2 r2; the sum of 
both gives the effective potential Veff(r)=V(r)+7(/+l)/2r2 (atomic units are used 
throughout this thesis). For / > 2 electrons it consists of two wells separated by a 
potential barrier. The outer well is dominated by the long-range Coulombic 
potential and behaves asymptotically as -1/r for neutral atoms. It is broad and 
shallow and can support an infinite Rydberg series o f nl bound states. The inner 
well, on the other hand, is much narrower and deepens with increasing nuclear 
charge Z. For example, the first bound state of the inner well appears near 
Z=58, leading to the transfer of the f  wave function from the outer to the inner 
well, to the collapse of the 4 f wave functions (for reviews see Connerade3 and 
Karazija4).

Since the beginning of the 1970s, in connection with the extensive studies of 
excited configurations of atoms and ions, the potential barrier effects attract 
considerable attention and made it possible to explain a number of interesting 
effects in atomic spectra and in the physics of atomic collisions5.

The localization of the electron in the field o f effective potential is highly 
sensitive to a change in the charge of the nucleus or of the states of the other 
electrons. W hereas in a certain configuration of the atom the wave function of 
the excited electron is localized predominantly in the region of the outer 
potential well, for the same configuration of the next atom in the Periodic Table, 
or even for another multielectron state o f the atom, it can be localized already in 
the region of the internal well. This localization leads to a radical change even 
by several orders of magnitude for the values of the different characteristics of
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the excited electron and manifests itself in the spectra by a nonmonotonic 
change of the type of coupling and of the energy positions of the lines, as well 
as by a redistribution o f the intensity in the spectrum6. Griffin, Andrew and 
Cowan7 argued that configuration interaction is very important in determing 
orbital collapse.

The electron collapse is more clearly pronounced the larger the orbital 
quantum num ber o f the electron. One can therefore expect a strong influence of 
the effect o f the collapse o f a n f electron in the configuration nd9nf on the 
structure o f the corresponding XAS, XES and decay spectra. In a num ber of 
papers8 the collapse of the 4 f electron in the configuration 4d94f (which occurs 
near Z=55) and its influence on the 4d absorption spectra were considered. The 
intensity o f the spectrum should become redistributed among the channels 4d —» 
4f and 4d —> Ef. In the indicated spectra, however, owing to the strong 
multielectron effects, a broad maximum predominates and masks the collapse 
effect. An interesting result o f the experimental investigations is the 
establishment o f the fact that the form of the 4d absorption spectra of elements 
that follow xenon in the Periodic Table is mainly o f atomic origin, and the 
spectra of the vapors, metals, and solid-state compounds are very similar. In 
these systems the effective Coulomb interaction between the core hole and the 
excited electron is sufficiently strong to promote atomic-like localization. It is 
then appropriate to specify the initial and final states o f the transition by atomic 
quantum numbers, and the observed spectral structure is associated with atomic 
multiplets rather than a peak in the density o f states associated with the energy 
bands in the solids.

The detailed studies o f the 4d excitations demonstrated the importance of 
electron correlation. For example, the large repulsive electrostatic interaction 
shifts the Ba 4 d 10 'S 0  ->4d 9 'P j, oscillator strength into the continuum giving 
rise to the giant resonance above the ionisation threshold. In comparison to this, 
due to the sm aller overlap of the 3d and 4 f wavefunctions the Coulomb and 
exchange interactions are considerably reduced in case of the 3d excitations. 
Therefore in the 3d spectra the collapse o f the 4 f wavefunctions is expected to 
show up clearly along the series Xe to Ba.

Until 1980’th, the 4 f and 3d orbital collapse phenomenon has been 
extensively investigated in both atoms and solids. In large part, these studies 
have concentrated on the transition 4d—>4f in the pre-rare-earth metal and on the 
transition 3p-»3d pre-transition metal atoms, respectively. There were no 
investigations on 4 f and 3d orbital collapse in excited 3d and 2p configurations, 
neither theoretically nor experimentally. The main purpose of the present work 
is to investigate the 4 f and 3d orbital collapse phenomenon in the case of 3d and 
2p excitations in the Xe and Ar isoelectronic sequences, respectively. By 
studying the isoelectronic sequence, where these ions have the same electronic 
configuration, we can gain important insight into the collapse phenomenon from 
the systematic trends o f these levels and other spectral properties.
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In this thesis I laid emphasis on the theoretical analyses of our experimental 
resonant Auger spectra which have shed new light on the core-excited 
electronic states. For example, exposing the important role of localization of the 
4f-electron wavefunction and the electron correlation. The observed trends of 
behaviour o f 4f-features of photoexcited electron emission spectra in 
prelanthanide elem ents are useful to understand the corresponding features in 
the case o f early rare-earth elements.
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2. X-RAY ABSORPTION AND DECAY PROCESSES

2.1. X-ray absorption

If an x-ray photon absorbed in a solid, a core electron is excited to an empty 
state below the ionization threshold (x-ray excitons) or above threshold. The x- 
ray absorption spectrum can be divided into near edge and extended fine 
structure. The x-ray absorption near-edge structure (XANES) is extended in the 
first 30-40  eV past the absorption edge, while the extended x-ray absorption 
fine structure (EXAFS) covers the photon energy range from about 40 eV to 
about 1000 eV past the edge. It is now well established that EXAFS is a 
consequence o f the modification of the photoelectron final state due to 
scattering by the surrounding atoms9. EXAFS spectroscopy has become a useful 
technique for investigating the local environment of specific atomic species in 
complex chemical system.

The interpretation o f XANES spectra is more complicated than EXAFS 
spectra. So the observation of core excitons is a long-standing theoretical 
problem. The formal theory o f solid state excitons concentrates on the tightly 
bound limit of the Frenkel exciton and on the loosely bound limit of the 
W annier exiton10. The Frenkel exciton is usually approximated by molecular 
cluster methods or even atomic excitations and the translational invariance of 
the lattice is neglected". On the other hand, the W annier exciton limit is treated 
using the effective mass formulation. Note that from a solid-state viewpoint, the 
bound to bound transitions to the collapsed final states are the atomiclike 
Frenkel excitons. The appearance of the core excitons and its type is dependent 
on the core hole-excited electron interaction, on the type of chemical bond, and 
on the widths of the bandgap. Indeed, Parrat12 have proposed first, in the late 
1950s, that some of the absorption peaks in the XANES spectra of alkali halides 
are due to the x-ray exitonic states produced by electron-hole Coulomb 
interaction. Nevertheless, in the case XANES of insulators there have been 
arguments on whether the observed peaks are within the forbidden gap (core 
excitons) or in the continuum because of the ambiguity in the position of 
absorption threshold. Note that in contrast to metals, which have a sharp 
density-of-states (DOS) cutoff at Fermi edge, the valence-band photoelectron 
spectra of insulators do not have a sharp edge on side nearer the vacuum level. 
Consequently the photoemission curves for these compounds do not terminate 
abruptly at low photon energies and therefore it is difficult to obtain an exact 
value for the photoelectric threshold13.

Nonexitonic part of the XANES spectra is formed by the transitions to the 
unoccupied states above threshold. The procedures employed so far to calculate 
this part of the XANES spectra within an independent-electron picture have 
been based on one of two approaches: scattering form alism 14 (short range) or 
band structure calculations15 (long range). Because of a core-excited atom of
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nuclear charge Z is virtually identical to an impurity of charge Z + l, the final 
state wave function must be correspond to an eigenstate of the system in the 
presence of the core hole. Nevertheless, the X-ray absorption is a complex 
many-particle process due to the change in potential when the core hole is 
created. So in correlated electronic systems like valence fluctuating compounds 
where the ground or/and absorption final states are described by a mixing of 
atomiclike configurations, the XANES spectra at threshold show a splitting of 
localized atomiclike resonances due to multielectron configurations.

2.2. Decay of the resonantly excited states

The advances in synchrotron radiation have provided a power tool to study the 
properties of resonantly excited states through their decay dynamics. When the 
energy of m onochromatic x-rays is tuned through the threshold for ionization of 
an atomic inner shell, discrete exitonic states can be excited and decay emitting 
Auger electron. Note the very low fluorescence yields for soft x-rays. Typically 
only 0.1% of the core hole states of low Z elements decay by x-ray emission 
while the large majority decays through nonradiative processes (Auger and 
Coster Kronig). This process of resonant photon absorption accompanied by 
electron emission forms a resonant Auger Raman scattering. Nowadays, 
resonant Auger Raman scattering theory based on a unified theory of inelastic 
x-ray scattering which has been developed by Aberg et a l . ‘ 6 in terms of time- 
independent resonant scattering theory. This unified theory treated Auger 
electron emission including resonant Auger Raman scattering as resonances in 
the double-photoionization cross section and x-ray fluorescence as a resonance 
in inelastic x-ray scattering17. This general theory incorporates the evolution 
from the Raman scattering region below the threshold to post-collision region 
above the threshold and also asymptotically the two-step model of excitation 
and decay. The decay spectra in the Raman scattering region show the 
characteristics of the Auger resonance Raman effect: the resonance Auger peak 
positions move linearly with the photon energy, and the lifetime broadening 
does not contribute to the widths of the resonance Auger peaks. Nevertheless, 
linear dispersion of the resonant decay lines is valid for a single exited line. In 
the presence of vibrational degrees of freedom and closeness of many crystal 
field and vibrational sublevels make the energy dispersion of the center of 
gravity of the emission band a complicated function of the exciting photon 
energy18. When the excitation energy is varied over the threshold core-hole 
deexcitation or auto-ionization should continuously develop into the post
collision interaction (PCI) modified Auger spectrum and then into the Auger 
spectrum itself. In the case of the PCI, the Coulomb repulsion between a slow 
photoelectron receding from  the atom and a fast Auger electron emitted in the 
decay leads to an energy loss of the photoelectron and a corresponding energy 
gain o f the Auger electron. As a result, the effect displays as a shift and a
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distortion of the shape o f Auger electron lines in the spectrum. For example, it 
has been observed that in Xe the shift o f the Auger peak due to the PCI is about
0.3 eV at the ionization threshold of the core level19. Nevertheless, I think that 
more im portant than PCI induced energy shift or broadening of the lineshapes 
for resonant decay spectra is that both semiclassical20 and relativistic quantum 
theories21 o f PCI predict the possibility o f recapture of the photoelectron. The 
existence of the PCI induced recapture can be produce above the threshold these 
spectral features which are characteristic for the decay of the core excitons and 
leads to the vanishing of a clear difference in the decay spectra excited above 
and below the threshold. Recent model calculations22 show that the possibility 
of recapture of the photoelectron depends strongly on the inherent core level 
width and extend quite far above threshold.

Although a one step model of the photoemission process described above is 
more general and exact, the conventional two step model involving excitation 
and subsequent Auger decay in most of the cases works well. The two step 
model, in which Auger electron emission is considered to be independent from 
the x-ray absorption process and excitation and deexcitation steps are treated as 
consecutive and incoherent events has the virtue of simplicity and some 
pedagogic value. In a first step, a core electron is excited to an unoccupied 
orbital (free or localized), creating a core hole. The core hole states will mainly 
deexcite by Auger type processes. The normal decay of the core ionized state 
leaves two vacancies in the core or valence region. For the core excited 
(excitonic) states the decay takes place in the presence of an additional excited 
electron. If this electron is not directly involved in the decay the process is 
denoted spectator decay. If, on the other hand, the additional electron takes part 
in the Auger decay the process is referred to as a participator transition, and the 
final state is a similar one hole state as created in direct photoemission and the 
participator lines are degenerate with normal photoemission lines. These two 
processes may interfere cause the asymmetric, Fano line shapes in the electron

1  Я r • •
spectra“ . The participator transition is identical with the autoionization pheno
menon appearing commonly in outer shell ionizations. Recently the multi-atom 
resonant photoemission (M ARPE) was discovered24 25 in M nO as the resonant 
enhancement of the О Is photoelectron emission when the exciting photon 
energy was tuned across the Mn 2p resonances. In principle, this phenomenon 
can be ascribed to inter-atomic “participator” Auger transition, where the 
resonantly excited state decays through the direct recombination between the 
excited electron and core hole, leading to emission o f an electron from one of 
the inner orbital of the neighbouring atoms.

For the M ARPE, there is a most surprising the magnitude of this effect (as 
high as 1 0 0 %) because one cannot exclude the possibility that these observa
tions are artifacts of the experimental method. For a better understanding o f this 
phenomenon detailed theoretical analyses as well as additional experimental 
information are required.
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The resonance Auger spectator spectra show the shifts towards higher 
kinetic energy relative to the normal Auger spectra since a localized spectator 
electron will screen the final two hole states. In addition to the two dominant 
resonant Auger processes, the shake processes o f the spectator electron related 
to the electronic screening o f the core hole can be substantially modify the 
resonance Auger spectator spectra. Some important processes are shown 
pictorially in Fig. 1. Auger transition energies and probabilities are computed 
using the perturbation W entzel (nonrelativistic theory) or M oller (relativistic 
theory) form ulas26.

,  (a) ,  (b) .  (c) (d)

—A.........

hv

4
hv hv

4
h v

■M/fM
(g)

hv
4

Fig. 1. Pictorial presentation of some important decay processes: a) normal and b) 
spectator Auger transitions, c) shake-up and d) shake-down modified spectator Auger 
transitions, e) participator Auger transition, f) Coster-Kronig and a subsequent normal 
Auger decay, g) PCI induced recapture.

The influence of the crystal environment on the Auger spectra depends crucially 
on the localization of the holes in Auger final ionic state. If the holes are well- 
localized i.e. are core holes, the solid state spectra is, in large, quite atomic-like. 
One of the most nowadays popular schemes for resonant photoemission 
calculations in solids is based on the configuration-interaction-type charge 
transfer model. The electronic structure can be described in terms of few
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parameters, namely, the ligand-to-metal charge-transfer energy Д, the on-site 
(d -d  or f-f) Coulomb repulsion energy U, and the metal-ligand transfer 
integrals T. These parameters display systematic trends with atomic num ber and 
formal valence state (see e .g .27).

In contrast, if the Auger final ionic hole(s) falls to the valence band the solid 
state effect is very strong. The core-valence-valence (CVV) Auger spectral 
profiles considered two limiting cases. In first case the two valence holes may 
be found on different atomic sites due to hopping interactions. Then the 
interaction between holes is weak and the Auger process can be described by 
the self-convolution of the occupied part of the valence band DOS. In second 
case the strong correlation effects may localize the holes at the same atomic site. 
In this case the Cini-Sawatzky theory28 explain the Auger profile of CVV 
transitions in terms o f the relationship between correlation energy and the 
single-electron bandwidth.
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3. CALCULATIONS

3.1. Calculation of the wavefunctions

3.1.1. Calculation of the bound wavefunctions

The necessary calculations for the various atomic configurations of the ions was 
performed using a selfconsistent-field procedure within the nonrelativistic 
single-electron Hartree-Fock-Pauli (HFP) approximation. This approximation 
uses the radial wave functions o f the zero-order Hartree-Fock (HF) Hamiltonian 
and for the total energies takes into account the relativistic effects as corrections 
of the order a 2 ( a  is the fine structure constant)29. The wavefunction calcula
tions were carried out using the code , 30 which have been worked out in the 
Institute of Physics of the Lithunian Academy of Sciences (Vilnius). To obtain 
the electronic wave functions for the ions in the crystals the original HFP code 
was modified. Mostly, in the calculations of the solid state spectra I have used 
the HFP approximation in conjunction with the Watson sphere model31. Note 
that the crystal field model, which is based on an Heitler-London picture and 
also described deformation of the wave functions of free ions in crystals, had 
already been proposed by Petrashen et al . 32 before the work by Watson. The 
theoretical investigation of the properties of defects in ionic crystals as well as 
the perfect crystal systems by using wave functions generated by Petrashen 
model show good agreement with experimental data (for review, see mono
graph by Kristoffel33 and references therein). In our calculations we used the 
Watson model because this is more simple and crystal structure independent. In 
this model the influence of the solid matrix on the electrons of an ion is 
simulated by superim posing on the potential of the free ion an additional 
potential due to a hollow sphere with charge -Q = (Z -N )e and an appropriately 
chosen depth V c or radius R of this potential well. Thus, the Hamiltonian in the 
crystal in this model is given by

where H 0 is the Hamiltonian for a free ion with nuclear charge Ze and N is 
number of electrons and

As an example, Fig. 2 demonstrates the effect of the choice of depth of the Watson 
sphere (Vc) on the radius of the calculated excited 3d and 4f radial wave
function. As one can see in right panel of Fig. 2, the Vc dependence of the radius 
the 3d orbital can roughly be divided into three parts: first one (-V c=0-7 eV),

N

( 1)

for r<R

for r>R
(2 )
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where radius of the collapsed 3d wavefunction show almost no changes, the 
second one (-V c= 7-12  eV), which show the linear increase of the radius with 
Vc and the third one, ( -V c>12 eV), where 3d wavefunction is uncollapsed and 
show again only little changes. In left panel of Fig. 2 is displayed the analogous 
curve for 4 f wavefunction in the case of the 3d_l4 f configuration of Cs+. The 
main difference in this case is the absence o f the second part, i.e. the radial part 
of the 4 f wavefunction crucially depends on the value o f the W atson correction; 
if —V c becomes greater than 5.2 eV the mean 4 f radius abruptly increases from 
1.5 to 17 a.u. Unfortunately, the choice of the parameters of the Watson sphere 
for a particular compound are substantially optional. Nevertheless, for the ionic 
crystals the physically justified parameters associated with the Watson sphere 
are the total charge Q, which equals to the ionicity of the ion, and the Vc, which 
is equal to the M adelung potential in the ion site, i.e. the potential (Vc) at the 
ionic site coincides with the Coulombic crystal potential at that site. Generally, 
the influence of the Watson sphere on the wavefunction reduces to the 
compression of the orbitals for the anions and to delocalization ones for the 
cations (nephelauxetic effect).

-Vc (eV) -Vc (eV)

Fig. 2. The depth of the Watson sphere (Vc) dependence of the radius of the calculated 
excited 3d (K+, in right panel) and 4f (Cs+, in left panel) radial wavefunction.

3.1.2. Calculation of the continuum wavefunctions

For the calculation of Auger rates, one needs the simultaneous knowledge of the 
bound and the continuum  wavefunctions. The continuum wavefunctions were 
generated by solving the Hartree-Fock equations corresponding to the Auger 
final state. A Schmidt orthogonalization to the bound wavefunctions was used. 
The numerical calculation of a continuum wavefunction depends critically on 
the normalization of the wavefunction. Since continuum wavefunction oscillate
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in the larger radial distances, the usual logarithmic grid mesh which was used 
for calculation of the atomic bound states, is not practical in a computational 
procedure. In calculating continuum orbitals the whole radial region was 
divided into two parts, i.e., the inner region, where the logarithmic grid and the 
outer region, where the linear grid was used and where calculation is performed 
without the exchange interaction between the bound and continuum electrons. 
The radial function Pe](r) has the asymptotic form:

P* (>*)----------> 2 ,/4 tf_1/V ,/4 sin \ [ Г е г - Ц ^ \ п { 2 * 1 Г е г ) - 1-?- + 8 ^
2

(3)

where £ and / are energy and orbital momentum of the continuum electron, 
respectively, N is num ber of electrons and 8  is a phase factor. Normalization 
constant was found by matching Pei(r) with a specific comparision function at 
the asymptotic region. Calculated continuum wavefunctions are then used to 
determine the Auger rates.

3.2. Calculation of the transition probabilities

The oscillator strength fn_»m for electric multipole transitions from state n to 
state m was calculated by using the following formula:

(2k + l) (k + l)a  

k[(2k + l)!!]2g„

2(k-l)
2k-l Y a  a D S^  mj m ij I j (4 )

where a„j and amj are expansion coefficients of intermediate coupling (indices n 
and m) over the functions of LS coupling (i and j indices).

D ij = (y iL[Si|R,k>|yjLJSj) 

is the transition matrix element in LS coupling

Sij = n ( n iq1iq|n jq1i

(5)

(6)

is the overlap factor and gn=2Jn+ l statistical weight of n ’th level
The m ultipole radiation field operator R(k) of order к (k=l for dipole transi

tions) is34

roo = Q «o+ G ^ k /(k  + l) Q/(kf — Q (k) (7)

where G is the gauge parameter: G=0 for the Coulomb gauge and 
G =[(k+ l)/k ] 1/2 for the Babushkin gauge. In the nonrelativistic limit G=0 gives
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the length form of matrix elements whilst G = [(k+ l)/k ] l /2  gives the velocity form 
and

Q(k) _  _  r kC (k) (8)

Q/(k) = -  гы C(k)
8 r r
-+-VkžCk+l)[c<k,xLll)f (9)

Relativistic corrections to the transition operator were found to be small and 
in calculations published in the papers these corrections had been neglected.

o n_>m is the excitation cross section

Equation (4) differs from the standard one by the presence of the overlap 
coefficient Sjj (form ula 6 ) using which, in the first approximation, the relaxation 
of the core can be taken into account. Use of the velocity formula is associated 
with the fact that it is preferred when calculating transitions from deep levels. 
The calculation indicated that the oscillator strengths, calculated according to 
the velocity and length formulas, in the case of transitions to uncollapsed states, 
differ by <15%, and for the case o f collapsed states practically coincide.

3.3. Calculation of the Auger transition probabilities

In the calculations the resonant Auger spectrum we treat the inner-shell excita
tion and its Auger decay as a two-step process. In terms of a two-step approach 
in which the decay is treated independently from the primary excitation the 
resonant Auger emission intensity can be given as

Here E is the Auger energy and hv is the photon energy i refer to the inter
mediate state and f to the final state. Cj is the photoexcitation cross section 
(from the ground state to the state i) using the formula (10). In the calculations 
of the normal Auger spectra has been assumed that the intermediate levels i are 
uniformly populated with a statistical weight of Gj<*2 Jj + 1 (Jj is the total quan
tum num ber for the state i). W it is the Auger transition rate from the 
intermediate state i to the final ionic state f  with continuum wave functions lelj> 
normalized to represent one ejected electron per unit time is

( 10)

( 11)
if

2

w> = 'L'L'Lc»c,ArVs'J'eljJIXX №SJ)
j fi ju’ a<ß /  aß

(12)
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where L, S, J (or L ’, S ’, J )  are the orbital, spin, and total quantum numbers of 
the intermediate (or final ionic) state o f the ion (y and y’ includes whatever other 
quantum numbers are required). and CfM< are mixing coefficients for the 
states i and f  in the intermediate coupling scheme. In intermediate coupling the 
spin-orbit interaction is treated as a perturbation which couples different states 
!SLJ> with the same J, constructed as zero-order wave functions in LS coupling. 
The total angular mom enta J ’ and j o f the final ionic states and the continuum 
electron, respectively, are recoupled in the final state of the system. The transi
tion matrix elements in Eq. (12) can be evaluated by using the Jj-LS unitary 
transformation. Then

f L ' I L

(yl'S'J'eljJ IXy Taß 17LSJ) = [U S, j, J T <S' 
J '

i

( 13)

x {y l'S 'e lL S \J j V \}LS)
a<ß> aß

In the configuration interaction approach we used the wave functions for each 
state written as a linear combination of basis wave functions, each of which 
represents a particular single-configuration state in the LS coupling scheme. For 
the determination of the Auger decay of the 2p53d excited state only the most 
important final configurations 3s23p4 3d, 3s23p44s, and 3s3p6 are included in the 
configuration interaction calculations. In the case o f the collapsed 4 f orbital, the 
interaction of 4d~24f and 4p_l configurations is expected to be very strong. We 
treat these configurations together and calculate transitions 3d_l4 f —> 4p_l + 
4d-24f in a configuration-superposition approximation.

Following I depict in Fig. 3 scheme of calculation of the Auger intensities 
and list of program codes used for the calculation.
1. Program F computes the bound wavefunctions in the HFP approximation.
2. Program T computes the angular coefficients for electrostatic and spin-orbit 

interactions.
3. Programs TT, T T l, TT2, TT3 compute different types of the configuration 

interaction matrix elements:

TT computes 

TTl computes 

TT2 computes 

TT3 computes

H  

H

1 4  2 ip  a 'LS

l"4 "2l"3aLS W

l ^ l ^ l ^ a ' L S

1N 1 1^2~21N1+2
,  i ; 2 i p  o c L S

l?4"2l"4"*ocLS H c
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where He is the electrostatic operator

H' = i l 4 ( c r c f > )
j>i=l к r>

4. Program TAA computes excitation energies and cross-sections, configu
ration interaction is accounted for by using superposition of different con
figurations.

5. Program FF computes continuum  wave functions optimized in the field of 
the frozen Auger final ionic state and Auger radial matrix elements.

6 . Program TAU computes Auger energies and intensities.

Fig. 3. Scheme of calculation of the Auger transitions.

Several restrictions apply to possible calculations. Although the calculation of 
the angular part Auger transitions (in code TAU) is quite general, the input data 
organization limits the use of this program only for calculations single-ionized 
or excited closed shell ions/atoms. The transition probabilities package, code 
TAA, is more general and limits the orbital quantum numbers 1, L and number 
of different configurations to a maximum value o f 1 0  and number of unfilled 
subshells is restricted to be at most three.
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4. EXPERIMENTAL TECHNIQUE

The experimental part o f the studies presented in this thesis may be divided into 
two parts.

In first one performed in 1980-1985, experimental work based on conven
tional x-ray absorption and emission techniques. The measurements were 
performed with an RSM -500 x-ray m onochromator spectrometer, with a glass 
diffraction grating (600 lines/mm, curvature radius 6  m) equipped with a x-ray 
tube with a tungsten anode operated at 5 kV and 90 mA. The higher orders of 
the bremsstrahlung emission were suppressed by a focusing mirror. The x-rays 
were recorded with an argon-methane flow proportional counter equipped with 
a nitrocellulose window. Thin films of the investigated substances, whose 
thickness was m easured with the aid of a quartz oscillator accurate to - 2 0 %, 
were evaporated on the nitrocellulose films in vacuum in the measuring 
chamber o f the spectrometer. In some cases instead of the absorption spectra we 
m easured the photoelectric quantum-yield (electron emission) spectra £e(hv), 
using the bremsstrahlung of the tungsten target cathode. The validity of such a 
substitution in study of the structure of the jLX(hv) spectrum is well known and 
widely used when direct measurement of absorption is impossible or in
expedient35. Some spectra were measured by using instead of a x-ray tube the 
synchrotron radiation from the VEPP-2M  storage ring. In the measurement of 
the x-ray emission spectra, the samples were attached in the form of thin sheets 
to copper plates serving as the target cathode of the x-ray tube, and were 
covered with thin aluminum sheets which provided for some deceleration of the 
exciting electrons (in order to reduce reabsorption) and for protection from 
radiolysis in the more powerful operating regimes of the tube.

Second part of the experimental work has been carried out at beam line 22 
M AX-lab (in Lund, Sweden). This beam line equipped with a modified SX-700 
m onochromator (360 1/mm and 1220 1/mm gratings) with plane-elliptical 
focusing m irror giving reasonable photon flux in the 20-1000 eV. The experi
mental end station consists of separate analyzer and preparation chambers 
accessible via a long-travel manipulator. The analyzer chamber is equipped with 
a hemispherical SCDENTA electron energy analyzer (SES-200).

Yield spectra, which are compatible to the absorption, were recorded by 
constant final state (CFS) mode, the final energy being set to monitor the low 
energy background of inelastically scattered electrons (total yield), or, the final 
kinetic energy being set equal to some intense Auger transition energies. Some 
spectra was taken in constant initial state (CIS) mode where the photon energy 
and detector-energy window are swept synchronously in order to count the 
electrons being emitted from only one initial state.

The samples has been usually deposited by evaporation in a vacuum of about 
10~ 7 Torr at room  temperature on a stainless-steel substrate with evaporation 
rates about some Ä per sec. Then, the samples were in situ transferred into the
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analysis cham ber with base pressure o f about IO- 1 0  Torr. In order to prevent the 
charging-up effect o f the sample, the thickness o f the samples was about 1 0 0  Ä. 
The only exception being the T i0 2 films which were grown ex situ  on (111)- 
oriented silicon substrates using the low-pressure flow-type atomic layer 
deposition reactor36. The thickness of the T i0 2 films was about 40 nm which 
structure was checked by high-energy electron diffraction measurements.
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5. COLLAPSE OF THE 3d WAVEFUNCTION 
IN THE ISOELECTRONIC SEQUENCE 

OF ARGON-LIKE IONS

5.1. Effect of collapse of the 3d orbital on atomic properties.

In the paper IV the 3d electron collapse at the 2p excitations in the Ar-like ions 
has been studied theoretically. Note at first that in a series of papers, e.g.37, in 
which the collapse o f the 3d electron in configurations with a 3p vacancy and its 
effect on 3p6—>3p5 3d transitions have been studied in detail, a strong 
dependence of the 3d orbital on the term has been discovered. For example in 
the K+ ion, the 3d orbital of the singlet 'P  term is localized in the external 
potential well (uncollapsed), and the triplet 3P and D terms in the internal well 
(collapsed). However, calculations of the excited configurations with a 2p 
vacancy show substantial differences.

In Table I are presented the calculated values for the mean radius of the nd 
orbitals r„d, the radial integrals of the nonspherical part of electrostatic 
interaction F_(2p,nd) and G '(2p,nd), the constant of spin-orbit interaction of the 
nd shell r|(nd), and of the integrals of dipole transition (2p\t\nd) of a series of

2p shell excited configurations in argon and argon-like ions. Examination of the 
data in Table I show that the collapse of the 3d electron in the isoelectronic 
series of argon occur beginning o f the K+ ion, and in a series of argon ions 
beginning of the Ar+ ion; in this case rnd varies in a step-like manner by many 
times, and the electrostatic and spin-orbit interaction of the 3d shell by 1 to 2 
orders of magnitude.

The weak overlap of the 2p and uncollapsed nd orbitals leads to the small 
value of the integrals of electrostatic interaction and dipole transition between 
corresponding states, and the smallness of r|(nd) indicates the small probability 
of penetration of the uncollapsed nd electron into the inner region of the atom. 
The fact that in configurations with uncollapsed nd orbitals spin-orbit 
interaction of the 2p shell significantly exceeds G '(2p,nd) and F2(2p,nd) 
indicates the closeness of the coupling to the j j  type. On collapse of the 3d 
electron, the electrostatic p d  interaction converges in value with the spin-orbital 
interaction, and a significant deviation from a pure j j  coupling occurs; the 
coupling acquires an intermediate character. In contrast to the calculations with 
a 3 p vacancy where term-dependence was expected to be strong in our 
calculations the dependence of the 3d orbital on the term, caused by Coulomb 
interaction in the 2 p shell, was not taken into account, since the effective 
potential for the 3d electron in the 2p53pN3d configuration is determined 
primarily by the 2 p vacancy.
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Table I. Effect of localization of an excited nd electron on atomic properties (in a.u., r\ 
in eV).

Atom Config. Tnd G*(2p,nd) F2(2p,nd) ri(nd) (2p\r\nd)

Ar 2p53d 9.3 0.0009 0.00235 0 . 0 0 0 1 0.023

Ar 2p4d 18.9 0.0007 0.00152 0 . 0 0 0 1 0.019

Ar+ 2p5 3p53d 2.7 0.0309 0.0552 0.0044 0.132
Ar2+ 2p53p4 3d 1 . 8 0.0675 0 . 1 1 0.0095 0.194

Ar6+ 2p53d 1 . 2 0.163 0.215 0 . 0 2 1 0.275

K+ 2p53d 2 . 1 0.0537 0.0844 0.0079 0.147

K+ 2p54d 1 0 . 1 0.0469 0.00727 0.0008 0.043

Ca2+ 2ps3d 1.5 0 . 1 0.144 0.018 0.175

Sc3+ 2p33d 1 . 2 0.141 0.192 0.03 0.183

Ti4+ 2p53d 1 .1 0.181 0.237 0.046 0.187

Due to strongly varying values o f pd  interaction on collapse, the position of the 
levels changes and a redistribution of the transition intensities in the multiplets 
occur. On transition to uncollapsed states, the ratio of the oscillator strengths
f ( 2 p m -> nl) _ 2   ̂ j e ^ jt coresponds to an approximately statistical intensity
f ( 2 p 2 n -* n l)  3

distribution under jj coupling. For the collapsed 3d orbital, both components of 
the multiplet in K+ have approximately the same intensity. The relatively high 
values of the oscillator strengths for the 2p—>4d transitions in K+ are explained 
by the penetration of the first maximum of the 4d wave function into the 
internal potential well.

The intensity of the 2p—>4s transitions increase only by several times and 
their influence on the formation of near edge structure of the Ь 2,з absorption 
spectrum in argon-like ions is insignificant. However, the configuration 
interaction leads to significant changes in oscillator strengths because of the 
closeness in energy o f the excited 4s and 3d some levels in K+ and Ca2+. In fact 
configuration interaction leads to a redistribution of the oscillator strengths of 
transitions between some states of the 2p5 3d and 2p54s configurations. Note that 
on collapse there is a strong dependence of 3d orbital on the potential, and a 
relatively small change in the wave functions strongly affects the calculated 
oscillator strengths.
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5.2. Collapse of the 3d orbital and 2p absorption spectra

In paper II the collapse of the 3d orbital was investigated experimentally by 
means o f a x-ray absorption technique in the 2p—>3d photoabsorption region. In 
order to dem onstrate the dynamics of 3d-electron collapse in the isoelectonic 
sequence of argon-like ions in Fig. 4 is presented together the L 23 absorption 
spectra of С Г (in KCl38), Ar39, K+ (in KC1), and Ca2+ (in CaF2). The dashed line 
indicates the ionization energy E(L}) of the L ? subshell of the corresponding 
free ions. From Fig. 4 it is evident that the spectra for СГ and Ar are radically 
different from the spectra for K+ and Ca2+. These spectra are interpreted well 
from the point of view of 3d orbital collapse in the Ar-like isoelectonic 
sequence. Since these orbitals are located far from the nucleus (in the case of 
Cl- and Ar), the maximum of the photoabsorption cross section is attained in the 
continuum region of the spectrum. As Z increases, the oscillator strength is 
shifted closer to the absorption threshold and increases in absolute magnitude. 
On going to K+, the role o f the 2p —> 3d transitions sharply increases; they 
completely dom inate in the spectrum. In the case of Ca2+ the intensity of the 
main maxima increases even more. All of the data presented show that the sharp 
contraction of the 3d orbitals begins on going from Ar to K+ and is continued on 
going from K+ to Ca2+.Thus, the data presented in Fig. 4 show that, in the 
isoelectronic sequence of argon like ions, 3d-orbital collapse in the 2p53d 
configuration occurs in the Ar —» K+ —> Ca‘+ sequence.

Fig. 4. Photoabsorption cross sections 
of the argon-like ions Cl in KC1, Ar, 
K+ in KC1, Ca2+ in the L2..r edge region.
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According to the solid-state classification of electronic excitations, the 
intense m axima at the threshold of all the spectra under consideration 
correspond to the so-called x-ray excitons. The fact that such excitonic states 
are similar to the corresponding free-ion states is well understood on the basis 
of the 3d-orbital collapse. The 2p—»3d transition occurs practically within the 
cation. Therefore for such transitions, the situation on the crystal is not much 
different from the situation in the free ion, and the effect of the environment 
may be considered as a perturbation (for example, within the framework of 
ligand field theory).

5.3. Crystal field splitting of the 3d electrons

Paper III is devoted the calculations of the XANES spectra of KC1. The main 
part of this paper have been focused to the cluster calculations of the spectra 
performed by Vedrinskii and co-workers from Rostov-on-Don (Russia), but 
there is presented (paper III, in the insert of Fig. 2) also the results of my 
calculation of the 2p—>3d+4s transitions for K+ ion in cubic crystal field. This 
paper III is included in the list of papers because of the first, to my knowledge, 
successful interpretation of L 23 XANES of potassium in solids by means of 
crystal field theory.

In contrast to 4 f electrons, which are deeply embedded inside the rare earth 
ion and consequently are insensitive to its external environment, the 3d 
electrons with the larger spatial extent are strongly affected by crystal field. The 
response of the 3d electrons to the environment can be observed through a 
number of physical phenomena, i.e. crystal field splitting, line intensities in the 
optical spectra, paramagnetic resonance etc. In this respect the differences 
between 3d and 4 f electrons are well illustrated by the respective values of their 
crystal field parameters. Typical values of the eg- t 2g splitting (lODq) for iron in 
octahedral complexes are 1.6-1.9 eV , 4 0  whereas the same parameter for triply 
ionized lanthanide ions seldom exceeds 0 .2-0.3 eV.

According to the simple ionic model and the Oh point symmetry of system 
the orbitals relevant to the 2p—»3d and 2p—>4s excitations are assumed to be 
bases of irreducible representations, t !u, a ]g, t2g and eg, corresponding to cation 
atomic orbitals 2p, 4s, 3d. Radial parts of t2g and eg orbitals are assumed to be 
same and to have the d-character only. The mixing o f the final state 
configurations 2p53d and 2p54s has to taken into account because of the 
closeness of the energies that may result in the redistribution of the intensities in 
the spectra. Calculations was performed using the method of calculation similar 
to this was applied to calculations of 4p6 —»4p55s and 4p6 —>4p54d excitations in 
Rb halides41. However, the main difference between our and above mentioned 
one is this that in latter calculations the diagonal elements of the secular matrix 
was produced neglecting the relaxation effects induced by the inner hole while
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in my calculations these effects was accounted. Because o f the magnitudes of 
the Coulomb interaction between electrons, the spin-orbit interaction and the 
cubic field splitting was expected to be of the same order so that we have to 
diagonalize a nine-dim ensional energy matrix, while seven states originates 
from 2p5 3d and two from 2p54s final configuration. As an example we present 
on Fig. 5 2p 6-» 2 p 53d + 2p 54s transition energies and intensities in K+ ion in Oh 
crystal field as a function of crystal field parameter lODq.

Fig. 5. 2p6—>2p's3d + 2p54s tran
sition energies and intensities in 
K+ ion in Oh crystallic field as a 
function of crystallic field para
meter lODq.

Cube «---------- ► Octahedral

Intensities

1 ODq (eW)

The crystal field mixes the free ion states with different total angular 
momentum. The intensities of the computed spectra are more dependent on the 
crystal field than the energies of levels. It is interesting to note that the 
distribution o f the intensities and energy levels depends weakly on the crystal 
structure (cubic or octahedric). This is mainly due to the strong spin-orbit 
interaction in the 2 p shell.

In Fig. 6  we show Ь 2,з absorption spectra of K+ in potassium halides and 
main theoretical crystal field intensities indicated as ticks in the spectra. The
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crystal field param eters, lODq, was calculated by using the same calculated free 
ion 3d orbital for all the com pounds. The calculated lODq values are 1.5 eV for 
KF, 1.1 eV for KCl, 1 eV for KBr and 0.9 eV for KI. Theory shows that the 
crystal field has a slightly different effect on the L 3 edge, compared to the L 2 

edge. This small difference between these edges can also be seen in the 
experimental spectra. Our crystal field calculations are in good agreement with 
the latter, more detailed theoretical investigation by de Goot et a l A1 Note that 
Figures 5 and 6  are not published but were presented in the poster session at the 
2th All-Union Conference on Quantum Chemistry of the Solid State, Riga, 
198543.

E(eV)

W ithout explicitly taking into account the 3d electron collapse phenomena it is 
impossible the correct interpretation L 2i3 absorption spectra in the isoelectronic 
of Ar-like ions. So assignment of the experimental Ь 2,з absorption spectra44 is 
incorrect as they overestimated role of 2p6 —>2p54s transitions in spectra. Also is 
incorrect the crystal field calculation45 o f the M 4 5  absorption spectra of 
potassium halides where was not accounted the singlet-triplet term-dependent 
collapse of 3d wavefunction.

Very interesting from crystal field viewpoint is to study of polymorphic 
forms of particular compound which enables one to elucidate the influence of 
the “pure” crystal structure on the electronic system of a compound. T i0 2 as an 
insulating d° compound has a good candidate for such study. In paper VIII we 
perform experimental XANES and resonant Auger studies o f T i0 2-II, rutile and 
anatase. Previous experimental and theoretical studies of Ti 2p4 6 -5 0  and of low-
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pressure T i0 2 phases show that crystal field theory provides generally an 
adequate interpretation o f the XANES spectra. Nevertheless, the high-energy 
part of the Ti L 3 XANES and its structural sensitivity remains unexplained by a 
ligand field m ultiplet model51. Our measurements of various T i0 2 polymorphs 
demonstrate the sensitivity of x-ray absorption spectra to structural changes in 
the solid state. From  the resonant electron spectra at the L 3 threshold of Ti is 
concluded a strong delocalization o f the 3d electron for the excitations where 
the largest differences between the Ti 2p XANES of T i0 2 polymorphs are 
observed. These differences in absorption spectra are attributed to increasing 
strength of the crystal field caused by delocalization of the excited 3d electron.

5.4. Resonant electron spectra of RbCl. Case of uncollapsed 4s 
orbital and effect of the 3d-electron collapse on the spectator 

decay spectrum

In paper VII the resonant Auger spectra of RbCl were investigated. The 
photoelectron spectra of metal chlorides excited at the chlorine 2 p  absorption 
edge are good examples to investigate of the decay spectra from the uncollapsed 
excitations. Considering the absorption final states as the empty s- and d-like 
conduction band states the comparison with the band structure calculations52 

leas to the picture, according to which the first few absorption maxima reflect 
the core excitons at the Г 1 and X3 points of the Brillouin zone (see, e. g. 
W atanabe53). W e had shown in paper VII that the photoelectron and Auger 
spectra of RbCl exhibit strong resonance behaviour when the energy of incident 
photons passes through the absorption edge of chlorine. The theoretical 
study of the electron spectra somewhat surprisingly show that decay spectra 
may be described in terms of atomlike normal 2 /?5—>3p4 as well as the spectator 
2p''4s(3d)->3p44s(3d) transitions. Consequently, the absorption spectra of core 
excitons may be understood in terms of atomic 2p6 -»2/?54s(3<i) transitions. In 
the sequence of chlorides with increasing valence bandwidth the band-like 
shape of the spectra continuously replaces the atomic-like resonance decay 
spectra.

Fig. 7 shows effect of the collapse of 3d wavefunction on the Auger 
L3M 23M 23 3d spectator spectra. The calculated 2p 3/23<i—>3/?4 3d Auger spectrum 
is very sensitive to the mean radius of the 3d wavefunction of the final ionic 
two-hole configuration, tf3d. With increasing RM the spectrum obtains the 
normal Auger two-band structure observable in R bC f.
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Fig. 7. Calculated СГ ЬуМгуМгъ Auger spectra for RbCl. The zero binding energy 
corresponds to the transition energy of the highest level of the final ionic configuration. 
The normal, 4 5  and 3d spectator spectra are broadened by the Voigt function with 
FWHM of 1.1, 0.7, and 0.8 eV, respectively. For the 3d spectator Auger spectra the 
depth of the Watson sphere varies from zero (the uppermost spectrum) to 16.3 eV (the 
bottom spectrum). The mean radius of the spectator electron R 1lt in the final ionic 
configuration is indicated at each spectrum. The dashed spectra are corrected ones using 
the experimental data for argon atoms54.

This comparison indicates that the interpretation of the absorption spectrum in 
terms of atomic-like Frenkel excitons may well compete with the traditional 
interpretation based on the calculated structure of the undisturbed conduction 
band55. Thus, the creation and decay of excitations related to the chlorine L 73 

pre-edge region o f RbCl may reasonably well be understood in terms of atomic 
processes within chlorine ions.
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5.5. Resonant electron spectra of KC1. 
Case of collapsed 3d orbital

In paper V the photo-induced in the vicinity of the L 23 absorption edges Auger 
and photoelectron spectra of argonlike ions СГ (in NaCl), K+ (in KC1), Ca2+ (in 
CaCl2 and CaF2), and Sc3+ (in Sc20 3) have been studied both experimentally and 
theoretically. Here, as an example, is presented some results of a study of 3d 
collapse phenom ena in the case of resonant photoionization of the 2 p6 shell of 
the argonlike ion K+ in KC1.

The photoabsorption may be described here as a transition 2p6 —>2p5 3d(4s) in 
the particular ion, modified by the crystal field. More detailed information about 
the core-excited states can be obtained by studying their subsequent decay. The 
electron emission spectra of KF56 and KBr57 show similar with KC1 resonant 
emission bands when photon-excited in the K+ 2p-threshold region. The 
dominant decay channel for the 2p-core hole is the L 23M 23M 23 Auger process.

When this process occurs in the presence of an extra screening electron in 
the K+ 3d orbital (a so-called spectator Auger process), emission lines appear to 
the high kinetic energy side of the normal Auger spectrum. These high-energy 
spectator structures show small changes in their form if different crystal-field 
split lines in the absorption spectrum are excited58.

In Fig. 8 (a) is shown the calculated spectator decay 2p~'3d—>3p~23d 
spectrum at the L 3 resonant excitation. The calculated spectrum in Fig. 8 (c) is a 
good agreement in position and relative intensity of the experimental resonant 
spectra in low binding energy region.

However, there is a large discrepancy between calculation and experimental 
spectra, because intensity in higher-binding energy part of the spectrum seems 
completely lacking. In order to clarify that lacking we have compare the 
experimental spectra excited at different crystal field splitted states of L 3 

absorption spectrum (in Fig. 8  (a) and (c)). The difference of these experimental 
spectra is shown in Fig. 8 (b). The comparison of the experimental difference 
spectrum with the calculated L 3M 23M 23 Auger structure, also presented in Fig. 
8 (b), suggests that it can be ascribed to a normal L 3M 23M 23 Auger transition. 
This leads to the conclusion that at resonant 2p6 —>2p53d(4s) excitation the 
photoemission spectra of K+ in the vicinity of the L 23M 23M 23 Auger structure 
contains two components, the spectator-induced structure and the normal 
L23M 23M 23 Auger structure.

Evidence for the normal Auger transitions (more exactly, normal Auger

decay transitions from the 2 p 5/2 level) in the resonant spectra may be easily

explained for the 2 p ) /2 excitations because of the strong Coster-Kronig decay 
channels involving the К 2pi /2 and 2p 3/2 levels. The existence of the strong 
Coster-Kronig channels we can conclude from the К 2p absorption spectrum, 
which shows the broadening of the structures, related to the 2p )/2 level. For the 
2p3/2 (L3) excitations this experimental feature of is highly nontrivial.
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Fig. 8 . Resonant L3M23M23 Auger spectra for KC1 as compared to the calculation of the 
3s23p4 3d + 3s13p6 final ionic states. In (a) and (c) are shown spectra excited at high (eg) 
and low energy (t2g) crystal field splitted states of L3 absorption spectrum of K+, 
respectively. Their difference spectrum is shown in (b) and compared with the 
calculated L3M23M73 normal Auger spectrum (solid line). Calculation of the spectator 
L23M23M13 decay spectra to the 3s23p4 3d+3s'3p6 final states is shown in (d). The 
theoretical multiplets are broadened with a Lorentzian of 1.5 eV FWHM.

There are at least three possibilities to explain the evidence of the normal Auger 
decay features above the ionization limit. First, it is possible that the resonantly 
excited 3d state relaxes to the ionized state before the core hole decays. I 
propose that this cannot be the main reason because this is in contradiction with 
the sharpness of the absorption peaks which reflect the localization of the 
excited 3d wavefunction. Second, there should exist a large overlap between of 
the normal Ь 2зМ 2зМ2з Auger and the L 23M 23M 23 spectator Auger satellite final 
ionic widely spread configurations. This overlap may offer a new possibility for
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the double-Auger decay processes, i.e. decay from the К 2p excited state 
directly to the normal Auger final ionic state. The extent of this overlap affects 
more strongly the high-binding-energy part of the spectator Auger spectrum. 
Third, the shape of the Auger spectator satellite becomes similar to normal 
Auger one if the spectator electron wavefunction delocalizes in the final state. 
This is possible in shake-up-modified Auger final state. For covalent com 
pounds, it is possible that the creation of the double-hole final state increases 
charge transfer from the ligand valence band states to the К  3d states for the 
screening of an additional core hole and, as a consequence, creation of the 
3p4 3d2L~‘ (where L -1  stands for a hole in the anion valence band) final state. 
This core hole induced charge transfer process depends strongly on the 
covalency and should be more effective in the covalent compounds. The 3d 2 

wavefunction obtains the less localized character than 3d 1 or becomes fully 
delocalized and the shape of the spectator decay spectra becomes similar to the 
normal Auger spectrum. I propose that the origin for the observed normal- 
Auger-like structures in resonant spectra of Sc20 3 may be explained by this 
simple schematic scenario described above, de Groot et al.6?l proposed 
mechanisms of hybridization-induced Coster-Kronig channels which also can 
give rise to normal Auger features in decay spectra. Moreover, the results of 
decomposition and data-fitting procedures show that shake-up processes play an 
important role in the resonant Auger decay in KF56. O f course, more exact 
exploring through above-mentioned scenarios needs sophisticated ab initio 
theoretical treatments.

5.6. Shake probabilities

The creation o f a core hole by x-ray excitation produces a sudden change of the 
hamiltonian (the orbitals around the vacancy contract due to the decreased 
shielding of the nucleus) which may induce non-adiabatic electron jumps. These 
jum ps are observed as satellites in photoelectron emission spectra. These satel
lites due to the sudden change of the Hamiltonian are called “shake” satellites 
(monopolic shake-up, shake-down, shake-off and dipolic+monopolic con
jugated shake excitations, see e.g. 59) and the approximation method dealing 
with a sudden change of the Hamiltonian is known as the sudden approxi
mation.

In the case of Ar atoms the shake processes (mainly 3d—>4d and 4s—>5s) 
were shown to play an important role in the formation of the final state60'61. In 
paper V we looked for the dynamics of shake phenomena when collapse of the 
3d wavefunction occur. W e have calculated the total overlap probabilities Pni to 
verify that no ejection or excitation of 3d and 4s electrons of the configurations 
2p5 3s23p6 3d (4s) takes place during the Ь 2зМ 2зМ 2з-Н ке deexcitation (Table II). 
This overlap is given by the formula:
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where R'nl and R fnl are the initial and final state radial wavefunction of nl (3d or

4s) electrons, respectively. As seen in Table II, for 3d electrons <rn]> decreases 
sharply in the sequence from Ar to Ca2+. In the case of Ar the 3d electron 
collapses during the Auger decay and the shape probability is large, while for 
K+ and even more for Ca2+ it is completely collapsed in the Auger initial 2p5 3d 
and final ionic 3p4 3d configuration. During the Auger decay its mean radius 
changes little and the shake probability is small. This conclusion is supported by 
the electronic decay spectra o f photoexcited 2p resonances of atomic Ar, K, and 
Ca62 where for К  and Ca shake effects was found to be much smaller than for 
Ar.

Table II. The calculated probabilities Pni for 3d and 4s electrons not to be ejected or 
excited during the Auger decay. <rni> is the mean radius of the nl excited orbital (in 
atomic units).

Initial and final 
configurations

A r К  (K Cl) C a (C aF2)
A■aиV

. Ры <гщ> <r„i> P.,
Initial 2p53s23p63d 9.24

0.23

2.92

0 .8 6

1.63

0.99Final 2p63s23p43d 2.79 1.85 1.47

Initial 2p53s23p64s 5.34

0.87Final 2p63s23p44s 4.1

Nevertheless, the excited collapsed wavefunctions in solids may obtain more 
extended character than show our calculations where solid state is approximated 
by the W atson sphere. So the role of the shake processes for resonant Auger 
decay in solids may be substantially greater than that is evident from our 
calculations. For example, the shake processes were found to be strong in KF56. 
As noted by de Groot et al . 63 there is an analogy between the 3p44d' shake-up 
Auger final ionic states in the atomic model and 3p4 3d2L_l states in the charge- 
transfer model if the ligand hole states are represented as delocalized nd states 
(L ^nd 10 and L- 1=nd9). In both cases a 3d electron is exchanged for a 4(n)d 
electron, but the direction o f transfer is opposite, which is a striking difference 
between the models.
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6. COLLAPSE OF THE 4f WAVEFUNCTION 
IN THE ISOELECTRONIC SEQUENCE 

OF XENON-LIKE IONS

6.1. Collapse of the 4f orbital and 3d absorption spectra

In paper I the effect of the 4f orbital collapse on the 3d (M45) absorption spectra 
of xenon-like ions Г, Cs+, Ba2+, and La?+ in various halides was investigated in 
the region of the 3d (M 45) absorption edge. The absorption spectra show two- 
peak structure, which is practically independent of the second component of the 
compound. This demonstrates that the main features of the spectra are of quasi- 
atomic character. They characterize the corresponding ion, which is possibly 
slightly perturbed by the crystal field.

For a detailed interpretation, the absorption spectra in the region of the 3d 
edges o f the isoelectronic ions Г  (in Csl), Xe64, Cs+ (in Csl), Ba2+ and La3+ (in 
LaF3) are gathered together in Fig. 9.

Fig. 9. Partial photoabsorption cross sections of the 3d shell of Xe-like ions. The spectra 
coincide in position at the ionization energies of the 3 dv2 shells ol the corresponding 
ions. The theoretical 3d 10—>3d94f transitions are marked by vertical lines.
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In genera], the spectra are clearly divided into two groups. In the case of Г  
and Xe, the broad smooth maxima are located beyond the ionization threshold, 
and with further distance from the threshold the absorption decreases, but still 
remains appreciable. For Cs, Ba, and La, two intense relatively narrow maxima 
below the ionization threshold which is due to the spin-orbit splitting of the 3d 
shell predominate in the spectrum, and the absorption in the region of the 
continuous spectrum is much weaker than in the cases of Г  and Xe.

There are good theoretical grounds for assuming that the absorption spectra 
of Г  and Xe are determined entirely by transitions of 3d electrons into a 
continuum of f symmetry, i. e., by 3d—»ef65,66. Since the f  states are retained by 
the intra-atomic potential barrier in the region of the outer potential well, the 
transitions 3d—>ef become effective only at energies sufficient for the f  wave to 
penetrate into the inner well, and this leads to a quasiresonant concentration of 
the oscillator strengths of the transitions in the region above the ionization 
threshold.

For Cs, Ba, and La can be used interpretation similar for the corresponding 
spectra of *he rare-earth atoms (see, e. g. Ref.67). As in the latter case the 
oscillator strength stems primarily from  3d—>4f transitions and the 3d—>£f 
channel is already much less effective68, it must be concluded that the clearly 
pronounced doublets in the initial regions of the spectra of Cs, Ba, and La are 
due to 3d—>4f transitions. Thus, a qualitative analysis of the spectra presented in 
Fig. 9 leads to the conclusion that a collapse of the 4 f orbital in the 
configuration 3d94f takes place on going from Xe to Cs+ and Ba2+.

In Fig. 10 is shown the mean radius of the 4 f wavefunction calculated in the 
configuration-average Hartree-Fock approximation for some excited 3d94f 
configurations. The radius of the 4 f wavefunction changes during the collapse 
by about order of magnitude. In the case of a collapsed electron, the localization 
of the electron is highly sensitive to the change of the potential, and therefore 
for the case 3d94 f in Cs+ refinement of the calculation can substantially change 
the results. So it is possible the delocalization o f the 4 f wavefunction in solid 
state as show our Hartree-Fock calculations where solid state environment was 
simulated by a W atson sphere (Fig. 2). In paper I we perform also Hartree-Foc- 
Slater calculations for the 3d—»ef ionization channel which show (in Fig. 7 of 
paper I) that shape of the experimental 3d absorption curve for Cs+ as well as 
for Xe and Г  can be interpreted as due to the transitions to ef continuum. The 
calculations of transitions 3d—>ef presented in paper I are crude ones and the 
result is qualitative. Nevertheless, the 3d photoabsorption in xenon-like ions 
was considered theoretically by Goroshenko et a l 69 and Amusia et a l 70 within 
the framework of random phase approximation with exchange (RPAE) and their 
calculations showed also that in Cs+ 3d absorption structures are due to the 
transitions to ef continuum.
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6.2. Resonant electron spectra of Csl. 
Case of uncollapsed 4f orbital

In paper VI the effect of the 4 f orbital collapse on the electron spectra of xenon
like ions Г, Cs+, Ba2+, and La3+ in various halides was investigated around the 
3d-absorption edge. The resonant spectra of Г  and Cs+ in Csl (Fig. 11) are are 
dominated by the “norm al” photon-energy-independent M5N45N45 and M4N45N45 
structures, shifted slightly (by -0 .5  eV for I and 1 eV for Cs) to higher energies 
most probably by extraatomic relaxation effects.

The situation is fully understandable in the light of the nature of the near
edge 3d excitations o f I and Cs: as the 4 f orbital is not collapsed the 3d -1 —>4d” 2 

transitions dominate the resonantly excited M NN spectra. In this sense our 
resonant Auger data once more confirm that the M 45 near edge absorption bands 
of these ions are caused by transitions to above-threshold states.

However, the resonant spectra of Cs contain two additional weaker bands 
pronounced most clearly on the curves В and E of Fig. 11. Their relative 
positions (between the 4p 3/2 photoline and normal M NN bands) and the photon 
energy dependence closely follow the behaviour of the 4 f spectator bands. The 
calculation of 3d~'4f—>4d~24f + 4p~’ spectra for Cs+, using a collapsed 4 f orbital, 
fully supports this suggestion. Thus, one can conclude that the observed 
resonant M NN spectra of Cs contain simultaneously the 3d“1—>4d~~ and
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3d '4 f—»4d 24f-like structures. In other words, the M 45 near-edge photoexcita
tions of Cs exhibit both continuous (3d—»ef) and localized (3d-»4f) character.

Fig. 11. Left panel: The resonantly excited electron spectra recorded around the 3d 
absorption edge (shown in the insert) of I in Csl. The capital letters at each curve 
corresponds to the vertical bar with the same capital letter in the insert and show the 
photon energy used. The normal Auger spectrum is excited by 800 eV photons, the 
calculated spectrum is broadened with a Gaussian of 2 eV FWHM. The positions of the 
Cs 4рз/2 photoline in spectra H and G, and of the I 4pV2 photoline in spectra A to E are 
indicated by vertical bars.

Right panel: The resonantly excited electron spectra recorded around the 3d 
absorption edge (shown in the insert) of Cs in Csl. The normal Auger spectrum is 
excited by 850 eV photons.

This “dualistic” nature of the 3d-excitations of Cs has earlier been observed in 
the M 45 X-ray emission of Cs in CsCl71. Now we may add that resonant Auger 
electron spectroscopy seems to be a very sensitive technique to investigate such 
“partially localized” excitations. In our case the apparent localization of the 
excited-state electron may be considered as a result of the interaction of a low- 
energy ef photoelectron with a fast Auger electron leading to the recapture of 
the photoelectron by the ionized core and, subsequently, to the shake-down-like 
transitions 3d~'ef—»4d~24f (see also Sec. II for PCI induced recapture). A similar
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explanation was used to interpret the ion yield spectra o f Ar near its L 23 

thresholds72.
The striking difference between M 45 absorption spectra o f I and Cs in Csl 

could be explained by behaviour of “pre-collapsed” ef continuum wavefunction. 
So, when this wavefunction passes through shape resonance close to 3d 
threshold, its amplitude inside the barrier is strongly enhanced. This penetration 
of continuum ef wavefunction into inner well accompanied with a rapid 
increase o f the spatial overlap between the initial 3d and final ef state, and 
subsequently the strong increase the absorption cross section close to threshold. 
To partition between these “pre-collapsed” ef and “common” ef wavefunction 
we introduce here the notation of “resonantly localized 4 ,e f  ’ state for above- 
mentioned “pre-collapsed” ef state.

6.3. Resonant electron spectra of BaF2. 
Case of collapsed 4f orbital and effect of the 4f electron collapse 

on the spectator decay spectrum

As an example we consider the resonantly excited M 4 5N 4 5N 45 spectra with 
Ba2+(BaF2) in which case the 4 f orbital is collapsed both in core-excited initial 
(3d- 14f) and final ionic (4d~24f) states. Fig. 12 shows a set of on-resonance 
electron spectra for В a.

In the region of the Ba M N N  Auger transitions a strong and well-developed 
structure appears which vanishes off-resonance and drastically differs from the 
normal Ba M45N45N45 bands also shown in Fig. 12. This resonant structure 
consists of a broad band “a” and a doublet of close-lying bands “b” and “c” . The 
4 рз/ 2 photoline is followed by the strong doublet “b”- ”c” and the broad low- 
energy band “a” .

This three-band resonant structure moves linearly with exciting photon 
energy as a photoem ission feature and is repeated on the M 4 resonance. This 
band has the same width as the normal MsN45N 4 5 band, and nearly the same 
energy, which does not change with changing photon energy. Therefore, it can 
be attributed to the normal M5N45N45 channel opened by the M 4M 5N 67 Coster- 
Kronig decay. The high-kinetic-energy shift (about 2 eV) of this band is most 
probably related to extraatomic relaxation.
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Fig. 12. The resonantly excited electron spectra recorded around the 3d absorption edge 
(shown in the insert) of Ba in BaF2. The capital letters at each curve corresponds to the 
vertical bar with the same capital letter in the insert and show the photon energy used. 
The normal Auger spectrum is excited by 880 eV photons, the calculated spectrum is 
broadened with a Gaussian of 5 eV FWHM.

In Fig. 13 the observed on-resonance M 45 spectra are compared with computed 
3d_l4f—>4d~24f + 4p “ 1 spectra. The calculations reasonably well reproduce the 
high-energy region o f the measured spectra, but there is a clear mismatch in the 
low-energy region, which cannot be compensated for by the reduction of 
electrostatic integrals. The calculations show that band “a” lies at the energies 
where the 4d~ 2 threshold is expected to be found. In Fig. 13 these thresholds, i.e. 
the lowest-binding-energy states of 4d 2 ionic configuration are marked as the 
vertical bars on the kinetic energy scale. The 4d_24f states with energies above 
this threshold (dashed parts of theoretical curves) are thus allowed to delocalize 
and seem not to contribute to the spectator structure. So, our calculations show 
that the region of relatively narrow resonant bands “b” and “c” corresponds to 
the 4d_24f states lying below the 4d~2 limit. Only these bands could be con
sidered as the true 4 f spectator features.
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Fig. 13. Resonant M45N45N45 Auger spectra (thick lines) for BaF2 as compared to the 
calculation (thin lines) of the Auger transitions 3d~I4f(1D|)-»4d"24f + 4p~‘ (a) and 
3d_l4f(lP 1) ^ 4 d “24f + 4p_1 (b). In (a) and (b) are shown, respectively, the spectra С and 
F of Fig. 12. The dashed part of the computed spectra corresponds to the 4d“24f states 
with energies lying above the 4d~2 threshold (labelled by the vertical bars). The 
computed spectra are broadened with a Gaussian of 2-eV FWHM.

The interpretation of the broad low energy band “a” is, however, much more 
complicated. Our theoretical and experimental data allow to suggest that the 
band “a” is induced by the 3d_14f—>4d~2 Auger shake-off-like (double Auger) 
transitions. These transitions produce electrons with kinetic energies slightly 
lower than the 3d"1—>4d~ 2 transitions. As seen in Fig. 12, the band “a” nearly 
coincides with its “norm al” but, on the other hand, it has a clearly different 
shape than the “norm al” band, which is at least by 2.5 eV broader. However, the 
proper solution of this problem is beyond our theoretical model.

6.4. Branching ratios of 4d photolines

Right panel of Fig. 14 presents a set of electron spectra for Csl, BaF2 and LaF 3 

in the region of the 4d photolines which are obtained with various photon 
energies around M 45 absorption edges of iodine, cesium, barium and lanthanum. 
Each curve denoted by a capital letter indicates the intensity variation at the 
same capital letter in the left panel o f Fig. 14, where the M 45 absorption spectra
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are displayed. Photoelectron lines of 4d3 /2  and 4d5 /2  core levels of Ba and La 
show drastic change in intensity as the photon energy is turned through the M4 5  

absorption features. This effect is for Cs less expressive, but still visible. The 
electron spectra of LaF3 in Fig. 14 show the strong enhancement of the 4d- 
photoline components on the excitation energies corresponding to the M 5  and 
M 4  absorption peaks. This enhancement suggest that 4f electron frequently 
participates in the decay of 3d94f excited state. The total intensity of 4d 
photoline is roughly 15.2 and 9.3 times larger on-resonance excitation at M 5 and 
M4 absorption peaks, respectively, than the off-resonance 4d intensity. This 
indicates very dramatically how weak the direct process of 4d 10—>4d9 photo
ionization is compared to the indirect process of autoionization (3d9 4f—>4d9  

participator decay) through the 3d—>4f resonances.

830 840 850

PHOTON ENERGY (eV) B I  N D I  NG E N E R G Y  ( e V >

Fig. 14. Left panel: absorption spectra of Cs+ in Csl, Ba2+ in BaF2 and Lau  in LaF3 in 
the region of the M45 absorption edge of cations.

Right panel: the electron spectra of Cs+ in Csl, Ba2+ in BaF2 and Lau  in LaF3 in the 
region of the 4d5/2 and 4dy2 photolines excited at the M43 absorption edge of cations. 
The capital letter at each spectrum correspond to the vertical bar with the same capital 
letter in left panel and show the photon energy used.
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Nevertheless, the most striking feature of these spectra is different behaviour of 
the intensity distribution between 4d5 /2  and 4d3 /2 photolines in the region of M 5 

and M 4 absorption peaks. So the intensity of the 4d3 /2  photoline exceeds roughly 
two times intensity of the 4d5 /2  photoline on M 5 resonance excitation.

On the contrary, intensity of the 4d3 /2  photoline on the M 4  resonance 
excitation is about of four times less than intensity of 4d5 /2  photoline. Note that 
term-dependence and anomalous change of the branching ratio of 5p ! /2  to 5p3 /2  

photolines have been observed at the 4d—>4f resonant excitation of La in LaF3 

and Ba in BaF2 7 3  and attributed to the multiplet dependence of the Auger 
transition probabilities74.

The electron spectra of BaF2 in Fig. 14 show quite similar behaviour at the 
excitation energies around the M 4 5  absorption edges. However, the enhancement 
of the 4d photoline in Ba is somewhat less than in La. So the total intensities of 
the 4d photoline are about of 6.3 and 10.3 times larger on the M 4 and 
resonance excitations, respectively, than intensity of the direct 4d-shell 
photoionization under the off-resonance conditions.

In Fig. 15 we compare the experimental and M4  on-resonance electron 
spectra of La in LaF3 and Ba in BaF3 in the region of 4d photolines with the 
calculated 3d94f(J= l)—>4d9 Auger spectra. The computed curves satisfactorily 
reproduce the intensity variations of the observed spectra. The somewhat 
smaller strength of the 4d5 /2  photoline relative to the 4d 3 /2 one in the observed 
spectra as compared to the calculated spectra is maybe mainly due to 
simultaneously excited direct 4d 1 0—>4d9  photoemission lines as well as solid 
state effects. The latest are more significant for La taking into consideration the 
higher covalency of LaF3 crystal. The theoretical 4d3/2 :4d5 /2  branching ratio for 
Auger transitions 3d94f—>4d9 of La is 2.6 for M 5 resonant excitation and 0.33 
for M 4  excitation and thus agree well with corresponding experimental results: 
2.4 and 0.18 for M 5 and for M 4  on-resonance excitations, respectively. 
Therefore, our computations suggest that the change of the 4d3/2 :4d5 /2  branching 
ratio in resonant photoemission originates from the term dependent Auger 
participator transitions 3d9 4f-*4d9. Although the computed spectra reproduce 
the relative intensities, i.e. branching ratio, of the 4d photoline components 
well, there are a considerable discrepancies in the predicted relative integrated 
intensities of 4d photoline excited at M 5 and M 4  resonance. The difference 
between calculated relative intensities and experimental data maybe ascribed to 
the Koster-Cronig transitions 3d?,2 4 /  -»  3d 9/2, which is not considered in our 

calculation.
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Fig. 15. The electron spectra of La in LaF3 (a) and Ba in BaF2 (b) in the region of 4d 
photolines (thick lines) as compared to the calculated Auger transitions 3d-l4f(ID 1)—► 
4d~‘ and 3d_l4f(lP |)—>4d~' (thin lines). In (a) and (b) are shown, respectively, the 
spectra В and E of La in LaF3, and the spectra С and F of Ba in BaF2 of Fig. 14. The 
computed spectra are broadened with Gaussians of 2-eV (a) and 1.5-eV (b) FWHM.

On the other hand, our calculations show that for Cs+ in Csl the partial widths of 
participator decay of 3d_14f excited states with delocalized 4f orbital become 
negligible. So, we may conclude that the resonant enhancement of photolines as 
well as the anomaly in the branching ratios indicate that the excited 4f orbital is 
localized. In the case of Cs in Csl the effect seems to be due to the post
collision-induced recapture of the slow ef or 4,ef photoelectron, i.e. to the 
transition 3d_lef(4,£f)->4d"1, similarly to the spectator-like structure in the 
M4 5 N4 5 N4 5  spectra of Cs.
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THE MAIN ARGUMENTS PROPOSED

Our results demonstrate that the model of the isolated ion is suitable for the 
interpretation of the main singularities of the 3d absorption spectra of the 
xenon-like ions and 2 p absorption spectra of the argon-like ions in ionic 
compounds. The influence of their surrounding manifests mainly itself to a 
crystal field splitting of 3d collapsed states for the argon-like ions. We show 
also that the 4f electron in the 3d94f configuration is localized in the outer well 
of the effective potential in the case of the Г ions and Xe atoms, and in the inner 
well in the case of the ions Ba2+ and La3+. For the argon-like ions K+, Ca2+, Sc?+ 
and Ti4+ the 3d electron in the 2p5 3d configuration is localized in the inner well 
and in the outer well in the case of СГ and Ar.

We show that the collapse of the 3d or 4f orbital in the isoelectronic sequence of 
Ar or Xe-like ions, respectively, leads to drastic changes of the resonant Auger 
decay spectra. As an example, we investigate the Auger spectator transition 
dependence on localization of the spectator 3d and 4s electrons in the final state 
in the case of СГ and found that the collapse of the spectator electron in final 
states leads to a strong increase of the electrostatic interaction between the two- 
hole and spectator electron. The coupling scheme is now changed from the j j  or 
Lj type, characterized the final states of “classical” spectator model, to nearly LS 
type which gives rise to a very complex multiplet and means that the “classical” 
spectator model fails for the interpretation of the decay spectra.

We show that the collapse of excited orbital in intermediate states leads to a 
strong enhancement the spectator and participator features in spectra. A strong 
term-dependence and anomalous change of the branching ratio of 4d3 /2 to 4d5 /2  

photolines have been observed at the M 4 5  resonant excitation of La in LaF3 and 
Ba in BaF2 and attributed to the multiplet dependence of the Auger transition 
probabilities.

Our calculations show that, in contrast to the case of Ar atoms where the shake- 
up processes were shown to play an important role in the formation of the 
Auger decay final state, in the case of K+ and even more for Ca-+ where 3d 
orbital is completely collapsed in the 2p5 3d configuration, during the Auger 
decay mean radius of the collapsed 3d orbital changes little and the shake 
probability is small.

Our measurements of various T i0 2 polymorphs demonstrate the sensitivity of x- 
ray absorption spectra to structural changes in the solid state. From the resonant 
electron spectra at the L 3 threshold of Ti is concluded a strong delocalization of 
the 3d electron for the excitations where the largest differences between the Ti 
2p XANES of T i0 2 polymorphs are observed. These differences in absorption 
spectra are attributed to increasing strength of the crystal field caused by 
delocalization of the excited 3d electron.
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CONCLUSIONS

In this work has been studied experimentally, by x-ray and photoemission 
spectra as well as theoretically the phenomena of the collapse of the excited 3d 
and 4f orbitals in ionic solids. These orbitals has been created by inner-shell 
excitation in two sequences, in the argon-like (СГ, K+, Ca2+, Sc3+, Ti4* by 2p 
excitations) and xenon-like (Г, Cs+, Ba2+, La3 by 3d excitations) sequences of 
ions, respectively. The experimental x-ray absorption and electron spectra in 
both sequences show the drastic intensity changes in going from the un
collapsed to collapsed excited orbital.

The interpretation of these interesting experimental results is impossible 
without essential theoretical calculations. As the first results indicated a domi
nating role of atomic effects in the collapsed electron excitations of ionic crys
tals, a calculation model based on the Hartree-Fock method was used. The 
solid-state effects were accounted using so called Watson sphere, which reduces 
the effect of ions surrounding the considered ion (atom) to corrections of sphe
rical symmetry. The intensities of electron transitions (photoexcitation cross 
sections, Auger transition rates) were calculated in the approximation of the 
intermediate coupling scheme. For all these calculations was developed and 
used the effective FORTRAN codes.

The main results obtained may be formulated as follows:
1) Our results demonstrate convincingly that the model of the isolated ion is 

suitable for the interpretation of the main singularities of the 3d absorption 
and emission spectra of the xenon-like ions and 2 p absorption and emission 
spectra of the argon-like ions in compounds with high degree of ionicity. 
The influence of their surrounding manifests mainly itself to a crystal field 
splitting of 3d collapsed states for the argon-like ions. A comparison of the 
measured spectra with one another and with results of the calculation shows 
also that the 4f electron in the 3d94f configuration is localized in the outer 
well of the effective potential in the case of the Г ions and Xe atoms, and in 
the inner well in the case of the ions Ba2+ and La3+. For the argon-like ions 
K+, Ca2+, Sc3+ and Ti4+ the 3d electron in the 2p5 3d configuration is localized 
in the inner well and in the outer well in the case of СГ and Ar. The spatial 
redistribution of the charge density of the excited electron leads to a 
substantial redistribution of the oscillator strength from the continuous 
region of the 3d or 2p absorption spectrum into the region of discrete 
transitions.

2) We show that the collapse of the 3d or 4f orbital in the isoelectronic 
sequence of Ar or Xe-like ions, respectively, leads to drastic changes of the 
resonant Auger decay spectra.

While, on the one hand, the collapse of excited orbital in Auger two-hole 
final ionic states leads to the complete breakdown of “classical spectator” 
model, in which the resonant Auger spectra are the same as the normal
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Auger spectra recorded above the ionization threshold except for an energy 
shift caused by the presence of the spectator electron. This “classical specta
tor” model has been used successfully to explain the Auger decay structure 
in free atoms, molecules and solids after resonant excitation electrons to 
Rydberg levels. In the case of СГ we investigate the Auger spectator 
transition dependence on localization of the spectator electron in the final 
ionic state and found that the collapse of the spectator electron in final states 
leads to a strong increase of the electrostatic interaction between the two- 
hole and spectator electron. The coupling scheme is now changed from the j j  
or Lj type, characterized the final states of “classical” spectator model, to 
nearly LS type which gives rise to a very complex multiplet and means that 
the “classical” spectator model fails completely for the interpretation of the 
decay spectra.

On the other hand, the collapse of excited orbital in intermediate states 
leads to a strong enhancement the spectator (two-hole + spectator electron) 
and participator (single-hole) features in spectra. So, the intensity of the 
participator decay channel, which are degenerate in energy with direct 
photoemission final states, may be in some cases much more intense than 
direct phoemission lines (e. g. 4d pholines of Ba and La).

3) A strong term-dependence and anomalous change of the branching ratio of 
4d3 /2 to 4 d 5 /2  photolines have been observed at the M4S resonant excitation of 
La in LaF3 and Ba in BaF2 and attributed to the multiplet dependence of the 
Auger transition probabilities.

4) Our calculations show that, in contrast to the case of Ar atoms where the 
shake-up processes were shown to play an important role in the formation of 
the Auger decay final state, in the case of K+ and even more for Ca2+ where 
3d orbital is completely collapsed in the 2p5 3d configuration, during the 
Auger decay mean radius of the collapsed 3d orbital changes little and the 
shake probability is small.

5) Our measurements of various T i0 2 polymorphs demonstrate the sensitivity 
of x-ray absorption spectra to structural changes in the solid state. From the 
resonant electron spectra at the L 3 threshold of Ti is concluded a strong 
delocalization of the 3d electron for the excitations where the largest 
differences between the Ti 2p XAS of T i0 2 polymorphs are observed. These 
differences in absorption spectra are attributed to increasing strength of the 
crystal field caused by delocalization of the excited 3d electron.

6 ) The resonant Auger spectra, for the greater part of species investigated by 
us, are highly atomic. Influence of the solid state environment on the 
resonant spectra depends strongly on the excited species, excitation and on 
the degree of localization of the exited electron in the intermediate and final 
ionic states. Main processes induced by solid state and affected to the 
resonant spectra may be:
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i) the tunnelling delocalization of the excited spectator electron to conti
nuum of conduction band in the intermediate state (e. g. in the L2 3 decay 
spectra of potassium compounds),

ii) a double Auger decay channels may be opened in real crystal and affect 
the shape of the low energy part of the spectra if the upper levels of the 
spectator final ionic states lie slightly above the two-hole ionization limits 
( e .  g .  in M 4 5  excitation for BaF2),

iii) in solid state in many cases the Coster-Kronig decay becomes energeti
cally possible (e.g. at L2 excitation for potassium and calcium compounds 
and at M 4  excitation for BaF2).

iv)the intermediate state crystal field term-dependence is observed in 
spectator decay spectra (this effect is more clearly seen in decay spectra 
of L2 3 excited states of potassium and calcium compounds),

v) a charge transfer from the valence band to spectator electron level in 
both, intermediate and final ionic state, during the excitation (e. g. in L 23 

excitation for T i0 2 and Sc2 0 3)
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3d (4f) ORBITAALIDE KOLLAPS 2p (3d) 
ERGASTUSTEL NING SELLE MÕJU RÖNTGEN- JA 

ELEKTRONSPEKTRITELE

Kokkuvõte

Käesolevas töös on uuritud ergastatud 3d ja 4f radiaalse lainefunktsiooni kol
lapsi (lokalisatsiooni) nähtust ioonsetes ühendites nii eksperimentaalselt, kasu
tades röntgenspektroskoopiat ja  elektronspektroskoopiat, kui ka teoreetiliselt. 3d 
ja 4f lainefunktsioonide kollapsit uuriti aatomite sisekihtide ergastustel kahes 
isoelektroonses reas: argoonisamastes uuriti ioonides СГ, K+, Ca2+, Sc3+ ja  Ti4+ 
3d orbitaali kollapsit 2p ergastustel ja  ksenoonisarnastes uuriti ioonides Г, Cs+, 
Ba2+ ja  La3+ 4f orbitaali kollapsit 3d ergastustel. Mõlemas isoelektroonses reas 
näitab kollapseerimata ja  kollapseeritud seisunditele vastavate eksperimentaal
sete spektrite võrdlus väga olulisi muutusi nii röntgenneeldumis- kui ka foto- 
elektronspektrite intensiivsuste jaotuses.

Nende huvitavate eksperimentaalsete andmete interpretatsioon ei oleks olnud 
võimalik ilma oluliste teoreetiliste arvutusteta. Kuna esimesed eksperimentaal
sed tulemused osutasid atomaarsete efektide domineerimisele kollapseerunud 
elektroni ergastustel ioonsetes kristallides, kasutati arvutusmudelit, mis basee
rub Hartree-Focki meetodil. Tahkise mõju lainefunktsioonidele arvestati 
nn. Watsoni sfääriga, mis taandab iooni naabrite mõju sfääriliseks korrekt- 
sioonipotentsiaaliks. Elektroonsete üleminekute (fotoergastuse ristlõiked, Auger’ 
üleminekute intensiivsused) arvutati vahepealse seose skeemi järgi. Kõikide 
nende arvutuste teostamiseks töötati välja efektiivsed FORTRAN-programmid.

Saadud põhitulemused võib formuleerida alljärgnevalt.
1. Meie tulemused demonstreerivad veenvalt, et vaba iooni mudel sobib 

põhiliste iseärasuste interpretatsiooniks 3d neeldumis- ja kiirgusspekrite puhul 
ksenoonisarnastes ioonides ning 2 p neeldumis- ja  kiirgusspektrite puhul 
argooni sarnastes ioonides ioonsetes ühendites. Tahkise mõju ioonidele väljen
dub põhiliselt 3d kollapseerinud seisundite kristall väljas lõhenemises argooni- 
sarnastes ioonides. Erinevate eksperimentaalsete neeldumisspektrite võrdlus ja 
arvutused näitavad, et konfiguratsioonis 3d94f ksenoonisarnaste ioonide iso
elektroonses reas on 4f elektron Г ioonide ja Xe aatomite puhul lokaliseerunud 
välises Ba2+ja La3+ puhul sisemises potentsiaaliaugus. Argoonisarnaste ioonide 
K+, Ca2+, Sc3+ and Ti4+ puhul on 3d elektron 2p5 3d konfiguratsioonis lokali
seerunud sisemises СГ ja Ar puhul välises potentsiaaliaugus. Ergastatud elekt
roni laengutiheduse ruumiline ümberjaotus kollapseerumisel toob kaasa väga 
olulise röntgenneeldumisüleminekute ostsillaatorijõudude ümberjaotuse 3d või 
2 p neeldumisääre kontiinumi osast diskreetsete üleminekute regiooni.

2. Meie tulemused näitavad, et Ar- ja  Xe-taoliste ioonide reas toob 3d ja 4f 
orbitaalide kollaps kaasa resonantsete Auger’ spektrite drastilised muutused.
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Siinjuures toob ergastatud orbitaalide kollaps Auger’ üleminekute kahe- 
augulistes lõppseisundites ühelt poolt kaasa nn. klassikalise vaatlejamudeli 
(õigustas ennast täielikult aatomite, molekulide ja  tahkiste Auger’ spektrite 
interpreteerimisel resonantsel ergastamisel mittekollapseerunud seisunditesse) 
täieliku mitterakendatavuse. СГ näitel uurisime teoreetiliselt Auger’ vaatleja- 
üleminekute sõltuvust lõppseisundi orbitaali lokalisatsioonist ja näitasime, et 
vaatlejaelektroni kollaps toob kaasa elektrostaatilise vastamõju suurenemise 
kaheaugulise Auger’ lõppseisundi ja  vaatlejaelektroni vahel, mis viib seose 
tüübi muutumisele jj-  või L/-tüübist, mis iseloomustab lõppseisundeid klassi
kalises vaatlejamudelis, LS-tüübi sarnaseks. See põhjustab keerulise Auger’ 
lõppseisundite multipleti tekkimise ja  viib lõppkokkuvõtes selleni, et klassi
kalise vaatlejamudeliga ei ole Auger’ lagunemisspektreid võimalik interpre
teerida.

Teiselt poolt, vahepealsete, röntgenneeldumisseisundite ergastatud orbitaa
lide kollaps viib tugevale Auger’ vaatlejastrutuuride (kaks auku + vaatleja- 
elektron) ja  osavõtjastrutuuride (üks auk) võimendumisele spektrites. Nii võib 
Auger’ osavõtja lagunemiskanali intensiivsus, mille energia on sama otsese 
fotoemissiooni lõppseisundiga, olla mõnedel juhtudel palju suurem kui otsese 
fotoemissiooni üleminekute intensiivsus (nt. Ba ja  La 4d fotojooned).

3. Avastasime eksperimentaalselt ja  põhjendasime teoreetiliselt Auger’ osa- 
võtjaüleminekute multipletist sõltuvuse, väga tugeva osavõtjastrutuuride sõltu
vuse ergastuse energiast ning anomaalse 4d3 /2  ja  4d5 /2  fotojoonte suhte M 4 5  

resonantsetel ergastustel lantaanis (LaF3) ning baariumis (BaF2).
4. Meie raputus- {shake) protsesside arvutused näitavad, et vastupidi Ar 

aatomitele, kus raputusprotsessid Auger’ lagunemisel on väga tugevad ja  mää
ravad Auger’ lõppseisundite formeerumisel, on K+ ja eriti Ca2+ ioonide puhul 
raputusprotsesside tõenäosus väike. Näitasime, et see on põhjustatud 3d orbi- 
taali kollapseerumisest röntgenneeldumise lõppseisundites (konfiguratsioonis 
2p5 3d).

5. Meie mõõdetud Ti 2p neeldumisspektrid näitavad sõltuvust T i0 2 erinevate 
polümorfsete vormide struktuursetest erinevustest. Resonantsete fotoelektron- 
spektrite analüüsile tuginedes on püstitatud hüpotees erisugused 3d orbitaali 
lokalisatsiooniastmega seisundite ilmnemisest T i0 2 erinevate modifikatsioonide 
puhul Ti 2p3 /2  neeldumisspektris.

6 . Resonantsed Auger’ spektrid meie mõõdetud ühendites on oluliselt 
atomaarsed. Tahkise mõju neile spektritele sõltub oluliselt ainest, ergastusest 
ning ergastatud elektroni lainefunktsiooni lokaliseerumisastmest neeldumisel ja 
Auger’ ülemineku lõppseisundis. Põhilised tahke keha põhjustatud protsessid, 
mis omavad mõju resonatsetele Auger’ spektritele, on järgmised:
i) ergastatud vaatleja elektroni tunnelleeriv delokalisatsioon juhtivustsooni 

kontiinumisse röntgenneeldumisprotsessis (nt. L2 3 ergastuste lagunemis- 
spektrites kaaliumi ühendites);

ii) kahekordsete (double) Auger’ kanalite avanemine mõningates kristallides, 
kui vaatlejaelektroni lõppseisundid on ülalpool kaheauguliste seisundite
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ioniseerimisäärt, mis mõjutab madalaenergeetilist vaatlejaüleminekute 
spektriosa (nt. M45 ergastuste lagunemisspektrites spektrid BaF2-s);

iii) tahkistes on paljudel juhtudel energeetiliselt võimalik Coster-Kronigi lagu- 
nemiskanalite avanemine (nt. L2 ergastustel kaaliumi ja  kaltsiumi ühendites 
ja  M4 ergastustel BaF2-s);

iv) resonantsete Auger’ vaatlejastruktuuride sõltuvus röntgenneeldumise kristall- 
väljaseisundist (kõige selgemini ilmneb see kaltsiumi ja  kaaliumi ühendite 
L23 lagunemisspektrites);

v) laenguülekande protsessid valentstsoonist vaatlejaelektroni tasemetele nii 
röntgenergastusel kui ka Auger’ lagunemisel (nt. T i0 2 ja  Sc20 3 L23 lagunemis
spektrites).

54



ACKNOWLEDGMENTS

First of all, I am grateful to my supervisor Professor Mart Elango, for his 
continuous support, patience and interest in my work during these years when 
he had been among us.

I want especially thank my roommate, Anti Maiste, for the prolonged and 
helpful discussions, and A. Saar for his help in various practical matters.

I owe much to whole staff of the Laboratory of X-Ray Spectroscopy, A. Ki
kas, E. Nõmmiste, A. Ausmees, H. Käämbre, V. Bitševin, В. Sorkin as well as 
previous members, A. Zurakovski, J. Pruulmann.

Warmest thanks to Professor Indrek Martinson for his support and interest in 
our work.

The help from the staff at MAX is gratefully acknowledged.
I want to thank also to the visitor of our group, Tony Fonden.
Finally, I want to thank my mother and my brothers, as well as my friends in 

Tartu for encouragement and support during all these years.

55



REFERENCES

1 E. Fermi, in “Quantentheorie und Chemie”, ed. by H. Falkenhagen, S. Hinzel- 
Verlag, Leipzig, 1928, p. 95.

2 M. Mayer, Phys. Rev. 60, (1941), 184.
3 J. P. Connerade, Contemp. Phys. 19, (1978), 171.
4 R. I. Karazija, Sov. Phys. Usp. 24, (1981), 775.
5 U. Fano and J. W. Cooper, Rev. Mod. Phys. 40, (1968), 441.
6 R. D. Cowan, J. Opt. Soc. Amer. 58, (1968), 924.
7 D. C. Griffin K. Andrew and R. D. Phys. Rev. A3, (1971), 1233; Phys. Rev. 177, 

(1969), 62.
8 J. P. Connerade, Contemp. Phys. 19, (1978), 415. S. A. Kuchas, A. V. Karosene, and 

R. I. Karaziya, Izv. Akad. Nauk SSSR Ser. Fiz. 40, (1976), 270, R. D. Cowan, J. 
Opt. Soc. Amer. 58, (1968), 924.

9 D. E. Sayers, E. A. Stern and F. W. Lytle, Phys. Rev. Lett. 27, (1971), 1204.
10 R. S. Knox, Theory of Excitons (Academic Press, New York, 1963).
11 A. B. Kunz, J. C. Boisvert, T. O. Woodruff, J. Phys. C: Solid State Phys. 15, (1982), 

5037.
12 L. G. Parratt, Rev. Mod. Phys. 31,(1959), 616.
13 R. T. Poole, J. G. Jenkin, J. Liesegang, and R. C. G. Leckey, Phys. Rev. B l l ,  

(1975), 5179.
14 L. A. Bugaev, 1.1. Gegusin, V. N. Datsyuk, A. A. Novakovich and R.V. Vedrinskii, 

Phys. Stat. Sol. (b) 133, (1986), 195;
V. N. Datsyuk, 1 .1. Gegusin and R. V. Vedrinskii, Phys. Stat. Sol. (b) 134, (1986), 
175.

15 J. E. Mueller, О. Jepsen, and J. W. Wilkins, Solid State Commun. 42, (1982), 365.
16 T. Äberg and G. Howat, in Corpuscles and Radiation in Matter I, edited by S. Flüg

ge and W. Mehlhorn, Vol. 31 of Handbuch der Physik (Springer, Berlin, 1982), 
p. 469; T. Äberg, Phys. Scripta 21, (1980), 495.

17 T. Äberg and B. Crasemann, in Resonant Anomalous X-ray Scattering: Theory and 
Applications, edited by G. Materlik, C. Sparks and K. Fisher (Elsevier, Amsterdam, 
1994), p. 431.

18 F. Gel’mukhanov and H. Ägren, Phys. Rev. A54, (1996), 3960.
19 S. Ohtani, H. Nishimura, H. Suzuki, and K. Wakiya, Phys. Rev. Lett. 36, (1976), 

863.
20 A. Niehaus and C. J. Zwakhals, J. Phys. В16, (1983), LI 35.
21 G. B. Armen, J. Tulkki, T. Äberg and B. Crasemann, Phys. Rev. A36, (1987), 5606.
22 G. B. Armen and J. C. Levin, Phys. Rev. A56, (1997), 3734.
23 L. C. Davis, J. Appl. Phys. 59, (1986), R25.
24 A. Kay, E. Arenholz, S. Mun, F. J. Garcia de Abajo, C. S. Fadley, R. Denecke, 

Z. Hussain and M. A. Van Hove, Science 281, 679, 1998.
25 F. J. Garcia de Abajo, C. S. Fadley and M. A. Van Hove, Phys. Rev. Lett. 82, 4126, 

1999.
26 D. Chattarji, The Theory of Auger Transitions (Academic, New York, 1976).
27 A. Tanaka and T. Jo, J. Phys. Soc. Jpn. 62, (1993), 1118.
28 A. M. Cini, Solid St. Commun. 20, (1976), 605; 24 (1977), 681; Phys. Rev. B17, 

(1978), 2788; G. A. Sawatzky Phys. Rev. Lett. 39, (1977), 504; G. A. Sawatzky and 
A. Lenselink, Phys. Rev. B21, (1980), 1790.

56



29 A. A. Nikitin and Z. В. Rudzikas, Foundations of the Theory of the Spectra of 
Atoms and Ions (Nauka, Moscow, 1983, in Russian).

30 P. O. Bogdanovich, Hartree-Fock calculation program (In “Collection of the pro
grams of software of Atomic Calculations”, vol. 2, Inst, of Physics of the Lith. Acad. 
Sc., Vilnius, 1978, in Russian)

31 R. E. Watson, Phys. Rev. Ill, (1958), 1108.
32 M.I. Petrashen, A.V. Ivanova and G. Volf, Vestn. Leningrad Univ. Fiz. 10, (1956),

29 (in Russian).
33 N. N. Kristoffel, Theory of impurity centres with small radii in ionic crystals 

(Nauka, Moscow, 1974, in Russian).
34 Y. M. Kanjauskas, G. V. Merkalis and Z. B. Rudzikas, Litov. Fiz. Sb. 18, (1979), 

475.
35 Т. M. Zimkina and V. A. Fomichev, Ultrasoft X-ray spectroscopy, Izdat. Leningr. 

Univ., Leningrad, 1971, p. 33.
36 Aarik, J., Aidla, A., Uustare, Т., and Sammelselg, V., J. Cryst. Growth. 148, (1995), 

268.
37 J. E. Hansen, J. Phvs. В 5, 1083 (1972); S. A. Kuchas and A. V. Karosene, Litov. 

Fiz. Sb. 18,(1978), 187.
38 F. C. Brown, C. Gähwiller, H. Fujita, A. B. Kunz, W. Scheifley, and N. Carrera, 

Phys. Rev. B 2 ,( 1970), 2126.
39 R. Haensel, G. Keitel, N. Kosuch, U. Nielsen, and P. Schreiber, J. Phys. (Parts), 

Colloq. 32, (1971), C4-236.
40 P. Caro, M. Faucher, M. Savy and H. Pankowska, J. Chem. Phys., 6 8 , (1978), 1045.
41 C. Satoko and S. Sugano, J. Phys. Soc. Jpn., 34, (1973), 701.
42 F. M. F. de Groot, J. С. Fuggle, В. T. Thole and G. A. Sawatzky, Phys. Rev. B41,

(1990), 928.
43 R. Ruus, 2th All-Union Conference on Quantum Chemistry of the Solid State, 

Abstracts, Riga, 1985, p. 55 (in Russian).
44 M. Yanagihara, H. Maezawa, T. Sasaki and Y. Iguchi, J. Phys. Soc. Jpn., 54, (1985), 

3628.
45 C. Satoko, Solid State Comm., 13, (1973), 1851.
46 Crocombette, I. P., and Joliet, F. J. Phys. Condens. Matter. 6 , (1994), 10811.
47 de Groot, F. M. F., Figueiredo, M. O., Basto, M. J., Abbate, M., Petersen, H., and 

Fuggle, J. C., Phys. Chem. Miner. 19, (1992), 140.
48 Brydson, R., Sauer, H., Engel, W., Thomas, J. M., Zeitler, E., Kosugi, N., and 

Kuroda, H., J. Phys.: Condens. Matter, 1, (1989), 797.
4) Brydson, R., Williams, B. G., Engel, W., Sauer, H., Zeitler, E., and Thomas, J. M., 

Solid State Commun. 64, (1987), 609.
50 van der Laan, G., Phys. Rev. B41, (1990), 12366.
5' Crocombette, I. P., and Jollet, F. J., Phys. Condens. Matter. 6 , (1994), 10811.
12 Y. Onodera and Y. Toyozawa, J. Phys. Soc. Jpn. 22, (1967), 833.
53 M. Watanabe, J. Phys. Soc. Jpn. 34, (1973), 755.
M M. Meyer, E. von Raven, and B. Sonntag, Phys. Rev. A 49, (1994), 3685; 

L. O. Werme, F. Bergmark, and K. Siegbahn, Physica Scripta 8 , (1973), 149.
55 M. Watanabe, J. Phys. Soc. Jpn. 34, (1973), 755.
^  E. Kukk, S. Aksela, H. Aksela, E. Nõmmiste, A. Kikas, A. Ausmees, and M. Elango, 

Phys. Rev. В 50, 9079, (1994).

15 57



57 A. Kikas, A. Ausmees, M. Elango, J. N. Andersen, R. Nyholm, and I. Martinsson, 
Europhys. Letters 15, 683, (1991).

58 T. Fonden, A. Kikas, R. Ruus, A. Saar, and M. Elango, J. Electron Spectrosc. Relat. 
Phenom. 76, (1995), 589-594.

59 R. L. Martin and D. A. Shirley, J. Chem. Phys. 64, (1976), 3685.
60 H. Aksela, S. Aksela, H. Pulkinen, G. M. Bancroft and K. Tan, Phys. Rev. A43,

(1991), 1798.
61 M. Meyer, E. v. Raven, B. Sonntag and J. E. Hansen, Phys. Rev. A43, (1991), 177.
62 M. Meyer, E. Von Raven, B. Sonntag, and J. E. Hansen, Phys. Rev. A 49, (1991), 

3685.
63 F. M. F. de Groot, R. Ruus, and M. Elango, Phys. Rev. B51, (1995).
64 R. D. Deslattes, Phys. Rev. Lett. 20, (1968), 483.
65 S. T. Manson and J. W. Cooper, Phys. Rev. 165, (1968), 165.
66 M. Ya. Amusia and V. K. Ivanov, Sixth Intern. Conf. on Atomic Physics, Abstracts, 

Riga, 1978, p. 446.
67 C. Bonelle, R. C. Karnatak and J. Sugar, Phys. Rev. A9, (1974), 1962.
68 J. Sugar, Phys. Rev. A6 , (1972), 1764.
69 S. J. Goroshenko, V. S. Rostovskii and N. P. Jüdin, Vestn. Mosk. Univ., Ser. Fiz. 24, 

(1983), 96 (in Russian).
70 M. Ya. Amusia and V. K. Ivanov, 8 th All-Union Conference on physics of electron 

and atomic collisions, Abstracts, Leningrad, 1981, p. 241 (in Russian).
71 P. Motais, E. Belin and C. Bonnelle, Phys. Rev. B25, (1982), 5492.
72 J. Tulkki, T. Äberg, S. В. Whitfield, and B. Crasemann, Phys. Rev. A41, (1990), 

181; W. Eberhardt, S. Bernstrorff, H. W. Jochims, S. В. Whitfield, and B. Crase
mann ibid. 38, (1988), 3808.

73 K. Ichikawa, O. Aita, K. Aoki, M. Kamada, and K. Tsutsumi, Phys. Rev. B45, 3221,
(1992); M. Kamada, K. Ichikawa, and O. Aita ibid. 47, (1993), 3511.

74 H. Ogasawara, A. Kotani, B.T. Thole, K. Ichikawa, O. Aita, and M. Kamada, Solid 
State Comm. 81, (1992), 645.



PUBLICATIONS



16



A. A. Maiste, R. E. Ruus, S. A. Kuchas, R. I. Karaziya, and M. A. Elango, 
Collapse of 4f-electron in the configuration 3d94f in xenonlike ions, 
Zh. Eksp. Teor. Fiz. 78, (1980), pp. 941-951 [Sov. Phys. JETP51,

(1980), pp. 474-479] (in Russian).



Collapse of 4/-electron in the configuration 3d94f in 
xenonlike ions

A. A. MaTste, R. Ё. Ruus, S. A. Kuchas, R. I. Karaziya, and M. A. Elango

Physics Institute, Estonian Academy o f Sciences 
and Physics Institute, Lithuanian Academy o f Sciences 
(Submitted 21 September 1979)
Zh. E lip . Teor. Fiz. 7«, 941-951 (March 1980)

The M ,,(3d)  absorption and emission spectra of the xenoolike ions I", Cs*, Ba:*, and La1* were measured 
in ionic compounds (spectral range 600-1100 eV). It is shown that the form of the spectrum characterize 
mainly the abaorbing ion and depends little on its surrounding. The absorption spectra of Cs*, Ba’*, and 
La1* contain an intensive doublet near the ionization threshold x>f the id  shell, and their emission spectra 
contain bands that are at resonance with the absorption bands. It is concluded that in the Ba1* and La’* ions 
the 4 /  orbit in the configuration I d ' i f  is collapsed and that its collapse takes place on going from Xe to Cs*. 
This conclusion is confirmed by s calculation of the energies and cross sections of the 3cC°-»W’4 /  
transitions in the Hartree-Fock-Pauli approximation.

PACS number«: 33.20.Rm, 33.10.Cs. 33.70. -  w

1. INTRODUCTION

The phenomenon of sudden compression of the radial 
wave function of an excited electron in a number of neu
tral atoms or in an isoelectronic sequence, which was 
named electron collapse, was predicted by Fermi in 
1928/ Only in the last decade, however, in connection 
with the extensive studies of excited configurations of 
atoms and ions, did it attract considerable attention 
and made it possible to explain a number of interesting 
effects in atomic spectra and in the physics of atomic 
collisions.25

The effective potential in the centrosymmetric field 
in the Hartree-Fock equation for the electron n l  con
s ists  of two terms:

K rfl<nl|r)-V (.rf|r)+ l(l+ l)/r« . 

where V(nl |r) is the potential of the Coulomb field of the 
nucleus and of the other electrons, while the second 
term is centrifugal. In the interval r* 1 -5  a. u., V(nl\r) 
varies approximately like r '1, and in the case of an el
ectron with I > 2 these two term s compete with each 
other in a certain interval of r.* This leads to a specif
ic form of the effective potential, with two minima sep
arated by a positive potential barrier. The localization 
of the electron in the field of this potential la highly 
sensitive to a change in the charge of the nucleus or of 
the states of the other electrons. Whereas in a certain 
configuration of the atom Z the wave function of the ex
cited electron is  localized predominantly in the region 
of the outer potential well, for the same configuration of
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the atom Z +1, or even for another multielectron state 
of the atom Z ,* it can be localized already in the region 
of the internal well, and this leads to a radical change- 
even by several orders of magnitude-in the values of 
the different characteristics of the excited electron and 
manifests itself in the spectra by a nonmonotonic change 
of the type of coupling and of the energy positions of 
the lines, as well as by a redistribution of the intensity 
in the spectrum.3-5

The electron collapse is  more clearly pronounced 
the larger the orbital quantum number of the electron. 
One can therefore expect a strong influence of the effect 
of the collapse of an n 'f  electron in the configuration 
n d V / on the structure of the corresponding absorption 
and em ission x-ray spectra. In a number of papers3 4'9 
the collapse of the 4 / electron in the configuration \dP\f 
(which occurs near Z  =55) and its influence on the 4d 
absorption spectra were considered. The intensity of 
the spectrum should become redistributed among the 
channels id  — 4 / and 4<f— z f.  In the indicated spectra, 
however, owing to the strong multielectron effects, a 
broad maximum predominates and masks the collapse 
effect. An interesting result of the experimental inves
tigations is the establishment of the fact that the form 
of the 4d absorption spectra of elements that follow 
xenon in the periodic table is  mainly of atomic origin, 
and the spectra of the vapors, metals, and solid-state 
compounds are very sim ilar.7

In the present papier we present the results of exper
imental and theoretical investigations of the collapse of 
the 4/ electron in the configuration 3d’4 / of the xenon
like ions r .C s 'jB a 3*, La3*. Owing to the lesser role of 
the multielectron effects in this configuration, com
pared with the configuration 4rf94/, one should expect 
the possibility of a more unambiguous interpretation of 
the spectra. As shown previously,8 collapse in an tso- 
electronic sequence should be more rapid than in a se
quence of neutral atoms, and the fact that the ions with 
different values of Z are isoelectronic allows us to 
attribute the nonmonotonic variation of the spectra in 
the indicated sequence exclusively to the effect of the 
collapse.

We begin the article with a report of the results of 
experimental investigation of the 3d absorption and 
emission spectra of the ions Г, С s', Ba2* and La3* in 
ionic compounds, followed by an analysis of the transi
tions 3di0-  3cf4f in the Hartree-Fock-Pauli (HFP) ap
proximation and calculation of the cross section for the 
photoionization of the 3d shell. In the last section we 
discuss the results and conclude that collapse of the 4/ 
electron in the configuration 3</*4/ takes place, at least 
partially, in the transition from Xe to Cs*.

2. 3d  ABSORPTION AND EMISSION SPECTRA OF I- , 
Cs+, Ba2* AND la 3t

We have measured the absorption spectra of alkali 
iodides and of the halides of cesium, barium, and lan
thanum in the spectral region from 600 to 1100 eV. The 
measurements were performed with an RSM-500 x-ray 
monochromator spectrometer, with a glass diffraction 
grating (600 lines/m m , curvature radius 6 m). An x-
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FIG. 1. Af,_ j absorption sp e c tra  of I * in  alkali iodides.

ray tube with a tungsten anode operated at 5 kV and 90 
mA. The higher orders of the bremsstrahlung were 
suppressed by a focusing mirror. The x-rays were re
gistered with an argon-methane flow-through propor
tional counter having a nitrocellulose window. Thin 
films of the investigated substances, whose thickness 
was measured with the aid of a quartz oscillator accur
ate to -20%, were evaporated on the nitrocellulose 
films in vacuum in the measuring chamber of the spec
trometer. The width of the spectrometer slits  was 15 
vm , thus ensuring monochromatic radiation in the em
ployed spectral range with intensity -1000 quanta/sec 
and a spectral gap width ~2 eV.

The absorption sectra in the region of the Mt  ,(3d) 
edges of iodine, cesium, and barium are shown in Figs.
1, 2, and 3. In all cases there is  a well pronounced al
beit not very rich near-edge structure. The general 
form of the spectra is  practically independent of the 
second component of the compound, and the chemical

FIG. 2. Mt  I absorption sp e c tra  of Cs* in cesium  halides.
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FIC. 3. Aft 5 absorp tion  s p e c tra  of Ba1'  in barium  halides.

sh ifts  do not exceed  1.5 eV . T h is  d e m o n stra te s  con
vincingly th a t the m ain  s tru c tu ra l  s in g u la r itie s  of the 
sp e c tra  a r e  of q u as i-a to m ic  c h a ra c te r . They c h a ra c 
te r iz e  the co rresp o n d in g  ion, which is  possib ly  slightly  
pertu rb ed  by the c ry s ta l  f ie ld . T h e re fo re  in f i r s t - o r d e r  
approx im ation  we can u se  the p re sen ted  s p e c tra  to d is 
c u ss  the op tica l tra n s i tio n s  of the 3d e le c tro n s  in the 
co rrespond ing  iso la ted  ions .

F or a  de ta iled  in te rp re ta tio n , the sp e c tra  of the iso e l-  
ec tro n ic  ions Г , Xe, Cs*, Ba2* and La3* a re  gathered  
to g e th er in F ig . 4 . The Xe sp ec tru m  w as borrow ed 
from  R ef. 9 . The pho toabsorp tion  c ro s s  sec tio n s  a re  
m arked  on the o rd ina te  sca le  in the sam e sca le  for a ll 
ions . The sp e c tra  have the sam e energy  sc a le , the or
igin of which co inc ides  with the binding energy  of the

«J., Mb

FIG. 4. P a r tia l photoabsorption c ro s s  sections of the 3d shell 
of xenon-llke lone. The sp e c tra  coincide In position at the Ion
ization  energ ies of the 3d f/j  shells  of the corresponding  Ions 
(see tae text), namely 620, 676, 735, 802, and 871 eV fo r I ”, 
Xe, Cs* , Ba2* , and La3*, respec tive ly . The th eo re tica l val
ues (see the table) of the in tensities  (decreased by a facto r 1.3) 
and of the energ ies of the 3rf10 — 3d*4/ lines are  m arked by 
v e rtica l lin es , whiie the th eo re tica l ionization energ ies a re  
m arked by a rro w s.
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3difl electrons in the corresponding free ions (the nu
merical values of these energies will be estimated in 
the next section).

In their general appearance, the considered spectra 
are clearly divided into two groups. In the case of Г 
and Xe, the broad smooth maxima are located beyond 
the ionization threshold, and with further distance from 
the threshold the absorption decreases, but still re
mains appreciable. For Cs*, Ba1*, and La5*, two in
tense relatively narrow maxima below the ionization 
threshold predominate in the spectrum, and the absorp
tion in the region of the continuous spectrum is much 
weaker than in the cases of I* and Xe.

Proceeding to an interpretation of these regularities, 
we note first that the doublet structure separated in all 
the spectra is  due to the spin-orbit splitting of the 3d 
shell. This is  evidenced by the proximity of the energy 
intervale between the components of the doublets and 
the energies of the spin-orbit splitting of the 3d shells 
obtained by photoelectron spectroscopy (see, e. g.,
Ref. 10).

There are good theoretical grounds for assuming that 
the absorption spectrum of Xe is  determined entirely 
by transitions of 3d electrons into a continuum of /  
states, i. e ., by 3 d - / ,  transitions and that their transi
tions to the p state have small oscillator strengths.11 11 
Since the f  states are retained by the intra-atomic po
tential barrier in the region of the outer potential well, 
the transitions 3d - с /  become effective only at energies 
sufficient for the /  wave to penetrate into the inner well, 
and this leads to a quasiresonant concentration of the 
oscillator strengths of the transitions in the region 
above the ionization threshold.

Since Z , and hence also |V ( r )  | ,  is sm aller in the case 
of Г than In the case of Xe, this interpretation can also  
be used with assurance for the corresponding spectra 
of the rare-earth atoms (see, e . g., Ref. 13). Inasmuch 
as in the latter case the oscillator strength stems pri
marily from 2d -  4 / transitions and the 3 d -  t f  channel 
is  already much le ss  effective,14 it must be concluded 
that the clearly pronounced doublets in the initial re
gions of the spectra of Cs*, B a*, and La3* are due to 
3d -  4 / transitions.

Thus, a qualitative analysis of the spectra presented 
in Fig. 4 leads to the conclusion that a collapse of the 
4/ orbital in the configuration 3</®4/ takes place on going 
from Xe to Cs* and Baa*.

Figure 5 shows the emission , spectra of Cs’ (in 
CsCl), BaJ* (in BaF,), and La3* (in LaF,). They were 
measured, as usual, by nibbing in the objects into the 
surface of the anode (Cu or Al) of the x-ray tube of the 
spectrometer. To display the effects of self-absorption 
of the radiation in the objects, the spectra were mea
sured in several regimes. Figure 5 shows the spectra 
measured in two regimes, of which the "weak” and the 
“strong" ensure respectively maximum and minimum 
self-absorption. The low-energy part of the spectra 
contains the so called diagram lines corresponding to 
the transitions ЗсРЬр*- 3d105p5. The high-energy part 
of the spectra is  at resonance with the absorption spec
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FIG. 5. Л/) 5 em ission  sp ectru m  of the Ions Cs*, Ba2*, and 
LaJ* in Ionic compounds under s tro n g  (3 kV, 20 mA) (2) and 
weak (1 kV, 10 mAl (1) excitation reg im es; 3—absorption 
s p e c tra . The o rd inate  sca le  Is lin ea r in re la tiv e  un its .

FIG. 6. V aria tion  of tbe average d istan ce  of the collapsing 4/  
e lec tro n s  from  the nucleus In the Isoelectron ic  Xe sequence In 
the configuration 3d*4/ (1) and 4d*4/ (2), determ ined  by the 
solutions of the H artree -F o ck  equations fo r the 1P  te rm  (a) and 
fo r the average energy (b).

tra and is  strongly deformed by self-absorption effects. 
This part of the spectrum is  due to radiative decay of 
the bound excited states. In the case of La1* and Ba** 
they coincide quite accurately with the corresponding 
absorption bands, and their intensity exceeds that of 
the diagram lines. This makes it undoubtedly possible 
to attribute them to the transitions 3<P\f— 3d10 and thus 
confirm the conclusion drawn above that in Las* and 
Ba2* the orbital 4 / in the configuration 3<f*4/ is localized 
in the region of the inner potential well.

In the case of Cs', the high-energy part of the em is
sion spectrum is a broad structureless band that ex
tends over dozens of electron volts in the absorption 
region in the 3d shells. Similar bands were observed 
by us in the Nt 5 spectra of emission of lanthanides.19 
We interpret this band as being due to radiative decay 
of the 3rf®4/ configuration of the С s' ions. It is consid
erably broadened because of the large probability of 
nonradiative decay of this configuration.

3. INFLUENCE OF COLLAPSE OF 4 f  ELECTRON ON
THE TRANSITIONS 3d10 -* 3d*4f

We shall consider theoretically the transitions 3d10
-  3rf“4/ in the Hartree-Fock-Pauli (HFP) approximation 
(the relativistic effects are taken into account in first
order of perturbation theory with Hartree-Fock wave
functions starting with Breit operators in the Pauli 
form). The effectiveness of this approximation in the 
calculation of the energy characteristics of the inner 
electrons was demonstrated in Ref. 16. The solution of
the Hartree-Fock equations makes it possible to deter
mine sufficiently accurately the values of Z at which
collapse of the excited electron takes place (see Table 
П of Ref. 17). The radial wave functions were defined 
as the solutions of the Hartree-Fock equation for the 
average configuration energy (HF-ас), and also as so

lutions for individual terms (HF-t). In the lattercase, 
however, the terms corresponding to the f.S-type coup
ling (in the Hartree-Fock potential only the terms of 
the electrostatic interaction are taken into account), 
which is not at ail similar to the real type of coupling, 
close to the j j  coupling, in the 3rf“4/ configuration.

The results of the calculations are shown in Fig. 6 
and in the table. The average distance of the 4 / electron 
from the nucleus changes upon collapse of the orbit by 
approximately one order of magnitude. Its values, 
determined by the functions HF-av and HF-t (theJP and 
’£> terms) are very close and therefore the latter are 
not cited separately. For Xe (non-collapsed 4 / electron) 
and BaJ* and La3' (collapsed 4/ electron) the results of 
the solution of the HF-av and HF-lP equations are prac
tically identical. A substantial dependence on the term 
is observed only for С s': according to the solutions of 
the equations HF-av, the collapse of the 4 / electron has 
already taken place, while according to the HF-1.? solu
tions it has not yet occurred.

TABLE I.

/ Ü *v s. eV
e(3

HF НГР estimate HFP experiment
Mb

f 'P 0.72 676.3 17-10'*
Xe { 687,6 877.1 6764 lP 0.28 676.3 - 4.1 10-«

I *D 0.63 888.7 - 2-t 10-»
f *P -0.06 734.8 _ 23-10'*

Ca* j 749.8 738.6 737.0 -0.65 738.0 735.5 2.67
I lP 0.76 7514 750.0 3.71

( •P -0,48 73-4.6 .. 2.1 10-»
'P 0.63 735.3 3JJ-10-4

I 'D 0.62 748.3 - 3.5 10-*
r *P -0.06 784.0 _ 3.3 to-*Be** J 815.8 803.8 802.0 *0 0.59 788.6 785.0 3.21
1 'P 0.81 803.7 801.5 6.17
[ *P -0.05 833.2 _ 2.7-10-*

U1* ( 885Л 8715 >.0 0.56 838.8 835.0 3.45
I 'p 0.82 855.6 852.5 7.S5
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A comparison of the average distance for the con
figuration 3<f®4/  with the corresponding results4 for 
4d®4/ shows (Fig. 6) that collapse in the isoelectronic 
sequence of 3d®4/ proceeds more rapidly with changing 
Z , and complete collapse, both in the HF-av and HF-t 
approximations, is completed one term of the series 
sooner. In the case of a collapsed electron, the local
ization of the electron is highly sensitive to the change 
of the potential, and therefore for the transition cases 
(C s* -  3</®4/ and С s ' , BaJ* -  4tf®4/) refinement of the cal
culation (allowance for the wave functions of the spin- 
orbit interaction, and for the correlation and relativis- 
tic effects in the calculation) can change the results 
somewhat.

Localization of the radial wave function influences 
strongly the integrals of the electrostatic interaction 
between the 3rf® and 4 / shells, the spin-orbit interaction 
constant t)4/, and the integral of the dipole transition 
(3d \r  14/). They are changed by 3 -5  orders of magni
tude by the collapse. At the same time, the spin-orbit 
interaction constant r)l t  is practically independent of 
the localization of 4 / electron.

The wave functions in the intermediate type of coup
ling were determined in the basis of the LS-coupling 
functions and designated (LŠ | in accord with the leading 
component in the expansion. The intensity of the dis
crete transitions 3<f10lS -  3dP\f is  then proportional to 
the square of the coefficient of expansion of the function 
(LŠ I for the component (?P |- (1 S  |1jP)3. For the Cs* ion, 
a calculation of the intensity was carried out both with 
the wave function HF-lP and with the function HF-av.
In the remaining cases, the function HF-av was used.

The binding energies I(3di/2 ) of the 3dt/1 electrons in 
the energies of the dipole transitions 3d10 — 3rf*4/ were 
determined as the differences between the correspond
ing total energies

E (L S )-E {3 d '4 tL S )-E (3 d ,‘).

E xpe rim en ta l e s tim a te s  of the binding en e rg ie s  w ere 
obtained in the following m a n n er. F o r  the Xe a tom s 
th e ir  d ire c t m e asu rem en ts  by the pho toe lec tric  sp ec
tro sco p y  m ethod .10 F o r  the С 8* and Ba2* ions we used 
the quality

1 (3d.,,) ,) -*-/(äp).

The en e rg ie s  of the Л?5Оа 3 lines  w ere taken from  the 
M , 5 em issio n  spectra. (F ig . 5). the ionization  po ten tia l 
I(bp) fo r C s- w as taken  from  R ef. 18, and fo r Ba2* from  
the ta b le s  of R ef. 19. The ca lcu la ted  en e rg ie s  of the 
p rin c ip a l t ra n s i t io n s  3d‘° -  3d*4f ag reed  with the m ea
su red  ab so rp tion  peaks in С s ' , Ba2* and La1* ac cu ra te  
to  se v e ra l e le c tro n  v o lts . The deviation  is  d e term ined  
from  the c o rre la tio n  e ffec ts  and from  the inadequacy of 
the m odel of the f r e e  ion in the ionic c ry s ta ls  have the 
sam e sign  and app rox im ate ly  the sam e m agnitude a s  
fo r the binding e n e rg y .

Upon co llap se  of the 4 / e lec tro n , the in te n s itie s  of 
the ground 3d10 -  3d94 /  lin es  change by six  o rd e rs  of 
m agnitude . F o r  Xe (and a ll the m ore  fo r I") th e se  tr a n 
s itio n s  take not p a r t w hatever in the fo rm ation  of the

absorption spectra. For Ba9* and La1*, the calculation 
already predicts a dominant role of the discrete transi
tions. For the Cs* ion, as expected, the results with 
HF-av functions and with HF-‘lP functions (Cs** in the 
table) differ greatly. In the former case the Cs* spec
trum is similar to the spectra of Ba1* and La1*, and in 
the latter case to the Xe spectrum. Comparison with 
experiment (the results of the calculation are represen
ted by the vertical lines in Fig. 4) shows that more ad
equate results are obtained with the first variant. This 
is attested both by the energy postions of the M, , peaks 
and by the ratio of their intensities.

Thus, atomic calculation confirms the conclusion 
drawn above that for С e*, Ba1*, La1* the and principal 
absorption peaks are connected with the transitions 3d10
-  3d*4f .  The experimentally observed redistribution of 
the oscillator strengths among the continuous and dis
crete spectra in the ioelectronic sequence Г -X e-C s*- 
Ba^-La1* is  direct evidence of the collapse of the 4/ 
electron in the 3d*4f  configuration in the middle of the 
sequence.

4. CALCULATION OF THE 3tf-SHELL 
PHOTO IONIZATION CROSS SECTIONS

The collapse of the 4 / electron should be accompanied 
by a drastic change in the 3d- shell photoionization 
cross section. As shown by Amus’ya and co-workers,20 
for atoms of inert gases and of their neighboring ele
ments (i. e ., for Z values near which collapse of the 
excited electron as well as the associated change in the 
free-electron function take place), it is  important to 
take into account multi-electron effects in the calcula
tion of the photoionlzation cross sections. Therefore 
the results presented below on the calculation of the 
3d photoionization in the single-electron approximation 
are more readily estim ates.

The calculations were performed using the tabulated 
single-electron orbitals of Herman and Skillman .21

The volume potential was reduced to a local form by div
iding the exchange term of the Hartree-Fock equation by 
the solution of the inhomogeneous equation. The free- 
electron functions were calculated both in the frozen 
field of the atomic core and with allowance for the re
laxation of the core (this was approximately taken into 
account by using for the outer electron shells the Her- 
man-Skillman wave functions of the next atom in the 
periodic system, while the orbitals of the considered 
atoms were used for the 3d and deeper shell). As noted 
in a number of papers (see R efs. 22, 20 and others), 
allowance for the relaxation of the core in the single- 
electron approximation at low energies of the photoelec
tron usually gives a better approximation.

The results using the ionization energies of the pre
ceding section are shown in Fig. 7. It is  important 
that the character of the photoionization spectrum in the 
considered isoelectronic sequence changes qualitatively. 
A quasiresonant structure exists for Г, Xe, and Cs* 
appearing for Cs* only when the relaxation of the core 
is  taken into account. For the succeeding elements it 
vanishes—this can be attributed to the vanishing of the
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FIG. 7. P a r tia l photolonlzatlon c ro s s  sections of the 3d shell 
of xenon-like Ions with (1) and without (2) allowance for the r e 
laxation of the atom ic co re ; 3—m easured  absorption sp ec tra .

effective potential varrier for the z f  states with in
creasing degree of ionization.“ T hs calculated quasi- 
resonant structure in the 3d — z f spectrum of Cs* is s i
milar to the experimental spectrum (see Fig. 4), but it 
is  more probable that this a pseudoresonance due to the 
inaccuracy of the model, just as in the case of calcula
tion of the photoionization of the 4d shell in the single- 
electron approximation.“  On the other hand, the re
sults of the calculation with a nonrelaxed core can ex
plain the additional maximum in the Cs* spectrum on 
the high-energy side of the maximum В (another addi
tional maximum may be masked by the maximum A). 
This would be evidence of simultaneous manifestation 
of both for absorption channels in the case of a collaps
ing 4 / electron.

5. CONCLUSIONS

The results presented above demonstrate convincingly 
that the model of the isolated ion is  suitable for the in
terpretation of the main singularities of the 3d absorp
tion and em ission spectra of the xenon-like ions Г, Cs*, 
B a*, and La3*, which are contained in compounds with 
high degree of ionicity. The influence of their sur
rounding probably manifests itself to a greater degree 
in the spectral region beyond the ionization threshold of 
the 3d shell.

A comparison of the measured spectra with one an
other and with results of the calculation shows also that 
the 4 / electron in the 3cf®4/ configuration is  localized 
in the outer well of the effective potential in the case of 
the Г ions and Xe atoms, and in the inner well in the 
case of the ions Ba2* and La3*. This spatial redistribu

tion of the charge density of the electron leads to a sub
stantial redistribution of the oscillator strength from 
the continuous region of the 3d absorption spectrum into 
the region of discrete transitions.

The transition element from the point of view of the 
collapse of the 4 / orbital in the 3d*4f  configuration is  
cesium, whose 3d  absorption spectrum and its inter
pretation on the basis of a calculation in the HFP ap
proximation support the conclusion that in the case of 
Cs* the collapse has already taken place. An approxi
mate single-electron calculation of the photoionization 
cross section points to the possibility of the appearance 
of transitions of a type id  -  z f  in the 2d absorption spec
trum of Cs‘ , but the similarity of this spectrum to the 
corresponding spectra of Ba3* and La3* indicates that 
the main structure in the Cs* spectrum is  due to dis
crete transitions 3d10 -  3rfa4/. The form of the 3d em is
sion spectra of Cs* in cesium halides agrees with this 
conclusion if it is  assumed that the nonradiative decay 
of the 3^*4/configuration has ahigh probability.
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The L j , emission and absorption (or photoelectric quantum yield) spectra of K* in KF. K Q , K.Br and KI, of 
Ca1* in CaFj and CaCl„ and of Scl+ in Sc,0] are measured (in part by using synchrotron radiation). It is 
shown that the onset regions of the absorption spectra are characterized by intense bands which have resonant 
partners in the corresponding emission spectra; these bands are associated with the 2 p -id  transitions in the 
free ions K*, Ca” , and Sc1*. Comparison of the L u  spectra of the isoelectronic sequence of argon-lilte ions 
(from Cl to Sc1*) shows that id  electron collapse in the lp 'id  configuration occurs in this sequence in the 
transitions Ar—»K*—Ca1*.

PACS numbers: 78.55.Fv, 72.40. +  w

1. INTRODUCTION

The nonmonotonic change in the energy and spatial 
characteristics of electrons with large orbital angular- 
momentum quantum numbers (I * 2) as the atomic num
ber of effective charge increases is one of the most in 
teresting patterns associated with the build-up of atomic 
electron shells. The possibility of an abrupt contrac
tion of the radial wave function, accompanied by a sharp 
increase in binding energy—the so-called electron (or 
orbital) collapse—is explained by the characteristics of 
the effective potential for such electrons.1*4

The collapse of an excited nl electron is apparent 
in two aspects In spectroscopic measurements. Firstly 
due to the increase in binding energy, the terms of the 
configuration with the collapsing electron sharply drop 
along the energy scale, crossing levels of other con
figurations. Secondly, due to contraction of the collap
sing orbital, Its overlap with subvalence orbitals lo
cated near the nucleus is increased; therefore the oscil
lator strengths of the corresponding transitions in
crease greatly.

The latter circumstance was used in the preceding 
work4 to expe rim en ta lly  es tab lish  4 /-e le c tro n  collapse. 
In this work we use it to study 3 d -elec tron  collapse (tn 
the 2ps3d configuration  in the isoe lec tron ic  sequence of 
a rg o n -lik e  ions), which according  to th eo re tica l esti
m a te s 3,5 has a num ber ol p ec u lia r itie s . We have p ro 
ceeded from  the p rem ise  es tab lished  in recen t years 
tha t the basic  c h a ra c te r is tic s  of the absorp tion  sp ec tra  
asso c ia ted  with tra n sitio n s  from  subvalence sh e lls  of 
atom s o r  ions (especially  positive ions) a re  p re se rv ed  
when they a re  introduced into com pounds,6-8 and we have 
investiga ted  the L 2 3(2p) absorption  and em ission  s p e c 
tr a  of КГ, Ca2', and Sc3' in a num ber of com pounds.

2. EXP ER IM EN T A L PART

The s p ec tra  w ere  m easu red  using an RSM-500 x -ray  
sp e c tro m e te r-m o n o ch ro m a to r. Synchrotron radiation  
from  the V E PP-2M  s to rag e  r in g . Institu te  of N uclear 
P h y sic s , S iberian  Branch of the USSR Academ y of S c i
en ces, was used  fo r m easu rem en t of the д(ЛИ ab so rp 
tion sp e c tra . In som e ca se s  instead  of the ß (h v) s p e c 
tra  we m easu red  the pho toe lec tric  quantum -yield  (e le c 

tron emission) spectra *(hu), using the bremsstrahlung 
of the tungsten target cathode. The validity of such a 
substitution in study of the structure of the ß{kv) spec
trum is  well known and widely used when direct mea
surement of ji(Av) is  impossible or inexpedient.* The 
x(Av) spectra were measured relative to Csl, which does 
not have any appreciable structure in the region under 
study.10 Instrument resolution for the fi(hi/) and h(*v) 
spectra was 0. 3 -0 .6  eV.

In the case of the KC1 absorption spectrum, it proved 
to be necessary to correct for scattered radiation; tak
ing this into account (by measuring the transmission of 
КС1 plates of different thicknesses with various detectors) 
we could refine the values of ji in the region of the prin
cipal maxima.

In the measurement of the emission spectra Hhv), 
the samples were attached in the form of thin sheets to 
copper plates serving as the target cathode of the x-ray 
tube, and were covered with thin aluminum sheets 
which provided for some deceleration of the exciting 
electrons (in order to reduce reabsorption) and for 
protection from radiolysis in the more powerful operat
ing regimes of the tube. The resolution was on the 
order of 1 eV.

On Fig. 1, we present L, ,  absorption and emission 
spectra of K* inKCl, of Ca'2 in CaF,, and of Sc3* in 
Sc,0, [in the latter case, the х(Лу)spectrum is  given 
instead of the pihv) spectrum]. All the absorption 
spectra start with several intense and narrow (intrin
sic half-width about 0. 2-0 . 3 eV) maxima, followed by 
a less intense structure. In the low-energy regions of 
the emission spectra, there are broad maxima associ
ated with transitions from the valence band of the cor
responding crystals, and in the high-energy region 
there are bands which are resonant with the primary 
absorption bands.

On Fig. 2 we present the x(Ai/)spectra of potassium 
halides in the Lt 3 absorption region of K*. It is evi
dent that in the case of КС1, the nfav) spectrum dupli
cates the shape of the p(hv) spectrum in Fig. 1 quite 
well (taking Into account the slightly lower resolution), 
and that the basic details of the onset region of the 
spectra are not very sensitive to the particular com-
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FIG. 1. bt' j emission spectra (dashed lines) and absorption 
spectra (solid lines) of potassium in KCI, calcium in CaFJt 
and scandium in ScjOj (in the latter case, the к (Ли) spectrum 
Is given instead of the;»(Ли) spectrum—see text).

pound. Still greater similarity is observed for the ab
sorption spectra of CaF, and CaCl,.

The general features of our spectra agree with x(*i/) 
•pectra of KCI and CaF, given in papers by other au- 
thorв, , •1,; but due to the substantially higher resolution 
(achieved primarily as a result of the use of synchro
tron radiation), our spectra contain significantly more 
detail. The L, , emission spectrum of Ca* * in CaF, 
given by Nemoshkalenko el a l. 11 does not have bands 
which are resonant with the absorption bands—appa
rently due to an insufficient decrease of the self-ab- 
eorptlon effects.

3. DISCUSSION OF RESULTS

The high intensity of the structure in the onset re
gion of the ß(hv) and x(/iu) spectra presented in Figs.

TABLE I. Ionization energies of the shell, 2p-3d, 4s 
transition energies in free argon-like ions and energies of 
the corresponding maxima in the L, , absorption spectra 
of ionic crystals.

Ar
E xperim en t (Ref. 16) K*KCI

Ca**
CaP,
Sc**
Sc,0,

£;L:—Ы) •) riL:

246.9
246.0
297.4
296.4
347.5
349.1
400.6 
403.8

2 ;o.o
248.9
300.1
299.2
351.1 
ЗЛ2.4
403.1 
'.08.0

350.6

410.6

246.3
246.4
298.4

354.2

415.1

HG. 2. Fbotoemission quantum yield >dhv) spectra of potas- 
•ium halides in the .L,tJ-edge region of potassium.

1 and 2, both in absolute units and relative to the struc
ture in the higher energy region, does not leave any 
doubt that the intensity is due to dipole-allowed transi
tions—i.e., 2p-d  and 2p-s  transitions. In order to 
further interpret this structure, it is  first of all neces
sary to establish if the wave function of the final state 
is primarily determined by the potential at the absorb
ing ion (in which the initial state is localized) or by the 
solid-state.potential created by the environment.

It was shown above that experimental and theoretical 
information accumulated in recent years leads to the 
conclusion that both the ground and excited states of the 
cations in ionic crystals are determined primarily by 
the internal potential, and the so-called “solid-state 
effects” must be taken into account only In successive 
approximations.

Our work confirms the correctness of this point of 
view. In Table I we give a comparison of the energies 
of the two most intense maxima of the L,_3 absorption 
spectra of K* in KCI, Ca‘*ln CaF,, Sc** in Sc,0 , and Ar 
with the energies of the 2p-3d  and 2p-4s  transitions in 
the free K*. Ca1*, and Scs* ions and in the Ar atom, 
obtained according to the so-called ".Z  + 1 scheme" 
(equivalent-cores approximation) as the difference 
between the ionization energy of the L, , shell of the 
free ion (or atom) with the given Z [£(2., ,)) and the 
binding energies of the 3d and 4s levels of the Z + 1 
ion [£(3<f, 4s)]. We may estimate £(£,_,), using data 
on energies of atomic levels11 and ionization potentials 
(Ref. 14, p. 20); £(3d, 4s) are tabulated.li For Ar we 
also present results of direct experimental determi
nation“ of E{L2 j), E{2p-3d), and £(2p-4s). It is evi
dent from Table I that the energy estimates found for 
transitions in free ions (accurate to within 1-3 eV) 
coincide with the energies of the most intense maxima 
of the corresponding solid-state absorption spectra. 
Consequently, the energetics of the transitions under 
consideration in ionic crystals are determined pri
marily by the energetics of the corresponding transi
tions in free ions. We also note that the principal 
maxima of the K'and CaJ* absorption spectra presented 
here agree within 0. 5 eV with the principal maxima of 
the Lj j absorption spectra of potassium and calcium 
vapors, as measured in Ref. 17.

If the final d and s states of the transitions under 
consideration were to be transformed into conduction- 
band states of the corresponding crystals, it would be 
extremely difficult to explain the similarity of the KCI 
spectrum to the KF, KBr, and KI spectra (Fig. 2) and
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FIG. 3. Photoabsorption c ro ss  sections of the argon-like 
ions Cl", Ar, K*. and Can  la  the l 1i j-edge region.

i t s  sh a rp  d iffe rence  from  the L ,i3 sp ec tru m 1’ of СГ in 
KC1 (F ig. 3) and the M , , sp e c tru m 1» of K* in KCt.

Thus, the onset structure of LJ3 absorption spectra 
of K", Ca1*, and Sc3* in ionic crystals is determined 
primarily by the 2p -  3d and 2p -4 s  transitions in the cor
responding free ions. From Table I it follows that a 
fundamental role is played there by the 2p-3d transitsone. 
The Ip -A s  transitions may play some role in the K* 
case; their intensity is low, however, indicated by the 
Ca1* and Sc** spectra (in which the energies of the 
2p*3d and 2p*4s configurations differ appreciably). 
Furthermore, in the hydrogen model of the atom, 
the oscillator strength of th ep -d  transitions exceeds 
the oscillator strength of the p - s  transitions by an or
der of magnitude.18

A more detailed interpretation of the spectra pre
sented is not essential from the point of view of this 
work. In order to carry out such an interpretation, 
detailed calculations are necessary, with account taken 
of several types of interactions having sim ilar orders 
of magnitude (spin-orbit splitting of the 2p shell), 
splitting of 3d levels In the crystal field, electron-hole 
interaction, mixing of 2p’3d and 2p’4s configurations).

Let us proceed onward to a discussion of spatial 
localization of 3d orbitals in the 2ps3d configuration in 
the ions under consideration. First of all, we note 
that for Sc, even in the ground state, the orbital is 
localized within the inner electron shell region (Ref.
14, p. 28)—i.e., it is collapsed. The high intensity 
of the 2p-3d  transitions and the presence of resonant 
bands on the x-{hv) and I(hv) spectra observed in our 
work correspond to this. An analogous situation in the 
n ihv)  and I {hv) spectra of K* and Ca’* ions is evidence 
that 3d-orbital collapse has already occurred in these 
ions.

In o rd e r  to study the dynam ics of 3 d -e lec tron  co llap se  
in the isoelec ton ic  sequence of arg o n -lik e  ions, we p re -

846 Sov. Phys. JETP 52(5). Nov. 1980

sent together In Fig. 3 the L, , absorption spectra of 
СГ (in KCl-Ref. 18), Ar(Ref.‘ 16), K* and Ca’*, given 
as plots of the photoabeorption cross section a vs. pho
ton energy. The dashed line indicates the Ionization 
energy £ ( ! ,)  of the L 3 subshell of the corresponding 
free ions (see Table I). Of course, £(!>,) is  not the 
energy separation between the L, subshell and the bot
tom of the conduction band in the crystal. It is  given 
to demonstrate the change in binding energy of 3d states 
in the ions. The fact that the first maxima of the L, , 
spectrum of C1‘ in KC1, having an exciton character, 
are located above E(L,) shows that the free-lon approxi
mation is not applicable to the interpretation of spectra 
of anions In Ionic crystals. Nevertheless, the envelope 
of the Lj j absorption spectrum is sim ilar for all 
chlorides" and reflects to some degree the properties 
of the a(hv) function for the free Cl* ion.

From Fig. 3 it is  evident that the spectra for Cl* and 
Ar are radically different from the spectra for K*and 
Ca’*. These measurements are interpreted well from 
the point of view of 3d-ort>ital collapse in the ions of the 
sequence under consideration. Since these orbitals are 
located far from the nucleus (in the case of С Г  and Ar), 
the maximum of the photoabsorption cross section is 
attained in the continuum region of the spectrum. As Z 
increases, the oscillator strength is  shifted closer to 
the absorption threshold and Increases in absolute mag
nitude. On going to К *, the role of the 2p-3 d  transitions 
sharply increases; they completely dominate in the spec
trum. In the case of Ca1*, the pattern is primarily the 
same, but the intensity of the principal maxima in
creases even more. The intensity of the resonant 
emission bands increases in the same direction (Fig.
1). All of the data presented show that the sharp con
traction of the 3d orbitals begins on going from Ar to K* 
and is continued on going from K* to Ca1*.

Thus, the data presented show that. In the isoelec
tronic sequence of argon like ions, 3d-orbital collapse 
in the 2p*3d configuration occurs In the Ar — K* — Ca1* 
sequence. It occurs somewhat more slowly than the 
4/-orbital collapse in the sequence of xenon-like Ions, 
as was predicted by theory. *•*

Application of the above discussion to experimental 
data of Barinskll and Kulikova93 leads to the conclusion 
that 4d-orbital collapse in the 2p’4d configuration oc
curs in the Isoelectronic K r-Rb* - S r 2* sequence of 
krypton-llke ions.

According to the solid-state classification of e lec
tronic excitations, the intense maxima at the thresh
old of all the spectra under consideration correspond 
to the so-called x-ray excitons. The energy separation 
between the L , subshell of the cation and the bottom of 
the conduction band, estimated on the basis of data 
from x-ray photoelectron and optical spectroscopy. Is 
about 299 eV and 352 eV respectively In potassium and 
calcium halides. The fact that such excitonic states 
differ little from the corresponding free-ion states is 
well understood on the basis of the picture presented 
above for 3d-orbital collapse. The radius of such an 
orbital (according to the maximum of the charge den
sity distribution) for Z *  20 is about 0.8 A—i.e ., about
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equal to  the radius of the inner 3p shell of the ion in the 
ground state (Re'f. 14, p. 31). The 2 p -3d transition 
occurs practically within the cation (the ionic radii of 
K*, Ca’ *, and Sc’* are respectively 1.3, 1.0, and 0.8 A)- 
Therefore for such transitions, the situation on the 
crystal is not much different from the situation in the 
free ion, and the effect of the environment may be 
considered as a perturbation (for example, within the 
framework of ligand field theory). This was confirmed 
for the 3p spectra of and the 4p spectra of Rb* in 
alkali halide compiunds.” 1*4 The situation is different 
in the case of s -p  and/)-s transitions; in K*, for example 
the I s —4P transition leads to almost a three-fold in
crease in the ionic radius, and the radius of the excited 
free ion already exceeds the radius of the cation sphere 
in the crystal. Solid-state effects are already significant 
in the corresponding spectra.
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X-RAY ABSORPTION NEAR EDGE STRUCTURE (XANES) FOR KCI

R . V .V e d r in s k i i , L .A .B u g a ev , I . I .G e g u s i n ,  V .L .K ra izm a n , A .A .N o v a k o v ic h  
and S .A .P r o s a n d e e v  

I n s t i t u t e  o f  P h y s ic s ,  R o sto v  S t a t e  U n i v e r s i t y ,  P r o s p e k t  S t a c h k i  1 9 4 ,  
344090  R o sto v -o n -D o n , USSR

R .E .R u u s, A .A .M a is te  and M .A .E lan go  
I n s t i t u t e  o f  P h y s i c s ,  Academy o f  S c ie n c e s  o f  th e  E s to n ia n  SSR, R i ia  1 4 2 ,  

202 4 0 0  T a r tu , USSR

T h e  c l u s t e r  c a l c u l a t i o n s  o f  К and L2 3 ed ge  XANES o f  К and C l  
in  KCI w it h in  th e  m u l t ip l e  s c a t t e r i n g  th e o r y  fo r m a lism  « s in g  

n o n lo c a l  HF p o t e n t i a l s  w ith  abd w ith o u t  c o n s id e r a t io n  o f  c o r e  
h o le  f i e l d  w ere p er fo r m e d . For К s p e c t r a  th e  in f l u e n c e  o f  th e  
c o r e  h o le  p o t e n t i a l  i s  r a th e r  weak and th e  r e s u l t s  a r e  s i m i la r  

to  th o s e  o b t a in e d  w ith  Xa p o t e n t i a l s .  F or Lj j  s p e c t r a ,  p a r 
t i c u l a r l y  f o r  t h a t  o f  K+ , c o r e  h o le  f i e l d  l e a d s  t o  a  r a d i c a l  

r e d i s t r i b u t i o n  o f  o s c i l l a t o r  s t r e n g t h  c a u s ed  m a in ly  b y  th e  

s p a t i a l  rea rra n g em en t o f  d l i k e  s t a t e s .  C a lc u la t e d  XANES 
c u r v e s  show good o v e r - a l l  a g reem en t w ith  t h e  e x p e r im e n ta l  

s p e c t r a  ( th e  L2 ,3  a b s o r p t io n  o f  K+ in  KCI w as m easu red  u s in g  
th e  s y n c h r o tr o n  r a d ia t i o n  o f  th e  USSR Academy o f  S c ie n c e s  
s t o r a g e  r in g  VEPP-2M in  N o v o s i b i r s k ) .

(R e c e iv e d  15 J u ly  1982 by V.M .A g r a n o v ic h )

For a number o f  y e a r s  X -ray  ab 
s o r p t io n  n e a r  ed g e  s t r u c t u r e  (XANES) 
has b een  u se d  f o r  p r o b in g  e f f e c t i v e  
c h a r g e s  / 1 , 2 /  and th e  l o c a l  e n v ir o n 
m ent / 3 /  o f  a b s o r b in g  c e n t r e s  in  s o 
l i d s  and m o le c u le s .  U n lik e  th e  e x t e n 
ded X -ra y  a b s o r p t io n  f i n e  s t r u c t u r e  
(EXAFS) XANES i s  s e n s i t i v e  n o t  o n ly  to  
th e  c o o r d in a t io n  and bond le n g t h s  b u t  
th ro u g h  m u l t ip l e  s c a t t e r i n g  o f  th e  e x 
c i t e d  e l e c t r o n  a l s o  t o  r e l a t i v e  o r i e n 
t a t i o n s  and bond a n g le s  o f  th e  atom s  
su r r o u n d in g  th e  a b s o r b in g  c e n t r e  / 4 / .  
The e x t r a c t i o n  o f  su ch  " lo c a l  e n v ir o m  
ment" in f o r m a t io n  from  XANES, how
e v e r ,  seem s t o  be more c o m p lic a te d  
th an  from  EXAFS. So f a r  t h e o r e t i s t s  
h ave b een  m a in ly  c o n c er n e d  w ith  th e

The c r u c i a l  a s p e c t  o f  XANES c a l 
c u l a t i o n s  i s  th e  s e n s i t i v i t y  o f  conpu- 
te d  s p e c t r a  t o  d i f f e r e n t  app roxim a
t i o n s  o f  th e  p o t e n t i a l .  In  p a p er  / 5 /  
s e l f - c o n s i s t e n t - X o - e c a t t e r e d  wave 
(SC-Xa-SW) c l u s t e r  c a l c u l a t i o n s  o f  
th e  К s p e c t r a  o f  К and C l in  KCI w ith  
l o c a l  " m u ff in - t in "  (MT) p o t e n t i a l s  
w ere p r e s e n t e d .  H ere we p r o p o s e  a g e 
n e r a l i z a t i o n  o f  th e  SW m ethod t o  th e  
c a s e  o f  n o n - lo c a l  H a r tr e e -F o c k  (HF) 
p o t e n t i a l s ,  t a k in g  i n t o  a c c o u n t  th e  
p r e s e n c e  o f  c e n t r a l  s i t e  c o r e  h o le

ta s k  o f  a c c u r a t e  r e p r o d u c t io n  o f  e x 
p e r im e n ta l  d a t a .  In  s o l i d s  th e  c a l c u 
l a t i o n s  a r e  c o m p lic a t e d  by t h e  n e c e s 
s i t y  o f  a p r o p e r  tr e a tm e n t  o f  band a s  

w e l l  a s  c o r e  h o le  e f f e c t s .
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in  th e  f i n a l  s t a t e  and u s in g  th e  К 
and I>2 j  a b s o r p t io n  s p e c t r a  o f  KC1 
f o r  a  t r i a l .  T h is  g e n e r a l i z a t i o n  
tu r n s  o u t  t o  be e s p e c i a l l y  im p o r ta n t  

fo r  L2 3 s p e c t r a ,  w here th e  p h o to a b 
s o r p t io n  c r o s s  s e c t i o n  i s  m a in ly  a s s o 
c i a t e d  w ith  e l e c t r o n  t r a n s i t i o n s  t o  d 
s t a t e s  s t r o n g ly  in f lu e n c e d  by th e  e f 
f e c t i v e  p o t e n t i a l  / 6 / .

I t  h a s  b een  shown f o r  KC1 / 5 , 7 /  
t h a t  n e a r  th e  b o tto m  o f  th e  con d u c
t i o n  band th e  s , p and d p a r t i a l  d en 
s i t i e s  o f  s t a t e s ,  c a l c u la t e d  by Xa- 

-SW -m ethod f o r  3 - s h e l l  c l u s t e r s  

K.jClgK.jjClg and C ljK gC l^ K g«  a g r e e  w e ll  
w ith  th o s e  o b t a in e d  by th e  APW m eth od. 
T h is  a c co r d a n ce  i n d i c a t e s  a weak i n 
f lu e n c e  o f  th e  e x t r a c l u s t e r  r e g io n  
and j u s t i f i e s  th e  XANES c a l c u l a t i o n  
f o r  c l u s t e r s  w ith  c e n t r a l  atom  c o r e  
h o l e s .  The c a l c u l a t i o n s  in  / 5 /  r e s u l 
t e d  i n  a good  a g reem en t w ith  th e  mea
su r ed  К s p e c t r a  o f  К and C l b u t r e 
v e a le d ,  h o w ev e r , s t r o n g  d is c r e p a n c ie s  

w ith  1*2 2 s p e c t r a .  L a te r  a n a l y s i s  le d  
to  a c o n c lu s io n  t h a t  th e  main r e a s o n  
fo r  t h i s  f a i l u r e  i s  th e  u se  o f  Xa 
a p p r o x im a tio n  f o r  th e  p o t e n t i a l s .  I t  
i s  known / 8 /  t h a t  2p and 3p e l e c t r o n  
Xa o r b i t a l  e n e r g i e s  f o r  th e  t h i r d  

row e le m e n ts  in  th e  c a s e  o f  a*1 c o 
in c id e  w ith  i o n i z a t i o n  e n e r g i e s  ob 
ta in e d  a s  d i f f e r e n c e s  o f  t o t a l  atom -  
- i o n  HF e n e r g i e s .  T h is  means t h a t  in  
th e  l o c a l i z a t i o n  r e g io n  o f  2p and 3p 

o r b i t a l s  e l e c t r o n  s e l f - i n t e r a c t i o n  Is 

e f f e c t i v e l y  com p en sa ted  by th e  e x -  

c h a n g e - c o r r e la t io n  p a r t  o f  th e  p o t e n 
t i a l .  Such c o m p e n sa tio n  i s  u n n e c e s sa 
ry  f o r  f r e e  o r b i t a l s ,  s o  th e  Xa p o
t e n t i a l  i s  to o  s t r o n g  f o r  s t a t e s  w ith  
wave f u n c t io n s  d e e p ly  p e n e t r a t in g  i n 

t o  c o r e  r e g i o n .  The s i t u a t i o n  i s  i l l u s 
t r a t e d  i n  F i g . 1 ,  w here Xa p o t e n t i a l  
(a= 1) f o r  d s t a t e s  in  n e a r -r e s o n a n c e  

e n e r g y  r e g io n  o f  K+ io n  w ith  2p h o le  
i s  com pared w ith  th e  e f f e c t i v e  HF po
t e n t i a l  c a l c u la t e d  by S l a t e r  m ethod /8 / .*

F ig .  1 . HF (----- ) and Xa (--------- ) e f f e c 
t i v e  p o t e n t i a l s  fo r  d s t a t e s  o f  K+ 

io n  w ith  2p h o l e .

The i n c l u s i o n  o f  HF p o t e n t i a l s  i n 
t o  th e  SH XANES c a l c u l a t i o n s  im p l ie s  
th e  f o l l o w i n g  s t e p s :  ( i )  th e  d eve lop m en t  

o f  a  schem e f o r  c o n s t r u c t in g  th e  c l u s 
t e r  p o t e n t i a l  on th e  b a s i s  o f  HF p o t e n 
t i a l s  o f  i s o l a t e d  atom s ( i o n s ) ;
( i i )  th e  r e f o r m u la t io n  o f  SH m ethod f o r  
n o n - lo c a l  HF p o t e n t i a l s  and ( i i i )  th e  

d e v e lo p m en t o f  a  m ethod f o r  in c lu d in g  

m a n y -e le c tr o n  i n t e r a c t i o n s ,  w h ich  a llo w  
th e  a b s o lu t e  p h o to a b s o r p t io n  c r o s s - s e c 
t i o n s  in  th e  n e a r  e d g e  r e g io n  t o  be 
c a l c u l a t e d  p r o p e r ly .  Such programm can  

be f u l l y  r e a l i z e d  o n ly  f o r  i o n i c  c r y s 
t a l s ,  w here t h e  e l e c t r o n  d e n s i t i e s  o f  
n e ig h b o u r in g  io n s  o v e r la p  r a th e r  weak
l y  a n d , t h e r e f o r e ,  th e  n o n - l o c a l i t y  o f  
th e  p o t e n t i a l  can  b e  n e g le c t e d  i n  th e  
in t e r a t o m ic  r e g i o n .  B e s id e s ,  a s  th e  MT 
a p p ro x im a tio n  a p p l i e s  w e l l  t o  th e  KC1 
c r y s t a l  c o n s id e r e d  h e r e ,  i t  i s  r e a s o 
n a b le  t o  assum e th e  in t e r a t o m ic  p o te n 

t i a l  t o  be c o n s t a n t .
We c o n s t r u c t e d  th e  c l u s t e r  p o te n 

t i a l  in  th e  f o l l o w i n g  w ay . The p o te n 
t i a l  o f  an io n  in  an i o n i c  c r y s t a l  was



ta k e n  t o  d i f f e r  from  t h a t  in  a f r e e  io n  
by a  v a lu e  o f  ДЕ^, w h ich  i s  c o n s t a n t  in  

t h e  volum e o f  th e  i - t h  a to m ic  s p h e r e .  
C o n s e q u e n t ly ,  i n  th e  MT m odel o f  a c lu s 
t e r  th e  lo g a r i t h m ic  d e r i v a t i v e s  o f  r a 
d i a l  s o lu t io n s  f o r  th e  i s o l a t e d  f r e e  io n  
(ta k e n  a t  th e  r a d iu s  e q u a l t o  t h a t  o f  

th e  c o r r e s p o n d in g  MT sp h e r e )  can  be  
u se d  j u s t  s h i f t i n g  th e  e n e r g y  s c a l e  by 
th e  v a lu e  o f  ДЕ^. For th e  ground s t a t e  
c l u s t e r  6E^ i s  th e  c o r r e sp o n d in g  Made
lu n g  e n e r g y  EM- For th e  c l u s t e r  c o n t a i 
n in g  an io n  w ith  a c o r e  h o l e ,  ДЕ̂  ̂ f o r  
t h i s  io n  in c lu d e s  a d d i t io n a l  p o la r i z a 
t i o n  term  w h ich  can  be shown t o  be  
e q u a l t o  th e  t w ic e  M o t t - L i t t l e t o n  r e 
la x a t i o n  e n e r g y  / 9 / .  F or o th e r  io n s  o f  
th e  c l u s t e r  th e  p r e s e n c e  o f  a c o r e  h o le  

in  th e  c e n t r a l  io n  was in c o r p o r a te d  by 
a d d in g  t o  ДЕ  ̂ th e  scre en ed , c o r e  h o le  
Coulomb p o t e n t i a l  - 2 / e ^ r ,  b e in g  th e  
d i e l e c t r i c  c o n s t a n t  and r  th e  d i s t a n c e  

from  th e  c e n t r a l  i o n .  The p o s i t i o n  o f  
th e  MT z e r o  l e v e l  f o r  th e  p e r f e c t  c lu s 
t e r  was c h o s e n  in  su ch  a way t h a t  th e  
c a l c u l a t e d  e n e rg y  i n t e r v a l  b etw een  th e  
b o tto m  o f  th e  c o n d u c t io n  band and 3p 

l e v e l  o f  C l s h o u ld  be e q u a l t o  th e  e x 
p e r im e n ta l  band gap ( th e  e n e rg y  o f  r 1 
s t a t e  was d e te r m in e d  from  th e  KKR c a l -  

c ü l a t i o n  p erform ed  f o r  th e  Г p o in t  o f  

th e  B r i l l o u i n  z o n e ) . For th e  c l u s t e r  
w ith  th e  c o r e  h o le  th e  MT z e r o  l e v e l  
was s h i f t e d  by th e  v a lu e  -  j 2 / e e rd^r  
(h er e  V i s  th e  volum e o f  th e  i n t e r 

a to m ic  r e g io n  o f  th e  c l u s t e r ) , w h ich  
a p p r o x im a te ly  r e f l e c t s  th e  ch a n g es  o f  
in t e r a t o m ic  p o t e n t i a l  in  th e  v i c i n i t y  
o f  th e  a b s o r b in g  c e n t r e .  Now, knowing  
th e  lo g a r i t h m ic  d e r i v a t i v e s  (fou n d  by  
u s in g  th e  HF program  d e s c r ib e d  in  /1 0 / )  

and th e  p o s i t i o n  o f  MT z e r o  l e v e l ,  we 
w ere a b le  t o  c a l c u l a t e  th e  r e l e v a n t  
p h a se  s h i f t s  and th e  G reen f u n c t io n  
(GF) o f  p h o t o e le c t r o n .

To c h eck  th e  c o n s t r u c t e d  p o t e n 

t i a l  we c a l c u la t e d  th e  b in d in g  e n e r 
g i e s  o f  1 s ,  2p and 3p l e v e l s  o f  К and
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C l in  KC1 and fou n d  them  t o  c o in c id e  
w ith  th e  e x p e r im e n ta l  e s t im a t e s  / 1 1 /  
w it h in  1 eV ..

К and I< 2 3  e d g e  p h o to a b s o r p t io n  
c r o s s - s e c t i o n s  w ere  fo u n d  b y  u s in g  

th e  GF o f  p h o t o e le c t r o n s  c a l c u l a t e d  by  
th e  SW m ethod / 1 2 /  a c c o r d in g  t o :

EDGE STRUCTURE (XANES) |403

-  в'
3 e

1 v v v
Im{ I  ( i - G  S ) > ,  (1) 

1 m*-1 1m1m 1

Im {1-G v S v } 
oo oo о

2
Im{ V ( i-G  

1 m --2
v v 
2m2m “2S , ) > ,  (2)

*lmlm

w here -  e x p U K ^ )  i s  t h e  S m a tr ix  
f o r  th e  v th  atom  o f  t h e  c l u s t e r ,  Gj 
a r e  th e  GF m a tr ix  e le m e n ts  i n  th e  " a to 
m ic number -  o r b i t a l  momentum" r e p r e 
s e n t a t i o n ,  8 ^ ,  i s  th e  c r o s s - s e c t i o n  
f o r  th e  v th  i s o l a t e d  a to m ic  s p h e r e  c o r -  
r e s p o d in g  t o  th e  e l e c t r o n  t r a n s i t i o n  

from  c o r e  s t a t e  t o  t h e  s t a t e
o f  co n tin u u m .

A c a l c u l a t i o n  c a r r ie d  o u t  f o r  th e  
К and I<2 3  a b s o r p t io n  s p e c t r a  o f  a rg o n  
atom  h a s shown / 1 3 /  t h a t  go o d  r e s u l t s  

in  n ea r  e d g e  r e g io n  may b e  o b t a in e d  i f  

th e  i n i t i a l -  and f i n a l - s t a t e  w ave fu n c 
t i o n s  a r e  ta k e n  in  S l a t e r ' s  s i n g l e  d e 
te r m in a n t  a p p r o x im a tio n . A c co r d in g  t o  
/ 1 3 /  we h ave  com puted a s  f o l l o w s :

4 я '
' 11*

■ua|/*ni<r)r*el* ( r ) d 3r | (3)

l y  th e  f r e e - i o n  c r o s s - s e c t i o n ,  b e c a u s e  

th e  MT z e r o  l e v e l  d o e s  n o t  c o in c id e  w ith  
th e  vacuum l e v e l  o f  th e  f r e e  i o n .

As u s u a l  i n  th e  SW m eth o d , th e  GF 
m a tr ix  e le m e n ts  w ere  d e te r m in e d  from  a 
s e t  o f  a lg e b r a ic  e q u a t io n s  /1 .2 /

r nn * „ nn J. V „ и « * 1» Л’11 n IA\
LL1 “ вы,« „ ^LL" 1" L" L1 (4)Ъ n

w here g££, a r e  f r e e  e l e c t r o n  GF e x p a n -



s io n  c o e f f i c i e n t s  / 1 2 , 1 4 /  and 

t ” = - s i n e x p ( i 6 ^ )  a r e  th e  t  m a tr ix  
com p on en ts c o r r e s p o n d in g  t o  th e  n th  
a to m ic  c e n t r e .  In  c a l c u l a t i o n s  we u sed  
3 p h a se  s h i f t s  (1 * 0 , 1 , 2 ) .  E x p r e s s io n  
( 4 ) ,  i n i t i a l l y  d e r iv e d  f o r  l o c a l  Xa po
t e n t i a l ,  i s  a l s o  v a l i d  f o r  th e  p o te n 
t i a l  u s e d  in  t h i s  p a p e r . The ch an ge  o f  
p o t e n t i a l  r e f l e c t s  i t s e l f  o n ly  in  th e  
v a lu e  o f  th e  p h a se  s h i f t s .

To f i t  th e  e x p e r im e n ta l  d a ta  w ith  
th e  t h e o r e t i c a l  o n e s  th e  s p e c t r a  g iv e n  
by e x p r e s s io n s  (1) and (2) w ere co n v o 
lu t e d  w ith  th e  in v e r s e  l i f e t i m e  o f  the 
v a lu e  Г c h o s en  in  a c co r d a n ce  w ith  th e  
c o r e  l e v e l  l i f e t i m e s  and e x p e r im e n ta l  
r e s o l u t i o n .  L2  and com pon en ts w ere  
ta k e n  w ith  a s t a t i s t i c a l  r a t i o  1 :2 and 
th e  e n e r g y  s h i f t  e q u a l  t o  th e  s p in - o r 
b i t a l  s p l i t t i n g  o f  th e  2p l e v e l .

The v a lu e s  o f  th e  p a ra m e ter s  
u se d  w e re : MT s p h e r e  r a d i i  2 .8 3 4  a .u .  
f o r  К and 3 .1 0 0  a . u .  f o r  C l ,  E -  8 eV,

' +M o t t - L i t t l e t o n  term s -  1 .9  eV f o r  К 
and 1 .5  eV f o r  C l" / 9 / ,  ею -  2 .0 6 .  For  

s p i n - o r b i t a l  s p l i t t i n g s  and c o r e  l e v e l  

w id th s  d a ta  w ere  ta k e n  from  / 1 1 / .

The r e s u l t s  o f  c a l c u l a t i o n s  a r e  

p r e s e n t e d  in  F i g . 2 t o g e t h e r  w ith  th e  
e x p e r im e n ta l  x - r a y  a b s o r p t io n  s p e c t r a .  
The L2 3 sp e ctru m  o f  К was m easured  
w ith  th e  r e s o l u t i o n  o f  0 .3  eV , u s in g  
th e  RSM-500 X -ra y  m onochrom ator (6 me
t e r  r a d iu s  c o n c a v e  g r a t in g ,  600 l i n e s  
p e r  mm) and s y n c h r o tr o n  r a d ia t i o n  o f  

th e  VEPP-2M e l e c t r o n - p o s i t r o n  s to r a g e  
r in g  o f  th e  I n s t i t u t e  o f  N u c le a r  Phy
s i c s  in  N o v o s ib ir s k .  O th er  e x p e r im en 
t a l  s p e c t r a  a r e  ta k e n  from  p a p ers  
/ 1 1 , 1 5 / .  A l l  s p e c t r a  a r e  a l ig n e d  a lo n g  
th e  e n e r g y  a x i s  a c c o r d in g  t o  th e  b o t 
tom o f  th e  c o n d u c t io n  band e n e rg y  ( i n 

d ic a t e d  by a r r o w s ) .
As on e  can  s e e ,  XANES, c a l c u la t e d  

w ith  HF p o t e n t i a l s  and w ith  th e  i n c l u 
s io n  o f  th e  c o r e  h o le  f i e l d ,  a g r e e  
w ith  th e  e x p e r im e n t  a lm o s t  in  a l l  d e 
t a i l s .  F or К s p e c t r a  th e  in c l u s i o n  o f
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c o r e - h o le  p o t e n t i a l  l e a d s  o n ly  t o  s i g 
n i f i c a n t  e n e r g y  s h i f t s  and th e  r e s u l t s  
a r e  r a th e r  c l o s e  t o  t h o s e  o b t a in e d  w ith  
Xa p o t e n t i a l s  / 5 / .  H ow ever, f o r  L .  ,  

s p e c t r a ,  p a r t i c u l a r l y  f o r  t h a t  o f  К , 
th e  c o r e - h o le  f i e l d  in d u c e s  a  r a d ic a l  
rea rr a n g e m en t o f  th e  sp ectru m  le a d in g  
t o  a t r a n s f e r  o f  o s c i l l a t o r  s t r e n g t h  to  
th e  im m ed ia te  n e a r  ed g e  r e g i o n .  G en er a l  
tr e n d  o f  th e  L2 3 s p e c t r a  o f  th e  c r y s 
t a l  r e f l e c t s  th e  "atom ic"  c r o s s  s e c t io n s
3 ( s e e  F i g .2 c  and 2 d ) ,  w h ich  a r e  

1 a
s t r o n g ly  m o d u la ted  by th e  m u l t ip l e  s c a t 
t e r in g  o f  e l e c t r o n  w ave in  th e  c r y s t a l  
p o t e n t i a l .  The m ain p ea k s  a r e  a s s o c ia t e d  
w ith  d r e s o n a n c e s .  The s t r o n g  e n h a n ce 
m ent o f  t h e s e  r e s o n a n c e s  a f t e r  s w i t c h 
in g  on th e  c o r e - h o le  p o t e n t i a l  i s  an a

lo g o u s  t o  th e  a to m ic  e f f e c t  o f  th e  3d 

o r b i t a l  c o l l a p s e  / 6 / .
Our c a l c u l a t i o n  p er fo rm ed  in  o n e -  

- e l e c t r o n  a p p r o x im a tio n  g i v e s  th e  f o l 
lo w in g  i d e n t i f i c a t i o n  o f  th e  n e a r -e d g e  
maxima o f  t h e  s p e c t r a .  T h u s, th e  p ea k s  

A and С o f  th e  Lj 3 sp e ctru m  o f  K+ c o r 
r esp o n d  t o  t h e  f i n a l  s t a t e s  o f  t 2g sym
m e tr y , th e  p ea k s  В and D t o  e g  sym m etry  
(A and В b e lo n g  t o  s e r i e s ,  С and D 
t o  L2 s e r i e s ) .

A th o ro u g h  i n v e s t i g a t i o n  o f  th e o 
r e t i c a l  ( s o l i d  c u r v e s )  and e x p e r im e n ta l  
s p e c t r a  r e v e a l s  some d i s c r e p a n c i e s  in  
e n e r g e t i c a l  p o s i t i o n s  and r e l a t i v e  i n 
t e n s i t i e s  o f  th e  n e a r -e d g e  maxima o f  
th e  L2 3 sp eetru m  o f  K+ . T h is  i s  un
d o u b te d ly  due t o  th e  m ix in g  o f  o n e -  
- e l e c t r o n  s t a t e s  m a in ly  by s p i n - o r b i 
t a l  i n t e r a c t i o n  and th e  i n t e r a c t i o n s  
b e tw een  2p h o le  and d e l e c t r o n ,  w hich  
h ave n o t  b een  r e p r e s e n te d  in  our scheme 
o f  c a l c u l a t i o n .  C o n s e q u e n t ly ,  th e  n e a r -  
- e d g e  r e g io n  o f  L2 3 s p e c t r a  o f  К can
n o t  be r ep ro d u c ed  m e r e ly  by th e  sum o f  

L2 and L3 com p on en ts w ith  f i n a l  d s t a 
t e s  s p l i t  in  th e  c r y s t a l  f i e l d .  To co n 
s i d e r  b e t t e r  th e  m u l t i p l e t  n e a r -e d g e  

s t r u c t u r e  o f  L2 3 sp ectru m  o f  К we com
p u ted  i t  a l s o  in  th e  l o c a l i z e d  e x c l t - a -
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F i g . 2 .  XANES s p e c t r a  o f  KCI (a -  К ed g e  o f  p o ta s s iu m , b -  К e d g e  o f  c h l o r i n e ,  

с  -  Lj j  e d g e  o f  p o ta s s iu m , d -  L2 3 ed ge  o f  c h lo r in e )  : e x p e r im e n ta l  p h o to 
a b s o r p t io n  s p e c t r a  ( - - - ) ,  HF-SW c a l c u l a t i o n  r e s u l t s  w ith  (----------- ) and w i t h 
o u t  ( ........... ) ta k in g  in t o  a c c o u n t  th e  p r e s e n c e  o f  c o r e  h o l e .  E n e r g ie s  a r e  g iv e n
r e l a t i v e  t o  MT z e r o  l e v e l .  T h e o r e t i c a l  s c a l e s  o f  c r o s s  s e c t i o n s  a r e  g iv e n  on  

th e  l e f t  s i d e ,  e x p e r im e n ta l o n e s  (o n ly  f o r  L , ,  e d g e s )  -  on t h e  r i g h t  s i d e .
«  I J

In  th e  F i g .2 c  and 2d " fr e e  ion "  c r o s s  s e c t i o n s  8 a r e  a l s o  shown
1 a

The i n s e r t  o f  F i g .2 c  g i v e s  th e  r e s u l t s  o f  c a l c u l a t i o n  o f  2 p - 3 d ,4 s  t r a n s i t i o n s  
f o r  K* ic n  in  c u b ic  c r y s t a l  f i e l d  (10  Dq -  0 . 8  e V ) . •
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t i o n  m o d e l, c o n s id e r in g  th e  2p6 -2p^
( 3 d ,4 s )  t r a n s i t i o n s  o f  K+ io n  in  th e  
c u b ic  c r y s t a l  f i e l d  o f  K C l.T h is  app
r o a ch  p e r m its  a  p ro p er  a c c o u n t o f  

s p i n - o r b i t a l ,  f u l l  H a r tr e e -F o c k  e x 
c h a n g e  i n t e r a c t i o n  a s  w e l l  a s  s - d  m i
x in g .  As i s  known th e  c r y s t a l  f i e l d  
a p p r o x im a tio n  h as tu rn ed  o u t  t o  be e f 
f e c t i v e  in  e x p la in in g  n e a r -e d g e  s t r u c 
tu r e  in  some c a t io n  c o r e  s p e c t r a  o f  
i o n i c  c r y s t a l s ,  th e  M2 ^ spectrum  o f  К 

in  KC1 among them  / 1 6 / .  The c a l c u l a t i o n  
m ethod was a n a lo g o u s  t o  / 1 6 / ,  e x c e p t  
some d i f f e r e n c e s  w h ich  w i l l  be a n a ly z e d  
e ls e w h e r e .  The r e s u l t s  o f  c a l c u l a t i o n  

a r e  shown in  th e  i n s e r t  o f  F i g .2 c ,  where 
s o l i d  l i n e  show s th e  t h e o r e t i c a l  s p e c t 
rum (c o n v o lu te d  by a L o r e n tz ia n  o f  th e  
w id th  o f  0 .3  e V ) , th e  d a sh ed  l i n e  i n d i 
c a t e s  th e  e x p e r im e n ta l  o n e . The compu
te d  sp ectru m  r e p r o d u c e s  r a th e r  w e l l  th e  
n ea r  ed g e  s t r u c t u r e  in  r e l a t i v e  i n t e n 
s i t i e s  a s  w e l l  a s  e n e r g y  i n t e r v a l s  b e t 
ween p e a k s . The c o m p u ta tio n  r e v e a l s  a 

la r g e  m ix in g  o f  th e  t ^ ue g and t 1ut 2g 
c o n f ig u r a t io n s  and a n e g l i g i b l e  r o l e  o f

fc1ua 1g c o n f i 9 u r a t io n  in  t h e  fo r m a t io n  
o f  1>2 3  sp ectru m  o f  K. So i t  i s  e v id e n t  
t h a t  a p r o p er  i n c l u s i o n  o f  m a n y - e le c t -  
ron  i n t e r a c t i o n s  in  th e  SW m ethod i s  

n e e d e d . N e v e r t h e l e s s ,  t h e  m ix in g  o f  
s t a t e s  c a n n o t ch a n g e  th e  o v e r - a l l  i n 
t e g r a l  i n t e n s i t y  o f  th e  sp e c tru m . In 
d e e d , th e  c a l c u la t e d  v a lu e  o f  f a ( E)dE 
fo r  th e  3  sp ectru m  o f  К in  th e  r e 
g io n  from 0 .3 5  Ry t o  1 .2 5  Ry ( s e e  
F ig .2 c )  i s  2 .5 5  Mb-Ry, w h ich  s ta n d s  a 
com p arison  w ith  th e  e x p e r im e n ta l  
v a lu e  o f  2 .2 + 0 .9  Mb*Ry. N a t u r a l ly ,  ana
lo g o u s  e f f e c t s  o f  m u l t i p l e t  s p l i t t i n g  
in f lu e n c e  th e  n e a r  ed g e  s t r u c t u r e  o f  

l>2 j  sp ectru m  o f  C l .
I t  i s  w orth  n o t in g  t h a t  o u r  c a l 

c u la t i o n  c o n fir m e d  th e  c o n c lu s io n  o f  
pap er  / 1 7 /  t h a t  an im p o r ta n t f e a t u r e  
o f  L2 3 sp ectru m  o f  C l -  th e  r i s e  o f  

a b s o r p t io n  a t  a b o u t 9 eV a b ove  th e  
ed ge  -  i s  o f  an e s s e n t i a l l y  "atom ic"  
o r i g i n  ( s e e  th e  c u r v e  d on F i g . 2 d ) .

So t h e r e  i s  no need  t o  a p p ly  f o r  th e  
m u c h -d is c u ss e d  t w o - e le c t r o n  e x c i t a t i o n ,  

f i r s t  s u g g e s te d  in  / 1 1 / .
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Collapse of the 3d  orbital in configurations with a 2p  vacancy and its effect 
on the 2p*-+2pBnd, ns transitions
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Opt. Spektrosk. 59, 745-750 (October 1985)

The collapse of the 3d  electron in the isoelectronic series of Ar-like ions and in argon has been 
studied theoretically with various populations of the 3p shell in the presence of a 2p vacancy. In 
the Hartree-Fock approximation in the intermediate coupling scheme, oscillator strengths in 
multiplets o (2 p b—~2p>nd, ns transitions in the argon isoelectronic series have been calculated. It 
has been shown that after the collapse of the id  electron (beginning with К * and Ar'*'), the 
2pü— 2pi nd  transitions dominate and the intensity distribution in the multiple! changes. Multi
electron effects (configuration interaction, relaxation) exert little influence on the oscillator 
strengths of these transitions.

INTRODUCTION
In Reference 1 on the basis of a comparitive analysis of 

th e i2 j absorption and emission spectra of argon-like ions in 
ionic crystals, the reason for the sharp increase in intensity of 
near-edge maxima on transition from Ar to К ̂ , i.e., collapse 
[ step-like contraction of the radial wave function ( RWF) ] 
of the excited 3d  orbital has been discovered. The present 
paper is devoted to a theoretical study of this phenomenon 
and its effect on transitions from the 2p  shell in the isoelec
tronic series of argon and argon ions. In a series of works, for 
example Ref. 2, in which the collapse of the 3d  electron in 
configurations with a ip  vacancy and its effect on 
ip b—*ip}id  transitions have been studied in detail, a strong 
dependence of the 3 d  RWF on the term has been discovered. 
For example in the K* ion, the 3d RWF of the singlet 'P 
term is localized in the external potential well (uncol
lapsed), and the 34 RW Fof the triplet3/ ’ and3/? terms in the 
internal well (collapsed). However, in calculating excited 
configurations with a 2p vacancy a series of properties are 
revealed. First, solution of the Hartree-Fock equations in L S  
coupling with angular coefficients dependent on the HFr 
term, instead of HF equations with coefficients averaged 
over all HF.V terms, may not, in the case of a configuration 
with a 2p vacancy, lead to a refinement of the one-electron 
RWF, since a coupling close to the j  j  type, is realized. Sec
ond, for these configurations the internal potential well is 
deeper and collapse of the 3d  electron occurs more rapidly 
than for the ip sid  configuration. Moreover, collapse of the 
3d orbital in argon may even occur in 2pbid" id  (n < 6) con

figurations, i.e., on decreasing the population (я) of the 3p 
shell, which leads to a decrease in the effective potential bar
rier for the id  electron. This situation may have its principal 
importance for interpreting the prethreshold structure of 
L j, absorption spectra in excimer compounds, where the ip  
shell of argon participates in a chemical bond.

In contrast to Ref. 2 in the present paper, the possible 
role of multielectron effects on the oscillator strengths (OS) 
of transitions is estimated. One can expect two types of ef
fects. First, the appearance of a vacancy in the internal shell 
must, in principle, lead to a significant change in the electron 
wave functions of this and overlying shells, therefore in the 
case of x-ray spectra one should expect large relaxational or 
retuning effects (for example, Ref. 3). Second, the closeness 
in energy of a series of excited j and d  states in argon and 
argon-like ions may lead to significant configuration interac
tion in the final state, which can also significantly change the 
intensity distribution in the spectrum.

EFFECT OF COLLAPSE OF THE 3<*-ELECTRON RWF ON 
ATOMIC CHARACTERISTICS

Calculations of configurations with a vacancy in the 2p 
shell were carried out in Hartree-Fock approximation using 
a computer program analogous to that presented in Ref. 4.

In Table I values are presented for the mean radius of 
the nd  orbitals r ^ ,  the radial integrals of the nonspherical 
portion of electrostatic interaction F 2(2p,nd) and 
G '(2p,nd), the constant of spin-orbit interaction of the nd 
shell t)(nd), and of the integrals of dipole transition

TABLE I. Effect of localization of an excited nd electron on atomic values (in a.u., 1) ineV).

Atom
(ion) Configuration '»d G’ (-/I. nrf) r e : j>. .,i) 4<2|>) H(.,l) ( 2p 1 г 1 » r >

Ar 2pi3d 0.24 O.OM93 0.00235 1.40 0.00012 0.O228
Ar 2p*4d 18.89 0.000(37 0.00152 1.40 О.ООООУ O.Ol'.U
Ar* 2pi3pi3d 2.fit; 0.0309 0.0552 1.43 0.0044 0.132
Ar1" 2pi3p,3d 1.75 U.0G75 0.110 1.50 0.0095 0.194
Ar** 2p‘3d 1.20 0.163 0.215 1.45 0.021 11.275

2pl3d 2.13 0 0537 0.0844 1.82 0.007П 0.147
K* 2 p*4d 10.08 0.04GU O.OU727 1.82 IMHHKS 0.042!-
Ca’* 2pi3d 1.49 o.ioo 0.144 2.33 0.018 ". 17*

2p>3d 1.22 0.141 0.192 2.93 0.030 ».IS.*.
Ti«* 2p>3d I.U6 o .ts : 0.237 3.64 0.040 O.IS7
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(2p\r\nd ) of a series of excited configurations in argon and 
argon-like ions. It is obvious that the collapse of the 3d  elec
tron in the isoelectronic series of argon is set in the К"* ion, 
and in a series of argon ions—the A r" ion; in this case rw 
varies n̂ a step-like manner by many times, and the electro
static and spin-orbit interaction of the 3d  shell by I to 2 
orders of magnitude.

The weak overlap of the R W Fof the2/>and uncollapsed 
nd electrons dictates the small value of the integrals of elec
trostatic interaction and dipole transition between corre
sponding states, and the smallness of rj{nd) indicates the 
small probability of penetration of the uncollapsed nd elec
tron into the inner region of the atom. The 77(2p) behaves 
otherwise, the weak increase of which in the isoelectronic 
series is governed primarily by the increase in the charge of 
the nucleus. The fact that in configurations with uncollapsed 
nd orbitals rj(2p) significantly exceeds G'{2p,nd)  and 
F 1(2p,nd) indicates the closeness of the coupling to the j j  
type. On collapse of the 3d  electron, the electrostatic pd  in
teraction converges in value with the spin-orbital interac
tion, and a significant deviation from a pure j j  coupling oc
curs; the coupling acquires an intermediate character. One 
should note that in calculating the wave functions there is no 
basis to assume that a more accurate accounting of the elec
trostatic interaction over the terms in the j j  coupling will 
provide more adequate wave functions, since on calculation, 
spin-orbit interaction in explicit form is not included in the 
self-consistent potential (accounting for this involves con
siderable computational difficulties).

On collapse of the 3 d  electron, significant changes in the 
RWF of overlying d states are also observed. In particular, 
on transition from A r to K " , penetration of the first maxi
mum of the 4d  RW F to the internal potential well occurs.

In Fig. 1 the RW F are presented for the 3d  electron in a 
series of excited configurations with a 2p  vacancy. The con
traction of the RWF is clearly visible on transition from Ar 
to A r+; this is governed by the dissipation of the positive 
effective potential barrier. In calculations the dependence of 
the RW F on the term, governed by Coulomb interaction in 
the Ър shell, was not taken into account, since the effective 
potential for the 3d  electron in the 2p>’ip i' 3d configuration is 
determined primarily by the 2p vacancy.

r  (a.u.)
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Collapse of the id  orbital in Ar * allows us to predict the 
appearance of intense non-Rydberg near-edge structure in 
L  j  j  absorption spectra of Argon in excimer compounds, 
especially in compounds with halides, where ionic bonding 
dominates.1

EFFECT OF THE COLLAPSE OF THE 3d ORBITAL ON 
2p,—2p,nd, n s  TRANSITIONS

In moving to calculations of OS  of electronic transitions 
one must keep in mind that one-electron RWFs, obtained by 
taking into account relaxational effects independently for 
various states and belonging to various series, are not ortho- 
normal. Accounting for this situation leads to complicated 
expressions for the transition matrix elements, therefore we 
are limited to calculating (ni \n l ) type integrals, which al
though they differ only slightly from unity, may exert a sig
nificant effect on the matrix elements of the dipole transition 
of a multielectron atom, since they appear in expressions in 
the form of factors.

Oscillator strengths in single-configuration approxima
tion for the electric dipole transition between the initial 
к — [A ]nlN (LSJ) and final т  =  (Л \n!N ~ 1 n ’V X { L ‘S ' J ') 
states ( [A ] denotes the collection of populated shells) were 
calculated in intermediate type coupling according to a gen
eral formula (in the atomic system of units)

/<*-..»)=. ЩГГТ) Ek" I j*• (1 ]
where =  E„ — E k is the difference in the overall ener
gies; akl and amJ are the expansion coefficients of the wave 
function of intermediate type coupling (indices к  and m ) 
over the functions of L S  coupling (/ and j  indices); D0 ш  (L,
5,V; L jS j J ' )  are the angular coefficients of L S  coupling, 
associated with the L, 5, J  and L j S j J '  [Eq. (2,3) in Ref. 6]; 
Q,j =  Q { L ,S ,\L ‘S ; )  =  jr,<n,,/,, I nn lj4) is the overlap fac
tor (multiplication of the one-electron overlap integrals is 
carried out over all pairs of electronic terms / and j ) .  The 
matrix element of dipole transition i e = i(Z ,,5 ,/; L jS j J )  is 
calculated according to the rate equation 

1 Г „ I d 2J.- +  1 1 \

where ±  corresponds /, =  /, ±  1.

FIG. t. Radial wave functions of the orbital. 1—Ar. 2—Ar'", 3— 
K~, 4—  Ar: 4—Ca: ". 6— Ar''~.



T A B L E  II. O sc illa to r  s t re n g th s  ( / .  in c re a se d  by a fa c to r  o f  I0 J ) o f  severa l * 1L , ) tra n s i
tions, c a lc u la te d  in s in g le -c o n fig u ra tio n  ap p ro x im a tio n .

A to m
( io n ) * . . . f / •

i s  <‘Я) 244.32 244.4 1 ЛИ) , 0 2 з.г»
4 , ' С П 2 i l i . i t m n 1.03 I. II 2 ."
5« <‘P ) 240 .60  \ •> 'r *> «>.51 • •.77 \ .
3d ( ‘P ) 246 .65  1 t».42 0.1*» j

i d  C P ) M 7 J O  1 •>/- - ».71 ■J. S3 1 4 .2
Лг Os C P ) »'.-I

5*' C P ) 218.71» , 24 0. 1 • '.21» • •.L’** j , (
3 d '  C D ) 248 .74  1 .Vi'* :t..v> 1

4d '  C D ) 2 4 ! l , 2 '»OS V.i 2..r>>
6s '  C P ) 24U.44 1 “ .I U.mJ

I i s  C P ) 296 .40 1.2 •I.:;
3 d  C D ) 208.21 200.4 201 • 2'»0 70
4s '  C P ) 299.17 2.3 o.O
3 d '  C P) 300.75 29 0 .2 j ju 31*

K* 5s  C P ) 302.44 LG »1.3
i d  C P ) 303.35 2! VS 3 o .l
5s '  C P ) 305.15 O.N 0.4
i d '  C D ) .400.08 It).'* 10.3

3 d  C D ) 350.57 . m i 310 410 l l f
i s  C P ) 353.45  \ 352.3 fi 117 I 17t*

Ca5t 3 d '  C P ) 35 4 .0 5  1 Gift 550  J

. i s '  C P ) 356 .96 3 .3 2.4

3 d  C D ) 405 .88 3 39 363
3 d '  C P ) 410.30 010 1)24 ж

Sc1* i s  C P ) 415 .88 7.4 7.5

i i s '  C P ) 420.20 4.1 1.1»

3 d  C D ) 464 .85 A ll 404
3 d '  C P ) 470.4(1 1115 t i l i )

Ti**
i s  ( l P ) 483 .20 8 .0 Л.»
i s '  C P ) 488.57 4 .7 2.4

N o ttf  •  tak es  in to  a c c o u n t c o n f ig u ra tio n  in te ra c tio n ; £  * is th e  tra n s itio n  en e rg y  in eV  ( re su lts  fo r C a : * 
a re  in H a r tre e -F o c k -P a u li  a p p ro x im a tio n ) .

Equation (1) differs from the standard expression by 
the presence of the overlap coefficient Q,t , using which, in 
the first approximation, the relaxation of the core can be 
taken into account. Use of the rate formula is associated with 
the fact that it is prefered when calculating transitions from 
deep levels. The calculation indicated that the OS, calculat
ed according to the rate and length formulas, in the case of 
transitions to uncollapsed states, differ by < 15%, and for the 
case of collapsed states practically coincide.

The results of the calculation are presented in Table II. 
For the 2p>ßid  configuration in the case of collapsing states 
(in K +, CaJ + , Sc3 + , and Ti4+ ions), the OS are two orders 
of magnitude greater than in the case of noncollapsing states 
(A r). The intensity of the 2p—*4s transitions increase only 
by several times, their influence on the formation of near
edge structure of the L 2J absorption spectrum in argon-like 
ions is insignificant. Due to strongly varying values of pd 
interaction on collapse, the position of the levels changes and 
a redistribution of the transition intensities in the multiplets 
occurs. On transition to uncollapsed states, the ratio of the 
OS/(.2р—*п1)//(2р—̂ пГ) is 2 to 3, i.e., it coresponds to an 
approximately statistical intensity distribution underj  j  cou
pling. For the collapsed 3d orbital, both components of the 
multiplet in К"- have approximately the same intensity. On 
collapse the ratio f (2 p —+nd)/f(.2d—*5d) also decreases for 
л >4. The relatively high values of the OS for the 2p—A d  
transitions in К  ̂  are explained by the penetration of the first 
maximum of the 4d  RWF into the internal potential well.
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Incorporating relaxation of the core decreases the oscil
lator strengths on the average by 10-20%. This supports the 
notion that one must account for relaxation effects in calcu
lating OS for transitions from 2p  or deeper shells. One 
should note that in the case of transitions from the 3p  shells, 
the decrease in relaxation of the OS is only ~0.1% , and 
therefore can be neglected.

The closeness in energy of the excited s and d  states in 
argon and argon-like ions raises the question o f the influence 
of configuration interaction (C l) on the intensity distribu
tion in the spectrum. We studied the influence of the close 
2psns and 2p>n'd  configurations on the OS distribution by a 
method of superimposing the configurations (results in Ta
ble II). It turned out that in the majority o f cases the effect of 
Cl is insignificant due to the smallness o f the interconfigura- 
tion integrals of Coulomb interaction. The exceptions are 
transitions to excited states of the 2ps4j configuration in К * 
and Ca’"\ where accounting for Cl leads to a significant 
increase in OS. This is caused by the sharp increase in pd  
interaction on collapse of the 3d  electron, which leads to a 
redistribution of the OS of transitions between states of the 
2p*ld and 2/>54j configurations.

Configuration interaction exerts an especially strong 
influence on the OS of transitions to adjacent 2/>, 3</(1/ ’,) 
and 2p,4s(,P l) levels in the Ca2*" ion. Accounting for rela- 
tivistic corrections in Hartree-Fock-Pauli approximation 
also significantly changes the position of these levels and the 
distribution of OS, therefore one can assume that further
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refinement in the calculation of relativistic and correlational 
corrections may introduce quite a large change in the OS 
values of transitions to these levels.

In Table II empirical estimates of OS are also presented 
for a series of transitions, determined using the form ula/„p 
=  9 .1 1 x 1 0 ~ 1S<r(E)dE [where cr(£) is the partial cross 

section of photoabsorption (in Mb) by electrons of the Ip 
shell in the portion of the spectrum corresponding to the 
transition under consideration), on the basis of experimen
tal argon7 and potassium and calcium1 spectra. For Ar the 
calculated and experimental values agree within the accura
cy limits of the experiment. In the case of К *  and Ca2-*, 
where in view of the absence of spectral measurements of 
free ions, spectra of these ions in ionic crystals were used 
(this is justified in the case of collapsed excited states1-“), the 
experimental OS and transition energies difTer somewhat 
from the calculated values, although the relative intensity 
distribution in the multiple! coincides. These differences 
may be caused by the inaccuracy in the empirical estimates 
as well as the approximation used to calculate the one-elec
tron RW F of the free ions. On collapse, as was indicated 
above, there is a strong dependence of 3d RWF on the poten
tial, and a relatively small change in the wave functions, in 
turn, strongly affects the calculated OS, therefore the agree
ment between the experimental and theoretical data can also

be considered completely acceptable for the K *  and C a’* 
case. Nevertheless in view of the increased sensitivity of the 
calculated OS of the transitions to collapsing orbitals, it is 
necessary to further refine the theoretical model in particu
lar by including spin-orbit interaction to the self-consistent 
potential for calculating the one-electron RWF and to ac
count more accurately for correlational and relativistic ef
fects.

In conclusion the author wishes to thank M. A. Elango 
and A. A. Maiste for their helpful comments.
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The photon-induced Auger and photoelectron spectra of the argonlike ions Cl” (in N ad), K + (in 
KCI), CaJ + (in CaClj and CaF2), and Sc3+ (in Sc20 3) have been measured in the vicinity of the Z.2J ab
sorption edges of these ions. It is shown that at the 2p‘—*2ps3d(4s) resonance a spectator structure ap
pears in the L u M 2iM 2i Auger spectra, which shifts to higher kinetic energies with increasing photon 
energy. This structure originates from the 3p~23d(4s) final configuration arising as a product of the 
Auger resonant-inelastic-scattering process of the incident photons. We demonstrate that the peculiari
ties of this process and the role of the collapsing 3d 
an atomic treatment. The solid-state effects, caused 
play an additional role.

I. INTRODUCTION

T he A uger spectra , photoexcited  in the regions of 
inner-shell ionization  th resho ld  o f atom s, m olecules, and 
solids provide sensitive probes for the dynam ics o f inner- 
shell tra n sitio n s . 1 In  such  an excitation  the crea tion  and 
the decay o f the  inner-shell hole canno t in princ ip le  be 
considered  as separa te  processes, and in teresting  phe
nom ena like resonan t sca ttering  and  postcollision in te rac 
tion (PCI) occur (see, e.g., a recen t review 2).

H ere we present the results of a study o f these phenom 
ena in the  case o f resonan t pho to ion iza tion  o f th e  2p b 
shell o f the argonlike ions C l- , K + , C a2+, and Sc3+ in 
ionic solids. T he pho toabso rp tion  may be described here 
as a tran sition  2pb~*2ps3 d (4s) in the particu la r ion, pos
sibly modified by the crystal field. T he im portan t po in t is 
th a t the final configuration 3d  shell collapses (i.e., its rad i
al wave function  suddenly con tracts) in the sequence 
C l- —* A r—>K + , as show n by m eans o f the absorption 
and  em ission studies o f Ref. 3. We an tic ipated  observing 
the results o f th is collapse in the relevant A uger spectra, 
and  in this way obta in ing  new  inform ation  on the efTect 
o f the presence o f an excited 3d  electron on the decay dy 
nam ics o f the  2 p hole.

I t tu rned  ou t th a t in all cases studied  here the p h o to 
crea tion  o f  the 2 p b—>-2pb3 d (4s)  resonance gives rise to  
new  stru c tu res  in the photoem ission  spectrum . O ne con 
spicuous s tru c tu re  is situa ted  in the region o f  the norm al 
L -^M ^M ^y  A uger spectrum , but differs from  it in tw o 
im p o rtan t aspects: it is excitable only at the resonance 
p h o ton  energies and  it shifts to  h igher k inetic energies 
w hen the pho ton  energy increases in the resonance re
gion. It follows from  em pirical considerations and a to m 
ic ca lcu la tions th a t th is s tru c tu re  orig inates from  the 
3 p ~ 23tf(4s) final configuration . In a fully consisten t pic-
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electron in it can be largely understood in terms of 
by the crystal field and the lattice polarization, may

tu re  the w hole process shou ld  be described  as a  single 
A uger resonan t inelastic sca ttering  event. H ow ever, we 
show  th a t to  a  good approx im ation  it m ay be tre a ted  as a 
tw o-step process: the  resonant p h o toexcita tion  followed 
by the 3d (As) spectator-affected  L 2iM l i M iJ A uger decay 
o f the 2p  hole. W e also presen t evidence th a t shake p ro 
cesses do no t con trib u te  to  th e  fo rm ation  o f  th e  final 
configuration  due to  th e  collapse o f  the  3d  shell in the 
configuration  2ps3d o f  K + , C a , and  Sc3+.

D eta ils o f  th e  experim en tal p ro cedu re  a re  p resen ted  in 
Sec. II. Section II I  deals w ith th e  theo re tica l backg round  
and  ou r trea tm en t o f  the tw o-step  app roach . A  general 
in terp re ta tion  o f  the experim en tal results is given in Sec.
IV , w hile a m ore detailed  discussion o f  th e  au to ion iza tion  
process and  a detailed  com parison  w ith  th eo re tica l ca lcu 
la tions in th e  case o f  K C I is given in Sec. V. W e separa te
ly discuss shake p robabilities in  Sec. VI, and  sum m arize 
ou r m ain conclusions in Sec. V II.

II. EXPERIMENTAL

The experim ents w ere ca rried  o u t using synch ro tron  
rad ia tion  from  beam line 22 a t M A X -L aborato ry , L und 
U niversity , Sw eden .4 T he  m onoch rom ato r w as a  m odified 
SX-700 p lane-g rating  m onoch rom ato r, w ith  energy reso 
lu tion  b e tte r  th a n  0.3 eV in the 200- to  400-eV -photon  en 
ergy region. T he  absorp tion  spectra  w ere reco rded  by 
detecting  th e  to ta l e lectron  yield. F o r  th e  abso lu te  ca li
b ra tion  o f  the pho ton  energy, we have taken  advan tage  of 
th e  rad ia tion  in second o rd er d iffraction  from  th e  m ono
ch ro m ato r. A t th e  p ho ton  energy a t w hich  th e  abso rp 
tion  edge occurs tw o m easurem ents o f  a  photoem ission  
core level a re  perform ed, one w ith  the  use o f  first-o rder 
light, and  one using second-order light. T he  difference in 
k inetic  energy fo r th e  pho toe lec tron  peak in these tw o

11 736 © 1993 The American Phyncal Society
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spectra  is equal to  th e  p h o ton  energy a t the absorp tion  
edge.

T he sam ples w ere films o f N aC l, KC1, C aF 2, C aC l2, 
and Sc2O j, all bu t Sc20 3 p repared  by the rm al evapora tion  
in situ from  a m olybdenum  b oa t o n to  polished copper 
substra tes in  a vacuum  o f  5X  10~ 7 T o rr. The Sc20 3 film 
was p repared  elsew here by electron  beam  evapora tion . 
T he  film thickness (about 200 A  and the evapora tion  ra te  
(several A /s )  w ere contro lled  by a q u artz  crysta l m onitor. 
T he  vacuum  in the experim en tal cham ber was 2 X 1 0 " 10 

T o rr. N o sam ple charg ing  effects g rea ter th a n  0.1 eV 
w ere observed in  th e  experim ents.

T he electron  energy spectra  w ere recorded  by m eans of 
a hem ispherica l electron  energy analyzer (Scienta ESCA 
SES-200). A typ ical e lectron  energy reso lu tion  was set to
0.15 eV. T he  b inding  energy scales for th e  different com 
pounds are given so th a t zero  b inding energy corresponds 
to  the bo ttom  o f  the conduc tion  band. This was achieved 
by m easuring  all photoem ission  binding energies w ith 
respect to  the  top  o f  the valence band and then adding 
the band-gap energies [8.5 eV for N aC l , 5 8.4 eV for KC1, 5 

6.9 eV for C aC l2>6 12.1 eV for C aF 2, 7 and 6.0 eV for 
Sc20 3 (Ref. 8)1 to  the m easured values.

III. COMPUTATIONS

In term s o f  a tw o-step app roach  the resonan t A uger 
em ission in tensity  can  be given as

I ( E , h v ) ~  2  A (h v i - h v ) B ( E iJ 
i f

-E) (1)

H ere E  is the  A uger energy and h v  is the pho ton  energy; 
I refers to the in term ediate  s ta te  and f  to  the final state. 
A IhVj —hv)  = cr ,L (hvj — hv)  is the popu la tion  o f the ex
cited 2p>3d (4s) configuration , <j, is the pho toexcitation  
cross section (from the ground  state  to  th e  state  I), and 
L l h v j  — hv)  is a line profile w hich includes the m ono

ch ro m ato r resolu tion , to ta l A uger decay w id th  and 
so lid-sta te  b roaden ing .9 B (E ij —E ) = W if G ( E if  — E) is 
the A uger energy d istribu tion  curve, w here Wif  is the  
A uger decay ra te  and  G (E ,f—E )  rep resen ts  a  line profile 
w hich in p rinc ip le  should  include th e  experim en ta l 
broadening , the  A uger decay w idth , and  also a  phonon  
con trib u tio n . 10 In the following we have represen ted  th is 
line profile by a L oren tzian . F o r th e  pho to ion ized  2p 5 in 
term ediate  configuration  o f th e  norm al A uger process we 
have assum ed th a t th e  in term edia te  levels i a re  uniform ly 
popula ted  w ith a sta tis tica l w eight o f  2 /,  +  1 (J, is th e  to 
tal quan tum  num ber for th e  sta te  /).

T he A uger tran sition  ra te  from  the  in term ed ia te  state  i 
to  the final ionic sta te  /  w ith con tinuum  w ave functions
I t l j )  norm alized  to  represent one ejected electron  per 
un it tim e is for the atom ic ca se 11

» V = 2  \ 2 2  C . Ä  < r 'L  ' s ' j ' t i j j  12 1 / 'a ß  IY L S J )
j  \ It I t ' a < 0

(2)

w here L, S , J  (or L ',S ',J ')  are the o rb ita l, spin, and  to tal 
quan tum  num bers o f the in term edia te  (or final ionic) s ta te  
o f the ion (y and y ' includes w hatever o th e r quan tum  
num bers are required). Clfl and  are m ixing
coefficients for the states i and /  in the in term ed ia te  cou 
pling schem e. In in term ediate  coupling the sp in -o rb it in 
te raction  is trea ted  as a pertu rb a tio n  w hich couples 
different s tates \S L J ) w ith the sam e J,  co n stru c ted  as 
zero-order wave functions in L S  coupling . T he to ta l a n 
gu la r m om enta J' and j  o f th e  final ionic sta tes and the 
con tinuum  electron , respectively, a re  recoupled  in the 
final s ta te  o f the system . T he tran sition  m atrix  elem ents 
in Eq, (2) can  be evaluated by using th e  J j-L S  un itary  
transfo rm ation . Then

y 'L 'S 'J 'c l j J  j 2  \ / r aP\ y L S j \  = [(2L +  1)(2S +  1 )(2; +  1 ) ( 2 / '+ 1)] '
U<0 ! '

V I L
S' T 5

J' j  J

ly 'L 'S ' t lL S J  I 2  \ / r a e \y L S j )  ,
\  \ a < H  ! I

(3)

In the configuration in terac tion  approach  we used the 
w ave functions foi each  state  w ritten  as a  linear com bina
tion  o f basis wave functions, each o f w hich represents a 
pa rticu la r single-configuration state  in the  L S  coupling 
schem e. F o r the  determ ination  o f the A uger decay o f the 
2p>'id excited s ta te  only the m ost im portan t final 
configurations 3 s 23 p 43c/, 3 s 23p 44s, and 3 s3p 6 are inc lud
ed in the configuration  in terac tion  calculations. T he 
necessary ca lcu la tions for the various atom ic 
configurations o f th e  ions are  perform ed using a self- 
consistent-field p rocedure  w ithin the nonrelativ istic  
single-electron H artree -F ock -P au li (H FP) approx im a
tio n . 12 This approx im ation  uses the radial wave func

tions o f the zero-order H artree -F ock  (H F) H am ilton ian  
and  takes in to  accoun t the relativ istic effects as co rrec 
tions o f  th e  o rder a 2 (a is the fine s tru c tu re  constant). 
The m atrix  elem ents for th e  C oulom b and sp in-orb it in 
te raction  are ca lcu la ted  using th e  H F  rad ial wave func
tions and the m atrix  is diagonalized  to  yield eigenvalues 
and  eigenvectors. T he term -dependen t effects in th e  ener
gy level s truc tu res  are expected to  be sm all and therefo re 
the configuration-average H F  m ethod  is used. T he co n 
tinuum  wave functions t l  are generated  by solving th e  
H F  equations co rresponding  to  the final ionic states. T he  
energy dependence and  the term  dependence for th e  co n 
tinuum  wave functions are  found to  be sm all and  so the



11 738 M. ELANGO et al.

averaged  tran sition  energy and  the configuration- 
averaged coefficients o f the final s tates are used.

T he  pho toexcita tion  cross sections a ,  for the 2pl3d ex
c ited  states o f the argonlike ions K + and C a2+ from  the 
7 = 0  ground sta te  to  a s ta te  J  — 1 are com puted  using the 
d ipole tran sition  o p era to r in the “ length  fo rm .” T he 
resu ltan t b ranch ing  ra tios are quite different from  the s ta 
tistica l 2 :1  ra tio  w hich indicates a quite s trong  deviation 
from  the //-coupling  schem e. In  th e  coupling conditions 
o f  the  2p 3d excited states the sp in-orbit coupling o f  the 
2p  hole is the strongest in teraction . T he sp in-orbit in 
te rac tion  o f  th e  collapsed 3d  electron is w eaker than  its 
e lec trosta tic  in terac tion  w ith the core hole. T h is  poin ts 
ou t th a t in the case o f the 2pi3d excited states the cou 
pling schem e is near to  a jK  coupling schem e . 11

T o ob ta in  th e  electron ic wave functions for the ions in 
the crysta ls  we have used the H F P  approx im ation  in con
ju n c tio n  w ith the W atson sphere m odel. 13 In this model, 
the influence o f the solid m atrix  on the electrons o f an ion 
is s im ulated  by superim posing  on the po ten tia l o f the free 
ion an additional po ten tia l due to a hollow sphere w ith 
charge —Q —( Z —N)e and an appropriately  chosen 
dep th  Vc or radius R o f this potentia l well. T hus, the 
H am ilton ian  in the crysta l in this model is given by

Я „ = Я 0+  2  И г ) (4)

w here # 0  is the H am ilton ian  for a free ion with nuclear 
charge Ze and N  electrons and

m axim a o f  these spectra  a re  due to  tran sitions  in to  
states related  to  2p5(3s23pt )ns and  2p5(3s23p6)nd 
configurations o f  th e  ions, th e  la tte r  being s trong ly  dom 
inan t. They a re  accom panied  by resonan t em ission 
bands, w hich indicates th a t th e  arising  final s ta tes are 
w ell-localized a tom iclike s ta tes . 2 F o r  K C I, C aF 2, C aC lj, 
and  Sc20 3 th e  four strongest bands co rrespond  to  th e  co l
lapsed 2ps(3s23p6)3d configuration  in th e  solid s ta te  and  
in a first approx im ation  they  reflect th e  sp in -o rb it sp lit
ting  (by abou t 2.7 eV fo r K , 3.4 eV for C a, and  4.5 eV for 
Sc) o f  the 2p s shell and  the eg — t2i crysta l field sp litting

292 296 300

V lr) =
j Vc =  Q e /R  for r < R  , 

[Qe / r  for r > R . (5)

W e used values of Vc equal to  the M adelung energies 
o f the  crysta ls (for K CI, for exam ple, this is 8.00 eV and 
for C aF 2 19.98 eV).

W hen a pho toe lectron  or an A uger electron  is ejected, 
the m edium  responds by po larization , w hich decreases 
the to ta l energy o f the final state  left behind by the extra- 
atom ic relaxation  energy Ep . 14 W e com puted  the binding 
and A uger energies in the crystals as Е в =  Е 0 ~ Е р for the 
pho toe lectron  binding energies, Е*Л= Е 0 + Ер for the 
A uger energies o f the excited (nonionized) initial states, 
and E л = E 0 + 3Ep for the A uger energies o f the ionized 
initia l s tates (two final hole states). H ere E 0 is the 
difference o f the to tal energies of initia l and final s tates of 
th e  ions in the W atson sphere. F or Ep we used the values 
estim ated  for N aC l (1.58 eV) and KCI (1.97 eV) in Ref. 15 
and for C aF 2 (1.73 eV) in Ref. 16. Because the ionicity  of 
Sc20 3 is considerably  less than  for o ther com pounds s tu d 
ied here, ou r model is no t appreciable in this case.

IV. RESULTS AND GENERAL DISCUSSION

In Figs. 1(a)- He) we show  the to ta l electron yield spec
tra  for N aC l, K CI, C aF j, C aC lj, and SC2O 3 in the vicinity 
o f the Cl, K , Ca, and Sc L 23 absorption  edges. They 
agree well w ith the correspond ing  absorp tion  sp ec tra 3,9,17 

and have been fully explained in previous studies, on an 
atom ic as well as on a so lid-sta te level.9 , 18,19 The m ain

CaF2 
Ca I«,

2

J52_
CaCl* 
Ca l a

2 4

356

(d)

PHOTON ENERGY (eV)

FIG. 1. L n edges for NaCl (a), KCI (b), CaF2 (c), CaClj (d), 
and ScjOj (e). The numbered vertical bars show the photon en
ergies used to induce the electron spectra in Figs. 2-6. The in
set in Fig. (a) shows the CIS spectrum for the Cl 3p~24s final 
state.
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(by abo u t 1 cV fo r K C 1 ,1.5 eV fo r C aC l2 and  C aF 2, and  2 
eV fo r ScjO j) o f  th e  3d  o rb ita l. T he  w id ths o f  the  bands 
have a  significant phonon  co n trib u tio n . 9 ,19 In  the  com 
pounds considered  here  th e  crysta l field has opposite 
signs fo r K + and  C a2+ in C aF 2 and  as a  consequence the 
low est-energy com ponen t o f  the 3d  o rb ita l has t lg sym 
m etry  in th e  case o f  K + and  e. sym m etry  in the  case o f  
C a2+.

In  th e  2pi ( i s 1'ipb)Zd configuration  o f  th e  C l~  ion the 
3d  o rb ital is no t co llapsed3 and  th e  tran sitions  to  th e  d- 
like con tinuum  s ta r t a t p ho ton  energies a round  2 0 5 -2 1 0  
eV .20 I t  is generally  accep ted 21 th a t th e  near-edge s tru c 
tu re  o f  th e  C l-  L 2j absorp tion  spectra  ju s t above 200 eV 
orig inates from  th e  tran sitions  2p6- * 2 p >As. T he  spin- 
o rb it sp litting  o f  th e  2p5 shell o f  C l"  is abou t 1.6 eV . ' 20

In  F igs. 2 - 6  the photoem ission  spectra  o f  N aC i, KC1, 
C aC lj, C aF j, and  Sc20 3, induced by pho tons w ith 
d ifferent energies in th e  vicinity  o f  the L 2} absorp tion  
edges, a re  show n. F o r each  com pound  the photoem ission 
spectra  w ere taken a t fixed pho ton  energy steps 
th ro u g h o u t th e  L 1} edge (see Fig. 1) and  subsequently  
norm alized  for p h o ton  flux. F o r  C aF 2 and KC1 th e  spec
tr a  are com parab le to  those obta ined  ea rlie r .22,23

In  general, all s truc tu res  in these spectra , excluding the

Ю Ш ТС ENERGY (eV)

FIG. 2. Photoemission spectra for NaCl. The number at 
each spectrum corresponds to the vertical bar with the same 
number in Fig. 1 and shows the photon energy used. The spec
tra are normalized to equal photon flux. The energy levels and 
corresponding Auger transitions are indicated for most of the 
structures. The arrows indicate the spectator-induced structure 
in the Auger spectra. V stands for the valence band. N  denotes 
the normal Auger spectrum excited by 220-eV photons.

KINETIC ENERGY (eV)

FIG. 3. The same as Fig. 2 for К Cl. The normal Auger spec
trum is excited by 400-eV photons.

HNEITC ENERGY (eV)

FIG. 4. The same as Fig. 2 for CaFj. The normal Auger 
spectrum is excited by 400-eV photons.
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260 280 300 320 340 
KINETIC ENERGY (eV)

FIG. 5. The same as Fig. 2 for CaCl2. The normal Auger 
spectrum is excited by 400-е V photons.

320 340 360 380 400 
KINETIC ENERGY (eV)

FIG. 6. The same as Fig. 2 for Sc2Oj. The normal Auger 
spectrum is excited by 450-eV photons.

weak lines w ith  energies exceeding th e  energies o f  valence 
electrons and  w hich o rig inate  from  th e  2 p  e lec trons excit
ed by second-order p h o tons , 24 m ay be d iv ided  in to  tw o 
categories.

T he first ca tegory  consists o f  photoem ission  peaks o rig 
ina ting  from  th e  pho to ion iza tion  o f  d ifferent energy levels 
o f  th e  crysta l ions. T he  k inetic  energ ies o f  these lines E k 
vary linearly  w ith ph o to n  energy h v  so th a t 
Ek —h v —E t , E B being th e  b inding  energy  o f  th e  elec
tro n  level. I f  th e  p h o ton  energy coincides w ith  the 
2pb—*2ps3d absorp tion  edge o f  K + , C a2+, an d  Sc3+ the  
3 5  and  3p  photoem ission  peaks o f  these ions exh ib it a  res
onan t enhancem ent. T h is phenom enon  is know n as the 
p a rtic ip a to r effect o f  the  excited (3d) e lec tron  an d  is due 
to  its  p a rtic ipa tion  in  th e  A uger decay channels  
L 13M p M 4i and  L 23A/,A / 43 o f  th e  configuration  
2psi s ^ i p i id.  A t th e  resonan t p h o ton  energies th e  final 
states c rea ted  by e ither one o f  these A uger channels o r  by 
3p  and  3s d irec t pho to ion iza tion  becom e indistingu ish 
able w hich  leads to  interference and  in  general a  la rge 
enhancem ent o f  the  3p  and  3 i in tensities in th e  e lec tron

TABLE I. Experimental (Et ) and calculated ( E f )  binding 
energies (in eV). E,  values are related to the maxima of the cor
responding photoelectron lines referred to the bottom of the
conduction band.

Ion Level
NaCl

E , E f

a 10.2 9.2
Cl 3 s 20.8 24.8
Na 2Pm 34.2

35.3
1p\n 34.3

Cl 2Pin 203.1 203.0
2Pi/i 204.7 204.6

ка
Ion Level E, E f
Cl 3p 9.6 8.7
Cl 3$ 20.2 24.2
К ty i / i 20.6

21.8
3Pi/2 20.8

к is 37.9 42.5
Cl 2Pin 202.9 202.5

2Pi/2 204.5 204.1
к 2Pi/i 297.7 297.7

300.5 300.4

CaFj
Ion Level E, E f

F 2P 14.8 9.5
Ca 3Pin 28.2

31.8
3pi/i 28.5

F 2s 35.8 33.5
Ca 3s 50.7 53.2
Ca 2Pm 353.3 352.6

lP m 356.6 356.1

25
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sp ec tra . 23 T he  existence o f such  a p artic ip a to r enhance
m ent is an o th er ind ication  o f  th e  Id  e lectron  being local
ized in  th e  p a ren t ion, because such  a localization  is a 
necessity if  p a rtic ip a to r A uger channels Ь 22М ХМ 4} and 
L 2iM 2JM 4i are to  have a significant intensity .

In  T able I the  experim ental and  com puted  values o f  Eg 
as explained  in  Sec. I l l  a re  presen ted  fo r N aC l, K CI, and  
C aF 2 crysta ls. T he overall good agreem ent o f  the 
theore tica l and  experim en tal values testifies th a t a  sim ple 
m odel co rrec tly  accoun ts fo r th e  po la rization  effects con 
nected  w ith  the  p ho to ion iza tion  o f  atom s in  ionic solids. 
T he  m inor d iscord  in  th e  cases o f  th e  levels o f  s sym m etry  
is due to  s trong  collective effects in th e  ionization  o f  these 
levels, no t taken  in to  accoun t in ou r com puta tional p ro 
ced u re . 26

T he second ca tegory  o f s tru c tu res  in Figs. 2 - 6  are the 
A uger e lec tron  peaks. A ll th e  spectra  are dom inated  by 
strong  L 23A /23Af23 A uger lines situa ted  a t 170 -1 8 0  eV 
fo r Cl, 2 4 0 -2 5 0  eV for K , 2 8 0 -2 9 5  eV for Ca, and 
3 2 5 -3 4 0  eV for Sc. T he w eaker V ( V denotes the
valence band), Ь 2ЪМ ХМ 2Ъ (for К  and  Ca) and 
(for Ca) A uger lines are  also seen. T he ca lcu la ted  norm al 
A uger energies, show n in T able II  excellently coincide 
w ith th e  m easured  ones fo r th e  L ]3M }3M 1) case. In  Fig. 
7 we com pare  th e  full ca lcu la ted  К  L 2JM 2)M 2) A uger 
spectrum  o f K CI w ith  the  spectra l da ta . N o te  th a t no ad 
d itional a lignm ent o f  theore tica l and  experim ental results 
has been perform ed. Except for a deviation in th e  rela
tive in tensities o f  th e  tw o m ost intense A uger bands the 
ag reem ent is quite good.

T he m ost s trik ing  effect seen in Figs. 2 - 6  is th a t sm all 
changes o f  th e  energy o f  the exciting pho tons in the  re
gions o f  the  2/>6 —»2/>33d resonance lead to  drastic  
changes in th e  L 2iM 2JM 2i A uger spectra  bo th  in shape 
and  in tensity . T aking  th e  norm al A uger L 2iM 2j M 2i 
spectra  as references these changes m ay be described as 
new s truc tu res  appearing  on th e  high-energy side. W ith 
increasing  p h o ton  energy th is  so-called specta to r s tru c 

TABLE II. Experimental (Ел ) and calculated (£^b) Auger energies for the main LMM  Auger tran
sitions. Г is the calculated partial width (in eV).________________________________________________

Cl (NaCl) К (KCI) Ca (CaFj)
Assignment E 4 E'j Г Е л E'j Г Е л £ ?  Г

L; MjjMul'Dj) 176.4 244 244.1 281.1
ЬуМцМцОР} ) 176 178.2 0.12 246.6 0.18 283 283.0 0 .2 1

246
L 2M 23Л/}з( '/>2  ) 178.0 2469 284.6

LjW iW zjC P,) 217.6 251.1
224 258

L jM ,M n 0P,) 220.4 254.6
0.049 0.055

Л ,Л /,М 21(3Р 2) 226.5 260.9
229 265

L1M lMliCPx) 229.0 264.1

LjAf.A f.t'So) 199.4 230.3
0.0013 0.0016

LjM jM .C So) 2 0 2 .1 233.8

KINETIC ENERGY (eV)

FIG. 7. The normal Auger spectrum for KCI, excited by 
400-eV photons, and the calculated K + L ^ M u M 2i Auger spec
trum (solid line), broadened with a Lorentzian of l.S eV 
FWHM. The dashed line shows the structure.

tu re  shifts to  h igher energies.
G enerally  speaking, these changes o f  th e  A uger spectra  

a t the  resonant excitation  m ay be considered  as a  resu lt 
o f  the spec ta to r ro le  o f  the  excited  3d  e lectron  in  the 
L 2iM 2iM 2J A uger tran sition  in  w hich it does n o t p a r tic i
pate  d irectly . S im ilar effects have been observed earlier 
for several atom s, m olecules and  solids (see, e.g., Ref. 1). 
They are due to  screening by th e  excited  (here 3d) elec
tron  o f  th e  escaping A uger electron  from  th e  tw o-hole 
final s ta te  (here 3p ~ 2). I t tu rn s  ou t, how ever, th a t the  
spec ta to r feature sh ifts w ith ph o to n  energy  w hich  is a 
com paratively  novel finding. Som ething  sim ilar was 
found ea rlier for th e  Ь ъМ <М ь ( 'G 4 ) A uger spectrum  o f 
X e atom s27' 28 and the A uger spectrum  o f
solid G e . 29 In  general te rm s such an  effect m eans th a t the  
A uger tran sition  is so fast th a t a t resonan t p h o to n  ene r
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gies it is no t possible to  separate  it from  the pho ton  ab
so rp tion . B oth processes toge ther should  then  be con 
sidered as a single A uger resonan t inelastic scattering  
event, a transition  from  the “g round -sta te  ion (atom) +  
resonance p h o to n ” in itia l s ta te  to  the  “excited and  ion
ized ion (atom) +  escaping e lec tron” final s ta te . 2,28 The 
final-state ionic configuration  has definite energy and  long 
lifetim e and  is p repared  faster than  the “ A uger” electron 
w hich leaves th e  ion ca rry ing  w ith it th e  excess photon  
energy. T he  atom  rem em bers how it w as excited and 
com m unicates th is to  us th rough  the energy o f  the ou tgo
ing electron .

V. THE AUTOIONIZATION PROCESS

A fter the general poin ts m entioned in th e  preceding 
section  we will now deal w ith the peculiarities o f each  ion 
in a m ore detailed  discussion o f  the resonant Ь ггМ 2̂ М г1 
A uger spectra . W e will com pare the experim ental results 
w ith  theo re tica l ca lcula tions, and  in o rder to  follow the 
collapse o f  the I d  w ave function  we will deal successively 
w ith  С Г  in N aC l, K + in KC1, C a2+ in C aF 2 and C aC l2, 
and  Sc3 + in Sc20 3. A s will becom e clear, the com parison  
w ith  theory  proves to  be particu larly  en lightening  for K + 
in KC1. This subsection therefo re carries o u r m ain dis
cussion concerning  the physical m echanism  underlying 
the  resonan t A uger decay.

А. С Г in NaCl

In  th e  case o f  Cl ~ (Fig. 2) the spectato r-induced  s tru c
tu re  appears a t A v « 2 0 1 .5  eV and peaks toge ther w ith 
the  first L 3 exciton absorption  m axim um . This is illus
tra ted  in m ore detail in Fig. 1(a), w hich in add ition  to  the 
Cl L 23 edge shows the  norm alized  photoem ission in tensi
ty  of the sp ec ta to r s truc tu re , or ac tually  its constan t 
in itia l-state  (CIS) spectrum . T he p artic ip a to r effect o f the 
excited electron  for the 3p and 3s pho toe lec tron  lines is 
very w eak o r absent. This is in line w ith the s tandpo in t 
th a t the first m axim a in the C l- L 23 absorption  spectra  o f 
m etal ch lo rides are due to  the 2 p 6—* 2pi4s transitions, the 
final-state 4s electron  being loosely bound to  the paren t 
Cl atom  and having a m ean rad ius com parable w ith the 
la ttice param ete r. The crea tion  energy o f the final 
configuration of the sca ttering  event, the l p ~ 24s 
configuration , is abou t 23.2 eV. The appearance of the 
spectato r-induced  s tru c tu re  in the region o f A vss203 eV 
[see Fig. 1(a)] indicates th a t the 2p W2 com ponen t o f  the 
L 23 core exciton absorp tion  is in the case o f  N aC l hidden 
in the  w ide absorp tion  s tru c tu re  in the region o f  20 3 -2 0 4  
eV, as proposed ea rlie r .20

A lthough  the 3d  wave function  is not collapsed in the 
case o f the C l-  2 p i 3d configuration , an in teresting  weak 
h igh-energy feature seems to  appear in th e  C l-  
£ 23Л /23Л/ 23 A uger spectra  at 2 0 4 < A v < 2 0 6  eV (spectra 
1 0 -13  in Fig. 2). This feature m ay be in terp re ted  as an 
nrf-spectator-induced s truc tu re , w hich then m eans th a t 
the th resho ld  energy for 2 p 6—* 2 p ind  transitions for C l-  
in N aC l lies a round  204 eV and th a t the 3d e lectron  
form s in th e  field o f tw o 3p  holes a short-liv ing  stationary  
state, degenerate  w ith th e  s-type continuum .

B. K+ ii  К Cl

In  o rd er to  unders tand  the stru c tu res  in  the  v icinity  o f 
th e  norm al Ь гъМ 1гМ 2т, A uger s tru c tu re  o f  KC1 (Fig. 3) 
in som e m ore detail we show  in F ig. 8  as function  o f  p h o 
ton  energy th e  energy position  o f  th e  tw o h ighest-energy 
bands o f  the  sp ec ta to r s tru c tu re  as well as o f  a  peak (coin
ciding w ith  the m axim um  o f spectrum  6 ), w hich  is p a r t o f 
a s tru c tu re  nearly  degenerate  w ith  th e  n o rm a l A uger one, 
and w hich s ta rts  to  be clearly  observable in  spectrum  5, 
i.e., a t A V «  296.5 eV. T he alm ost linear d ispersion  o f  the 
first tw o s truc tu res  th ro u g h o u t th e  w hole resonance re
gion, as is clear from  com parison  w ith  th e  d ispersion  o f 
the 3s photoem ission  line in  F ig . 8 , ind icates th a t th e  final 
s ta te  arising from  different resonances is alw ays th e  sam e,
i.e., it does no t depend on th e  in term edia te  s ta te . T he 
low er-energy s tru c tu re , on  th e  o th e r hand , essentially  
seems to  rem ain  a t con stan t k inetic  energy. T ow ard  
h igher-pho ton  energy (spectra  14 an d  IS) it can  be seen 
th a t th is  peak finally m erges w ith  th e  ЪР  p eak  o f  th e  n o r
m al j j  A uger stru c tu re . T he  dev iation  o f  the 
d ispersion  from  a stric t linearity  in the regions o f  th e  first 
and  th ird  absorp tion  peaks seem s system atic  and  cou ld  be 
due to  an  energy red istribu tion  betw een escaping elec
trons  and  phonons, o r  to  an  in terference (Fano) effect.

Since the final configuration  fo r th e  norm al 
L 23A /23M 23 A uger tran sition  in  K + is l s 22 s22 p 63s23p4 

(or 3p ~ 2), th e  final configuration  for th e  sam e transition  
in the presence o f  a  3d  sp ec ta to r elec tron  shou ld  be 
3p  - 23d. This configuration  has been show n to  be th e  
m ain p ro d u c t o f  th e  resonan t A uger tran sitions  in A r 
a tom s30,11 and  it is also observable am ong the  p ro d u c ts  o f 
sim ilar tran sitions  in К  and  C a a to m s . 32,33 T he  c rea tion  
energies correspond ing  to  th e  m ain m axim a o f the  
spectato r-induced  A uger s tru c tu re , 45.6, 47.5, 49.5, and
51.5 eV, are in the sam e energy region as the  energies o f  
various term s o f  the 3 p - 23</ configuration  o f  K + free 

34ions.

ка
.260

0  250

f*3eV3d
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PHOTON ENERGY (eV)
302

F IG . 8. T he energy position o f  the К  3s photoem ission line 
o f  KCl ( X ), the  two high-energy specta to r satellites ( +  ), and 
the lP  peaks o f  the  L 2] M n M 2i A uger s truc tu re  (dots) as func
tion  of photon  energy.
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T o  separa te  the dispersive and  nondispersive structu res 
we sh ift spectrum  4 w ith respect to  spectrum  6  by the 
difference in  p ho ton  energy and  renorm alize its intensity  
so th a t th e  h ighest-energy spec ta to r lines in the  spectra  4 
and  6  coincide. T he difference o f  th e  spectra  6  and  4 ob
ta ined  a fte r th is p rocedu re  is show n in Fig. 9(b). T he 
com parison  o f  th e  difference spectrum  w ith the ca lcu la t
ed L i M 2iM n  A uger s truc tu re , also presented  in Fig. 
9(b), suggests th a t it can  indeed be ascribed to  a norm al 
L }M 2iM 2} A uger s tru c tu re  presum ably  shifted to  higher 
energies by abou t 1 eV, as can be seen by com paring  spec
tru m  IS and  th e  norm al A uger spectrum  in Fig. 3. A t 
th e  position  o f  lS  te rm  o f the  A uger stru c tu re  som e add i
tional weak features are seen, for w hich, how ever, we 
have no explanation . S im ilarly, we conclude th a t spec
tru m  1 2  in  add ition  to  the sp ecta to r s tru c tu re  and  a  n o r
m al L j M 2iM 23 A uger s tru c tu re  contains the norm al 
L 2M 2iM 2i A uger stru c tu re . T he com parison  o f spectra  
1 0 - 1 2  w ith  each  o th e r show s th a t the la tte r  s ta rts  to  
arise in spectrum  11, i.e., a t Ä v «  299.3 eV. T he energy 
position o f  th e  identified }P  line o f this L 2M 2JM 2J s tru c 
tu re  again proves to  be essentially nondispersive, as 
show n in F ig. 8 .

BINDING ENERGY (eV)

FIG. 9. Resonant L 2iM 2JM1} Auger spectra for KC1 as com
pared to the calculation of the i s 1ip*3d and i s lp 6 final states. 
In (a) and (c) are shown spectra 6  and 4 of Fig. 3, respectively. 
Their difference spectrum is shown in (b) and compared with 
the calculated Z,jAf2jA/ 23 Auger structure (solid line). Our cal
culation of the 3/>~J3d ‘ configuration of the au
toionization spectrum is shown in (d). The theoretical multi- 
plets are broadened with a Lorentzian of 1.5 eV FWHM. Fur
ther explanation in text.

This decom position  p rocedure  leads to  the  conclusion 
th a t a t resonan t 2pt'—*2pi i d  excitation  th e  pho toem is
sion spectra  o f K + in the vicinity o f  th e  L 2}M 2JM 2i 
A uger s tru c tu re  con ta in s th ree  com ponen ts, the 
spectato r-induced  stru c tu re , w hich sh ifts to  h igher- 
kinetic energy w ith  increasing pho ton  energy , and  the 
norm al L }M 2iM 1} and  L 2M 2iM 2i A uger s truc tu res . 
T he sm all h igh-energy shift o f th is A uger s tru c tu re  a t 
pho ton  energies close to  th e  ionization  th resho ld  m ay be 
understood as the P C I o f  th e  slow  pho toe lec tron  and  the 
fast A uger e lec tron . 2

A lthough  in  a s tra igh tfo rw ard  trea tm en t th e  develop
m ent o f the 3 p _ 23d final configuration  a t resonan t p h o 
ton  energies should  be considered  as the  resu lt o f  a  single 
scattering  event 2p6 + h v —*Ър ~2i d  +e,  we tre a t it  here 
as a tw o-step process, th e  first step  being th e  c rea tion  o f  
th e  2 p - l 3rf excited configuration  and  th e  second one the 
specta to r decay 2 p _ l 3 r f -* 3 p - 23 d + e  o f  th is  
configuration. O n these grounds we use th e  m odel ex
plained  in Sec. I l l  to  com pute  th e  sp ec ta to r s tru c tu re  in 
the electron  spectra  as th e  s tru c tu re  w hich  corresponds 
to  this second step. In  F ig. 9(a) th is  resu lt is show n. T he 
3£>, s ta te  was chosen as the a tom ic  in term ed ia te  state . 
F o r th is  s ta te  th e  p robability  o f  a 2р ъ/1 hole is la rgest. I t 
should, how ever, be no ted  th a t th e  A uger in tensity  d is tr i
bution  does no t critically  depend on th e  choice o f th e  in 
te rm edia te  state. N o te, also, th a t fo r th is  m ore detailed  
com parison  we have aligned and com pressed  th e  energy 
scale o f  the ca lcula ted  spectrum . T he com pression  (here 
85% ) is a com m on p ractice  to  co rrec t fo r the 
configuration in terac tion  and the  solid s ta te  effects not 
considered  in o u r calcu lations. This m any-body co rrec 
tion  can, for instance, also be achieved by a reno rm aliza
tion  of th e  S later in tegrals involved .35 E ith e r m ethod  
yields in essence th e  sam e resu lt.

A fter th is co rrec tion  we find fo r th e  spectrum  in Fig. 
9(c) a good agreem ent in position  and relative in tensity  o f 
the indicated  ( ]D )3d2D, ( lD )3dzF  te rm s and  th e  2S  te rm , 
w hich coincides w ith the  3* photoem ission  line. T he 3p 4 

p aren t te rm s are given in parentheses. N o te  th a t th e  in
tensity  o f  the 3s photoem ission line is de term ined  by in 
terference effects w ith the d irec t photoem ission  process. 
This effect is neglected in a tw o-step  approach . T he posi
tion o f the m ost intense spec ta to r peak differs by abou t
1.5 eV from  the theoretical result, b u t th is  d iscrepancy 
can be understood from  the m ultitude o f te rm s (15 in to 
tal) w hich con tribu te  to  its in tensity . T he  relative bal
ance of the A uger intensities is in a ra th e r  subtle  way 
dependent on the final-state poten tia l, w hich  determ ines 
the shape o f the con tinuum  wave function and th e  value 
o f the radial integrals. T he A uger in tensities are th e re 
fore easily affected by the approx im ations in ou r schem e, 
and we believe th a t the cause o f the  d iscrepancy  here is 
the intensity  o f the 2G te rm  w hich seem s strong ly  un
derestim ated  in th e  ca lcula tion . T here is, how ever, a 
m uch s tronger d iscrepancy between ca lcu la tion  and ex
perim ental result, because in tensity  in the  ( lD ) i d 1D  and  
( 'D )3 d 2P te rm s a t higher-b inding  energy seem s com 
pletely lacking. W e suggest, th a t th is is caused by th e  
fact th a t at these energies the 3p 43d m ultip let s ta tes a re  
degenerate w ith the final state  o f the  ip*  no rm al A uger
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processes. T he underlying physics is th a t the excited i d  
electron  in the in term edia te  2p5id  state  has a  certain  
p robab ility  to  be delocalized. This p robability  depends 
on th e  p a rticu la r resonance, or m ore specifically on the 
wave function  o f th e  i d  e lectron  in the crysta l field and 
th e  coupling  o f the i d  s ta te  w ith the conduc tion  band 
con tinuum . T h is should  also affect the fate o f the i d  
w ave function  in the final tw o-hole configuration , w here 
it m ay o r m ay no t collapse progressively to  form  the 
i p * i d 1 m ultiple! state. In Fig. 9(b) it can be seen th a t the 
]D te rm  o f  th e  experim entally  determ ined 
s tru c tu re , w hich is the pa ren t s tru c tu re  o f the lacking 
sp ec ta to r te rm s, can be considered  to  m ark  the energy 
boundary  betw een bo th  possible decay processes.

F o r h igher-pho ton  energies exactly the sam e process 
takes p lace in relation  to  the 2 p f / 2 3<f configuration  and 
the  observed L 2M 2зЛ/ 23 s tru c tu re  (starting  at spectrum  
10). B ut here also a  relatively strong / , 3Л /23Л/ 23 s truc tu re  
is observed. T he la tte r  is a consequence o f the generally 
very fast L ;iL )A/45 C oster-K ron ig  (CK) process involving 
the i d  e lectron , w hich escapes in to  the con tinuum  leav
ing the  2Р 1/2 configuration. T he add itional Lorentzian  
b roaden ing  found in th e  “L 2” p a rt o f the absorp tion  
spectrum  is a signatu re  o f  th is additional decay channel .9

It is im p o rtan t to  note th a t the sam e final configuration 
i p ~ 2i d  arises as the  cause o f satellite s truc tu res  in the 
L 23 em ission spectra  o f K + in potassium  halides (the 
2p>i s 2i p 6-* 2 p 6i s 2ip * id  satellites o f the 2 p ii s 2i p 6 
—►2p63 i l3 p 6 d iagram  lines36,37) and in the 3s pho toelec
tron  sp ec tra . 38 T he  spec ta to r as well as partic ip a to r s tru c 
tu re s  can  the refo re  ac tually  be considered  as photoem is
sion stru c tu res  th a t resonate a t the 2p  core level th re sh 
old. T he energy o f  the cen ter o f gravity  o f the satellite 
em ission band is abou t 249 eV for KC1 , 36 in excellent 
ag reem ent w ith  th e  energy o f th e  cen ter o f gravity  o f the 
sp ec ta to r s tru c tu re  in spectrum  4 (Figs. 3 and 9).

In Fig. 1 0  the excitation  spectra  for the  highest-energy 
sp ec ta to r s tru c tu re , th e  L 3A /23A/23(3/ >) norm al A uger 
s tru c tu re  as well as fo r the ip  and  is  photoem ission  lines 
a re  show n. They are essentially the CIS spectra  for the 
pho toe lec tron  lines and th e  specta to r s tru c tu re  and  the 
con stan t final-state (CFS) spectra  for the A uger line. I t is 
clearly  seen th a t the efficiencies to excite the specta to r 
s tru c tu re  on the one h and  and the A uger s tru c tu re  on the 
o th e r com pete w ith each o ther. T he efficiency to  excite 
the sp ec ta to r s tru c tu re  is the largest in the regions of the 
first and  th ird  resonances, the efficiency to  excite the 
A uger s tru c tu re  is the largest in the regions o f the second 
and fou rth  resonances. Such a behavior o f the excitation  
spectra  can  be considered  as evidence for the fact th a t the 
high-energy com ponen ts o f the crystal-field-split i d  sta te  
reflected by the second and fourth  resonances overlap the 
conduc tion  band con tinuum  and  th a t the i d  electron ex
cited to  these states is partly  delocalized, i.e., has a finite 
probab ility  o f  leaving th e  region o f  the ion before the 
A uger tran sition  occurs. The specta to r s tru c tu re  is espe
cially heavily suppressed in the high-energy region o f the 
fou rth  resonance w here it overlaps w ith the L 2 con tinu 
um , and  w here, as noted  before, in add ition  p a rt o f the 
L 2 holes a re  transferred  in to  L } holes via a C K  transition  
before th e  A uger transition  occurs.

ка 
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FIG. 10. The (CIS or CFS) excitation spectra for the ip (*  ) 
and 3s ( X ) photoemission lines of K G , as well as for the high- 
energy spectator structure (+ ) and the }P Auger
line (dots), as compared with the К  L 33 edge. The excitation 
spectra are normalized for equal peak height; zeros are indicat
ed by horizontal bars.

T he  efficiency o f the p a rtic ip a to r role o f  th e  i d  electron  
(see Fig. 10) peaks a t all four resonances, b u t the  relative 
efficiency o f  th e  is  photoe lectron  line is suppressed in the 
regions o f  th e  second and  fo u rth  resonances and  seem s to 
follow the efficiency o f  th e  sp ec ta to r stru c tu re . T h is  may 
be considered as an ind ication  o f  the s trong  configuration 
in teraction  between the i s  i p 6 and  i s 2ip* id  con
figurations. I t  m ay also explain w hy th e  resonance m axi
m a o f  the is  and  ip  photoem ission lines do no t coincide. 
N ote th a t for th e  detailed discussion o f  th e  fa te  o f  th e  ex
cited i d  electron  th e  is  —>2 p  and  i d - * 2 p  rad iative decay 
channels, no t s tudied here, should be included.

T he spec ta to r effect m anifests also itse lf in  th e  
L 2}M tM 2i and  L 2iM 13 V  A uger spectra. I t  is observable 
in spectra  3 - 5  in Fig. 3 th a t b o th  o f  these s tru c tu res  seem 
to  have com ponents shifted to  h igher energy in co m p ar
ison w ith corresponding  stru c tu res  in, fo r exam ple, spec
tra  7 and  8  o r  above th e  edge. Spectrum  6  dem onstrates 
how  the spectator-induced  stru c tu res  reduce to  th e  n o r
m al spectra. In  th e  region o f th e  L 2 resonance (spectra 
1 0 - 1 2 ) these spectator-induced  stru c tu res  ap p ear again. 
I t  is, how ever, difficult from  ou r d a ta  to  say any th ing  
m ore definite abou t th e ir d ispersion.

T o conclude, the resonant photoem ission sp ec tra  o f 
KC1 a t th e  L 23 edge in th e  vicinity o f the К  L 23A /23Af23

26
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A uger s tru c tu re  can be explained, accepting  th ree  sta te 
m ents.

(i) T hese spectra  con ta in  tw o m ajor com peting  com 
ponents, the P C I-sh ifted  norm al L 3Af23A/ 23 and 
L 2M 2iM 2i s tru c tu res  and  the sp ec ta to r s tru c tu re  w hich 
sh ifts to  h igher energies alm ost linearly w ith increasing 
pho ton  energy. T he norm al A uger s tru c tu res  are  a  signa
tu re  o f th e  delocalization  o f  th e  3d  electron . A s such , th e  
presence o f these s truc tu res  m ay be considered  as a 
so lid-state effect.

(ii) T he spec ta to r s tru c tu re  is due to  th e  3 p _ 23d final 
configuration  and  is always the  sam e independently  o f  the 
na tu re  o f the  p rim ary  resonance; in  its  m ost p u re  form  it 
can be observed only in th e  region o f  the  first L  3 reso
nance, w here its essentially atom ic  origin can be verified.

(iii) A t the “ L 2” p a r t o f th e  L 23 edge, w here the  p roba
bility o f  crea ting  2pW2 holes is la rgest, an additional 
L 2L }M 4i C K  process carries a large p a rt o f  the  w eight of 
th e  deexcita tion . T he  p resence o f an intense £ 3Л /23Л/ 23 

s tru c tu re  is assum ed to  be a p ro o f o f this.

C. CaJ+ in CaFj and CaCl2

F rom  a general po in t o f view th e  situa tion  w ith the 
A uger spectra  and  th e ir 3d-spectato r- 

induced changes in the case o f C a2+ in C aF j and  C aC lj 
(Figs. 4 and S) should be sim ilar to  the s itua tion  for K + 
in KC1. H ere also a spectato r-induced  s tru c tu re  appears 
for resonan t p h o ton  energies a t th e  h igh-energy side of 
the  norm al A uger s tru c tu re  and m oves to  h igher energies 
as h v  increases. T he  crea tion  energy o f th e  highest- 
energy com ponen t o f  th is  final s ta te  configuration is 
abou t 57.3 eV. A lso here  we m ay conclude th a t the spec
ta to r  s tru c tu re  is due to  th e  final configuration  3p  ~ J3d.

H ow ever, a m ore detailed  analysis shows th a t the  case 
of C a2+ differs from  the case o f K + in some im p o rtan t 
aspects. F igu re  11 illustrates some o f the  differences in 
volved. W e have com pared  sim ilar spectra  as in the case 
o f KC1, w ith the atom ic ca lcu la tion  here for C aF 2 and 
C aC lj. T he energy scale o f  the  ca lcu la tion  was again 
com pressed  by 85% . W e observe, first, th a t a lthough  th e  
sp ec ta to r peak a t low -binding energy reasonably aligns 
w ith the theo re tica l result, th e re  are, for bo th  C aF j and 
C aC l2, no fu rth e r obvious agreem ents between spectral 
da ta  and  theory. Second, although  com ponents o f  the 
norm al L jM jjA f j j  A uger s tru c tu re  m ay be p resent, they  
seem to be m uch  w eaker and  also canno t be d em onstra t
ed by m eans o f a  sub trac ting  techn ique as in the  case of 
KC1, because o f  the in trinsic  differences in these spectra. 
I t m ay then , for exam ple, be th a t all resonantly  excited 
s tru c tu re  is spec ta to r s tru c tu re  and  th a t th is s tru c tu re  de
pends on the na tu re  o f  the p rim ary  pho toexcita tion  reso
nance. S pectrum  11 in Fig. 4 (CaFj) is very sim ilar to  
spectra  4 and  5 show ing th a t th e  rep lacem ent o f  th e  2p l n  
hole by th e  2p W2 hole does no t change th e  decay process 
o f th is  resonance, except for the  possible inclusion o f  an 
effective L 2L ^ M 4i C K -like transition  in the la tte r  case. 
In  the  region o f the  highest-energy 2p f/2  3d resonance 
(spectra 1 2 -1 4  in F ig. 4 as well as in Fig. 5) the situa tion

RELATIVE ENERGY (eV)
FIG. II. (a) Resonant L 2iM u M 2} Auger spectra for CaF2 

(spectra 4 and 7 of Fig. 4). (b) Resonant L i3M I}M u  Auger 
spectra for CaClj (spectra 4 and 6  of Fig. 5). (c) The atomic cal
culation for the 3s23p*id and 3sSp* final states, broadened with 
a Lorentzian of 1.5 eV FWHM.

differs to  th e  extent th a t th e  sp ec ta to r decay  is suppressed 
and  th a t a very strong  L 2L 3Af4) C K  tran sitio n , ind icated  
by a large L 3A/23A/ 23 norm al A uger stru c tu re , dom 
inates. N o te  th a t th e  p artic ipa to r-induced  enhancem ent 
o f  the  3 5  and  Ър pho toe lec tron  lines is relatively  strong  as 
com pared  to  th e  case o f  K + .

Looking for a  physical difference betw een th e  cases of 
K + and  C a2+ it should  be no ted  th a t th e  2 p 53d 
configuration  in C a2+ is m ore localized because o f  th e  
progressed collapse o f  th e  3d  wave function , and  th a t its 
binding energy is larger. T his m ay explain th e  lack o f  a 
clear norm al A uger com ponen t (except fo r th e  one 
caused by th e  C K  process) in th e  deexcita tion  spectra . In 
the case o f  KC1 the crysta l field d id  no t seem to  p revent a 
com parison  w ith the atom ic ca lcu la tion . But, th e  in tr in 
sic differences in th e  au to ion iza tion  spectra  o f  C aF 2 and 
CaC I2 m ay be indicative o f  a  crystal-field effect th a t can 
not be neglected.

D. Sc1 in ScjO)

T he resonantly  excited electron  spectra  o f Sc3+ in 
Sc20 3 in th e  L 2J3A /23Af23 A uger region a re  considerably 
w ider and less stru c tu red  th a n  those o f  K + and C a24". 
T he p robable cause for th is  is th a t th e  chem ical bond in 
Sc20 3 is m uch m ore covalent th an  in KC1, C aF 2, o r 
C aC lj. A n im p o rtan t consequence o f th is  c ircum stance  is 
th a t all th e  2 p 53<f resonan t absorp tion  s tru c tu re  is degen
era te  w ith th e  conduc tion  band con tinuum . T h is m ay ex-
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plain w hy in F ig. 6  s truc tu res  identifiable w ith the norm al 
L jA f j jM jj  as well as th e  L 3A/23K A uger s truc tu res  ap 
pea r already a t the  first 2pi3d resonance. F u rth e r  evi
dence o f th is  covalency effect, w hich follows also from  a 
detailed  analysis o f th e  L 23 edge , 9 is presented  by the  res
o n an t enhancem ent o f the valence band, clearly  observ
able in  spectra  4 and 9 o f  Fig. 6 . T his can only be caused 
by the presence o f Sc d  ch a rac te r in  the occupied p a rt of 
the  valence band. N evertheless, the traces o f  w hat we 
shou ld  identify  as a spec ta to r s tru c tu re  shifting to  h igher 
energies w ith  increasing  pho ton  energy are seen in  some 
o f  th e  spectra . T he crea tion  energy corresponding to  this 
final-state s tru c tu re  is abou t 6 8  eV. As in the cases 
o f K + and C a 2 + we assum e a 3p~23d in term ediate  
configuration  to  be responsible for this s truc tu re . P a r t o f 
the norm al L 3M 2}M 2i s tru c tu re  a t the resonance 
should , finally, be a ttrib u ted  to  a C K -m ediated  decay pro- 
cess.

VI. SHAKE PROBABILITIES

I f  ou r in terp re ta tion  o f the spectator-induced spectra  is 
co rrec t, there rem ains no appa ren t s tru c tu re  to  be in te r
pre ted  involving a  shake-ofT o r shake-up o f th e  excited 3d 
or 4s electron  during  the  A uger decay o f th e  2p hole. 
T h is  is in co n tras t to  the case o f A r atom s w here the 
shake-up processes (m ainly 3 d —>4d and  4 s —*-5s) w ere 
show n to play an im portan t role in the fo rm ation  o f  the
final state 30.31 T o solve th is  con trad ic tion  we have ca lcu
la ted  the to ta l overlap  probabilities Л ,/ to  verify th a t no 
ejection o r excitation  o f 3d and 4s electrons o f the 
configurations 2p>3s23pi 3d(4s) takes p lace during  the 
L 23M 23M 23-like deexcita tion  (Table III). This overlap  is 
given approx im ately  by the form ula

h r 1 dr (6)

w here R'ni and  R are the initia l and final s ta te  radial 
wave functions o f nl [3d o r 4s) electrons, respectively. As 
seen in T able III, for 3d e lectrons {rn /) decreases sharply  
in the ?cquence from  A r to  C a2 + . In the case o f  A r the 
3d e lectron  collapses during  the A uger decay and the 
shape p robability  is large, w hile for K + and even m ore

for C a2+ it is com pletely  collapsed in  the  2pi3d 
configuration . D uring  th e  A uger decay its m ean rad ius 
changes little  and  the  shake probab ility  is sm all. A n o th er 
fac to r w hich decreases th e  shake-up  probab ility  fo r the 
3d e lectron  is th e  fact th a t, in th e  configuration  2p snd 
( n >4 )  o f  ions considered  here, th e  d  e lec tron  is no t col
lapsed and  con tribu tes to  the  crysta lline  s ta tes  w hich 
have low density  a t any p articu la r ion sta te . Therefore, 
we canno t su p p o rt th e  suggestion o f  Ref. 22 th a t the 
shake processes a re  im p o rtan t to  th e  build  up  o f  th e  3d 
spec ta to r s tru c tu re  in th e  case o f C aJ+ in  C aF 2.

VII. CONCLUSIONS

W e have d em onstra ted  th a t a t inc iden t p h o to n  energies 
co inciding w ith  th e  2pi —*2p>3d(4s)  resonances in  the 
absorption  spectra  o f  argonlike ions C l-  (in N aC l), K  + 
(in KCI), C a (in C aC l2 and  C aF 2), an d  ScJ+ (in Sc20 3) 
th e  spectra  o f  electrons em itted  by these  ions con ta in  a 
sp ecta to r s tru c tu re  in the reg ion  o f  th e  no r*
m al A uger s truc tu res  and  th a t th is  s tru c tu re  sh ifts to  
h igher k inetic  energies w ith  increasing  p h o to n  energy. 
B oth em pirical considerations and  H artree -F ock -P au li 
com pu ta tions  show  th a t th is  s tru c tu re  o rig inates from  
the 3 p~23d (4s) final configuration  arising  as a  p ro d u c t o f 
the  A uger resonan t inelastic sca ttering  process o f  in 
ciden t pho tons. Collapse o f  th e  3d  e lec tron  in th e  2ps3d 
configuration in  the  sequence C l- —» A r—<-K+ leads to  
the  m arked  increase o f  in tensity  o f  th is  process and  the 
decrease o f  th e  ro le  o f  shake  processes in  it. O u r  experi
m ental d a ta  for C l~  in N aC l and  K + in K C I a re  clear 
evidence o f  this.

O ne o f  th e  m ain  poin ts  o f  th is  s tudy  is th a t we p ropose 
th a t also the sp ec ta to r s tru c tu res , to  th e  ex ten t they  are 
p resent in the resonan t L 23A /23Af23 A u g er s truc tu res , 
essentially rem ain  a t constan t b ind ing  energy. O ur 
reason for th is  assum ption  is th a t we consider b o th  p a r t i
c ip a to r and  spec ta to r processes as decay channels to  a 
single photoem ission  final s ta te , th e  “ m ain”  pho toem is
sion line and  its configuration  in terac tion  (Cl) satellites. 
A t resonance the in tensity  ra tio  o f m ain  line and  C l sate l
lites m ay, o f course, com pletely  change, because o f  th e  in-

TABLE 111. The calculated probabilities Я„, for 3d and 4s electrons not to be ejected or excited dur- 
ing the Auger decay. ( r„,) is the mean radius of the nl excited electron wave function (in atomic units).

Cl (NaCl) Ar К (KCI) Ca (CaF2)
Initial and final 
configurations <M> Л / <r„> P.l ( n*i) P,i P.,

Initial 2pi3s13pb3d 9.24 2.92 1.63
0.23 0 .8 6

Final lp b3sl3p'3d 2.79 1.85 1.47

Initial 2p!3j23p“3ö 9.24 2.92 1.63
0.17 0.82

Final 2pb3s°3pb3d 2.46 1.75 1.43

In it ia l 2p53iJ3p64j 5.67 5.34
0 .8 8 0.87

Final 2pb3s23pUs 4.43 4.10

0.99

0.98
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volvem ent o f different m atrix  elem ents and  selection 
rules. T he  dispersion  curves o f  F ig. 8  could  w ith regard  
to  sp ec ta to r s truc tu res , in p rinc ip le , also be in terp re ted  as 
po in ting  to  a  stepw ise increase in  k inetic  energy, co rre 
spond ing  to  th e  four (m ore o r  less relaxed) in term ed ia te  
states. A  fitting p ro cedu re  w as used to  com pose th is  
figure an d  th e  d a ta  do  no t seem  to  exclude such a  m echa
nism . H ow ever, we w ould w an t to  argue in favor o f  th e  
first m echanism , i.e., an  a ltogether coheren t process, be
cause o f  its physical c larity  an d  its theore tica l a ttrac tiv e 
ness w ith in  th e  schem e o f  a  single-step m odel.

In  th e  case o f C l-  th e  low er resonances are  due to  the 
2 p ~ '4 s  configuration  w hich results in a i p ~ 24s final 
configuration . In  th e  case o f  the m etal ions, o u r spectra  
d em onstra te  the  occu rrence  o f  a Z,2L 3A/ 45 C oster-K ron ig  
p rocess w hich can be considered  as evidence for the local
ization  (collapse) o f th e  3d  w ave function . B ut, in sp ite  o f 
a general s im ilarity , the  details o f  th e  spectra  o f the m etal 
ions studied  here differ from  each  o ther. T he m ain 
reason  is th e  different coupling  to  the  2p  53d  bound  states 
w ith  the  conduc tion  band  con tinuum . In  the case o f  ScJ+ 
all th e  in term ed ia te  states lie in the  con tinuum , and the

excited 3d  e lectron  is substan tially  delocalized  and  the 
spectra  a re  dom inated  by L y M 13M u  and  L 2M 2i\ f 2} 
A uger s truc tu res . In the  case o f  K + only the  low est - 
o rd er resonance seems com pletely  localized and  gives rise 
to  a pu re  sp ec ta to r s tru c tu re  w hich  has an  atom ic  origin 
as verified by ou r calculations. F o r  C a2+ the  in term ed i
a te  sta tes seem nearly  com pletely  localized an d  give rise 
to  a  com plicated  “ sp ec ta to r” s tru c tu re , ind ica ting  a pos
sible add itiona l role o f  th e  crysta l field. H ow ever, to  
reach  a full understand ing  o f  the  la tte r  a  m ore detailed  
theoretical analysis w ith inclusion o f  crysta l field effects 
m ay prove to  be o f  im portance.
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Auger decay processes of resonantly excited 3d_14f configuration of 
xenon-like ions in solids

R. Ruusa, A. Kikas3, A. Maiste3, E. Nõmmmiste3, A. Saar3, and M. Elango3,b

in s titu te  of Physics, Estonian Academy of Sciences, Riia 142, EE-2400 Tartu, Estonia

bDepartment of Experimental Physics and Technology, Tartu University, Ülikooli 18, 
EE-2400 Tartu, Estonia

The synchrotron-radiation-induced Auger and photoelectron spectra of xenon-like ions Г 
and Cs+ (in Csl), Ba2+ (in BaF2), and La3+ (in LaF3) have been measured in the vicinity of 
the M45 absorption edges of these ions. It is shown that the spectra of La and Ba excited at 
3d 10 -> 3d94f resonances exhibit a very intense 4f-spectator structure which changes its 
energy and intensity with energy of excited photons. Calculation of the Auger decay of the 
3d_14f configuration shows that this structure is due to transitions to the 4d~24f + 4p '1 final 
ionic configuration which high-energy part is overlapped with the 4d'2 continuum. In the 
case of Ba th is structure coexist with the normal Auger structure which appears as a result 
of the M4M5N67 Coster-Kronig transitions. The spectra of Г contain only the normal 
M45N45N45 Auger components. The spectra of Cs+ are similar to those of Г with a small 
admixture of the 4f-spectator-like structure. The anomalous behaviour of the intensity 
ratio of 4d3/ 2 and 4d5y2 photolines of La and Ba at the resonance excitation energies is 
found and attributed to the strong term-dependence of the participator Auger process.

1. INTRODUCTION

Recently it was shown that resonant 
Auger spectroscopy, which is known to 
reveal the details of the decay dynamics of 
excited configurations of atoms, molecules 
and solids, gives new interesting insight 
into the 2 p '13d configuration of argon-like 
ions Cl', K+, Caa+, and Sc3* in ionic solids 
[1]. A 3d-spec.tator-electron-related struc
ture. which reflects the 3p 23d(4s) final 
configuration, appears in the Ц2 3М2 3 М2 3  

Auger spectra of these ions at the resonant 
2 p 13d(4s) excitation energy and changes 
with progressing collapse of the 3d wave 
function. With increasing photon energy 
this structure shifts linearly to higher 
kinetic energies indicating that the 
"photon eibsorption - Auger decay" process 
should be considered here as a single

SSDI 0368-2048(94)02125-J

Auger-resonant inelastic scattering 
event [2].
Here we study another case where such  

phenomena could be expected, the decay 
of the photon-induced 3d'!4f configuration 
of xenon-like ions 1', Cs+, Ba2+, and La3+, 
in ionic solids Csl, BaF2, and LaF3, 
respectively. The near-edge structure of 
M4 5  absorption of these ions is due to 
continuous 3d-!£f or localized 3d >4f states 
depending on collapse of the 4f 
wavefunction which occurs going from Xe 
to Cs+ and Ba2+ [3,4].

2. EXPERIMENTAL

The measurements are carried out using  
synchrotron radiation from beamline 22 at 
MAX-laboratory, Lund University, Sweden

28
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Table 1
Experimental (Eg) and calculated (Eth) binding energies (in eV). EB values are referred to 
the bottom of the conduction band

Ions Configurations

3d-;2 3d;J2 4Рз/‘2 4d'24f+4p_1 4d'2

Ba free ions Eth 820.0 805.0 2 0 1 .0 201.0-234.8 243.4-254.8

Ba in BaF2 Eth 800.9 785.8 181.8 181.8-215.6 204.8-216.2

EB 802.0 786.7 179.7

La free ions Eth 890.3 873.8 232.1 232.1-268.6 296.6-308.8

La in LaF3 Eth 862.5 846.0 204.5 204.5-241.1 241.4-253.6

EB 856.8 840.0 201.5

[51. The electron spectra are excited by a 
photon beam from a modified SX-700 
plane-grating monochromator with an 
energy resolution of 0.4 - 0.8 eV, and 
analyzed by a hemispherical electron 
spectrometer Scienta SES-200 with an 
energy resolution of 0.3 eV. The M45 
absorption spectra are obtained in the 
electron yield mode. Other experimental 
details have been described earlier [1]. The 
thin films (-200  A) of Csl, BaF2> LaF3 are 
prepared by thermal evaporation from a 
molybdenum boat onto a polished stain
less steel substrate in a preparation 
chamber at a pressure 10'7 Torr, and then 
transferred to the experimental chamber 
operated at a pressure IO'10 Torr.

The measured energy distribution 
curves (EDC) of ejected electrons are 
normalized to the incident photon flux. 
The kinetic and binding energies are given 
relative to the bottom of the conduction 
band of the sample using the band gap 
energies 6 .2  eV for Csl (6), 11.0 eV for 
BaF2 [71 and 9.4 eV for LaF3 [8].

3 . THEORETICAL CONSIDERATIONS

The theoretical analysis of the observed

spectra is based on the calculation  
procedure described earlier [ 1). We treat 
the inner-shell excitation and its Auger 
decay as a two-step process. The 
calculations are essentially atomic and are 
based on the Hartree-Fock (HF) method to 
obtain the atomic wavefunctions. 
Relativistic effects are taken into account 
as corrections of the order a 2 (a is the fine 
structure constant) [91. The calculations in 
the intermediate coupling schem e with 
Slater integrals found from HF treatment 
of the 4 d* 2  final state, are shown to 
overestimate the term separations of 
multiplets [101. Therefore, for a better 
agreement with the observed spectra we 
reduce the radial Coulomb Fk (k>0), 
exchange Gk and Rk integrals for the open 
4 d'2 and 4d"^4f shells by 20%.

In the case of the collapsed 4f orbital, 
the interaction of 4d'24f and 4p '1 
configurations is expected to be very 
strong. We treat these configurations 
together and calculate transitions 3d'*4f 
-» 4p‘ 1 + 4d‘24f in a configuration- 
superposition approximation.

The solid-state effects are accounted  
using the Watson sphere model [11). The 
depth of potential well of the Watson 
sphere is taken equal to the value of the
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Madelung potential on the ion site: ±6.4 
eV for I and Cs in Csl, -17.6 eV for Ba in 
BaF2 and -25.8 eV for La in LaF3 (12). The 
influence of the Watson correction on the 
radial part of the wavefunctions is usually 
rather small. However, in the case of the 
3d'*4f configuration of Cs+ the radial part 
of the 4 f wavefunction crucially depends 
on the value of the Watson correction; if it 
becomes smaller than -5.2 eV the mean 4f 
radius abruptly increases from 1.5 to 17
a.u.. Another important effect of these 
corrections is decrease of the energy 
separation between configurations 4d'2 
and 4d'24f + 4p"1. In the case of Ba2+ in 
BaF2 th is effect leads to overlapping of 
these configurations, as we can see from 
Table 1. In th is Table the computed values 
of binding energies, Eth, of actual 
configurations of Ba and La ions are 
presented in comparision with our 
experimental data, EB. We compute the 
binding energies in crystals as E0-Ep for 
single-ionized final states and as Е0-2Е_ 
for double-ionized final states (e.g. for 4d"2 
configuration). Here E0 is the difference of 
the total energies of ground OSq) and final 
states of the ions in the Watson sphere. 
For polarization energy, Ep, we use the 
value 2.0 eV estimated both for Ba2+ in 
BaF2 and La3+ in LaF3 by using a classical 
electrostatic approach [13]. As seen, the 
experimental and theoretical values for 
absolute binding energies (and their 
differences) of the 3d and 4p levels of BaF2 
agree well with each other. Some 
mismatch (up to 6 eV) between the 
theoretical and experimental data for LaF3 
is probably due to the larger degree of 
covalency of this compound.

4. RESULTS AND DISCUSSION

Observed EDC's of LaF3, BaF2 and Csl 
are given on Figs. 1. 3, 5, 6. The inserts 
demonstrate the near-edge structures of 
the M45 absorption spectra of these 
compounds. The upper curves of each 
Figure (labelled as N) show the "normal"

M45N45N45 Auger spectra excited by 
photons with energies far above the M45 
thresholds in the region of comparatively 
small absorption coefficients. Therefore, 
the normal Auger spectra have a 
considerably smaller intensities than the 
EDC's excited at near-edge regions. For

— I— I— I----- 1— <— I— I— 1— I— i— I----- 1— .___.___.___L_

600 650 700 750
К I N E T  I C  E NE R GY ( • V )

Figure 1. EDC’s for LaF3. The resonantly 
excited spectra are normalized to equal 
photon flux. The La M45 absorption edge is 
shown in the insert. ТЪе capital letters at 
each EDC corresponds to the vertical bar 
with the same capital letter in the insert 
and show the photon energy used. The 
labels a, b and с indicate the structure 
elements discussed in the text. N is the 
normal Auger spectrum excited by 900-eV 
photons. N* is the normal Auger spectrum  
after subtraction of the F KLL Auger 
spectrum. Nt is the calculated M45N45N45 
Auger spectrum of La broadened with a 
Gaussian of 1 1-eV FWHM.



280

sim ultaneous display in the Figures the 
intensities of the normal spectra are 
strongly increased in comparison with the 
resonantly excited EDC's which are 
normalized to equal photon flux. The 
normal spectra are compared with 
calculated 3d"1 -> 4d"2 Auger transition 
intensities.

4 .1 . La In LaF3
We start the examination of resonantly 

excited M45N45N45 spectra with La3+(LaF3) 
in which case the 4f orbital is collapsed 
both in core-excited initial and final states, 
and the 3d photoabsorption resonances 
represent 3d *4f excitations. Fig. 1 shows 
a set of on-resonance EDC’s in a wide 
energy region which also contains La 4d 
and 4p photolines and La MNO and F KLL 
Auger bands. We can see a strong 
resonant enhancement of photolines and

1—1—1—1—'—r

580 600 620 640

K I N E T I C  E N E R G Y  ( e V )

Figure 2. Resonant M45N45N4 5  Auger 
spectra for LaF3 (thick lines) as compared 
to the calculated Auger transitions 
Sd'Mfl'Dj) -* 4d'24f + 4p"1 (a) and 
S d '^ fl1?!) - *  4d'24f + 4p"1 (b) (thin lines). 
In (a) and (b) are shown, respectively, the 
spectra В and E of Fig. 1. The computed 
spectra are broadened with a Gaussian of 
3-eV FWHM.

significant changes in the 4d3/,2:4d5/2 
branching ratio which indicates a high 
probability and strong term-dependence of 
the ed ^ f  -> 4d * autoionization.

In the region of the La MNN transitions 
a strong and well-developed structure 
appears which vanishes off-resonance and 
drastically differs from the normal La 
M45N45N45 bands also shown in F ig.l. 
This resonant structure consists of a 
broad band "a" and a doublet of close-lying 
bands "b" and "c".

The M4 on-resonance spectrum (curve 
E) turns out to be a replica of the M5 one, 
shifted energetically exactly by the 
corresponding increase of the photon 
energy, with a redistribution of intensities 
in favor of the band "a”. Comparison with 
the normal Auger spectrum indicates that 
there might be an extra intensity in the 
"a"-band region which might be due to 
normal M5N45N45 transitions. It could be 
induced by the M4M5N67 Coster-Kronig 
decay of the M4 hole. The common 
observation for all resonant EDC’s of La is 
that with increasing photon energy the 
whole resonant structure shifts linearly to 
higher kinetic energy, thus resembling the 
behaviour of usual photoelectron lines.

In Fig. 2(a),(b) we compare the observed 
on-resonance spectra with the calculated  
3d'l4AJ=l) -> 4d'24f + 4p"1 spectra. On the 
energy scale the experimental and 
theoretical curves are aligned by the 4p3/ 2 
photoline. As seen, the computed curves 
well reproduce the major elem ents of the 
observed resonant structure. The theory 
confirms the composite nature of the 
main resonant bands and the dominance 
o f  upper 4d"24f final states in the M4 
decay.

The main uncertainty seem s to be 
connected with the large widths of the 
measured bands, especially of band "a". 
Two sources of this broadening may be 
indicated. First, it is known that creation 
of single-core-hole states of La in its 
compounds is accompanied by relaxation 
processes involving electron transfer from 
the valence shell of neighbouring atoms to
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the La 4f level. This effect is thought to 
account for splitting of the M4 5 photolines 
[14] and appearance of the 3d_14f -> 5p'14f 
lines in the X-ray emission [15] of LaF3. It 
is quite reasonable to suppose the 
possibility of such screening processes for 
two-core-hole ionic states, also. Then, the 
observed normal M45N45N45 spectrum of 
La probably reflects a superposition of 
transitions between properly weighted 
different initial (3d'1, 3d *4f) and final 
(4d‘2, 4d‘24f, 4 d 24f2) configurations which 
may lead to a strong extra broadening.

Second, we cannot exclude the 
possibility that in the real LaF3 crystal the 
upper levels of the 4d~24f multiplet lie 
slightly above the 4d'2 ionization limit,

K I N E T I C  ENE RGY ( e V )

Figure 3, The same as Fig. 1 for BaF2. The 
normal Auger spectrum is excited by 
880-eV photons, the calculated spectrum  
is broadened with a Gaussian of 5-eV 
FWHM.

contrary to the predictions of Table 1. 
Then, a new double Auger decay route 
3d-,4f -> (4d'24f) -> 4d'2 may be opened 
and affect the shape of the spectrum in the 
vicinity of band "a".

Thus, the theoretical analysis allows us  
to attribute the resonant structures of La3+ 
M45N45N45 Auger spectra to the 
3d'14fIJ=l) 4d'24f + 4p '1 transitions. 
Our calculations show that the width of 
the 3d J4f -> 4d 24f spectator transitions 
yields about 43% of the total Auger width 
of 3d_14f photoexcited state both in Ba and 
La. The partial width of the participator 
3d_14f -y 4p‘* decay is term-dependent and 
has the values of 1.7% for 3Dj(M5) and 
2.3% for 1P1(M4) excitations. So, strictly 
speaking, the resonant structure should  
be considered as a result of the mixed 
"spectator-participator" decay of the 3d_14f 
configuration. However, the relatively 
small contribution of the participator 
component justifies the pure spectator 
approach.

4 .2 . Barium in  BaP2
The major features of the resonant 

spectra of Ba2+ (BaF2) presented in Fig. 3 
are quite similar to those of La. The 4p3/,2 
photoline is followed by the strong doublet 
"b"-"c” and the broad low-energy band "a”, 

and even the weaker shoulder-like 
features seen in La spectra are present 
here, also. This three-band resonant 
structure moves linearly with exciting 
photon energy as a photoem ission feature 
and is nicely repeated on the M4 
resonance. However, the latter has an 
additional broad strong low-energy band, 
absent in the La case. This band has the 
same width as the normal M5N45N45 band, 
and nearly the same energy which does 
not change with changing photon energy. 
Therefore, it can be attributed to the 
normal M5N45N45 channel opened by the 
M4M5N67 Coster-Kronig decay. The 
constant high-kinetic-energy shift (about 2 
eV) of this band is most probably related to 
post-collision interaction (PCI) of a slow  
Coster-Kronig and a fast Auger electrons.

29



282

Thus, the general similarity of resonant 
Auger electron spectra (RAES) of 
photoexcited states of Ba (BaF2) and La 
(LaF-j) is evident. However, closer 
examination reveals some important 
differences. While the relative intensity 
and energy separation of the bands "b" 
and "c" are for Ba nearly the same as for 
La, their widths (~2.8 eV) are significantly 
smaller. Another peculiarity of band "a" is 
that by tuning the photon energy its 
intensity changes differently than that of 
bands "b" and "c". So, the observed MNN 
resonant structure seem s to consist of two 
parts, the high-energy region of relatively 
narrow bands "b", "c", and the low-energy

K I N E T I C  E N E R G Y  ( e V )

Figure 4. Resonant M45N45N45 Auger 
spectra (thick lines) for BaF2 as compared 
to the calculation (thin lines) of the Auger 
transitions 3d' 14Д1D t) -* 4d'24f + 4p 1 (a) 
and e d -U ^ P i)  4d'24f + 4 p 1 (b). In (a) 
and (b) are shown, respectively, the 
spectra С and F of Fig. 3. The dashed part 
of the computed spectra corresponds to 
the 4d'24f states with energies lying above 
the 4d'2 threshold (labelled by the vertical 
bars). The computed spectra are 
broadened with a Gaussian of 2-eV 
FWHM.

region of band "a".
In Fig. 4 the observed on-resonance 

M45 spectra are compared with computed 
3d-14f -> 4d‘24f + 4p '1 spectra. The 
calculations reasonably well reproduce the 
high-energy region of the measured 
spectra, but there is a clear mismatch in 
the low-energy region which cannot be 
compensated for by the reduction of 
electrostatic integrals. The calculations 
show that band "a" lies at the energies 
where the 4d'2 threshold is expected to be 
found. In Fig. 4 these thresholds, i.e. the 
lowest-binding-energy states of 4d~2 ionic 
configuration are marked as the vertical 
bars on the kinetic energy scale by using  
the data of Table 1 and the theoretical 
3d10 ->  3d94f excitation energies (788.7 eV 
for 3Dj and 803.8 eV for 1P1 states). The 
4d 24f states with energies above this 
threshold (dashed parts of theoretical 
curves) seem not to contribute to the final 
structure. So, theory gives a suitable 
explanation to the above-made empirical 
division: the region of resonant bands "b” 
and "c" corresponds to the 4d‘24f states 
lying below the 4d'2 limit. Only these 
bands could be considered as the true 4f 
spectator features.

The Interpretation of the broad low 
energy band "a” is, however, much more 
complicated. Our theoretical results allow 
to suggest that the band "a" is induced by 
the 3d '4f -*■ 4d'2 Auger shake-off-like 
transitions. These transitions are expected 
to produce electrons with kinetic energies 
slightly lower than the 3 d 1 -> 4d"2 
transitions. As seen in Fig. 3, the band "a" 
nearly coincides with its "normal" 
counterpart at on-resonance conditions. 
On the other hand, it has a clearly 
different shape than the "normal" band 
which is at least by 2.5 eV broader. 
However, the proper theoretical solution of 
this problem is beyond our model.

4 .3 . Cesium and iodine in  C sl
The resonant spectra of I (Fig. 5) and Cs 

(Fig. 6) are completely different from those 
of La and Ba. They are dominated by the
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"normal" photon-energy-independent M5 
and M4 structures, shifted slightly {by ~1 
eV for Cs and ~0.5 eV for I) to higher 
energies m ost probably by PCI effects (in 
curves G and H of Fig. 5 the M5N45N45 
band of iodine is slightly distorted by 
overlapping the Cs 4p3/ 2 photoline).

The situation is fully understandable in 
the light of the nature of the near-edge 3d 
excitations of I and Cs: as the 4f orbital is 
not collapsed the 3d '1 -> 4d 2 transitions 
dominate the resonantly excited MNN 
spectra. In th is sense our RAES data once 
more confirm that the M45 near edge 
absorption bands of these ions are caused

K I N E T I C  E N E R G Y  ( e  V >

Figure 5. The same as Fig. 1 for I in Csl. 
The normal Auger spectrum is excited by 
800-eV photons, the calculated spectrum  
is broadened with a Gaussian of 2-eV 
FWHM. The positions of the Cs 4p3/2 
photoline in spectra H and G, and of the I 
4 Рз/2 photoline in spectra A to E are 
indicated by vertical bars.

by transitions to above-threshold states.
However, the resonant spectra of Cs 

contain two additional weaker bands 
pronounced most clearly on the curves В 
and E of Fig. 6. Their relative positions 
(between the 4p3/ 2 photoline and normal 
MNN bands) and widths (about 2.1 eV) as 
well as the photon energy dependence 
closely follow the behaviour of the 4f 
spectator bands "b" and "c" of Ba and La. It 
is natural to suggest that they also belong 
to a 4f-spectator-like structure. The 
calculation of 3d_14f -» 4d'24f + 4p*1 
spectra for Cs+, using a collapsed 4f 
orbital, fully supports this suggestion. 
Thus, we conclude that the observed

K I N E T I C  E N E R G Y  ( e V )

Figure 6. The same as Fig. 1 for Cs in Csl. 
The normal Auger spectrum is excited by 
850-eV photons, the calculated spectrum  
is broadened with a Gaussian of 2-eV  
FWHM.
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resonant MNN spectra of Cs contain 
sim ultaneously the 3d '1 -*■ 4d'2 and 3d_14f 
-> 4d"24f-like structures. In other words, 
the M45 near-edge photoexcitations of Cs 
exhibit both continuous (3d -> ef) and 
localized (3d -*■ 4f) character.

This dualistic nature of the 3d- 
excitations of Cs has earlier been observed 
in the M45 X-ray emission of Cs in CsCl 
[4]. Now we may add that RAES seem s to 
be a very sensitive technique to investigate 
such "partially localized" excitations. In 
our case the apparent localization of the

B I N D I N G  E N E R G Y  ( e V  )

Figure 7. EDC’s  of Cs+ in Csl, Ba2+ in BaF2 
and La3+ in LaF3 in the region of the 
4d5/2 3 / 2  photolines excited at the M45 
absorption edge of cations. The spectra are 
normalized to equal photon flux. The 
capital letter at each EDC correspond to 
the vertical bar with the same capital letter 
in the inserts of Figs. 1 , 3 , 6  and show the 
photon energy used.

excited-state electron may be considered  
as a result of the interaction of a low- 
energy ef photoelectron with a fast Auger 
electron leading to the recapture of the 
photoelectron by the ionized core and, 
subsequently, to the shake-down-like 
transitions 3d_1ef -* 4d~24f. A similar 
explanation was used to interpret the ion 
yield spectra of Ar near its thresholds 
(16).

4.4 . Branching ratio* o f  4d  p h oto lin es.
In Fig. 7 are shown the EDC spectra of 

Cs+ in Csl, Ba2+ in BaF2 and La3+ in LaF3 
in the region of the 4d5y2i3/2 photolines 
excited at the M45 edge of cations. The 
resonant enhancement of 4d photolines 
and changes in the 4d3/ 2:4d5/ 2 branching 
ratio are clearly seen. The effect is very 
strong for Ba and La, for Cš it is less 
expressive, but still visible. The branching 
ratio of the 4d3/,2 and 4d5/ 2 photoem ission  
bands at the M4(1P1) resonance excitation 
is about 0.24 for Ba and 0.5 for La, i.e. far 
from the statistical value 4:6 (as the low 
energy tail of the 4d3/,2 photoline of La in 
LaF3 introduces some uncertainty in the 
area below this line profile, the branching 
ratio after subtraction of the background 
may be substantially smaller). For the 
excitation at the M5(3D j) resonance the 
4d3/2 photoline becomes more intense  
than the 4d5/ 2 photoline, the branching 
ratio being about 1.9 for Ba and 3 .6 for La. 
The branching ratio for Cs is 0 .54  at the 
M4 excitation and 1.0 at the M5 excitation.

Similar strong term-dependence and 
anomalous change of the branching ratio 
of 5p1/2 to 5p3/ 2 photolines have been 
observed at the 4d -» 4 f resonant 
excitation of La in LaF3 and Ba in BaF2 
(17) and attributed to the multiplet 
dependence of the Auger transition  
probabilities [18|.

Our theoretical analysis of the Auger 
decay channels of the Sd '^ fiJ^ l) excited 
states with collapsed 4f orbital show that 
the participator 3d_14f -► 4d_1 decay 
channel has a significant probability. Its 
partial widths are term-dependent.
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similarly to the 3d *4f -> 4 p 1 channel 
discussed in Sect. 4.1, but are 
considerably larger: 8.7%(7.4%) for 3Dj 
and 15.0%{ 11.5%) for ^  excitations in 
La3+(Ba2+). In Fig. 8 we compare the 
experimental EDC’s of La in LaF3 and Ba 
in BaF2 in the region of 4d photolines with 
the calculated 3d_14f[J=l) —► 4d_1 Auger 
spectra. The computed curves 
satisfactorily reproduce the intensity 
variations of the observed spectra. The 
somewhat smaller strength of the 4d5/2 
photoline relative to the 4d3/2 photoline in 
the observed spectra as compared to the 
theoretical spectra is mainly due to

simultaneously excited direct 4 d 10 -> 4d9 
photoemission lines. The theoretical 
4d3/2:4d5/2 branching ratio for Auger 
transitions 3d'*4f -> 4d_1 of La3+(Ba2+) is 
2 .6(2.5) for 3Dj resonant excitation and
0.33(0.31) for 1Pl excitation. Therefore, our 
computations suggest that the change of 
the 4d3/,2:4d5/2 branching ratio in 
resonant photoemission originates mainly 
from the Auger participator transitions 
3 d 14 f - > 4 d 1.

On the other hand, our calculations 
show that for Cs+ in Csl the partial widths 
of participator decay of 3d_14f excited 
states with delocalized 4f orbital become 
negligible. So, we may conclude that the 
resonant enhancement of photolines as 
well as the anomaly in the branching 
ratios indicate that the excited 4f orbital is 
localized. In the case of Cs in Csl the effect 
seems to be due to the PCI-induced 
recapture of the slow ef or 4,ef 
photoelectron, i.e. to the transition 
3d'1ef(4,ef) -► 4d"1, similarly to the 
spectator-like structure in the M45N45N45 
spectra of Cs (see Sec.4.3).

K I N E T I C  E N E R G Y  ( e V )

Figure 8. EDC’s of La in LaF3 (a) and Ba 
in BaF2 (b) in the region of 4d photolines 
(thick lines) as compared to the calculated 
Auger transitions 3d"14f(1D 1) —> 4d_1 and 
3d_14fXгР j) -> 4d_1 (thin lines). In (a) and 
(b) are shown, respectively, the spectra В 
and E of La in LaF3, and the spectra С 
and F of Ba in BaF2 of Fig. 7. The 
computed spectra are broadened with 
Gaussians of 2-eV (a) and 1.5-eV (b) 
FWHM.

5. CONCLUSIONS

We have measured the energy distribution  
curves of ejected electrons of Csl, BaF2, 
and LaF3 in the region of M45N45N45 Auger 
transitions in xenon-like iodine, cesium, 
barium, and lanthanum ions, varying the 
energy of exciting photons stepwise 
through the M45 absorption structure of 
these ions. The spectra show drastic 
changes of the decay pattern of 3d'1 
excitations in this sequence of 
isoelectronic ions. For I all spectra 
observed contain only the normal 
M45N45N45 Auger structure which arises 
as a result of the 3 d 1 -> 4d'2 transitions. 
In contrast, the spectra of La and Ba 
excited at their 3d10 -*■ 3d94f resonances, 
exhibit a very intensive new structure 
which changes its energy and intensity 
with the energy of the exciting photons 
and is induced by the spectator 4f
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electron. In the case of Ba this structure 
coexists with the normal Auger structure, 
the latter appearing as a result of the 
M4 M5 N6 7  Coster-Kronig transitions. The 
spectra of Cs are similar to those of I, 
except for a small admixture of the 
spectator structure visible at resonance 
excitation. It is caused by the Auger 
shake-down transitions from intermediate 
states with excited electron in the near
edge continuous ef or/and resonantly 
localized 4,ef orbitals. At the resonance 
excitation energies the intensity ratio of 
4d 3 / 2  and 4d5 / 2  photoelectron lines of La 
and Ba has an anomalous behaviour due 
to the strong term-dependence of the 
participator Auger process.

Calculation of the Auger decay of the 
3d '54f configuration shows that the 
resonant structure for Ba and La is to be 
ascribed to transitions to the 4d'2 4f + 4 p 1 

final configuration. Its shape is influenced 
by the solid-state modifications of 
energy separation between final 
configurations 4d 2  and 4d 2 4f + 4p'1.
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We report photoelectron spectra of metal chlorides excited in the vicinity of the chlorine 2p  absorption edge.
The spectra of RbCl, which has a narrow valence band, exhibit a strong resonance behavior. Hartree-Fock 
calculations show that the absorption final states are the atomiclike Frenkel excitons. Their decay is dominated 
by the Auger process where the final-state As and 3d  electrons behave as spectators. In the sequence of 
chlorides with increasing width of the valence band the atomiclike resonance effects are continuously replaced 
by the bandlike shape of the spectra.

An interesting experimental procedure, combining inner- 
shell resonant-photoelectron and Auger spectroscopy, and 
made available by the recent development of combined syn
chrotron radiation and electron spectroscopy techniques, has 
already exposed its ability to disclose complex dynamics of 
inner-shell excitations of atoms,1 molecules,2 and different 
types of solids.3' 5 For nonmetallic solids, the phenomena 
connected with this procedure have been especially clearly 
emphasized in the 2 p -resonant photoelectron spectra of ele
ments for which the 3p  shell is the outermost filled shell. The 
elements at the end of the second period, such as silicon6 and 
phosphorus,7 which form semiconductors with wide Ър- 
related valence bands, expose very weak (if any) resonance 
effects, the main feature being the appearance of the 
L23M 23Af23 normal Auger spectrum at the ionization thresh
old of the 2p  shell. Contrary, the argonlike ions of potassium, 
calcium, and scandium in ionic solids exhibit strong reso
nance effects,3-8 characteristic for the Auger-resonant inelas
tic scattering.1

Here we report the results of a study for the Z.23 absorp
tion edge of С Г  ions, constituents of metal chlorides. This 
choice puts us into an intermediate situation between the two 
groups of atoms (ions) described above, and gives hope to 
build a link between them.

The experiments are performed using synchrotron radia
tion from beamline 22 at the MAX-laboratory, Lund Univer
sity, Sweden. The monochromator is a modified SX-700 
plane grating monochromator with energy resolution of 0.13 
eV in the actual photon energy region. The electron spectra 
are recorded by a hemispherical analyzer Scienta SES-200 
with energy resolution of 0.075 eV. The samples, the films of 
metal halides, are evaporated in situ from a molybdenum 
boat onto a stainless-steel substrate. The film thickness 
(about 100 Ä) is controlled by a quartz monitor. Other ex- 
perimenal details are described in Ref. 3

In Fig. 1 a set of electron spectra of RbCl induced by 
photons in the region of the Cl~ L23 absorption edge is

0163-1829/96/53110)/5978 (4)/S 10.00 53

shown. The absorption spectrum measured in the electron 
yield mode is exposed in the inset. Considering the absorp
tion final states as the empty s- and rf-like conduction-hand 
states the comparison with the band-structure calculations9 
leads to the scenario where the first few absorption maxi- 
muma reflect the core excitons at the Г , and X 3 points of the 
Brillouin zone (see, e.g.. Ref. 10).

Three groups of lines may be distinguished in the electron 
spectra (Fig. 1). All spectra, starting from the bottom spec
trum, the nonresonant pre-edge spectrum, show the Cl-  3p  
valence band, the Rb+ 4p, С Г  3s, and Rb f 4s photoelectron 
lines. With increasing photon energy this group keeps a con
stant binding energy. The intensity of the photoelectron lines 
does not exhibit any noticeable changes in the resonance 
regions, indicating a minor role of the participator Auger 
transitions in the decay of corresponding excitations. The 
second group is made up of the L23M 23A/ 2 3 normal Auger 
lines composed of two sets of the 'S, 'D , and 3P  terms of the 
final 3p~  electron configuration shifted relative to each 
other by the 1.6-eV spin-orbit splitting of the 2p  shell. This 
group has a constant kinetic energy. When the photon energy 
approaches the first absorption maximum, the third group of 
bands appears between the first and second groups. This 
group clearly exhibits a resonance behavior: it is fully devel
oped at the maximum of the first absorption band (spectrum 
5), almost disappears in the region between the first and sec
ond absorption bands, and reappears with a modified shape 
in the regions of the second (spectrum 9) and third (spectrum 
13) absorption maxima.

For these spectra we use the theoretical model applied to 
analogous spectra of K+ in Ref. 3. We treat an inner-shell 
excitation and its Auger decay as a two-step process. For the 
first step, the absorption process, the energies, and intensities 
of the 2 p (’- 2 p s4 s (3 d )  transitions in the C l” ion are calcu
lated in the intermediate coupling scheme and the Hartree- 
Fock-Pauli approximation in conjunction with the Watson 
sphere model. The depth of the potential well at the С Г  site

R5978 © 1996 The American Physical Society
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Binding energy (eV)

FIG. 1. Photoemission spectra for RbCl. The СГ L23 absorption 
edge is shown in the inset. The number at each spectrum corre
sponds to the vertical bar with the same number in the inset and 
shows the photon energy used. The spectra are normalized to equal 
photon flux. The energy levels and corresponding Auger transitions 
are indicated for most of the structures. The binding energy is re
lated to the valence-band maximum.

Vc is taken equal to 7.65 eV, the Madelung energy of the 
RbCl crystal, which leads to the mean radii of 5.8 (9.8) a.u. 
for the 4 s (3 d )  orbitals. The calculated energies of the tran
sitions 2 p in -4 s ,  2 p )/2-4 j, 2 p Jn-3 d ,  and 2 p m -3 d  in СГ 
ions are 200.0, 201.6, 202.3, and 203.9 eV, respectively. 
They are reasonably close to the energies of the first three 
absorption maxima (200.9, 202.4, and 204.0 eV, respec
tively). Moreover, the calculated intensity ratio of these tran
sitions, 33:50:17 (the second transition is here considered as 
a superposition of the transitions 2 p ln-4 s  and 2 p ir2-3 d )  is 
also very close to the observed intensity ratio 28:60:12 of 
these maxima. This comparison indicates that the interpreta
tion of the absorption spectrum in terms of atomiclike Fren
kel excitons may well compete with the traditional interpre
tation based on the calculated structure of the undisturbed 
conduction band.10

For the second step, the Auger process, the normal 
2 p 5- 3 p 4 as well as the spectator 2 p s4 s (3 d )-3 p * 4 s (3 d )  
transitions are calculated. The radial integrals (F*,G*) for 
Auger final states are reduced by comparison with their 
Hartree-Fock values [by 30 and 25% for the Зрл and 
3p44 s(3 d ) configurations, respectively]. As this calculation 
overestimates the decay rates to the 3/> term of the final 
configuration, the term intensities in the normal and 4s- 
spectator Auger spectra of Cl are corrected by scaling fac-

Relative binding energy (eV)

FIG. 2. Calculated СГ LyM2yM2y Auger spectra for RbCl. The 
zero binding energy corresponds to the transition energy of the 
highest level of the final ionic configuration. The normal, 4s, and 
3d spectator spectra are broadened by the Voigt function with 
FWHM of 1.1, 0.7, and 0.8 eV, respectively. The depth of the Wat
son sphere for the 3<f-spectator Auger spectra varies from zero (the 
uppermost spectrum) to 16.3 eV (the bottom spectrum) The mean 
radius of the spectator electron Ryj in the final ionic configuration 
is indicated at each spectrum. The dashed spectra are corrected ones 
using the experimental data for argon atoms (see text).

tors which lead to the correct description of analogous ex
perimental spectra of the isoelectronic Ar atoms.11 Some of 
the calculated Auger spectra are shown in Fig. 2.

Spectrum 5 of Fig. 1, after subtraction of the background 
and photoelectron lines represented by the pre-edge spectrum
1, is reproduced in Fig. 3(a). The calculated 4s-spectator 
LyM 23M 2y Auger spectrum well fits most of it. The remain
ing part (the broken curve) in the high-binding-energy region 
well fits the calculated normal Ь уМ 2ЪМ 2ъ Auger spectrum. 
This similarity shows that the intensity of the participator 
process (2p~ '4 s -3 s -1 ) is negligible (this process should re
sult in the resonant enhancement of the single-peak photo
electron line). In addition, the absence of the resonant en
hancement of the valence (Cl-  3p )  band shows that the 
overlap of the wave functions of the loosely bounded excited 
electron and the core electron (which is included in the radial 
integral for participator process, but not included in the case 
of spectator process) is small, which is natural for the 4s 
excited state. So, the resonant structure may be unambigu
ously assigned to the 2p54 s -3 p 44s pure-spectator Auger 
transition, shifted by 2.5 eV to the higher energy relative to 
the normal Auger spectrum.

Spectrum 9 of Fig. 1 is reproduced in Fig. 3(b). It may be 
understood as a superposition of three properly weighted 
components: (i) the 4s-spectator L 2M 2iM 2J Auger transition 
which originates from the decay of the 2p  i/24 s state, (ii) the 
normal L yM 2yM2y Auger transition, which reflects ionization 
of the 2 p 3l2 subshell, and (iii) the 3</-spectator L y M ^ M ^  
Auger transition, which arises from the 2 p v i 3 d  state. The 
calculated 2 p v23 d -3 p * 3 d  Auger spectrum is very sensitive
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(a)

22 20 18 16 14 12 10 8 
Binding energy (eV)

FIG. 3. The resonant photoemission spectra 5 (a), 9 (b), and 13 
(c) from Fig. 1 (filled circles) and their components. The nonreso
nant background and photoelectron lines (spectrum 1 in Fig. 1) are 
substracted. The Voigt functions which represent the calculated nor
mal (dash-dotted line, FWHM =1.2 eV), 4s-spectator (dashed line, 
FWHM=0.7 eV), and 3d-spectator (dotted line, FWHM=0.8 eV) 
contributions to measured spectra and the resulting theoretical spec
trum (solid line) are shown. The calculated spectra are shifted in the 
energy scale to fit the experimental spectra (by about 2 -3  eV).

to the choice of Ve and, thus, to the mean radius of the 3d 
wave function o f the final configuration R i(t. The small val
ues of R id , which correspond to the collapsed 3d  electron, 
lead to a spectrum very sim ilar to the corresponding spectra 
of Ar (Ref. 11) and K + (Ref. 3). With increasing the 
spectrum obtains the tw o-band structure observable for С Г . 
If we change the fit param eter Vc systematically, the best fit 
for the third com ponent of the spectrum is obtained with 
Vc= 4.35 eV (Ä3rf= 5 .9  a.u ). Thus, the main effect o f  the 
spectator 3d electron is the 3.0-eV high-energy shift o f the 
normal Auger spectrum together with some modification o f 
its shape. Note that although in these general terms the ef
fects of the 4 j  and 3d spectators on the L 23M 2}M 23 Auger 
spectra are very similar, the careful com parison allows us to 
distinguish them firmly and use them as fingerprints o f exci
tations of different nature. The underlying physics reduces 
mainly to the different multiplet coupling in the 3p~24s  and 
3p~23d  configurations.

In Fig. 3(c) the A uger spectrum excited at the third ab
sorption maximum (spectrum 13 of Fig. 1) is shown. It is 
dominated by the normal ЬггМ гъМ гъ structure. In its low- 
energy part the resonant 3</-spectator Ь2М Ъ1М 2Ъ structure is 
clearly visible and proves the d  character o f states respon
sible for this absorption band.

The normal A uger spectrum may be firmly identified in 
all spectra starting from spectrum 6  (Fig. 1). This means that 
above a photon energy of about 201.3 eV the transition elec
tron has a noticeable probability o f leaving the reaction re
gion before or during the A uger transition. In a solid, such a 
threshold is naturally interpretable as the bottom o f the con
duction band for transitions from the 2р ъп shell. However, 
the spurs of the normal L-^M2^ М structure may also be

ScCI3 f \

. j k J \
M  CaCI2

J
A CaCI2

V7\
К NaCl *

Л  A
A , KCI £

Л ;
/ \* : :

2p!-> V  ж

RbCl *VB
«.(ОЭр)

f . , /

180 190
Relative kinetic energy (eV)

FIG. 4. The resonant (filled circles) and normal (crosses) Auger 
spectra and valence-ban0  photoelectron spectra (sloping crosses) 
for several chlorides. The photoelectron lines are substracted from 
the resonant spectra. The spectra are excited correspondingly at the 
first L23 absorption structures, far from the ionization thresholds 
(the photon energies used are 206 eV for ScCI3, 220 eV for NaCl, 
KC1, and CaCl2, and 212 eV for RbCl), and below absorption edges 
of corresponding compounds. The spectra are aligned to match the 
maxima of the resonant spectra. The Auger spectra of each com
pound are normalized to equal height

found in the spectra excited w ith lower-energy photons indi
cating that the ionization threshold is rather sm ooth. This 
may be due to some inhom ogeneous broadening o f the 
threshold and/or to shake-up o f the near-threshold excited 
electrons. The shape o f a particular normal A uger spectrum 
depends on the relative w eight o f its L 3 and L 2 com ponents. 
So, the spectra 12-14  and 1 8 -2 3  clearly exhibit the P  band 
o f the L 2Af23Af23 spectrum, indicating that the absorption 
bands at 204.0 and 206.8 eV reflect transitions from  the L 2 

shell. Instead, the absorption band at 205.2 eV  may be re
lated to transitions from the L 3 shell.

Thus, the creation and decay o f  excitations related to the 
chlorine 2p  shell o f  RbCl may be reasonably well under
stood in terms o f atomic processes within chlorine ions. The 
main qualitative solid-state effect is the existence o f an ion
ization threshold above which the transition electron is trans
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ferred into the conduction band. To disclose how much this 
atom iclike behavior is related to the extremely nanow  va
lence band (VB) o f  RbCl we have studied the evolution of 
the resonant and normal L 2yMu M 2j  A uger spectra in a se
quence o f  chlorides with different VB widths. In Fig. 4 these 
spectra for RbCl, KC1, NaCl, CaCl2, and ScCl3 are com 
pared. The full w idth at half maximum (FW HM ) o f the VB 
o f  these com pounds was estimated as 1.0, 1.1, 1.7, 2.8, and 
3.0 eV, respectively, for RbCl, KC1, and NaCl in good accor
dance with the recent data o f Ref. 12. The main effect, 
clearly seen in Fig. 4, is that with increasing VB width the 
resonant as well as normal Auger structures become wider 
and approach each other. The resonant spectrum loses its 
atom iclike nature characteristic for narrow-VB RbCl and ob
tains the solid-state nature characteristic for wide-VB 
sem iconductors.6,7

To conclude, we have shown, that the photoelectron and 
A uger spectra o f RbCl exhibit a  strong resonance behavior 
when the energy o f  incident photons passes through the L n  
absorption edge o f  chlorine. Som ew hat surprisingly, the 
spectra may be understood in term s o f  atomic transitions. In 
the sequence o f chlorides with increasing VB w idth the 
atomiclike resonance effects are continuously replaced by 
the bandlike shape o f  the spectra. These results clarify the 
regularities o f the structure o f the 2p -resonant electron spec
tra o f other solids.
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We present and discuss the Ti 2p  and О 1 j  X-ray absorption spectra (XAS) 
and resonant photoelectron emission spectra (RPES) of the various poly
morphic forms (T i0 2-II, rutile and anatase) of T i0 2. The largest differences 
between the Ti 2p XAS of polymorphs of ТЮ2 are observed in the region 
of the double peak structure of the L} edge. A strong delocalization of the 
excited 3d electron in this region is concluded from the RPES at the Lj 
threshold of Ti. The differences in XAS are attributed to increasing strength 
of the crystal field caused by delocalization of the excited 3d  electron.
€> 1997 Elsevier Science Ltd

Keywords: A. insulators, A. thin films, C. NEXAFS, D. crystal and ligand 
fields.

Titanium dioxide (T i02) has been extensively studied in 
last years due to its large variety of applications. Many of 
these applications are based on the specific electronic 
properties of T i0 2. T i0 2 has several polymorphic forms 
which have rather different properties. Tetragonal anatase 
and nitile as well as orthorhombic brookite which can 
be synthesized at atmospheric and subatmospheric 
pressures are the “ low-pressure” crystal modifications. 
Orthorhombic T i0 2-II and monoclinic baddeleyite-type 
T i0 2 are the high-pressure polymorphs of titanium 
dioxide. Baddeleyite-type T i0 2 exists only at high 
pressures, while T i0 2-II is most frequently synthesized 
at high-pressures and by shock-waves (e.g. [ 1]) and is 
metastable at atmospheric pressure and temperatures up 
to 600°C [1,2]. Recently T i0 2-II has been obtained at the 
atmospheric and subatmospheric pressures by using ball 
milling of anatase [3], electron-beam irradiation of rutile 
[4], dissolving Ti3Oj in sulphuric acid [5] and the atomic 
layer deposition method [2 , 6 ].

A comparative XAS and RPES study of polymorphic 
forms of T i0 2 enables one to elucidate the influence of 
the crystal structure on the electronic system of a 
compound. Previous experimental and theoretical studies 
ofTi 2p [7-11 ] and О 1j [9, 10, 12] XAS of low-pressure

T i0 2 phases suggest that theory provides generally an 
adequate interpretation of the spectra. Nevertheless, the 
high-energy part of the Ti L3 XAS and its structural 
sensitivity remains unexplained by a ligand field multiplet 
model. In order to study the influence of the structure on 
the excited states we perforin XAS and RPES studies of 
T i0 2-II, rutile and anatase. To our knowledge, XAS of 
T i0 2-II and RPES of all these compounds are presented 
for the first time in this paper. In this work we have 
concerned the behavior of the XAS of T i0 2 and the 
RPES has been employed to interpret the absorption 
spectra. A more detailed study of RPES of T i0 2 will 
appear elsewhere.

The XAS and RPES of ТЮ2 polymorphs were 
measured at beamline 22 of the MAX-LAB, Lund, 
Sweden. The monochromator SX-700 energy resolution 
of 0.2 eV and the electron energy analyser Scienta SES-200 
resolution of 0.3 eV were used. The absolute energy 
scale of XAS for the anatase was adjusted to agree 
with electron energy loss spectroscopy data [9]. T i0 2 
films were grown ex situ on (1 1 l)-oriented silicon 
substrates using the low-pressure flow-type atomic 
layer deposition reactor described elsewhere [13]. The 
growth was accomplished by alternate leading volatilized
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Fig. 1. The Ti 2p  (a) and О Is (b) absorption spectra of 
polymorphic forms of T i0 2 (anatase, T i0 2-II and rutile) 
measured in partial yield mode. The letters A -E  indicate 
the incident photon energies in the RPES of Fig. 2.

T1CI4 and H20  onto the substrate where they subsequently 
reacted with the solid surface and formed the T i0 2 film. 
Pure nitrogen was used as the carrier of the precursors. 
Anatase, rutile and T i0 2-II films were grown at 300, 425 
and 450°C, respectively. The thickness of the films was 
about 40 nm. All the films studied were polycrystalline and 
contained only a single T i0 2 polymorph as no reflections 
belonging to other crystal phases were detected by ex situ 
reflection high energy electron diffraction measurements.

The Ti 2p and О b  absorption spectra of these 
anatase, rutile and T i0 2-Il measured as partial yields of

Ti and О K W  Auger electrons, respectively,
are presented in Fig. I. The absorption spectra are in 
good accordance with earlier high resolution X-ray 
absorption (XAS) studies of anatase and rutile [8 , 9]. 
As can be sen from Fig. 1(a), the main difference in 
Ti Li3 absorption spectra of different polymorphs is a 
change in intensities of components of a double peak 
(D, E) structure at 461 eV. In anatase the intensity of 
peak D is substantially stronger than peak E while in 
rutile the intensity of peak E is substantially stronger than 
peak D. In T i0 2-II the intensity distribution within the 
double peak shows an intermediate behavior while the 
intensities of D and E peaks are almost equal. This is 
similar to the case of brookite [8 , 9]. Table 1 presents a 
detailed comparison for the Ti 2p  absorption spectra of 
rutile, T i0 2-II and anatase. In order to make a meaningful 
comparison of different experimental spectra each 
spectrum has been fitted with a total of seven Voigt 
profiles by using a linear background under the line 
groups in question, leading to the relative energies, 
intensities (obtained as areas of the peaks) and full 
widths at half maximum (FWHM) given in Table 1. 
We have used two peaks to achieve an acceptable fit to 
double peak region of the spectra, keeping the FWHM of 
D and E components equal during the whole fitting 
process. Inspection of the data in Table 1 shows that 
besides a substantial change in the intensity ratio of D 
and E components, we can observe also a somewhat 
larger intensity of the high energy peak G in anatase than 
in rutile and T i0 2-II. All other deviations in lineshape 
and peak position between the various T i0 2 polymorphs 
are within experimental and fitting uncertainties.

The main near edge structure of the Ti 2p  photo- 
absorption can be explained by the 2p6 —► 2p53d dipole 
transitions. The 2p  core hole spin-orbit interaction splits 
the spectrum into two parts, corresponding to 2 p m  and 
2p ]n levels with a separation of 5.4 eV which are further 
split by the low symmetric ligand field. Each Ti atom is 
surrounded by a slightly distorted octahedron of О atoms

Table 1. Positions (in eV), intensities and FWHM (in eV) of the various peaks in the Ti 2p  XAS spectra of polymorphs 
of T i0 2, obtained by using the fitting procedure as explained in the text. All positions are relative to the first strong 
peak C, the absolute energy of which 458.2 eV is approximately the same for all the polymorphs

Rutile T i0 2-II Anatase

Position Intensity FWHM Position Intensity FWHM Position Intensity FWHM

A -1 .55 0.01 0.3 -1 .5 0.02 0.3 -1 .5 0.01 0.3
В -0 .9 0.04 0.5 0.8 0.06 0.6 -0 .9 0.04 0.5
С 0 1 0.5 0 1 0.6 0 1 0.45
О 1.6 1.1 1.1 1.75 1.6 1.0 1.7 1.9 1.0

E 2.7 1.5 1.1 2.7 1.5 1.0 2.7 1.1 1.0

F 5.4 2.4 1.2 5.4 2.6 1.1 5.3 2.4 1.1

G 7.7 4.4 2.2 7.6 4.6 2.1 7.5 5.5 1.9
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which leads to the crystal field splitting of the excited 3d 
orbitals into low-energy t2g and high-energy eg orbitals. 
It has been shown that the main characteristic features of 
the experimental spectra of rutile, anatase and brookite 
are well reproduced by the crystal field calculations [7 ,8 ]. 
The main remaining, easily recognizable, discrepancy 
between theory and experiment is the peculiar behavior 
of the component intensities in the double peak structure 
at 461 eV in the experimental spectra. So a thorough 
theoretical crystal field and charge transfer analysis of 2p  
X-ray absorption edge of rutile, anatase and brookite by 
Crocombette et al. [7], which explicitly took into account 
the exact first-neighbour surroundings of the cation, 
showed that the evolution of the peak splittings and 
intensities of the double peak structure from rutile to 
anatase cannot be attributed to differences in the first 
coordination shell of the cation. The authors [7] argued 
that the relatively good accordance between calculated 
and experimental curves in the region of double peak 
structure in the case of rutile [8 ] was achieved by using 
incorrect crystal field parameters. Furthermore, they 
stated that no improvement was obtained by including 
the crystal field from Ti second-neighbours because of 
the quick decrease of this additional crystal field as a 
function of distance between the central atom and the 
surrounding ions.

The О l.T absorption spectra of polymorphs of T i0 2 
are presented in Fig. 1(b). The low-energy (530-540 eV) 
part of the spectra is dominated by two strong broad 
bands with energy splitting (about 2.6 eV) close to the 
energy difference of peaks С and E, i.e. to the splitting of 
t2g and eg states in the Ti 2p  XAS. The spectra of 
polymorphs of T i0 2 in this region are quite similar. 
However, a close inspection of the spectra reveals 
small differences in relative intensities of bands and in 
values of their energy splitting. Note that the spectrum of 
rutile is almost identical to that of T i0 2-II, so these slight 
differences in the spectra are observed between the 
spectra of anatase and other two polymorphs. The high- 
energy (above 540 eV) part of the spectra shows 
more distinct differences between tne spectra of various 
polymorphs while, in contrast of the low-energy part, the 
spectrum of T i0 2-II is more similar to that of anatase 
than the spectrum of rutile. Theoretical ground-state 
band-structure calculations by de Groot et al. [12] 
show that the О 1j absorption spectra of rutile and 
anatase may be successfully ascribed to the local, i.e. at 
the oxygen site, p-projected density of states of the 
conduction band. Calculations show that the double 
peak structure in the low-energy part of the spectra 
could be assigned to the Ti 3^-derived states while 
the high-energy part of the spectra is formed by the 
delocalized states derived from the antibonding О 2p 
and Ti 4sp band, de Groot et al. [121 show also that the

core-hole potential and many-electron effects have a 
small influence on the О 1j absorption spectra which is 
in sharp contrast to the case of the Ti 2p  excitonic-like 
photoabsorption spectra. In the former case, a sudden 
localization or collapse of the 3d orbital [14] causes the 
rearrangement of atomic orbitals and, as a consequence, 
the self-consistent atomic states differ strongly from 
those for delocalized 3d orbitals of the ground state. 
Based on the facts described above we can conclude the 
similarity of the ground-state conduction band-structure 
of T i0 2-II and rutile in the low-energy region (up to 
about 8 eV above the bottom of the conduction band) 
and of T i0 2-II and anatase in the high-energy region 
(above 8 eV) of the conduction band. The position of the 
threshold of transitions to the conduction band in the 
О 1 j  absorption spectrum of anatase has been estimated 
to be about 530.6 eV by using the energy difference 
between the О Ij photoline and top of the valence band 
which has been found to be about 527.2 eV and the 
optical absorption band gap value of 3.4 eV [15].

In order to identify the nature of the Ti L3 core 
excitations in polymorphs of T i0 2 we have measured 
resonant electron spectra excited on the absorption 
peaks. Because the deexcitation spectra exhibit only 
small changes between different polymorphs, we present 
in Fig. 2 some selected decay spectra of anatase and 
the deexcitation spectra of the other polymorphs for 
excitations at peaks D and E, only, where the absorption 
spectra show a distinctly different behavior. The 
photoelectrons originating from valence band, 0  2j, 
Ti 3p  and Ti 3j orbitals can be well identified due to 
increase of their kinetic energy by increasing excitation 
energy. All of these photolines, except the О 2s one, 
show a resonant enhancement at the absorption 
resonances caused by participator decay processes. The 
resonance electron spectra show evidence of Ь цМ гэЛ/23, 
L23A/23A/4S and 1 23Л/|Л/ 23 Auger decay channels. The 
comparison with the normal Auger spectrum (labeled as 
N) shows that in the case of the Z.2jA/2JA/ 23 channel the 
shape of Auger band in the spectrum С differs from 
other spectra, indicating the different nature of photo
absorption at this photon energy. From our spectra the 
value of 459.2 eV for the threshold of transitions from 
2p m  to the bottom of the conduction band can be 
estimated (as a sum of the binding energy of the photo
electron line relative to the top of the valence band of 
455.8 eV and the band gap of anatase 3.4 eV). This value 
is about 1 eV higher than the energy of peak C, showing 
that peak С has more excitonic character than peaks D 
and E. This leads to a higher probability of delocalization 
of the 3d electron at peaks D and E and therefore, to the 
similarity of resonantly excited spectra to the normal 
Auger spectrum. Comparison of the decay spectra show a 
strong decrease (about of three times by taking into
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similarity of all of these curves one may conclude the 
same origin of D and E features in the photoabsorption 
spectra, i.e. the D and E components seem to be created 
principally by the same mechanism.

Crocombette et al. [7] suggested that the creation of 
the double peak feature in the Ti 2p photoabsorption 
spectra cannot be explained by local order arguments. 
Indeed, the long-range order structural properties vary 
substantially between the different T i0 2 polymorphs. 
The data about structure of various T i0 2 polymorphs, 
presented in Table 2, show significant variations in the 
long-range order structural properties, not only between 
rutile and anatase which have very different intensity 
ratio of D and E components in the region of double peak 
structure, but also between T i0 2-II and brookite which 
display almost the same intensity ratio. In addition, our 
fitting results of peaks D and E (Table 1) show nearly the 
same peak separation values for all ТЮ2 polymorphs. 
These arguments clearly raise doubts as to whether the 
suggestion concerning the long-range order origin of the 
splitting of the second peak of the L3 edge is justified. We 
think that the local-order crystal field model is not 
exhausted in the case of the Ti 2p photoabsorption 
spectra of ТЮ2 polymorphs. Namely, it follows from 
our resonant electron emission data that the excited 3d  
electron has an increased possibility to be delocalized 
with increasing excitation energy. Therefore it would be 
justified to use substantially larger crystal field radial 
parameters for the high-lying eg states than for the low- 
lying t2g states. To avoid the distortion of the eg- t2g 
crystal field split by this choice of parameters, the 
nondiagonal matrix elements which connect different 
eg- t2g terms should be calculated by using an intermediate 
values for the radial parameters. The different screening 
of the eg and t2g exited states adds to the complexity of 
the problem and may yield a much more stronger 
charge transfer effect for the eg than for the t2g states in 
the absorption spectra. We suppose that choice of a 
different set of the radial crystal field and charge transfer 
parameters, separately for eg and t2g excited states, may 
improve the agreement between crystal field theory and 
experiment.

Summarizing, our measurements of various T i0 2 
polymorphs demonstrate the sensitivity of XAS and 
insensitivity of RPES to structural changes in the solid 
state. From the RPES at the L3 threshold of Ti is concluded 
a strong delocalization of the 3d electron for the excita
tions where the largest differences between the Ti 2p XAS 
of T i0 2 polymorphs are observed. These differences in 
XAS are attributed to increasing strength of the crystal 
field caused by delocalization of the excited 3d electron.
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