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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 of 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-1V, which was published in 1980-1985. The
main objects of the study in these papers were the electron excitations of ionic
solids created by inner-shell excitation of two sequences, the argon-like (K+
Ca2+ Sc3+ 2p excitations) and xenon-like (I, Cs+ Ba2+ La3+ 3d excitations)
sequences of 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. We found of strong atomic-like peaks in XAS spectra and explained the
quasiatomic character of 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 of Nuclear
Physics, Novosibirsk.

The development 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-VIII
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 MAX-lab, Lund University, Sweden.



The interpretation of 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 of atomic effects in the collapsed
electron excitations of 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 Watson 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 of 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 of the rare-earth series of elements.

Goeppert Mayer: 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 /(/+1)/2r2; the sum of
both gives the effective potential Veff(r)=V (r)+7(/+1)/2r> (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 of 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 4f wave functions (for reviews see Connerades and
Karazijad).

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 of effective potential is 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 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 of 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 of the intensity in the spectrumé6. Griffin, Andrew and
Cowan- argued that configuration interaction is very important in determing
orbital collapse.

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 a nf electron in the configuration nd9f on the
structure of the corresponding XAS, XES and decay spectra. In a number of
paperss the collapse of the 4f electron in the configuration 4ds4f (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 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 of the experimental investigations 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 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 of the transition by atomic
guantum numbers, and the observed spectral structure is associated with atomic
multiplets rather than a peak in the density of states associated with the energy
bands in the solids.

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

Until 1980°th, the 4f 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 4f 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 4f 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 of these levels and other spectral properties.
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In this thesis | 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 of 4f-features of photoexcited electron emission spectra in
prelanthanide elements are useful to understand the corresponding features in
the case of 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 of 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 of XANES spectra is more complicated than EXAFS
spectra. So the observation of core excitons is a long-standing theoretical
problem. The formal theory of solid state excitons concentrates on the tightly
bound limit of the Frenkel exciton and on the loosely bound limit of the
Wannier 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 Wannier 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, Parratic 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 formalismi (short range) or
band structure calculationsis (long range). Because of a core-excited atom of

4 13



nuclear charge Z is virtually identical to an impurity of charge Z+1, 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 monochromatic 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 al.<¢ 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 scatteringlZ. 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
energyl8 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 of the Auger electron. As a result, the effect displays as a shift and a
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distortion of the shape of Auger electron lines in the spectrum. For example, it
has been observed that in Xe the shift of the Auger peak due to the PCI is about
0.3 eV at the ionization threshold of the core levelld Nevertheless, | think that
more important than PCI induced energy shift or broadening of the lineshapes
for resonant decay spectra is that both semiclassicalzo and relativistic quantum
theoriesas of PCI predict the possibility of 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 calculationsz2 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
spectra’”’. The participator transition is identical with the autoionization pheno-
menon appearing commonly in outer shell ionizations. Recently the multi-atom
resonant photoemission (MARPE) was discoveredazs2s in MnO as the resonant
enhancement of the O 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 of an electron from one of
the inner orbital of the neighbouring atoms.

For the MARPE, there is a most surprising the magnitude of this effect (as
high as 100%) because one cannot exclude the possibility that these observa-
tions are artifacts of the experimental method. For a better understanding of 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 of the spectator electron related
to the electronic screening of 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 Wentzel (nonrelativistic theory) or Moller (relativistic
theory) formulas26.

, (@) , (b) - (©) @

hv hv hv hv

(9)
ViV

hv

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 [, 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 number and
formal valence state (see e.g.Z27).

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 theoryzs explain the Auger profile of CVV
transitions in terms of the relationship between correlation energy and the
single-electron bandwidth.



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 of the zero-order Hartree-Fock (HF) Hamiltonian
and for the total energies takes into account the relativistic effects as corrections
of the order a2 (a is the fine structure constant)29. The wavefunction calcula-
tions were carried out using the code,so 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 | have used
the HFP approximation in conjunction with the Watson sphere model3L 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.s2 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 Kristoffelss 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 superimposing 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 Vcor radius R of this potential well. Thus, the Hamiltonian in the
crystal in this model is given by

N

(1)

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

for r<R

(2)
for r>R

As an example, Fig. 2 demonstrates the effect of the choice of depth of the Watson
sphere (Vo on the radius of the calculated excited 3d and 4f radial wave-
function. As one can see in right panel of Fig. 2, the Vcdependence of the radius
the 3d orbital can roughly be divided into three parts: first one (-V =0-7 eV),
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where radius of the collapsed 3d wavefunction show almost no changes, the
second one (-Vc=7-12 eV), which show the linear increase of the radius with
V¢ and the third one, (-V 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 4f wavefunction in the case of the 3d_l4f configuration of Cs+ The
main difference in this case is the absence of the second part, i.e. the radial part
of the 4f wavefunction crucially depends on the value of the Watson correction;
if -V cbecomes greater than 5.2 eV the mean 4f 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 V¢, which
is equal to the Madelung 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) -Ve (eV)

Fig. 2. The depth of the Watson sphere (V¢ 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 P€|(r) has the asymptotic form:

Yy — >2 J4tF NV Jasin \[Ter-U Mn{2*1ler)-12-+8" (3)
2

where £ and / are energy and orbital momentum of the continuum electron,
respectively, N is number 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 + 1) (k+1)a 2D X

X a papD iS “4)
K[(2k + !1]2g, Em

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

Dij = (YiL[Si|R kL Bj) ®)
is the transition matrix element in LS coupling

Sij= n (niglignjq (6)
is the overlap factor and gn=2Jn+| statistical weight of nth level

The multipole radiation field operator R(K of order k (k=l for dipole transi-
tions) is™

roo = Qo+ G Ak/(K + 1) Qi —® 7

where G is the gauge parameter: G=0 for the Coulomb gauge and
G=[(k+1)/kyj12 for the Babushkin gauge. In the nonrelativistic limit G=0 gives
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the length form of matrix elements whilst G=[(k+1)/k; 2 gives the velocity form
and

QK _ _ rkC® (8)

Q/® =- ol CR :r-l‘\rm-l-l)[m (9

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

on>mis the excitation cross section
(10)

Equation (4) differs from the standard one by the presence of the overlap
coefficient Sjj (formula s ) 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 of 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

(11)
if

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 G<®2Jj + 1 (Jj is the total quan-
tum number for the state i). Wit 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

W=LLLOCANSHIXX. NE) -



where L, S, J (or L’ S’ J) are the orbital, spin, and total quantum numbers of
the intermediate (or final ionic) state of the ion (y and y’includes whatever other
quantum numbers are required). and Cf\vare 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
ISLJ> with the same J, constructed as zero-order wave functions in LS coupling.
The total angular momenta J’and j of 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

fL' I L

(yI's'J'eljd |x TaBlLSJ) =[US,j,J T <S8 1
N (13)

x{ylI's'elLs\Jj V \ILS)
a> ak

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 2ps3d excited state only the most
important final configurations 3s23p43d, 3s23p«4s, and 3s3ps are included in the
configuration interaction calculations. In the case of the collapsed 4f orbital, the
interaction of 4d~:4f and 4p_l configurations is expected to be very strong. We
treat these configurations together and calculate transitions 3d_l4f — 4p_ | +
4d-24f in a configuration-superposition approximation.
Following | 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, TTI, TT2, TT3 compute different types of the configuration
interaction matrix elements:

TT computes H 14 2ip a'LS
TTI computes H I~1~1~a'L S
TT2 computes 1"4"21"3aLS w 1:il'52iN+2, ¢ s

TT3 computes 1?74"21"4"*0cLS H ¢
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where Heis the electrostatic operator

H=ild (crcf>)

il ko>

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 of 10 and number of unfilled
subshells is restricted to be at most three.
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4. EXPERIMENTAL TECHNIQUE

The experimental part of 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 monochromator spectrometer, with a glass
diffraction grating (600 lines/mm, curvature radius ¢ m) equipped with a x-ray
tube with a tungsten anode operated at 5 kVV 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 measured with the aid of a quartz oscillator accurate to -20 %,
were evaporated on the nitrocellulose films in vacuum in the measuring
chamber of the spectrometer. In some cases instead of the absorption spectra we
measured 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(w) spectrum is well known and
widely used when direct measurement of absorption is impossible or in-
expedient3s. 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
MAX-lab (in Lund, Sweden). This beam line equipped with a modified SX-700
monochromator (360 1/mm and 1220 1/mm gratings) with plane-elliptical
focusing mirror 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 A per sec. Then, the samples were in situ transferred into the
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analysis chamber with base pressure of about 10.10 Torr. In order to prevent the
charging-up effect of the sample, the thickness of the samples was about 100 A.
The only exception being the Ti0O2 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 Ti02 films was about 40 nm which
structure was checked by high-energy electron diffraction measurements.

7 25



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.9.37, in
which the collapse of the 3d electron in configurations with a 3p vacancy and its
effect on 3ps—>3ps3d 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 3» and D terms in the internal well
(collapsed). However, calculations of the excited configurations with a 2p
vacancy show substantial differences.

In Table | 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 | show that the collapse of the 3d electron in the isoelectronic
series of argon occur beginning of the K+ ion, and in a series of argon ions
beginning of the Ar+ion; in this case rrd varies in a step-like manner by many
times, and the electrostatic and spin-orbit interaction of the 3d shell by 1to 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 jj type. On collapse of the 3d
electron, the electrostatic pd interaction converges in value with the spin-orbital
interaction, and a significant deviation from a pure jj coupling occurs; the
coupling acquires an intermediate character. In contrast to the calculations with
a sp 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 2p shell, was not taken into account, since the effective
potential for the 3d electron in the 2ps3pN3d 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., N
in eV).

Atom  Config. Trd G*(2p,nd) F2(2p,nd) ri(nd) (2p\r\nd)
Ar 2ps3d 9.3 0.0009 0.00235 o.0001  0.023
Ar 2p4d 18.9 0.0007 0.00152 0o.0001  0.019
Ar+ 2ps3ps3d 2.7 0.0309 0.0552 0.0044 0.132
Ar2r  2ps3ps3d 1.8 0.0675 011 0.0095 0.194
Ar6t 2ps3d 1.2 0.163 0.215 0.021 0.275
K+ 2ps3d 2.1 0.0537 0.0844 0.0079 0.147
K+ 2ps4d 10.1 0.0469 0.00727 0.0008 0.043
Caz+ 2ps3d 15 0.1 0.144 0.018 0.175
Sc3t 2ps3d 1.2 0.141 0.192 0.03 0.183
Tid+ 2ps3d 1.1 0.181 0.237 0.046 0.187

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
occur. On transition to uncollapsed states, the ratio of the oscillator strengths
f(2pm ->nl) _ 2 Mje” jt coresponds to an approximately statistical intensity
f(2p2n-*nl) 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 b23 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 of 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 2ps3d and 2ps4s 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 Il the collapse of the 3d orbital was investigated experimentally by
means of a x-ray absorption technique in the 2p—>3d photoabsorption region. In
order to demonstrate the dynamics of 3d-electron collapse in the isoelectonic
sequence of argon-like ions in Fig. 4 is presented together the L2s absorption
spectra of CI' (in KCI38), 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 CI" 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 of the 2p —3d transitions sharply increases; they
completely dominate 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 Ca:+Thus, the data presented in Fig. 4 show that, in the
isoelectronic sequence of argon like ions, 3d-orbital collapse in the 2ps3d
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 L2r edge region.
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According to the solid-state classification of electronic excitations, the
intense maxima 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 Il 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 IlIl, 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 Il is included in the list of papers because of the first, to my knowledge,
successful interpretation of L2s XANES of potassium in solids by means of
crystal field theory.

In contrast to 4f 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 4f electrons are well illustrated by the respective values of their
crystal field parameters. Typical values of the eg-t2y splitting (I0Dq) for iron in
octahedral complexes are 1.6-1.9 eV .40 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, tlu, a]g, t&y and eg, corresponding to cation
atomic orbitals 2p, 4s, 3d. Radial parts of tZyand eg orbitals are assumed to be
same and to have the d-character only. The mixing of the final state
configurations 2ps3d and 2ps4s 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 4ps—»4ps5s and 4ps—>4ps4d excitations in
Rb halides4l 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 of 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-dimensional energy matrix, while seven states originates
from 2ps3d and two from 2ps4s final configuration. As an example we present
on Fig. 5 2pe-»2ps3d + 2ps4s transition energies and intensities in K+ion in Oh
crystal field as a function of crystal field parameter 10Dq.

Cube <« » Octahedral
Intensities
Fig. 5. 2pe—>2p's3d + 2ps4s tran-
sition energies and intensities in
K+ion in Ohcrystallic field as a
function of crystallic field para-
meter 10Dq.
10Dg W)

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 of 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. ¢ we show b23 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 parameters, 10Dq, was calculated by using the same calculated free
ion 3d orbital for all the compounds. The calculated 10Dq values are 1.5 eV for
KF, 1.1 eV for KCI, 1eV for KBr and 0.9 eV for KI. Theory shows that the
crystal field has a slightly different effect on the Ls edge, compared to the L:
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 alAL Note that
Figures 5 and s 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 Lzis absorption spectra in the isoelectronic
of Ar-like ions. So assignment of the experimental b23 absorption spectrass is
incorrect as they overestimated role of 2ps—>2ps4s transitions in spectra. Also is
incorrect the crystal field calculationss of the Mas 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. TiO2 as an
insulating d° compound has a good candidate for such study. In paper VIII we
perform experimental XANES and resonant Auger studies of Ti02-I1l, rutile and
anatase. Previous experimental and theoretical studies of Ti 2pss-s0 and of low-
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pressure Ti02 phases show that crystal field theory provides generally an
adequate interpretation of the XANES spectra. Nevertheless, the high-energy
part of the Ti Ls XANES and its structural sensitivity remains unexplained by a
ligand field multiplet model51. Our measurements of various Ti02 polymorphs
demonstrate the sensitivity of x-ray absorption spectra to structural changes in
the solid state. From the resonant electron spectra at the Ls 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 TiO2 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 RbCI. 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 RbCI were investigated. The
photoelectron spectra of metal chlorides excited at the chlorine 2p 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 calculationss:
leas to the picture, according to which the first few absorption maxima reflect
the core excitons at the 1 and Xs points of the Brillouin zone (see, e. g.
Watanabe53). We had shown in paper VII that the photoelectron and Auger
spectra of RbClI 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/%—>3p: 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 2ps-»2/?s4s(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
LsM23M23 3d spectator spectra. The calculated 2psk3<i—3/%23d 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 RbCf.
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Fig. 7. Calculated CI' byMryMrv Auger spectra for RbCl. The zero binding energy
corresponds to the transition energy of the highest level of the final ionic configuration.
The normal, 45 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 Rt in the final ionic
configuration is indicated at each spectrum. The dashed spectra are corrected ones using
the experimental data for argon atoms.

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
band5s. Thus, the creation and decay of excitations related to the chlorine L
pre-edge region of RbCIl may reasonably well be understood in terms of atomic
processes within chlorine ions.



5.5. Resonant electron spectra of KC1.
Case of collapsed 3d orbital

In paper V the photo-induced in the vicinity of the L2s absorption edges Auger
and photoelectron spectra of argonlike ions CI" (in NaCl), K+ (in KC1), Ca2+ (in
CaClz 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 phenomena in the case of resonant photoionization of the 2 ps shell of
the argonlike ion K+in KC1.

The photoabsorption may be described here as a transition 2ps—>2ps3d(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 KFss and KBrsz 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 L2sM23sM23s 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. s(a) is shown the calculated spectator decay 2p~'3d—3p~3d
spectrum at the Ls resonant excitation. The calculated spectrum in Fig. s(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 Ls
absorption spectrum (in Fig. s (a) and (c)). The difference of these experimental
spectra is shown in Fig. s (b). The comparison of the experimental difference
spectrum with the calculated LsM2:M2s Auger structure, also presented in Fig.
s (), suggests that it can be ascribed to a normal LsM2sM23 Auger transition.
This leads to the conclusion that at resonant 2ps—>2ps3d(4s) excitation the
photoemission spectra of K+ in the vicinity of the L2sM2sM23 Auger structure
contains two components, the spectator-induced structure and the normal
L23sM23sM23 Auger structure.

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

decay transitions from the 2ps2 level) in the resonant spectra may be easily
explained for the 2p)2 excitations because of the strong Coster-Kronig decay
channels involving the K 2piz and 2ps2 levels. The existence of the strong
Coster-Kronig channels we can conclude from the K 2p absorption spectrum,
which shows the broadening of the structures, related to the 2p)2 level. For the
2ps2 (L3) excitations this experimental feature of is highly nontrivial.
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Fig. s. Resonant LsM23sM2s Auger spectra for KC1 as compared to the calculation of the
3s23pa3d + 3s13ps final ionic states. In (a) and (c) are shown spectra excited at high (eg)
and low energy (tj) crystal field splitted states of Ls absorption spectrum of K+
respectively. Their difference spectrum is shown in (b) and compared with the
calculated LsM23M7s normal Auger spectrum (solid line). Calculation of the spectator
L2sM2sM1s decay spectra to the 3s23ps3d+3s'3pe final states is shown in (d). The
theoretical multiplets are broadened with a Lorentzian of 15 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. |
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 b23M23M23 Auger and the L23sM23M23 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 K 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 K 3d states for the
screening of an additional core hole and, as a consequence, creation of the
3p+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 3d2
wavefunction obtains the less localized character than 3d: or becomes fully
delocalized and the shape of the spectator decay spectra becomes similar to the
normal Auger spectrum. | propose that the origin for the observed normal-
Auger-like structures in resonant spectra of Sc20s may be explained by this
simple schematic scenario described above, de Groot et al.61 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 KF5. Of course, more exact
exploring through above-mentioned scenarios needs sophisticated ab initio
theoretical treatments.

5.6. Shake probabilities

The creation of 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
jumps 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+tmonopolic con-
jugated shake excitations, see e.g. 39 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 state606L In
paper V we looked for the dynamics of shake phenomena when collapse of the
3d wavefunction occur. We have calculated the total overlap probabilities Pnito
verify that no ejection or excitation of 3d and 4s electrons of the configurations
2ps3s23ps3d (4s) takes place during the b23sM23M23-Hke deexcitation (Table II).
This overlap is given by the formula:
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where R'nl and R fl are the initial and final state radial wavefunction of nl (3d or

4s) electrons, respectively. As seen in Table I, for 3d electrons <rnp> 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 2ps3d
and final ionic 3ps3d 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 of photoexcited 2p resonances of atomic Ar, K, and
Cas2 where for K and Ca shake effects was found to be much smaller than for
Ar.

Table 11. The calculated probabilities Pri 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 Ar K (KCI) Ca (CaF2
configurations <sy> . Pbl <ru> <r,i> P.,
Initial 2ps3s23pe3d 9.24 2.92 1.63
Final 2p63s23p43d 2.79 0.23 1.85 0.86 1.47 0.99
Initial  2ps3s23peds 5.34
Final 2pe3s23pads 4.1 0.87

Nevertheless, the excited collapsed wavefunctions in solids may obtain more
extended character than show our calculations where solid state is approximated
by the Watson 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 ales there is an analogy between the 3p«4d' shake-up
Auger final ionic states in the atomic model and 3ps3dzL_| states in the charge-
transfer model if the ligand hole states are represented as delocalized nd states
(L*ndwo and L-:=nd9). In both cases a 3d electron is exchanged for a 4(n)d
electron, but the direction of transfer is opposite, which is a striking difference
between the models.



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 | the effect of the 4f orbital collapse on the 3d (M45) absorption spectra
of xenon-like ions I', Cs+, Ba2+ and La™ in various halides was investigated in
the region of the 3d (M45 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 of the isoelectronic ions I (in Csl), Xe64, Cs+ (in Csl), Ba2+ and La3+ (in
LaF3) are gathered together in Fig. 9.

840 860 880

840 860 880 900 920

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 sdv2 shells ol the corresponding
ions. The theoretical 3di0—>3de4f transitions are marked by vertical lines.
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In genera], the spectra are clearly divided into two groups. In the case of I’
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 ' and Xe.

There are good theoretical grounds for assuming that the absorption spectra
of ' and Xe are determined entirely by transitions of 3d electrons into a
continuum of f symmetry, i. e., by 3d—»ef6566. 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—ff
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 4f orbital in the
configuration 3ds«4f takes place on going from Xe to Cs+and Ba2+

In Fig. 10 is shown the mean radius of the 4f wavefunction calculated in the
configuration-average Hartree-Fock approximation for some excited 3de4f
configurations. The radius of the 4f 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 3d+4f in Cs+refinement of the calculation can substantially change
the results. So it is possible the delocalization of the 4f wavefunction in solid
state as show our Hartree-Fock calculations where solid state environment was
simulated by a Watson sphere (Fig. 2). In paper | we perform also Hartree-Foc-
Slater calculations for the 3d—ef ionization channel which show (in Fig. 7 of
paper 1) that shape of the experimental 3d absorption curve for Cs+as well as
for Xe and I' can be interpreted as due to the transitions to ef continuum. The
calculations of transitions 3d—ef presented in paper | are crude ones and the
result is qualitative. Nevertheless, the 3d photoabsorption in xenon-like ions
was considered theoretically by Goroshenko et al® and Amusia et a | 0 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 4f orbital collapse on the electron spectra of xenon-
like ions ', Cs+, Ba2+ and La3t+in various halides was investigated around the
3d-absorption edge. The resonant spectra of ' and Cs+in Csl (Fig. 11) are are
dominated by the “normal” photon-energy-independent M5N45N45 and M4N45N45
structures, shifted slightly (by -0.5 eV for I and 1eV 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 of | and Cs: as the 4f orbital is not collapsed the 3d-1 —4d-2
transitions dominate the resonantly excited MNN spectra. In this sense our
resonant Auger data once more confirm that the M4s 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 B and E of Fig. 11. Their relative
positions (between the 4ps2 photoline and normal MNN bands) and the photon
energy dependence closely follow the behaviour of the 4f spectator bands. The
calculation of 3d~'4f—4d~4f + 4p~’ spectra for Cs+, using a collapsed 4f orbital,
fully supports this suggestion. Thus, one can conclude that the observed
resonant MNN spectra of Cs contain simultaneously the 3d“i+—4d~— and
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3d '4f—»4d 24f-like structures. In other words, the Mss 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 4p3r2 photoline in spectra H and G, and of the 1 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 Mss X-ray emission of Cs in CsCI7L 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~4f (see also Sec. Il for PCI induced recapture). A similar
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explanation was used to interpret the ion yield spectra of Ar near its Lzs
thresholds72

The striking difference between Mas absorption spectra of | 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 of 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,ef’ 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 MasN4sN4s spectra with
Ba:HBaF2) in which case the 4f 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 Ba.

In the region of the Ba MNN 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 p32 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 photoemission feature and is repeated on the M4 resonance. This
band has the same width as the normal MsNssN4s 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 M4m 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 Mas spectra are compared with computed
3d_l4f—4d~4f + 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. 13 these thresholds, i.e.
the lowest-binding-energy states of 4d 2 ionic configuration are marked as the
vertical bars on the Kkinetic energy scale. The 4d_.4f 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 4f spectator features.
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Fig. 13. Resonant M4sN4sN4s Auger spectra (thick lines) for BaFz as compared to the
calculation (thin lines) of the Auger transitions 3d~l4f(:D|)-»4d"24f + 4p~‘ (a) and
3d_l4f(IP1)~4d“Af + 4p_1 (D). In (a) and (b) are shown, respectively, the spectra C 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_:4f—4d-> 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 “normal” but, 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 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, BaF. and LaFs
in the region of the 4d photolines which are obtained with various photon
energies around Mss 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 of Fig. 14, where the Mus absorption spectra
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are displayed. Photoelectron lines of 4ds» and 4ds. core levels of Ba and La
show drastic change in intensity as the photon energy is turned through the Mus
absorption features. This effect is for Cs less expressive, but still visible. The
electron spectra of LaFs in Fig.14 show the strong enhancement of the 4d-
photoline components on the excitation energies corresponding to the Ms and
M. absorption peaks. This enhancement suggest that 4f electron frequently
participates in the decay of 3d.4f excited state. The total intensity of 4d
photoline is roughly 15.2 and 9.3 times larger on-resonance excitation at Ms and
M. absorption peaks, respectively, than the off-resonance 4d intensity. This
indicates very dramatically how weak the direct process of 4d..—>4ds photo-
ionization is compared to the indirect process of autoionization (3ds4f—>4ds
participator decay) through the 3d—4f resonances.

830 840 850
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Fig. 14. Left panel: absorption spectra of Cs+in Csl, Ba2+in BaFz and Lau in LaFs in
the region of the Ma4s absorption edge of cations.

Right panel: the electron spectra of Cs+in Csl, Ba2+in BaFz and Lau in LaFs in the
region of the 4ds» and 4dy2 photolines excited at the Mas 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 4ds. and 4ds2 photolines in the region of Ms
and M. absorption peaks. So the intensity of the 4ds». photoline exceeds roughly
two times intensity of the 4ds.. photoline on Ms resonance excitation.

On the contrary, intensity of the 4ds. photoline on the M. resonance
excitation is about of four times less than intensity of 4ds» photoline. Note that
term-dependence and anomalous change of the branching ratio of 5pw. to 5pae
photolines have been observed at the 4d—4f resonant excitation of La in LaFs
and Ba in BaF:: and attributed to the multiplet dependence of the Auger
transition probabilities74.

The electron spectra of BaF: in Fig. 14 show quite similar behaviour at the
excitation energies around the Mas 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. 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 M.+ on-resonance electron
spectra of La in LaFs and Ba in BaF: in the region of 4d photolines with the
calculated 3d.4f(J=1)—>4ds Auger spectra. The computed curves satisfactorily
reproduce the intensity variations of the observed spectra. The somewhat
smaller strength of the 4ds. photoline relative to the 4ds2 one in the observed
spectra as compared to the calculated spectra is maybe mainly due to
simultaneously excited direct 4dio—>4ds photoemission lines as well as solid
state effects. The latest are more significant for La taking into consideration the
higher covalency of LaFs crystal. The theoretical 4ds/:4ds. branching ratio for
Auger transitions 3ds4f—4ds of La is 2.6 for Ms resonant excitation and 0.33
for M. excitation and thus agree well with corresponding experimental results:
2.4 and 0.18 for Ms and for M. on-resonance excitations, respectively.
Therefore, our computations suggest that the change of the 4ds/.:4ds.. branching
ratio in resonant photoemission originates from the term dependent Auger
participator transitions 3d.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 Ms and M. resonance. The difference
between calculated relative intensities and experimental data maybe ascribed to
the Koster-Cronig transitions 3d?,24/ -» 3d 92, which is not considered in our

calculation.
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Fig. 15. The electron spectra of La in LaFs (a) and Ba in BaFz (b) in the region of 4d
photolines (thick lines) as compared to the calculated Auger transitions 3d-14f(ID)—»
4d~* and 3d_l4f(IP|)—4d~' (thin lines). In (a) and (b) are shown, respectively, the
spectra B and E of La in LaF3, and the spectra C 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_.4f 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
M.sNa4sNas 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 :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 3d.4f configuration is localized in the outer well
of the effective potential in the case of the I' 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 2ps3d configuration is localized in the inner well
and in the outer well in the case of CI" 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 CI' 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 jj 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 4ds2 to 4ds:
photolines have been observed at the Mus resonant excitation of La in LaF: and
Ba in BaF: 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 2ps3d configuration, during the Auger
decay mean radius of the collapsed 3d orbital changes little and the shake
probability is small.

Our measurements of various Ti0. polymorphs demonstrate the sensitivity of x-
ray absorption spectra to structural changes in the solid state. From the resonant
electron spectra at the Ls 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 Ti0:. 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 (CI', K+ Ca2+ Sc3+ Ti4* by 2p
excitations) and xenon-like (I, Cs+ Ba2+ Las 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 . 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 3d.4f configuration is localized in the outer
well of the effective potential in the case of the I" 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+ Sc3tand Ti4+the 3d electron in the 2ps3d configuration is localized
in the inner well and in the outer well in the case of CI" 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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3)

4)

5)

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 CI 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 jj
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).

A strong term-dependence and anomalous change of the branching ratio of
4ds2 to 4 ds2 photolines have been observed at the M4S resonant excitation of
La in LaFs and Ba in BaF: 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 Ca2+ where
3d orbital is completely collapsed in the 2ps3d configuration, during the
Auger decay mean radius of the collapsed 3d orbital changes little and the
shake probability is small.

Our measurements of various Ti0. polymorphs demonstrate the sensitivity
of x-ray absorption spectra to structural changes in the solid state. From the
resonant electron spectra at the L: 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 Ti0: 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.

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 L.s 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 mas5 excitation for BaF2),

iii) in solid state in many cases the Coster-Kronig decay becomes energeti-
cally possible (e.g. at L. excitation for potassium and calcium compounds
and at M. 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 L2s 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 L3
excitation for Ti0. and Sc:0 3
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3d (4f) ORBITAALIDE KOLLAPS 2p (3d)
ERGASTUSTEL NING SELLE MOJU RONTGEN- JA
ELEKTRONSPEKTRITELE

Kokkuvdte

Kéesolevas tods on uuritud ergastatud 3d ja 4f radiaalse lainefunktsiooni kol-
lapsi (lokalisatsiooni) ndhtust ioonsetes (hendites nii eksperimentaalselt, kasu-
tades rontgenspektroskoopiat ja elektronspektroskoopiat, kui ka teoreetiliselt. 3d
ja 4f lainefunktsioonide kollapsit uuriti aatomite sisekihtide ergastustel kahes
isoelektroonses reas: argoonisamastes uuriti ioonides CI', K+ Ca2+ Sc3+ja Ti4+
3d orbitaali kollapsit 2p ergastustel ja ksenoonisarnastes uuriti ioonides I, Cs+
Ba2+ja La3+4f orbitaali kollapsit 3d ergastustel. Mdlemas isoelektroonses reas
nditab kollapseerimata ja kollapseeritud seisunditele vastavate eksperimentaal-
sete spektrite vordlus védga olulisi muutusi nii rontgenneeldumis- kui ka foto-
elektronspektrite intensiivsuste jaotuses.

Nende huvitavate eksperimentaalsete andmete interpretatsioon ei oleks olnud
vOimalik 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 md&ju lainefunktsioonidele arvestati
nn. Watsoni sfadriga, mis taandab iooni naabrite mdju sfaariliseks korrekt-
sioonipotentsiaaliks. Elektroonsete leminekute (fotoergastuse ristl6iked, Auger’
Gleminekute intensiivsused) arvutati vahepealse seose skeemi jargi. Kdikide
nende arvutuste teostamiseks tootati valja efektiivsed FORTRAN-programmid.

Saadud pd@hitulemused v@ib formuleerida alljargnevalt.

1 Meie tulemused demonstreerivad veenvalt, et vaba iooni mudel sobib
pBhiliste isedrasuste interpretatsiooniks 3d neeldumis- ja kiirgusspekrite puhul
ksenoonisarnastes ioonides ning :p neeldumis- ja kiirgusspektrite puhul
argoonisarnastes ioonides ioonsetes Uhendites. Tahkise mdju ioonidele véljen-
dub pdhiliselt 3d kollapseerinud seisundite kristall vdljas I6henemises argooni-
sarnastes ioonides. Erinevate eksperimentaalsete neeldumisspektrite vordlus ja
arvutused néitavad, et konfiguratsioonis 3d.4f ksenoonisarnaste ioonide iso-
elektroonses reas on 4f elektron I ioonide ja Xe aatomite puhul lokaliseerunud
valises Ba2+ja La3+ puhul sisemises potentsiaaliaugus. Argoonisarnaste ioonide
K+, Ca2+, Sc3+ and Ti4+ puhul on 3d elektron 2ps3d konfiguratsioonis lokali-
seerunud sisemises CI" ja Ar puhul vélises potentsiaaliaugus. Ergastatud elekt-
roni laengutiheduse ruumiline Umberjaotus kollapseerumisel toob kaasa véga
olulise réntgenneeldumisiuleminekute ostsillaatorijdudude Umberjaotuse 3d voi
> p neeldumiséére kontiinumi osast diskreetsete Gleminekute regiooni.

2. Meie tulemused néitavad, 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’ lGleminekute kahe-
augulistes 18ppseisundites tihelt poolt kaasa nn. klassikalise vaatlejamudeli
(Bigustas ennast taielikult aatomite, molekulide ja tahkiste Auger’ spektrite
interpreteerimisel resonantsel ergastamisel mittekollapseerunud seisunditesse)
taieliku mitterakendatavuse. CI nditel uurisime teoreetiliselt Auger’ vaatleja-
tleminekute sdltuvust 18ppseisundi orbitaali lokalisatsioonist ja naitasime, et
vaatlejaelektroni kollaps toob kaasa elektrostaatilise vastam®ju suurenemise
kaheaugulise Auger’ 18ppseisundi ja vaatlejaelektroni vahel, mis viib seose
tidbi muutumisele jj- vdi L/-tuibist, mis iseloomustab 18ppseisundeid klassi-
kalises vaatlejamudelis, LS-tulibi sarnaseks. See p6hjustab keerulise Auger’
I6ppseisundite multipleti tekkimise ja viib I8ppkokkuvdtes selleni, et klassi-
kalise vaatlejamudeliga ei ole Auger’ lagunemisspektreid vdimalik interpre-
teerida.

Teiselt poolt, vahepealsete, réntgenneeldumisseisundite ergastatud orbitaa-
lide kollaps viib tugevale Auger’ vaatlejastrutuuride (kaks auku + vaatleja-
elektron) ja osavétjastrutuuride (ks auk) vdimendumisele spektrites. Nii vdib
Auger’ osavdtja lagunemiskanali intensiivsus, mille energia on sama otsese
fotoemissiooni 1dppseisundiga, olla mdnedel juhtudel palju suurem kui otsese
fotoemissiooni Gleminekute intensiivsus (nt. Baja La 4d fotojooned).

3. Avastasime eksperimentaalselt ja p8hjendasime teoreetiliselt Auger’ osa-
vOtjauleminekute multipletist s6ltuvuse, vdga tugeva osavdtjastrutuuride sdltu-
vuse ergastuse energiast ning anomaalse 4ds. ja 4ds. fotojoonte suhte Mus
resonantsetel ergastustel lantaanis (LaF3 ning baariumis (BaF2).

4. Meie raputus- {shake) protsesside arvutused naitavad, et vastupidi Ar
aatomitele, kus raputusprotsessid Auger’ lagunemisel on véga tugevad ja maa-
ravad Auger’ I6ppseisundite formeerumisel, on K+ja eriti Ca2+ ioonide puhul
raputusprotsesside tGendosus vaike. Nditasime, et see on pdhjustatud 3d orbi-
taali kollapseerumisest réntgenneeldumise I8ppseisundites (konfiguratsioonis

5. Meie moddetud Ti 2p neeldumisspektrid nditavad sGltuvust Ti0. erinevate
polimorfsete vormide struktuursetest erinevustest. Resonantsete fotoelektron-
spektrite analtisile tuginedes on pustitatud hipotees erisugused 3d orbitaali
lokalisatsiooniastmega seisundite ilmnemisest Ti0: erinevate modifikatsioonide
puhul Ti 2ps» neeldumisspektris.

s . Resonantsed Auger’ spektrid meie moddetud Uhendites on oluliselt
atomaarsed. Tahkise md&ju neile spektritele sBltub oluliselt ainest, ergastusest
ning ergastatud elektroni lainefunktsiooni lokaliseerumisastmest neeldumisel ja
Auger’ Glemineku 18ppseisundis. P8hilised tahke keha p&hjustatud protsessid,
mis omavad mdju resonatsetele Auger’ spektritele, on jargmised:

i) ergastatud vaatleja elektroni tunnelleeriv delokalisatsioon juhtivustsooni
kontiinumisse rontgenneeldumisprotsessis (nt. L2z ergastuste lagunemis-
spektrites kaaliumi hendites);

ii) kahekordsete (double) Auger’ kanalite avanemine mdningates Kristallides,
kui vaatlejaelektroni 18ppseisundid on ulalpool kaheauguliste seisundite
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ioniseerimisdart, mis md&jutab madalaenergeetilist vaatlejatleminekute
spektriosa (nt. M4 ergastuste lagunemisspektrites spektrid BaF2-s);

iii) tahkistes on paljudel juhtudel energeetiliselt voimalik Coster-Kronigi lagu-
nemiskanalite avanemine (nt. L2 ergastustel kaaliumi ja kaltsiumi thendites
ja M4ergastustel BaF2s);

iv) resonantsete Auger’ vaatlejastruktuuride sdltuvus réntgenneeldumise kristall-
véljaseisundist (kdige selgemini ilmneb see kaltsiumi ja kaaliumi Uhendite
L lagunemisspektrites);

v) laenguillekande protsessid valentstsoonist vaatlejaelektroni tasemetele nii
réntgenergastusel kui ka Auger’ lagunemisel (nt. Ti02ja Sc2D 3L lagunemis-
spektrites).
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The M,,(3d) absorption and emission spectra of the xenoolike ions 1", Cs*, Ba:*, and Lal* 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
Lal* contain an intensive doublet near the ionization threshold >>fthe id shell, and their emission spectra
contain bands that are at resonance with the absorption bands. It is concluded that in the Bal* and La’* ions
the 4/ orbit in the configuration Id 'if 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 nl con-
sists of two terms:

474 Sov. Phvs. JETP 51(3). March 1980

0038 5646/80/030474-06*02.40

Krfl<nl|r)-V (.rflr)+1(1+1)/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. Inthe interval r* 1-5 a. u., V(nl\r)
varies approximately like r*1, and in the case of an el-
ectron with | > 2 these two terms 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
ndV/ on the structure of the corresponding absorption
and emission x-ray spectra. Ina number of papers34'9
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—zf. 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 similar.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.Cs'jBa3* La3*. Owing to the lesser role of
the multielectron effects in this configuration, com-
pared with the configuration 4rf%/, one should expect
the possibility of a more unambiguous interpretation of
the spectra. As shown previously,8collapse 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 ', Cs', Ba2*and La% 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-,
Cst+, Ba2* AND la3t

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/mm, curvature radius 6 m). An x-
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FIG. 1. Af_j absorption spectra of 1*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 anargon-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. Inall 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 | absorption spectra of Cs* in cesium halides.
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FIC. 3. Aft 5absorption spectra of Bal' in barium halides.

shifts do not exceed 1.5 eV. This demonstrates con-
vincingly that the main structural singularities of the
spectra are of quasi-atomic character. They charac-
terize the corresponding ion, which is possibly slightly
perturbed by the crystal field. Therefore in first-order
approximation we can use the presented spectra to dis-
cuss the optical transitions of the 3d electrons in the
corresponding isolated ions.

For a detailed interpretation, the spectra of the isoel-
ectronic ions ', Xe, Cs*, Ba2*and La3*are gathered
together in Fig. 4. The Xe spectrum was borrowed
from Ref. 9. The photoabsorption cross sections are
marked on the ordinate scale in the same scale for all
ions. The spectra have the same energy scale, the or-
igin of which coincides with the binding energy of the

«J., Mo

FIG. 4. Partial photoabsorption cross sections of the 3d shell
of xenon-llke lone. The spectra coincide In position at the lon-
ization energies of the 3df/j shells of the corresponding lons
(see tae text), namely 620, 676, 735, 802, and 871 eV for 1",
Xe, Cs*, Ba2*, and La3*, respectively. The theoretical val-
ues (see the table) of the intensities (decreased by a factor 1.3)
and of the energies of the 3rf10—3d*4/ lines are marked by
vertical lines, whiie the theoretical ionization energies are
marked by arrows.
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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. Inthe case of I
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*, Bal*, 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 3d-/, 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- c / 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 smaller in the case
of " 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 3d- tf channel
is already much less effective,14 it must be concluded
that the clearly pronounced doublets in the initial re-
gions of the spectra of Cs*, Ba*, 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 3cPbp*- 3d106p5. The high-energy part
of the spectra is at resonance with the absorption spec-
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FIG. 5. JI/) 5emission spectrum of the lons Cs*, Ba2*, and
LaJ* in lonic compounds under strong (3 kV, 20 mA) (2) and
weak (1 kV, 10 mAl (1) excitation regimes; 3—absorption
spectra. The ordinate scale Is linear in relative units.

tra and is strongly deformed by self-absorption effects.

This part of the spectrum is due to radiative decay of
the bound excited states. Inthe case of Lal* 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 emis-
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 Cs' ions. It is consid-
erably broadened because of the large probability of
nonradiative decay of this configuration.

3. INFLUENCE OF COLLAPSE OF 4f 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 accountin 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
Mof Ref. 17). The radial wave functions were defined
as the solutions of the Hartree-Fock equation for the
average configuration energy (HF-ac), andalso as so-
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FIG. 6. Variation of the average distance of the collapsing 4/
electrons from the nucleus In the Isoelectronic Xe sequence In
the configuration 3d*4/ (1) and 4d*4/ (2), determined by the
solutions of the Hartree-Fock equations for the P term (a) and
for the average energy (b).

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 jj 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 (theJ 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-IP equations are prac-
tically identical. A substantial dependence on the term
is observed only for Cs': 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
[V s. &V
_ )
HF  HP  einee HFP  eqEinat
072 6763 17-10*
3 6876 8771 6764 028 6763 41 10«
. 888, - 24 10»
006 7348 23-10%*
G 7498 7386 7370 065 7380 75Hb5 267
076 7514 7500 371
048 7346 - 21 10»
. . 30-10-4
062 7483

006 7840 _ ;
059 7886 780 321
081 837 8015 617

-0.05 8332
056 8388 8350
0.82 855.6 852.5 785

%

815.8 803.8 802.0

[
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A comparison of the average distance for the con-
figuration 3d®/ 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
(Cs*- 3</®4 and Cs', 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 ¥/). They are changed by 3-5 orders of magni-
tude by the collapse. At the same time, the spin-orbit
interaction constant nlt 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 (LS | in accord with the leading
component in the expansion. The intensity of the dis-
crete transitions 3<f10IS - 3dP\f is then proportional to
the square of the coefficient of expansion of the function
(LS I for the component (?P |-(1S |1jP)3. For the Cs* ion,
a calculation of the intensity was carried out both with
the wave function HF-IP and with the function HF-av.

In the remaining cases, the function HF-av was used.

The binding energies 1(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(LS)-E{3d'4tLS)-E(3d,").

Experimental estimates of the binding energies were
obtained in the following manner. For the Xe atoms
their direct measurements by the photoelectric spec-
troscopy method.10 For the C8* and Ba2*ions we used
the quality

1(3d.,,) ) -*-/(&p).

The energies of the /1750a 3 lines were taken from the
M, s emission spectra. (Fig. 5). the ionization potential
I(bp) for Cs- was taken from Ref. 18, and for Ba2* from
the tables of Ref. 19. The calculated energies of the
principal transitions 3d‘°- 3d*4f agreed with the mea-
sured absorption peaks in Cs', Ba2*and Lal*accurate
to several electron volts. The deviation is determined
from the correlation effects and from the inadequacy of
the model of the free ion in the ionic crystals have the
same sign and approximately the same magnitude as
for the binding energy.

Upon collapse of the 4/ electron, the intensities of
the ground 3d10- 3d9%4/ lines change by six orders of
magnitude. For Xe (and all the more for I") these tran-
sitions take not part whatever in the formation of the
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absorption spectra. For Ba9 and Lal* 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-‘IP functions (Cs** in the
table) differ greatly. Inthe former case the Cs* spec-
trum is similar to the spectra of Bal* and Lal*, 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 Ce*, Bal*, Lal* 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 M-Xe-Cs*-
Ban-Lal* is directevidence of the collapse of the 4/
electron in the 3d*4f configuration in the middle of the
sequence.

4. CALCULATION OF THE 3tf-SHELL
PHOTOIONIZATION 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,2
for atoms of inert gases and of their neighboringele-
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 estimates.

The calculations were performed using the tabulated
single-electron orbitals of Herman and Skillman.2L

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 Refs. 22, 20 and others),
allowance for the relaxation of the core in the single-
electron approximation at low energies of the photoelec-
tronusually gives a better approximation.

The results using the ionization energies of the pre-
ceding section are shown in Fig. 7. Itis important
that the character of the photoionization spectrum in the
considered isoelectronic sequence changes qualitatively.
A quasiresonant structure exists for I', 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. Partial photolonlzatlon cross sections of the 3d shell
of xenon-like lons with (1) and without (2) allowance for the re-
laxation of the atomic core; 3—measured absorption spectra.

effective potential varrier for the zf states with in-
creasing degree of ionization.” Ths calculated quasi-
resonant structure in the 3d —zf spectrum of Cs* is si-
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 B (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 emission spectra of the xenon-like ions I', Cs*,
Ba*, 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 configuration is localized
in the outer well of the effective potential in the case of
the I' ions and Xe atoms, and in the inner well in the
case of the ions Ba2*and La3*. This spatial redistribu-
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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 - zf 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- 3rfad4/. The form of the 3d emis-
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 Lj, emission and absorption (or photoelectric quantum yield) spectra of K* in KF. KQ, K.Brand KI, of
Cal* 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 2p-id transitions in the
free ions K*, Ca” , and Scl*. Comparison of the L u spectra of the isoelectronic sequence of argon-lilte ions
(from CI to Sc1*) shows that id electron collapse in the Ip'id configuration occurs in this sequence in the

transitions Ar—»K*—Cal*.

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.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 experimentally establish 4/-electron collapse.
In this work we use it to study 3d-electron collapse (tn
the 2ps3d configuration in the isoelectronic sequence of
argon-like ions), which according to theoretical esti-
mates35 has a number ol peculiarities. We have pro-
ceeded from the premise established in recent years
that the basic characteristics of the absorption spectra
associated with transitions from subvalence shells of
atoms or ions (especially positive ions) are preserved
when they are introduced into compounds,6-8 and we have
investigated the L2 3(2p) absorption and emission spec-
tra of KI, Ca2, and Sc3 in a number of compounds.

2. EXPERIMENTAL PART

The spectra were measured using an RSM-500 x-ray
spectrometer-monochromator. Synchrotron radiation
from the VEPP-2M storage ring. Institute of Nuclear
Physics, Siberian Branch of the USSR Academy of Sci-
ences, was used for measurement of the g(JIN absorp-
tion spectra. In some cases instead of the R(hv) spec-
tra we measured the photoelectric quantum-yield (elec-
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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 R{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
KC1 plates of different thicknesses withvarious 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 1eV.

On Fig. 1, we present L, , absorption and emission
spectra of K* inKClI, of Ca'2in CaF,, and of Sc3*in
Sc,0, [in the latter case, the x(Jly)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*. Itis evi-
dent that in the case of KC1, 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 CaFX
and scandium in ScjOj (in the latter case, the K(/W) spectrum
Is given instead of the;»(/1) spectrum—see text).

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

The general features of our spectra agree with x(*i/)
epectra of KCI and CaF, given in papers by other au-
thors,,*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 al. 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 B(hv) and x(/iu) spectra presented in Figs.

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

845 Sov. Phys. JETP 52(5), Nov. 1980

TABLE I. lonization 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.

£lb) 9 il

Ar 2469 2,00 246.3
Experim qpfc(Ref. 16) 2460 2489 246.4
2974 3001 2984

4 2992
Car* 3475 31 306 342

Cap, 391 3w

Sc** 4006 4031 4106 4151

Sc,0, 4038 '.080

1and 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. Inorder 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 | we give a comparison of the energies
of the two most intense maxima of the L,_3absorption
spectra of K* in KCI, Ca‘*In CaF,, Sc**in Sc,0, and Ar
with the energies of the 2p-3d and 2p-4s transitions in
the free K* Cal* 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, 45)]. We may estimate £(£,_,), using data
on energies of atomic levelsll 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{L2j), E{2p-3d), and £(2p-4s). Itis 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 Kl spectra (Fig. 2) and

MaTste Bt . 845



I /W4

g m

FIG. 3. Photoabsorption cross sections of the argon-like
ions CI", Ar, K*. and Can la thellij-edge region.

its sharp difference from the L,i3 spectrum? of CI in
KC1 (Fig. 3) and the M, , spectrum I» of K* in KCt.

Thus, the onset structure of LJ3 absorption spectra
of K", Cal* and Sc3*in ionic crystals is determined
primarily by the 2p- 3dand 2p-4s transitions in the cor-
responding free ions. From Table I it follows that a
fundamental role is played there by the 2p-3dtransitsone.
The Ip-As transitions may play some role in the K*
case; their intensity is low, however, indicated by the
Cal*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 thep-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 similar 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
nihv) and I {hv) spectra of K*and Ca’*ions is evidence
that 3d-orbital collapse has already occurred in these
ions.

In order to study the dynamics of 3d-electron collapse
in the isoelectonic sequence of argon-like ions, we pre-
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sent together In Fig. 3 the L, , absorption spectra of
CrI (in KCI-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 lonization
energy £(!,) of the L3subshell 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. Itis 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 lonic crystals. Nevertheless, the envelope
of the Lj j absorption spectrum is similar for all
chlorides™ and reflects to some degree the properties
of the a(hv) function for the free CI* ion.

From Fig. 3it is evident that the spectra for CI* 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 CI 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. Ongoingto K*, the role of the 2p-3d transitions
sharply increases; they completely dominate in the spec-
trum. In the case of Cal* 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 Cal*

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*—Cal*
sequence. It occurs somewhat more slowly than the
4/-orbital collapse in the sequence of xenon-like lons,
as was predicted by theory. **

Application of the above discussion to experimental
data of Barinskll and Kulikova® leads to the conclusion
that 4d-orbital collapse in the 2p’4d configuration oc-
curs in the Isoelectronic Kr-Rb* -S r2* sequence of
krypton-llke ions.

According to the solid-state classification of elec-
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 2p-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.” 4 The situation is different
inthe case of s-p and/)-s transitions;in K*, for example
the 1s—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
inthe crystal. Solid-state effects are already significant
in the corresponding spectra.

The authors thank E. S. GluskinandA. P. Zhurakovskii
for help with the synchrotron radiation experiments,
and A.M.-E. Saar for useful discussions.
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The cluster calculations of K and L2 3 edge XANES of K and CI
in KCI within the multiple scattering theory formalism «sing
nonlocal HF potentials with abd without consideration of core

hole field were performed.

For K spectra the influence of the

core hole potential is rather weak and the results are similar

to those obtained with Xa potentials. For Lj j spectra, par-

ticularly for that of K+,

core hole field leads to a radical

redistribution of oscillator strength caused mainly by the

spatial rearrangement of d like

curves show good over-all

states. Calculated XANES

agreement with the experimental

spectra (the L2,3 absorption of K+ in KCI was measured using

the synchrotron radiation of the USSR Academy of Sciences
storage ring VEPP-2M in Novosibirsk).

For a number of years X-ray ab-
sorption near edge structure (XANES)
has been used for probing effective
charges /1,2/ and the local environ-
ment /3/ of absorbing centres in so-
lids and molecules. Unlike the exten-
ded X-ray absorption fine structure
(EXAFS) XANES is sensitive not only to
the coordination and bond lengths but
through multiple scattering of the ex-
cited electron also to relative orien-
tations and bond angles of the atoms
surrounding the absorbing centre /4/.
The extraction of such "local envirom
ment” information from XANES, how-
ever, seems to be more complicated
than from EXAFS. So far theoretists
have been mainly concerned with the

20

task of accurate reproduction of ex-
perimental data. In solids the calcu-
lations are complicated by the neces-
sity of a proper treatment of band as
well as core hole effects.

The crucial aspect of XANES cal-
culations is the sensitivity of conpu-
ted spectra to different approxima-
tions of the potential. In paper /5/
self-consistent-Xo-ecattered wave
(SC-Xa-SW) cluster calculations of
the K spectra of Kand CI in KCI with
local "muffin-tin" (MT) potentials
were presented. Here we propose a ge-
neralization of the SW method to the
case of non-local Hartree-Fock (HF)
potentials, taking into account the
presence of central site core hole

0038-1098/82/4614Q1-07103.00/0
Pergaaon Prcaa Ltd.
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in the final state and using the K
and |2 j absorption spectra of KCl
for a trial.
turns out to be especially

where the photoab-

This generalization
important
for L2 3 spectra,
sorption cross section is mainly asso-
ciated with electron transitions to d
states strongly influenced by the ef-
fective potential /6/.

It has been shown for KCl1 /5,7/
that near the bottom of the conduc-
tion band the s, p and d partial den-
sities of states, calculated by Xa-
-SW-method for 3-shell
K.jClgK.jjClg and CIjKgCI*Kg« agree well
with those obtained by the APW method.
This accordance

clusters

indicates a weak in-
fluence of the extracluster region

and justifies the XANES calculation
for clusters with central atom core
The calculations in /5/
ted in a good agreement with the mea-
sured K spectra of K and Cl but re-

however,

holes. resul-

vealed,
with 1?2 2 spectra.
to a conclusion that the main reason

strong discrepancies
Later analysis led
for this failure is the use of Xa

approximation for the potentials. It
is known /8/ that 2p and 3p electron
Xa orbital energies for the third
row elements in the case of a*l co-
incide with
tained as differences of total
-ion HF energies. This means that in

the localization

ionization energies ob-
atom-

region of 2p and 3p
orbitals electron self-interaction Is
effectively compensated by the ex-

change-correlation part of the poten-
Such compensation
ry for free orbitals, so the Xa po-

too strong for states with

tial. is unnecessa-
tential is
wave functions deeply penetrating in-
The situation is illus-
where Xa potential

to core region.
trated in Fig.1,
(a=1) for d states
energy region of K+ ion with 2p hole
is compared with the effective HF po-
calculated by Slater method /8/.*

in near-resonance

tential

Fig. 1.
tive potentials for
ion with 2p hole.

HF (—-) and Xa (---—) effec-
d states of K+

The inclusion of HF potentials in-
to the SH XANES calculations implies
the following steps: (i) the development
of a scheme for constructing the clus-
ter potential on the basis of HF poten-
tials of isolated atoms (ions);
(ii) the reformulation of SH method for
non-local HF potentials and (iii) the
development of a method for including

many-electron interactions, which allow
the absolute photoabsorption cross-sec-
tions in the near edge region to be
calculated properly. Such programm can
be fully realized only for ionic crys-
tals, where the electron densities of
ions overlap rather weak-
ly and, therefore, the non-locality of
the potential can be neglected in the
interatomic region. Besides, as the MrI
approximation applies well to the KCl
crystal reaso-

nable to assume the

neighbouring

considered here, it is
interatomic poten-

tial to be constant.

We constructed the cluster poten-
tial in the following way. The poten-
tial of an ion in an ionic crystal was

10
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taken to differ from that in a free ion
by a value of AE”, which is constant in
the volume of the i-th atomic sphere.
Consequently, in the MI model of a clus-
ter the logarithmic derivatives of ra-
dial solutions for the isolated free ion
(taken at the radius equal to that of
the corresponding MT sphere) can be
used just shifting the energy scale by
the value of AE”~ For the ground state
cluster 6E” is the corresponding Made-
lung energy EM- For the cluster contai-
ning an ion with a core hole, [P for
this ion includes additional polariza-
tion term which can be shown to be
equal to the twice Mott-Littleton re-
laxation energy /9/. For other ions of
the cluster the presence of a core hole
in the central ion was incorporated by
adding to [JOE™ the screened, core hole
Coulomb potential -2/e”r,
dielectric constant and r the distance

being the

from the central ion. The position of
the MT zero level for the perfect clus-
ter was chosen in such a way that the
calculated energy interval between the
bottom of the conduction band and 3p
level of CI should be equal to the ex-
perimental band gap (the energy of r1l
state was determined from the KKR cal-
cilation performed for the I point of
the Brillouin zone). For the cluster
with the core hole the MI zero level
was shifted by the value - j2/eerd”r
(here V is the volume of the inter-
atomic region of the cluster), which
approximately reflects the changes of
interatomic potential in the vicinity
of the absorbing centre. Now, knowing
the logarithmic derivatives (found by
using the HF program described in /10/)
and the position of MI zero level, we
were able to calculate the relevant
phase shifts and the Green function
(GF) of photoelectron.

To check the constructed poten-
tial we calculated the binding ener-
gies of 1s, 2p and 3p levels of K and

X-RAY ABSORPTION NEAR EDGE STRUCTURE (XANES) 403

Cl in KC1 and found them to coincide
with the experimental estimates /11/
within 1 eV..

K and l<2 s edge photoabsorption
cross-sections were found by using
the GF of photoelectrons calculated by
the SW method /12/ according to:

Im{1-G v Sv}
0000 O

2
l|m{m_y2 (-6 9 dmey>. @
where - expUK~?) is the S matrix
for the vth atom of the cluster, Qimlm
are the GF matrix elements in the ™"ato-
mic number - orbital momentum" repre-
sentation, 87, is the cross-section
for the vth isolated atomic sphere cor-
respoding to the electron transition
from core state to the state
of continuum.

A calculation carried out for the
K and IR s absorption spectra of argon
atom has shown /13/ that good results
in near edge region may be obtained if
the initial- and final-state wave func-
tions are taken in Slater's single de-
terminant approximation. According to
/13/ we have computed as follows:

g malrnis<n)rt g (ndar 3)

ly the free-ion cross-section, because
the MT zero level does not coincide with
the vacuum level of the free ion.

As usual in the SWmethod, the GF
matrix elements were determined from a
set of algebraic equations /1.2/

*onn J  V , un«*Dh Sl n |
LL1 “ Bbl« +'n ALt 1TTULTLL (4)

where g££, are free electron GF expan-
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sion coefficients /12,14/ and
t” = -sinexp (i6~) are the t matrix
components corresponding to the nth

atomic centre. In calculations we used
3 phase shifts (1 * 0,1,2).
(4), initially derived for local Xa po-

Expression

tential, is also valid for the poten-
tial used in this paper. The change of
potential reflects itself only in the
value of the phase shifts.

To fit the experimental data with
the theoretical ones the spectra given
by expressions (1) and (2) were convo-
luted with the inverse lifetime of the
value T chosen in accordance with the
core level lifetimes and experimental
resolution. L2 and components were
taken with a statistical ratio 1:2 and
the energy shift equal to the spin-or-
bital splitting of the 2p level.

The values of the parameters
used were: MT sphere radii 2.834 a.u.
for Kand 3.100 a.u. for Cl, E - 8¢V,
M ott-Littleton terms - 1.9 eV for K
and 1.5 eV for CI" /9/, e - 2.06. For
spin-orbital splittings and core level
widths data were taken from /11/.

The results of calculations are
presented in Fig.2 together with the
experimental x-ray absorption spectra.
The L2 3 spectrum of K was measured
with the resolution of 0.3 eV, using
the RSM-500 X-ray monochromator (6 me-
ter radius concave grating, 600 lines
per mm) and synchrotron radiation of
the VEPP-2M electron-positron storage
ring of the Institute of Nuclear Phy-
sics in Novosibirsk. Other experimen-
tal spectra are taken from papers
/11,15/. All spectra are aligned along
the energy axis according to the bot-
tom of the conduction band energy (in-
dicated by arrows).

As one can see, XANES, calculated
with HF potentials and with the inclu-
sion of the core hole field, agree
with the experiment almost in all de-

tails. For K spectra the inclusion of

core-hole potential leads only to sig-
nificant energy shifts and the results
are rather close to those obtained with
Xa potentials /5/. However, for L. ,
spectra, particularly for that of K,
the core-hole field induces a radical
rearrangement of the spectrum leading
to a transfer of oscillator strength to
the immediate near edge region. General
trend of the L2 3 spectra of the crys-
tal reflects the "atomic"™ cross sections
31a (see Fig.2c and 2d), which are
strongly modulated by the multiple scat-
tering of electron wave in the crystal
potential. The main peaks are associated
with d resonances. The strong enhance-
ment of these resonances after switch-
ing on the core-hole potential is ana-
logous to the atomic effect of the 3d
orbital collapse /6/.

Our calculation performed in one-
-electron approximation gives the fol-
lowing identification of the near-edge
maxima of the spectra. Thus, the peaks
A and C of the Lj 3 spectrum of K+ cor-
respond to the final states of t2g sym-
metry, the peaks B and D to eg symmetry
(A and B belong to series, C and D
to L2 series).

A thorough investigation of theo-
retical (solid curves) and experimental
spectra reveals some discrepancies in
energetical positions and relative in-
tensities of the near-edge maxima of
the L2 3 speetrum of K+. This is un-
doubtedly due to the mixing of one-
-electron states mainly by spin-orbi-
tal interaction and the interactions
between 2p hole and d electron, which
have not been represented in our scheme
of calculation. Consequently, the near-
-edge region of L2 3 spectra of K can-
not be reproduced merely by the sum of
L2 and L3 components with final d sta-
tes split in the crystal field. To con-
sider better the multiplet near-edge
structure of L2 3 spectrum of K we com-
puted it also in the localized exclt-a-

10
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Fig.2. XANES spectra of KCI (a - Kedge of potassium, b - Kedge of chlorine,
c - Lj j edge of potassium, d - L2 3 edge of chlorine) : experimental photo-
absorption spectra (---), HFSW calculation results with (-——-) and with-
out (.o ) taking into account the presence of core hole. Energies are given
relative to MT zero level. Theoretical scales of cross sections are given on
the left side, experimental ones (only for L«’|J edges) - on the right side.
In the Fig.2c and 2d "free ion"™ cross sections 81a are also shown

The insert of Fig.2c gives the results of calculation of 2p-3d,4s transitions

for K* icn in cubic crystal field (10 Dg - 0.8 eV). =

21
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tion model, considering the 2p6-2p~"
(3d,4s) transitions of K+ ion in the
cubic crystal field of KCILThis app-
roach permits a proper account of
spin-orbital, full Hartree-Fock ex-
change interaction as well as s-d mi-
xing. As is known the crystal field
approximation has turned out to be ef-
fective in explaining near-edge struc-
ture in some cation core spectra of
ionic crystals, the M2 “spectrum of K
in KCl1 among them /16/. The calculation
method was analogous to /16/, except
some differences which will be analyzed
elsewhere. The results of calculation
are shown in the insert of Fig.2c, where
solid line shows the theoretical spect-
rum (convoluted by a Lorentzian of the
width of 0.3 eV), the dashed line indi-
cates the experimental one. The compu-
ted spectrum reproduces rather well the
near edge structure in relative inten-
sities as well as energy intervals bet-
ween peaks. The computation reveals a
large mixing of the t~ueg and tlut2g
configurations and a negligible role of

fclualg confi9uration in the formation
of 12 s spectrum of K. So it is evident
that a proper inclusion of many-elect-
ron interactions in the SW method is
needed. Nevertheless, the mixing of
states cannot change the over-all in-
tegral intensity of the spectrum. In-
deed, the calculated value of fa(E)dE
for the 3 spectrum of K in the re-
gion from 0.35 Ry to 1.25 Ry (see
Fig.2c) is 2.55 Mb-Ry, which stands a
comparison with the experimental

value of 2.2+0.9 Mb*Ry. Naturally, ana-
logous effects of multiplet splitting
influence the near edge structure of
I>2 j spectrum of CI.

It is worth noting that our cal-
culation confirmed the conclusion of
paper /17/ that an important feature
of L2 3 spectrum of CI - the rise of
absorption at about 9 eV above the
edge - is of an essentially ™"atomic"
origin (see the curve d on Fig.2d).
So there is no need to apply for the
much-discussed two-electron excitation,
first suggested in /11/.
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Collapse of the 3d orbital in configurations with a 2p vacancy and its effect

on the 2p*-+2pBd, ns transitions
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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(2pb—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 K * and Ar'*'), the
2pi— 2pind 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 1on the basis of a comparitive analysis of
th ei2j 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 K ~, 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 ofargon and argon ions. In aseries of works, for
example Ref. 2, in which the collapse of the 3d electron in
configurations with a ip vacancy and its effect on
ipb—*ip}id transitions have been studied in detail, a strong
dependence of the 3d 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 Fofthe triplet¥ and3? termsinthe
internal well (collapsed). However, in calculating excited
configurations with a 2p vacancy a series of properties are
revealed. First, solution of the Hartree-Fock equationsinLS
coupling with angular coefficients dependent on the HFr
term, instead of HF equations with coefficients averaged
over all HF.Vterms, may not, in the case of a configuration
with a 2p vacancy, lead to a refinement of the one-electron
RWEF, since a coupling close to thejj 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 ipsid 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 (a) 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 asignificant 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 | 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., I ineV).

Atom .

(ion) Configuration »d G(/ld) re:p i) 42)
Ar 2pi3d 0.24 0.0M93 0.00235 1.40
Ar 2p*ad. 18.89 0.000(37 0.00152 1.40
Ar* 2pi3pi3d 2 fit, 0.0309 0.0552 143
Art' 2pi3p,3d 175 UOGTH 0.110 150
Ar* 2p‘3d 120 0.163 0.215 145

2pl3d 213 00537 0.0844 1.82

K* 2p*4d 10.08 0.04GU oourzr 1.82
Ca’* 2pi3d 149  o.io0 0.144 2.33
X 2p>3d 122 0.141 0.192 2.93
Tie* 2p>3d 1.U6 0.ts: 0.237 3.64
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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 K™ ion,
and in a series of argon ions—the Ar" ion; in this case rw
varies “n a step-like manner by many times, and the electro-
static and spin-orbit interaction of the 3d shell by | to 2
orders of magnitude.

The weak overlap of the RW 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 thejj
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 purejj 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 thejj 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 ofthe 3d electron, significant changes in the
RWF of overlying d states are also observed. In particular,
on transition from Arto K", penetration of the first maxi-
mum of the 4d RWF to the internal potential well occurs.

In Fig. 1the RWF 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 Ar+; this is governed by the dissipation of the positive
effective potential barrier. In calculations the dependence of
the RWF on the term, governed by Coulomb interaction in
the Bp shell, was not taken into account, since the effective
potential for the 3d electron in the 2p>ipi 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
Ljj 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 ofelectronic 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 \nl) 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
K —[AInIN(LSJ) and final T = (J1\nIN~1n"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)

[ )= Ty e i (1

where = E,, —EKk is the difference in the overall ener-
gies; akl and and are the expansion coefficients of the wave
function of intermediate type coupling (indices k and m)
over the functions ofLS coupling (/ andj indices); DOw (L,
5V; LjSjJ") are the angular coefficients of LS coupling,
associated with theL,5,Jand L jSjJ' [Eq. (2,3) in Ref. 6];
Qj =Q{L,S,\L'S;) = jr,<n,[,, Inn [j4) is the overlap fac-
tor (multiplication of the one-electron overlap integrals is
carried out over all pairs of electronic terms / andj). The
matrix element of dipole transitionie=i(Z,,5,/; LjSjJ) is
calculated according to the rate equation

1T, 1d 2-+ 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"~.



TABLE Il. Oscillator strengths (/. increased by a factor of 10J) of several
tions, calculated in single-configuration approximation.

Atom
(ion) * P
is <f) 244.32 244.4 1)
4 cn 2ili.it m n 1.03
5« <P) 240.60 \ e 51
3d (*P) 246.65 1 .42
id CP) M7]0 1 o>/ - »71
nr 0sCP) »-l
5*' CP) 218.71» s *21»
3d' CD) 248.74 1 2401 Vir
4d' cD) 2.4 10, . Vi
65' CP) 24U.44 1 2908 “
1 is CP) 296.40 12
3d cD) 208.21 200.4 201«
4s' CP) 299.17 23
3d' CP) 300.75 290.2 jju
K* 55 CP) 302.44 LG
id cp) 303.35 21vs
55' CP) 305.15 ON
id' CD) .400.08 1t).*
3d CD) 350.57 m i 310
is CP) 353.45 \ fi
cast 3¢ cP) 3405 1 o023 Gift
. s’ cP) 356.96 3.3
3d cD) 405.88 339
3d' CP) 410.30 010
Sc1* is cp) 415.88 7.4
i is' CP) 420.20 4.1
3d CD) 464.85 All
§ 3d" CP) 470.4(1 1115
i is (1P) 483.20 8.0
is' CP) 488.57 4.7

*1L,) transi-

410 "t
117 [T

2.4

N ottf« takes into account configuration interaction; £ * is the transition energy in eV (results for Ca: *

are in Hartree-Fock-Pauli approximation)

Equation (1) differs from the standard expression by
the presence of the overlap coefficient Qt, 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 2p8d configuration in the case of collapsing states
(in K+, CaJ+, Sc3+, and Ti4+ ions), the OS are two orders
ofmagnitude greater than in the case of noncollapsing states
(Ar). 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/(.2p—=*n1)//(2p—2nT) 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 K"- have approximately the same intensity. On
collapse the ratio f(2p—+nd)/f(.2d—*5d) also decreases for
n>4. The relatively high values of the OS for the 2p—Ad
transitions in K~ 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 of the influence
of configuration interaction (C1) 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 11). Itturned out that in the majority of cases the effect of
Cl isinsignificant due to the smallness of the interconfigura-
tion integrals of Coulomb interaction. The exceptions are
transitions to excited states of the 2ps4j configuration in K*
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*Id and 2>54j configurations.

Configuration interaction exerts an especially strong
influence on the OS of transitions to adjacent 2> 3</(1°,)
and 2p,4s(,P1) 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

R. E. Ruus 452



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 Il empirical estimates of OS are also presented
for a series of transitions, determined using the formula/,,p
= 9.11x10~1S<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 argon7and potassium and calciumlspectra. For Ar the
calculated and experimental values agree within the accura-
cy limits of the experiment. In the case of K* and Ca2*,
where in view of the absence of spectral measurements of
free ions, spectra of these ions in ionic crystals were used
(this isjustified 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 RWF of the free ions. On collapse, as was indicated
above, there isa strong dependence of3d 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 Ca’*
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 CI” (in Nad), K+ (in
KCI), CaJ+ (in CaClj and CaF2), and Sc3+ (in ScD 3) have been measured in the vicinity of the Z2) ab-
sorption edges of these ions. It is shown that at the 2p‘—*2ps3d(4s) resonance a spectator structure ap-
pears in the LuM2iM2i 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 electron in it can be largely understood in terms of
an atomic treatment. The solid-state effects, caused by the crystal field and the lattice polarization, may

play an additional role.

I. INTRODUCTION

The Auger spectra, photoexcited in the regions of
inner-shell ionization threshold of atoms, molecules, and
solids provide sensitive probes for the dynamics of inner-
shell transitions.1 In such an excitation the creation and
the decay of the inner-shell hole cannot in principle be
considered as separate processes, and interesting phe-
nomena like resonant scattering and postcollision interac-
tion (PCI) occur (see, e.g., a recent review?2).

Here we present the results of a study of these phenom-
ena in the case of resonant photoionization of the 2pb
shell of the argonlike ions Cl-, K+, Ca2+, and Sc3+ in
ionic solids. The photoabsorption may be described here
as a transition 2pb~*2ps3d(4s) in the particular ion, pos-
sibly modified by the crystal field. The important point is
that the final configuration 3d shell collapses (i.e., its radi-
al wave function suddenly contracts) in the sequence
Cl- ==Ar—K +, as shown by means of the absorption
and emission studies of Ref. 3. We anticipated observing
the results of this collapse in the relevant Auger spectra,
and in this way obtaining new information on the efTect
of the presence of an excited 3d electron on the decay dy-
namics of the 2p hole.

It turned out that in all cases studied here the photo-
creation of the 2pb—>-2pb3d(4s) resonance gives rise to
new structures in the photoemission spectrum. One con-
spicuous structure is situated in the region of the normal
L-"MAM”"y Auger spectrum, but differs from it in two
important aspects: it is excitable only at the resonance
photon energies and it shifts to higher kinetic energies
when the photon energy increases in the resonance re-
gion. It follows from empirical considerations and atom-
ic calculations that this structure originates from the
3p~23tf(4s) final configuration. In a fully consistent pic-
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ture the whole process should be described as a single
Auger resonant inelastic scattering event. However, we
show that to a good approximation it may be treated as a
two-step process: the resonant photoexcitation followed
by the 3d (As) spectator-affected L 2iM IiM iJ Auger decay
of the 2p hole. We also present evidence that shake pro-
cesses do not contribute to the formation of the final
configuration due to the collapse of the 3d shell in the
configuration 2ps3d of K+, Ca , and Sc3+.

Details of the experimental procedure are presented in
Sec. Il. Section Il deals with the theoretical background
and our treatment of the two-step approach. A general
interpretation of the experimental results is given in Sec.
IV, while a more detailed discussion of the autoionization
process and a detailed comparison with theoretical calcu-
lations in the case of KC1 is given in Sec. V. We separate-
ly discuss shake probabilities in Sec. VI, and summarize
our main conclusions in Sec. VII.

Il. EXPERIMENTAL

The experiments were carried out using synchrotron
radiation from beamline 22 at MAX-Laboratory, Lund
University, Sweden.4a The monochromator was a modified
SX-700 plane-grating monochromator, with energy reso-
lution better than 0.3 eV in the 200- to 400-eV-photon en-
ergy region. The absorption spectra were recorded by
detecting the total electron yield. For the absolute cali-
bration of the photon energy, we have taken advantage of
the radiation in second order diffraction from the mono-
chromator. At the photon energy at which the absorp-
tion edge occurs two measurements of a photoemission
core level are performed, one with the use of first-order
light, and one using second-order light. The difference in
kinetic energy for the photoelectron peak in these two

1 736 © 1993 The American Phyncal Society
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spectra is equal to the photon energy at the absorption
edge.

The samples were films of NaCl, KC1, CaF2, CaCl2,
and Sc20j, all but Sc20 3 prepared by thermal evaporation
in situ from a molybdenum boat onto polished copper
substrates in a vacuum of 5X 10~7 Torr. The Sc20 3 film
was prepared elsewhere by electron beam evaporation.
The film thickness (about 200 A and the evaporation rate
(several A/s) were controlled by a quartz crystal monitor.
The vacuum in the experimental chamber was 2X 10" 10
Torr. No sample charging effects greater than 0.1 eV
were observed in the experiments.

The electron energy spectra were recorded by means of
a hemispherical electron energy analyzer (Scienta ESCA
SES-200). A typical electron energy resolution was set to
0.15 eV. The binding energy scales for the different com-
pounds are given so that zero binding energy corresponds
to the bottom of the conduction band. This was achieved
by measuring all photoemission binding energies with
respect to the top of the valence band and then adding
the band-gap energies [8.5 eV for NaCl,5 8.4 eV for KC1,5
6.9 eV for CaCl>s 12.1 eV for CaFz27 and 6.0 eV for
Sc20 3 (Ref. 8)1 to the measured values.

111. COMPUTATIONS

In terms of a two-step approach the resonant Auger
emission intensity can be given as

I(E,hv)~ 2 A (hvi-hv)B(ED -E) @

if

Here E is the Auger energy and hv is the photon energy;
| refers to the intermediate state and f to the final state.
A IhVj —hv) = a,L (hvj —hv) is the population of the ex-
cited 2p>8d (4s) configuration, <j, is the photoexcitation
cross section (from the ground state to the state I), and
Llhvj —hv) is a line profile which includes the mono-

'L's'dcljd j2 \MraP\yLSj\ = [(2L + 1)(2S + 1)(2; +
y JUO !y = ) I

In the configuration interaction approach we used the
wave functions foi each state written as a linear combina-
tion 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
2p>id excited state only the most important final
configurations 3s23p43c/, 3s23p44s, and 3s3pe are includ-
ed in the configuration interaction calculations. The
necessary  calculations for the various atomic
configurations of the ions are performed using a self-
consistent-field procedure within the nonrelativistic
single-electron Hartree-Fock-Pauli (HFP) approxima-
tion.12 This approximation uses the radial wave func-
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chromator resolution, total Auger decay width and
solid-state broadening.s B(Eij —E)=W ifG (Eif —E) is
the Auger energy distribution curve, where Wif is the
Auger decay rate and G (E,f—E) represents a line profile
which in principle should include the experimental
broadening, the Auger decay width, and also a phonon
contribution.10 In the following we have represented this
line profile by a Lorentzian. For the photoionized 2ps in-
termediate configuration of the normal Auger process we
have assumed that the intermediate levels i are uniformly
populated with a statistical weight of 2/, + 1 (J, is the to-
tal quantum number for the state /).

The Auger transition rate from the intermediate state i
to the final ionic state / with continuum wave functions
1tlj) normalized to represent one ejected electron per
unit time is for the atomic caseu

»V=2122 C.A <r'L's'j'tijj12 1/'aB IYLSJ)

oy a<o

@)

where L, S, J (or L*,S*,J") are the orbital, spin, and total
quantum numbers of the intermediate (or final ionic) state
of the ion (y and y' includes whatever other quantum
numbers are required). CIfl and are mixing
coefficients for the states i and / in the intermediate cou-
pling scheme. In intermediate coupling the spin-orbit in-
teraction 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 an-
gular momenta J' and j of the final ionic states and the
continuum electron, respectively, are recoupled in the
final state of the system. The transition matrix elements
in Eq, (2) can be evaluated by using the Jj-LS unitary
transformation. Then

vV I L
1)(2/'+1)]' S T 5 Ily'L'S'tILSII2 \/rae\yLSj) ,
\ \a<H ! |
J' joJ
(©)]

tions of the zero-order Hartree-Fock (HF) Hamiltonian
and takes into account the relativistic effects as correc-
tions of the order a2 (a is the fine structure constant).
The matrix elements for the Coulomb and spin-orbit in-
teraction are calculated using the HF radial wave func-
tions and the matrix is diagonalized to yield eigenvalues
and eigenvectors. The term-dependent effects in the ener-
gy level structures are expected to be small and therefore
the configuration-average HF method is used. The con-
tinuum wave functions tl are generated by solving the
HF equations corresponding to the final ionic states. The
energy dependence and the term dependence for the con-
tinuum wave functions are found to be small and so the
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averaged transition energy and the configuration-
averaged coefficients of the final states are used.

The photoexcitation cross sections a, for the 2pl3d ex-
cited states of the argonlike ions K+ and Ca2+ from the
7 =0 ground state to a state J —2lare computed using the
dipole transition operator in the “length form.” The
resultant branching ratios are quite different from the sta-
tistical 2:1 ratio which indicates a quite strong deviation
from the //-coupling scheme. In the coupling conditions
of the 2p 3d excited states the spin-orbit coupling of the
2p hole is the strongest interaction. The spin-orbit in-
teraction of the collapsed 3d electron is weaker than its
electrostatic interaction with the core hole. This points
out that in the case of the 2pi3d excited states the cou-
pling scheme is near to ajK coupling scheme.u

To obtain the electronic wave functions for the ions in
the crystals we have used the HFP approximation in con-
junction with the Watson sphere model.13 In this model,
the influence of the solid matrix on the electrons of an ion
is simulated by superimposing 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 Vc or radius R of this potential well. Thus, the
Hamiltonian in the crystal in this model is given by

q,=90+ 2 WUr) @

where # o is the Hamiltonian for a free ion with nuclear
charge Ze and N electrons and

jve=Qe/R for r<R ,
vin= [Qe/r forr>R . ®

We used values of Vc equal to the Madelung energies
of the crystals (for KCI, for example, this is 8.00 eV and
for CaF2 19.98 eV).

When a photoelectron or an Auger electron is ejected,
the medium responds by polarization, which decreases
the total energy of the final state left behind by the extra-
atomic relaxation energy Ep.14 We computed the binding
and Auger energies in the crystals as EB = EO~E p for the
photoelectron binding energies, EX/1I=EOQ0+ Ep for the
Auger energies of the excited (nonionized) initial states,
and En=EO0+ 3Ep for the Auger energies of the ionized
initial states (two final hole states). Here EO is the
difference of the total energies of initial and final states of
the ions in the Watson sphere. For Ep we used the values
estimated for NaCl (1.58 eV) and KCI (1.97 eV) in Ref. 15
and for CaF2 (1.73 eV) in Ref. 16. Because the ionicity of
Sc20 3is considerably less than for other compounds stud-
ied here, our model is not appreciable in this case.

IV. RESULTS AND GENERAL DISCUSSION

In Figs. 1(a)- He) we show the total electron yield spec-
tra for NaCl, KCI, CaFj, CaClj, and SC203 in the vicinity
of the Cl, K, Ca, and Sc L23 absorption edges. They
agree well with the corresponding absorption spectrasi7
and have been fully explained in previous studies, on an
atomic as well as on a solid-state level.9,1819 The main
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maxima of these spectra are due to transitions into
states related to 2p53s23pt)ns and 2p53s23p6)nd
configurations of the ions, the latter being strongly dom-
inant. They are accompanied by resonant emission
bands, which indicates that the arising final states are
well-localized atomiclike states.2 For KCI, CaF2, CaClj,
and Sc20 3 the four strongest bands correspond to the col-
lapsed 2ps(3s23p6)3d configuration in the solid state and
in a first approximation they reflect the spin-orbit split-
ting (by about 2.7 eV for K, 3.4 eV for Ca, and 4.5 eV for
Sc) of the 2p sshell and the eg—t2i crystal field splitting

292 296 300
CaF2
Ca l«,
2
J52 356
CaCl*
Ca la @
2 4

PHOTON ENERGY (eV)

FIG. 1 Ln 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~2s final
state.



47 AUTOIONIZATION PHENOMENA INVOLVING THE 2ps3d.

(by about 1¢cV for KC1,1.5 eV for CaCl2and CaF2, and 2
eV for ScjOj) of the 3d orbital. The widths of the bands
have a significant phonon contribution.9,19 In the com-
pounds considered here the crystal field has opposite
signs for K+ and Ca2+ in CaF2 and as a consequence the
lowest-energy component of the 3d orbital has tlg sym-
metry in the case of K+ and e. symmetry in the case of
Ca2+.

In the 2pi(islipb)Zd configuration of the Cl~ ion the
3d orbital is not collapseds and the transitions to the d-
like continuum start at photon energies around 205-210
eV.20 It is generally accepted2: that the near-edge struc-
ture of the Cl- L2j absorption spectra just above 200 eV
originates from the transitions 2p6-*2p>As. The spin-
orbit splitting of the 2p5shell of CI" is about 1.6 eV. ' 20

In Figs. 2-6 the photoemission spectra of NaCi, KC1,
CaClj, CaFj, and Sc20 3 induced by photons with
different energies in the vicinity of the L2} absorption
edges, are shown. For each compound the photoemission
spectra were taken at fixed photon energy steps
throughout the L 1} edge (see Fig. 1) and subsequently
normalized for photon flux. For CaF2and KC1 the spec-
tra are comparable to those obtained earlier.22,23

In general, all structures in these spectra, excluding the

IOLTC ENERGY (eV)

FIG. 2. Photoemission spectra for NaCl. The number at
each spectrum corresponds to the vertical bar with the same
number in Fig. 1and 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.

11739

KINETIC ENERGY (eV)

FIG. 3. The same as Fig. 2 for KCI. 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-eV photons.

320 340 360 380 400
KINETIC ENERGY (eV)

FIG. 6. The same as Fig. 2 for Sc2j. The normal Auger
spectrum is excited by 450-eV photons.

25
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weak lines with energies exceeding the energies of valence
electrons and which originate from the 2p electrons excit-
ed by second-order photons,24 may be divided into two
categories.

The first category consists of photoemission peaks orig-
inating from the photoionization of different energy levels
of the crystal ions. The kinetic energies of these lines Ek
vary linearly with photon energy hv so that
Ek—hv—Et, EB being the binding energy of the elec-
tron level. If the photon energy coincides with the
2pb—*2ps3d absorption edge of K +, Ca2+, and Sc3+ the
35 and 3p photoemission peaks of these ions exhibit a res-
onant enhancement. This phenomenon is known as the
participator effect of the excited (3d) electron and is due
to its participation in the Auger decay channels
LI3MpM4i and L23A/,Ars3 of the configuration
2psistipiid. At the resonant photon energies the final
states created by either one of these Auger channels or by
3p and 3s direct photoionization become indistinguish-
able which leads to interference and in general a large
enhancement of the 3p and 3i intensities in the electron

TABLE I. Experimental (Et ) and calculated (Ef) 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.

NaCl
lon Level E, Ef
a 10.2 9.2
cl 3 208 24.8
Na 2Pm 34.2
353
1p\n 343
Cl 2Pin 2031 203.0
2Pili 204.7 204.6
Ka
lon Level E, Ef
Cl % 9.6 8.7
Cl 20.2 24.2
K tyili 206
218
K21/ 20.8
K is 379 425
cl 2Pin 202.9 2025
204.5 204.1
K 2pili 297.7 297.7
300.5 300.4
CaFj
lon Level E, Ef
F v 148 95
Ca Pin 282
- 318
3pifi 285
F 2s 35.8 335
Ca 3s 50.7 53.2
Ca 2Pm 353.3 352.6
Pm 356.6 356.1
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spectra.23 The existence of such a participator enhance-
ment is another indication of the Id electron being local-
ized in the parent ion, because such a localization is a
necessity if participator Auger channels b22M XM 4} and
L 2iM 2IM 4i are to have a significant intensity.

In Table | the experimental and computed values of Eg
as explained in Sec. Il are presented for NaCl, KCI, and
CaF2 crystals. The overall good agreement of the
theoretical and experimental values testifies that a simple
model correctly accounts for the polarization effects con-
nected with the photoionization of atoms in ionic solids.
The minor discord in the cases of the levels of S symmetry
is due to strong collective effects in the ionization of these
levels, not taken into account in our computational pro-
cedure.26

The second category of structures in Figs. 2-6 are the
Auger electron peaks. All the spectra are dominated by
strong L 23A/23Af2s Auger lines situated at 170-180 eV
for Cl, 240-250 eV for K, 280-295 eV for Ca, and
325-340 eV for Sc. The weaker V (Vdenotes the
valence band), b ZEM XM Zb (for K and Ca) and
(for Ca) Auger lines are also seen. The calculated normal
Auger energies, shown in Table Il excellently coincide
with the measured ones for the L ]3M }3M 1) case. In Fig.
7 we compare the full calculated K L2M 2)M 2) Auger
spectrum of KCI with the spectral data. Note that no ad-
ditional alignment of theoretical and experimental results
has been performed. Except for a deviation in the rela-
tive intensities of the two most intense Auger bands the
agreement is quite good.

The most striking effect seen in Figs. 2-6 is that small
changes of the energy of the exciting photons in the re-
gions of the 2/>6—»2/>33d resonance lead to drastic
changes in the L2iM 2JM 2i Auger spectra both in shape
and intensity. Taking the normal Auger L2iM2jM2i
spectra as references these changes may be described as
new structures appearing on the high-energy side. With
increasing photon energy this so-called spectator struc-

KINETIC ENERGY (eV)

FIG. 7. The normal Auger spectrum for KCI, excited by
400-eV photons, and the calculated K+ L"M u M2 Auger spec-
trum (solid line), broadened with a Lorentzian of IS eV
FWHM. The dashed line shows the structure.

ture shifts to higher energies.

Generally speaking, these changes of the Auger spectra
at the resonant excitation may be considered as a result
of the spectator role of the excited 3d electron in the
L 2iM 2iM 2] Auger transition in which it does not partici-
pate directly. Similar effects have been observed earlier
for several atoms, molecules and solids (see, e.g., Ref. 1).
They are due to screening by the excited (here 3d) elec-
tron of the escaping Auger electron from the two-hole
final state (here 3p~2. It turns out, however, that the
spectator feature shifts with photon energy which is a
comparatively novel finding. Something similar was
found earlier for the bsM <M b (‘G 4) Auger spectrum of
Xe atoms27'28 and the Auger spectrum of
solid Ge.29 In general terms such an effect means that the
Auger transition is so fast that at resonant photon ener-

TABLE Il. Experimental (En)and calculated (£7b) Auger energies for the main LMM Auger tran-

sitions. I is the calculated partial width (in eV).

Cl (NacCly
Assignment E4 E'j r En
L;MjjMul'Dj) 176.4 244
byMyMuOP}) 176 178.2 0.12
246
L 2M23N1/33(1>2 ) 178.0
Ljwiwzjcp,)
224
LjM,MnOP,)
N,N/1,M21(3P2)
229
LIMIMIICPx)
LjAf.Af.t'So)

LjMjM.CSo)

K (KCI) Ca (CaFj)
E'j r En £? r
244.1 281.1
246.6 0.18 283 283.0 0.21
2469 284.6
217.6 251.1
258
220.4 254.6
0.049 0.055
2265 260.9
265
229.0 264.1
199.4 230.3
0.0013 0.0016
202.1 2338
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gies it is not possible to separate it from the photon ab-
sorption. Both processes together should then be con-
sidered as a single Auger resonant inelastic scattering
event, a transition from the “ground-state ion (atom) +
resonance photon” initial state to the “excited and ion-
ized ion (atom) + escaping electron” final state.228 The
final-state ionic configuration has definite energy and long
lifetime and is prepared faster than the “Auger” electron
which leaves the ion carrying with it the excess photon
energy. The atom remembers how it was excited and
communicates this to us through the energy of the outgo-
ing electron.

V. THE AUTOIONIZATION PROCESS

After the general points mentioned in the preceding
section we will now deal with the peculiarities of each ion
in a more detailed discussion of the resonant brrM 2*Mrl
Auger spectra. We will compare the experimental results
with theoretical calculations, and in order to follow the
collapse of the Id wave function we will deal successively
with CI" in NaCl, K+ in KC1, Ca2+ in CaF2 and CaCl2,
and Scs+ in Sc20 3. As will become clear, the comparison
with theory proves to be particularly enlightening for K +
in KC1. This subsection therefore carries our main dis-
cussion concerning the physical mechanism underlying
the resonant Auger decay.

A. CT in NaCl

In the case of Cl~ (Fig. 2) the spectator-induced struc-
ture appears at Av«201.5 eV and peaks together with
the first L 3 exciton absorption maximum. This is illus-
trated in more detail in Fig. 1(a), which in addition to the
Cl L 23 edge shows the normalized photoemission intensi-
ty of the spectator structure, or actually its constant
initial-state (CIS) spectrum. The participator effect of the
excited electron for the 3p and 3s photoelectron lines is
very weak or absent. This is in line with the standpoint
that the first maxima in the CI- L 23 absorption spectra of
metal chlorides are due to the 2p6—*2pi4s transitions, the
final-state 4s electron being loosely bound to the parent
Cl atom and having a mean radius comparable with the
lattice parameter. The creation energy of the final
configuration of the scattering event, the Ip~24s
configuration, is about 23.2 eV. The appearance of the
spectator-induced structure in the region of Avss203 eV
[see Fig. 1(a)] indicates that the 2p W2 component of the
L 23 core exciton absorption is in the case of NaCl hidden
in the wide absorption structure in the region of 203-204
eV, as proposed earlier.20

Although the 3d wave function is not collapsed in the
case of the CI- 2pi3d configuration, an interesting weak
high-energy feature seems to appear in the CI-
£ 23/1/23JV 23 Auger spectra at 204<Av<206 eV (spectra
10-13 in Fig. 2). This feature may be interpreted as an
nrf-spectator-induced structure, which then means that
the threshold energy for 2p6—*2pind transitions for Cl-
in NaCl lies around 204 eV and that the 3d electron
forms in the field of two 3p holes a short-living stationary
state, degenerate with the s-type continuum.
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B. K+ii KCI

In order to understand the structures in the vicinity of
the normal b M 1rM 2T Auger structure of KC1 (Fig. 3)
in some more detail we show in Fig. 8 as function of pho-
ton energy the energy position of the two highest-energy
bands of the spectator structure as well as ofa peak (coin-
ciding with the maximum of spectrum 6), which is part of
a structure nearly degenerate with the normal Auger one,
and which starts to be clearly observable in spectrum 5,
i.e., at AV« 296.5 eV. The almost linear dispersion of the
first two structures throughout the whole resonance re-
gion, as is clear from comparison with the dispersion of
the 3s photoemission line in Fig. 8, indicates that the final
state arising from different resonances is always the same,
i.e., it does not depend on the intermediate state. The
lower-energy structure, on the other hand, essentially
seems to remain at constant kinetic energy. Toward
higher-photon energy (spectra 14 and 1S) it can be seen
that this peak finally merges with the ¥ peak of the nor-
mal jj Auger structure. The deviation of the
dispersion from a strict linearity in the regions of the first
and third absorption peaks seems systematic and could be
due to an energy redistribution between escaping elec-
trons and phonons, or to an interference (Fano) effect.

Since the final configuration for the normal
L 23A/23M 23 Auger transition in K+ is 1s22s22p63s23p4
(or 3p~2), the final configuration for the same transition
in the presence of a 3d spectator electron should be
3p -23d. This configuration has been shown to be the
main product of the resonant Auger transitions in Ar
atoms3o,11 and it is also observable among the products of
similar transitions in K and Ca atoms.32,33 The creation
energies corresponding to the main maxima of the
spectator-induced Auger structure, 45.6, 47.5, 49.5, and
51.5 eV, are in the same energy region as the energies of
various terms of the 3p-23</ configuration of K+ free
jons. 3

Ka
260
3V
0o A
No
240
296 298 300 302

PHOTON ENERGY (eV)

FIG. 8. The energy position of the K 3s photoemission line
of KCI (X)), the two high-energy spectator satellites (+ ), and
the IP peaks of the LZMn M 2i Auger structure (dots) as func-
tion of photon energy.
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To separate the dispersive and nondispersive structures
we shift spectrum 4 with respect to spectrum 6 by the
difference in photon energy and renormalize its intensity
so that the highest-energy spectator lines in the spectra 4
and 6 coincide. The difference of the spectra 6 and 4 ob-
tained after this procedure is shown in Fig. 9(b). The
comparison of the difference spectrum with the calculat-
ed LiM2iMn Auger structure, also presented in Fig.
9(b), suggests that it can indeed be ascribed to a normal
LIM2iM 2} Auger structure presumably shifted to higher
energies by about 1eV, as can be seen by comparing spec-
trum IS and the normal Auger spectrum in Fig. 3. At
the position of IS term of the Auger structure some addi-
tional weak features are seen, for which, however, we
have no explanation. Similarly, we conclude that spec-
trum 12 in addition to the spectator structure and a nor-
mal LjM2iM 23 Auger structure contains the normal
L2M 2iM 2i Auger structure. The comparison of spectra
10-12 with each other shows that the latter starts to
arise in spectrum 11, i.e., at Av«299.3 eV. The energy
position of the identified }P line of this L 2M 2IM 2J struc-
ture again proves to be essentially nondispersive, as
shown in Fig. s.

BINDING ENERGY (&)

FIG. 9. Resonant L 2IM2IM 1} Auger spectra for KC1 as com-
pared to the calculation of the islip*3d and islp6 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,jAf2jAs 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 15 eV FWHM. Fur-
ther explanation in text.
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This decomposition procedure leads to the conclusion
that at resonant 2pt—*2piid excitation the photoemis-
sion spectra of K+ in the vicinity of the L2}M2IM 2i
Auger structure contains three components, the
spectator-induced structure, which shifts to higher-
kinetic energy with increasing photon energy, and the
normal L}M2iM1} and L2M2iM2i Auger structures.
The small high-energy shift of this Auger structure at
photon energies close to the ionization threshold may be
understood as the PCI of the slow photoelectron and the
fast Auger electron.2

Although in a straightforward treatment the develop-
ment of the 3p_23d final configuration at resonant pho-
ton energies should be considered as the result of a single
scattering event 2p6+hv—*bp~2id +e, we treat it here
as a two-step process, the first step being the creation of
the 2p-13rf excited configuration and the second one the
spectator decay 2p_|I3rf-*3p-23d+e of this
configuration. On these grounds we use the model ex-
plained in Sec. Il to compute the spectator structure in
the electron spectra as the structure which corresponds
to this second step. In Fig. 9(a) this result is shown. The
¥>, state was chosen as the atomic intermediate state.
For this state the probability of a 2p®/1 hole is largest. It
should, however, be noted that the Auger intensity distri-
bution does not critically depend on the choice of the in-
termediate state. Note, also, that for this more detailed
comparison we have aligned and compressed the energy
scale of the calculated spectrum. The compression (here
85%) is a common practice to correct for the
configuration interaction and the solid state effects not
considered in our calculations. This many-body correc-
tion can, for instance, also be achieved by a renormaliza-
tion of the Slater integrals involved.ss Either method
yields in essence the same result.

After this correction we find for the spectrum in Fig.
9(c) a good agreement in position and relative intensity of
the indicated (]D )3d2D, (ID )3dzF terms and the 25 term,
which coincides with the 3* photoemission line. The 3pa4
parent terms are given in parentheses. Note that the in-
tensity of the 3s photoemission line is determined by in-
terference effects with the direct photoemission process.
This effect is neglected in a two-step approach. The posi-
tion of the most intense spectator peak differs by about
15 eV from the theoretical result, but this discrepancy
can be understood from the multitude of terms (15 in to-
tal) which contribute to its intensity. The relative bal-
ance of the Auger intensities is in a rather subtle way
dependent on the final-state potential, which determines
the shape of the continuum wave function and the value
of the radial integrals. The Auger intensities are there-
fore easily affected by the approximations in our scheme,
and we believe that the cause of the discrepancy here is
the intensity of the 2G term which seems strongly un-
derestimated in the calculation. There is, however, a
much stronger discrepancy between calculation and ex-
perimental result, because intensity in the (ID)id 1D and
('D)3d2P terms at higher-binding energy seems com-
pletely lacking. We suggest, that this is caused by the
fact that at these energies the 3p43d multiplet states are
degenerate with the final state of the ip* normal Auger
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processes. The underlying physics is that the excited id
electron in the intermediate 2p5id state has a certain
probability to be delocalized. This probability depends
on the particular resonance, or more specifically on the
wave function of the id electron in the crystal field and
the coupling of the id state with the conduction band
continuum. This should also affect the fate of the id
wave function in the final two-hole configuration, where
it may or may not collapse progressively to form the
ip*idimultiple! state. In Fig. 9(b) it can be seen that the
ID term of the experimentally determined

structure, which is the parent structure of the lacking
spectator terms, can be considered to mark the energy
boundary between both possible decay processes.

For higher-photon energies exactly the same process
takes place in relation to the 2pf/23<f configuration and
the observed L 2M 23/1/ 23 structure (starting at spectrum
10). But here also a relatively strong /,3/1/23/¥ 23 structure
is observed. The latter is a consequence of the generally
very fast L ;iL)A/4 Coster-Kronig (CK) process involving
the id electron, which escapes into the continuum leav-
ing the 2P1/2 configuration. The additional Lorentzian
broadening found in the “L2” part of the absorption
spectrum is a signature of this additional decay channel.o

It is important to note that the same final configuration
ip~2id arises as the cause of satellite structures in the
L23 emission spectra of K+ in potassium halides (the
2p>is2ip6-*2p6is2ip*id satellites of the 2piis2ip6
—»2ps3il13p6 diagram lines3637) and in the 3s photoelec-
tron spectra.ss The spectator as well as participator struc-
tures can therefore actually be considered as photoemis-
sion structures that resonate at the 2p core level thresh-
old. The energy of the center of gravity of the satellite
emission band is about 249 eV for KC1,3 in excellent
agreement with the energy of the center of gravity of the
spectator structure in spectrum 4 (Figs. 3 and 9).

In Fig. 10 the excitation spectra for the highest-energy
spectator structure, the L3A/23A/23(3>) normal Auger
structure as well as for the ip and is photoemission lines
are shown. They are essentially the CIS spectra for the
photoelectron lines and the spectator structure and the
constant final-state (CFS) spectra for the Auger line. It is
clearly seen that the efficiencies to excite the spectator
structure on the one hand and the Auger structure on the
other compete with each other. The efficiency to excite
the spectator structure is the largest in the regions of the
first and third resonances, the efficiency to excite the
Auger structure is the largest in the regions of the second
and fourth resonances. Such a behavior of the excitation
spectra can be considered as evidence for the fact that the
high-energy components of the crystal-field-split id state
reflected by the second and fourth resonances overlap the
conduction band continuum and that the id electron ex-
cited to these states is partly delocalized, i.e., has a finite
probability of leaving the region of the ion before the
Auger transition occurs. The spectator structure is espe-
cially heavily suppressed in the high-energy region of the
fourth resonance where it overlaps with the L 2 continu-
um, and where, as noted before, in addition part of the
L2 holes are transferred into L } holes via a CK transition
before the Auger transition occurs.
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FIG. 10. The (CIS or CFS) excitation spectra for the ip (* )
and 3s (X) photoemission lines of KG, as well as for the high-
energy spectator structure (+) and the P Auger
line (dots), as compared with the K L33 edge. The excitation
spectra are normalized for equal peak height; zeros are indicat-
ed by horizontal bars.

The efficiency of the participator role of the id electron
(see Fig. 10) peaks at all four resonances, but the relative
efficiency of the is photoelectron line is suppressed in the
regions of the second and fourth resonances and seems to
follow the efficiency of the spectator structure. This may
be considered as an indication of the strong configuration
interaction between the isip6 and is2ip*id con-
figurations. It may also explain why the resonance maxi-
ma of the is and ip photoemission lines do not coincide.
Note that for the detailed discussion of the fate of the ex-
cited id electron the is —2p and id-*2p radiative decay
channels, not studied here, should be included.

The spectator effect manifests also itself in the
L 2}M tM 2i and L 2iM 13V Auger spectra. It is observable
in spectra 3-5 in Fig. 3 that both of these structures seem
to have components shifted to higher energy in compar-
ison with corresponding structures in, for example, spec-
tra 7 and 8 or above the edge. Spectrum 6 demonstrates
how the spectator-induced structures reduce to the nor-
mal spectra. In the region of the L2 resonance (spectra
10- 12) these spectator-induced structures appear again.
It is, however, difficult from our data to say anything
more definite about their dispersion.

To conclude, the resonant photoemission spectra of
KC1 at the L 23 edge in the vicinity of the K L 23A/23Af23
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Auger structure can be explained, accepting three state-
ments.

(i) These spectra contain two major competing com-
ponents, the PCl-shifted normal L3Af23A 23 and
L 2M 2iM 2i structures and the spectator structure which
shifts to higher energies almost linearly with increasing
photon energy. The normal Auger structures are a signa-
ture of the delocalization of the 3d electron. As such, the
presence of these structures may be considered as a
solid-state effect.

(if) The spectator structure is due to the 3p_23d final
configuration and is always the same independently of the
nature of the primary resonance; in its most pure form it
can be observed only in the region of the first L 3 reso-
nance, where its essentially atomic origin can be verified.

(iii) At the “L 2" part of the L 23 edge, where the proba-
bility of creating 2pW2 holes is largest, an additional
L 2L }M4i CK process carries a large part of the weight of
the deexcitation. The presence of an intense £ 3/1/23JV 23
structure is assumed to be a proof of this.

C. Cal+ in CaFj and CaCl2

From a general point of view the situation with the
Auger spectra and their 3d-spectator-
induced changes in the case of Ca2+ in CaFj and CacClj
(Figs. 4 and S) should be similar to the situation for K+
in KC1. Here also a spectator-induced structure appears
for resonant photon energies at the high-energy side of
the normal Auger structure and moves to higher energies
as hv increases. The creation energy of the highest-
energy component of this final state configuration is
about 57.3 eV. Also here we may conclude that the spec-
tator structure is due to the final configuration 3p ~J3d.
However, a more detailed analysis shows that the case
of Ca2+ differs from the case of K+ in some important
aspects. Figure 11 illustrates some of the differences in-
volved. We have compared similar spectra as in the case
of KC1, with the atomic calculation here for CaF2 and
CaClj. The energy scale of the calculation was again
compressed by 85%. We observe, first, that although the
spectator peak at low-binding energy reasonably aligns
with the theoretical result, there are, for both CaFj and
CaCl2 no further obvious agreements between spectral
data and theory. Second, although components of the
normal LjM jjAfjj Auger structure may be present, they
seem to be much weaker and also cannot be demonstrat-
ed by means of a subtracting technique as in the case of
KC1, because of the intrinsic differences in these spectra.
It may then, for example, be that all resonantly excited
structure is spectator structure and that this structure de-
pends on the nature of the primary photoexcitation reso-
nance. Spectrum 11 in Fig. 4 (CaFj) is very similar to
spectra 4 and 5 showing that the replacement of the 2pIn
hole by the 2p W2 hole does not change the decay process
of this resonance, except for the possible inclusion of an
effective L2L"M4i CK-like transition in the latter case.
In the region of the highest-energy 2pf/23d resonance
(spectra 12-14 in Fig. 4 as well as in Fig. 5) the situation

11745
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FIG. 1I. (a) Resonant L2iIMuM2Z Auger spectra for CaF2
(spectra 4 and 7 of Fig. 4). (b) Resonant Li3MI}Mu Auger
spectra for CaClj (spectra 4 and 6 of Fig. 5). (c) The atomic cal-
culation for the 3s2p*id and 3sSp* final states, broadened with
a Lorentzian of 1.5eV FWHM.

differs to the extent that the spectator decay is suppressed
and that a very strong L 2L 3Af4) CK transition, indicated
by a large L3A/23A 23 normal Auger structure, dom-
inates. Note that the participator-induced enhancement
of the 35 and bp photoelectron lines is relatively strong as
compared to the case of K +.

Looking for a physical difference between the cases of
K+ and Ca2+ it should be noted that the 2ps3d
configuration in Ca2+ is more localized because of the
progressed collapse of the 3d wave function, and that its
binding energy is larger. This may explain the lack of a
clear normal Auger component (except for the one
caused by the CK process) in the deexcitation spectra. In
the case of KC1 the crystal field did not seem to prevent a
comparison with the atomic calculation. But, the intrin-
sic differences in the autoionization spectra of CaF2 and
CaCl2 may be indicative of a crystal-field effect that can-
not be neglected.

D. Sciin ScjO)

The resonantly excited electron spectra of Sc3+ in
Sc20 3 in the L 233A/23Af23 Auger region are considerably
wider and less structured than those of K+ and Ca24"
The probable cause for this is that the chemical bond in
Sc20 3 is much more covalent than in KC1, CaF2 or
CaClj. An important consequence of this circumstance is
that all the 2ps3<fresonant absorption structure is degen-
erate with the conduction band continuum. This may ex-
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plain why in Fig. 6 structures identifiable with the normal
LjAfjjMjj as well as the L 3A/23K Auger structures ap-
pear already at the first 2pi3d resonance. Further evi-
dence of this covalency effect, which follows also from a
detailed analysis of the L 23 edge,9 is presented by the res-
onant enhancement of the valence band, clearly observ-
able in spectra 4 and 9 of Fig. 6. This can only be caused
by the presence of Sc d character in the occupied part of
the valence band. Nevertheless, the traces of what we
should identify as a spectator structure shifting to higher
energies with increasing photon energy are seen in some
of the spectra. The creation energy corresponding to this
final-state structure is about 68 eV. As in the cases
of K+ and Ca2+ we assume a 3p~23d intermediate
configuration to be responsible for this structure. Part of
the normal L3M 2}M 2i structure at the resonance
should, finally, be attributed to a CK-mediated decay pro-
cess.

VI. SHAKE PROBABILITIES

If our interpretation of the spectator-induced spectra is
correct, there remains no apparent structure to be inter-
preted involving a shake-ofT or shake-up of the excited 3d
or 4s electron during the Auger decay of the 2p hole.
This is in contrast to the case of Ar atoms where the
shake-up processes (mainly 3d—>4d and 4s—*5s) were
shown to play an important role in the formation of the
final state **-** To solve this contradiction we have calcu-
lated the total overlap probabilities /1,/ to verify that no
ejection or excitation of 3d and 4s electrons of the
configurations 2p>8s23pi3d(4s) takes place during the
L 23M 23M 23-like deexcitation (Table I11). This overlap is
given approximately by the formula

hridr ®)

where R'ni and R are the initial and final state radial
wave functions of nl [3d or 4s) electrons, respectively. As
seen in Table Il1, for 3d electrons {rn/) decreases sharply
in the ?cquence 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
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for Ca2+ it is completely collapsed in the 2pi3d
configuration. During the Auger decay its mean radius
changes little and the shake probability is small. Another
factor which decreases the shake-up probability for the
3d electron is the fact that, in the configuration 2psnd
(n>4) of ions considered here, the d electron is not col-
lapsed and contributes to the crystalline states which
have low density at any particular ion state. Therefore,
we cannot support the suggestion of Ref. 22 that the
shake processes are important to the build up of the 3d
spectator structure in the case of CaJ+ in CaF2.

VII. CONCLUSIONS

We have demonstrated that at incident photon energies
coinciding with the 2pi—*2p>3d(4s) resonances in the
absorption spectra of argonlike ions Cl- (in NaCl), K +
(in KCI), Ca  (in CaClz2 and CaF2), and ScJ+ (in Sc20 3)
the spectra of electrons emitted by these ions contain a
spectator structure in the region of the nor*
mal Auger structures and that this structure shifts to
higher kinetic energies with increasing photon energy.
Both empirical considerations and Hartree-Fock-Pauli
computations show that this structure originates from
the 3p~23d (4s) final configuration arising as a product of
the Auger resonant inelastic scattering process of in-
cident photons. Collapse of the 3d electron in the 2ps3d
configuration in the sequence Cl- —»Ar—<-K+ leads to
the marked increase of intensity of this process and the
decrease of the role of shake processes in it. Our experi-
mental data for Cl~ in NaCl and K+ in KCI are clear
evidence of this.

One of the main points of this study is that we propose
that also the spectator structures, to the extent they are
present in the resonant L23A/23Af23a Auger structures,
essentially remain at constant binding energy. Our
reason for this assumption is that we consider both parti-
cipator and spectator processes as decay channels to a
single photoemission final state, the “main” photoemis-
sion line and its configuration interaction (Cl) satellites.
At resonance the intensity ratio of main line and CI satel-
lites may, of course, completely change, because of the in-

TABLE 111 The calculated probabilities 5, 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)

Initial and final

configurations <M> n/ <r,>
Initial 2pi3s13pb3d 9.24
Final Ipb3sl13p*3d 2.79
Initial 2p!3j2Bp“30 9.24
Final 2ph3s°3pbad 2.46
Initial 2p53iJ3p64j 5.67 534

0.88

Final 2pBs2BpUs 443 4.10

Ar K (KCI) Ca (CaF2

P. (n*i) P.i P,
2.92 163

0.23 0.86 0.99
185 147
292 1.63

0.17 0.82 0.98
175 143

0.87



47 AUTOIONIZATION PHENOMENA INVOLVING THE 2p*3d .

volvement of different matrix elements and selection
rules. The dispersion curves of Fig. 8 could with regard
to spectator structures, in principle, also be interpreted as
pointing to a stepwise increase in kinetic energy, corre-
sponding to the four (more or less relaxed) intermediate
states. A fitting procedure was used to compose this
figure and the data do not seem to exclude such a mecha-
nism. However, we would want to argue in favor of the
first mechanism, i.e., an altogether coherent process, be-
cause of its physical clarity and its theoretical attractive-
ness within the scheme ofa single-step model.

In the case of Cl- the lower resonances are due to the
2p~'4s configuration which results in a ip~24s final
configuration. In the case of the metal ions, our spectra
demonstrate the occurrence of a Z,2L 3A/ 45 Coster-Kronig
process which can be considered as evidence for the local-
ization (collapse) of the 3d wave function. But, in spite of
a general similarity, the details of the spectra of the metal
ions studied here differ from each other. The main
reason is the different coupling to the 2ps3d bound states
with the conduction band continuum. In the case of ScJ+
all the intermediate states lie in the continuum, and the
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excited 3d electron is substantially delocalized and the
spectra are dominated by LyM13Mu and L2M2i\f2}
Auger structures. In the case of K+ only the lowest-
order resonance seems completely localized and gives rise
to a pure spectator structure which has an atomic origin
as verified by our calculations. For Ca2+ the intermedi-
ate states seem nearly completely localized and give rise
to a complicated “spectator” structure, indicating a pos-
sible additional role of the crystal field. However, to
reach a full understanding of the latter a more detailed
theoretical analysis with inclusion of crystal field effects
may prove to be of importance.
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Auger decay processes of resonantly excited 3d_14f configuration of
xenon-like ions in solids
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The synchrotron-radiation-induced Auger and photoelectron spectra of xenon-like ions I
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
3d10 -> 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*1final
ionic configuration which high-energy part is overlapped with the 4d'2 continuum. In the
case of Ba this structure coexist with the normal Auger structure which appears as a result
of the M4MB5NG67 Coster-Kronig transitions. The spectra of I' contain only the normal
MA45N45N45 Auger components. The spectra of Cs+ are similar to those of ' 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 2p*13d configuration of argon-like
ions CI', 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 Lk3M23M2s
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-)
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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
Mass absorption of these ions is due to
continuous 3d-!£f or localized 3d >4fstates
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
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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

lons Configurations
3d-;2 3d;J2 4P3/2 4d'24f+4p_1 4d'2
Ba free ions Eth 820.0 805.0 201.0 201.0-234.8 243.4-254.8
Ba in BaF2 Eth 800.9 785.8 181.8 181.8-215.6 204.8-216.2
ER 8020 7867  179.7
La free ions Eth 890.3 873.8 232.1 232.1-268.6 296.6-308.8
Lain LaF3 Eth 862.5 846.0 204.5 204.5-241.1 241.4-253.6

ER  856.8 8400 2015

[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 10'10 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 a2 (a is the fine
structure constant) [91. The calculations in
the intermediate coupling scheme with
Slater integrals found from HF treatment
of the 4d~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 Rkintegrals for the open
4d'2 and 4d"4f shells by 20%.

In the case of the collapsed 4f 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'*4f
-» 4p‘l + 4d24f 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



Madelung potential on the ion site: 6.4
eV for 1 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 4f 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"L1l In the case of Ba2+ in
BaF2 this effect leads to overlapping of
these configurations, as we can see from
Table 1. In this 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 EO-Ep for
single-ionized final states and as EO-2E_
for double-ionized final states (e.g. for 4d"2
configuration). Here EO is the difference of
the total energies of ground OSqg 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™
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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

— bk = - - = - = —+ L
600 650 700 750
KINET IC ENERGY (-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. Tbe 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 c 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 11-eV FWHM.
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simultaneous 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. Laln 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’ 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

I

580 600 620 640

KINETIC ENERGY (eV)

Figure 2. Resonant MA45N45N45 Auger
spectra for LaF3 (thick lines) as compared
to the calculated Auger transitions
Sd'MfI'Dj) -* 4d'24f + 4p"1 () and
Sd'~fl1?1) -« 4d'24f + 4p™1 (b) (thin lines).
In (@) and (b) are shown, respectively, the
spectra B 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
MA45N45N45 bands also shown in Fig.l.
This resonant structure consists of a
broad band "a" and a doublet of close-lying
bands "0 and ‘"

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 MA4MB5N67 Coster-Kronig
decay of the M4 hole. The common
observation for all resonant EDC’ 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'14AJ=I) -> 4d'24f + 4p"'1spectra. 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 elements of the
observed resonant structure. The theory
confirms the composite nature of the
main resonant bands and the dominance
of upper 4d"24f final states in the M4
decay.

The main uncertainty seems 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



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'l, 3d *4f) and final
(4d“2, 4d *24f, 4d 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,

KINETIC ENERGY (eV)

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.
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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'14f13=1) 4d'24f + 4p'l transitions.
Our calculations show that the width of
the 3d Jf -> 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(Ms) 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
"'p"-""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 photoemission 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
M4AMS5N67  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.
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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 "d" is
that by tuning the photon energy its
intensity changes differently than that of
bands '"b" and 'c". So, the observed MNN
resonant structure seems to consist of two
parts, the high-energy region of relatively
narrow bands "b", ¢, and the low-energy

KINETIC ENERGY (eV)

Figure 4. Resonant M45N45N45  Auger
spectra (thick lines) for BaF2 as compared
to the calculation (thin lines) of the Auger
transitions 3d'1441Dt) -* 4d'24f + 4p 1 (a)
and ed-U”"Pi) 4d'24f + 4p 1 (b). In (a)
and (b) are shown, respectively, the
spectra C 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'l 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 3d1 -> 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 Csl

The resonant spectra of | (Fig. 5) and Cs
(Fig. 6) are completely different from those
of La and Ba. They are dominated by the



“normal” photon-energy-independent M5
and M4 structures, shifted slightly {by ~1
eV for Cs and ~0.5 eV for I) to higher
energies most 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 | and Cs: as the 4f orbital is
not collapsed the 3d'1 -> 4d 2 transitions
dominate the resonantly excited MNN
spectra. In this sense our RAES data once
more confirm that the M45 near edge
absorption bands of these ions are caused

KINETIC ENERGY (e V>

Figure 5. The same as Fig. 1 for | 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 |
4P3/2 photoline in spectra A to E are
indicated by vertical bars.
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by transitions to above-threshold states.
However, the resonant spectra of Cs
contain two additional weaker bands
pronounced most clearly on the curves B
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 "¢ of Ba and La. It
is natural to suggest that they also belong
to a A4f-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

KINETIC ENERGY (eV)

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
simultaneously the 3d'l «a 4d'2 and 3d_l4f
-> 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 CsClI
[4]. Now we may add that RAES seems to
be a very sensitive technique to investigate
such "partially localized" excitations. In
our case the apparent localization of the

BINDING ENERGY (eVv)

Figure 7. EDC’ of Cs+in Csl, Ba2+ in BaF2
and La3+ in LaF3 in the region of the
4d5/23/2 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_lef -* 4d~24f. A similar
explanation was used to interpret the ion
yield spectra of Ar near its thresholds
(16).

4.4. Branching ratio* of 4d photolines.

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 C§ it is less
expressive, but still visible. The branching
ratio of the 4d3/2 and 4d5/2 photoemission
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@3Dj) 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 -» 4f 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.



similarly to the 3d *4f -> 4p 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’ of La in LaF3 and Ba
in BaF2 in the region of 4d photolines with
the calculated 3d_14f[J=I) —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

KINETIC ENERGY (eV)

Figure 8. EDC’ of La in LaF3 (@) and Ba
in BaF2 (b) in the region of 4d photolines
(thick lines) as compared to the calculated
Auger transitions 3d"4f(ID1) -4d_1 and
3d_14fXrPj) -> 4d_1 (thin lines). In (a) and
(b) are shown, respectively, the spectra B
and E of La in LaF3, and the spectra C
and F of Ba in BaF2 of Fig. 7. The
computed spectra are broadened with
Gaussians of 2-eV (a8 and 1.5-eV (b)
FWHM.
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simultaneously excited direct 4d10 -> 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
3duf->4d1L

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 PClIl-induced
recapture of the slow ef or 4pef
photoelectron, i.e. to the transition
3d'kef(4,ef) -» 4d"1, similarly to the
spectator-like structure in the M45N45N45
spectra of Cs (see Sec.4.3).

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'l
excitations in this sequence of
isoelectronic ions. For | all spectra
observed contain only the normal
M45N45N45 Auger structure which arises
as a result of the 3d 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
MasMsNe7 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
4ds3/2 and 4ds/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's4f configuration shows that the
resonant structure for Ba and La is to be
ascribed to transitions to the 4d"24f + 4p1
final configuration. Its shape is influenced
by the solid-state modifications of
energy separation between final
configurations 4d 2 and 4d 24f + 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 RbCI, 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 2p-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 bp-
related valence bands, expose very weak (if any) resonance
effects, the main feature being the appearance of the
L23M 23Af2Z3 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,38 characteristic for the Auger-resonant inelas-
tic scattering.1

Here we report the results of a study for the Z23 absorp-
tion edge of CI 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 A) 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
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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 ', 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, CI" 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 L23V 23A 23 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 2p(-2ps4s(3d) transitions in the CI” 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 CI site

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

FIG. 1 Photoemission spectra for RbCl. The CI" 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.

Ve is taken equal to 7.65 eV, the Madelung energy of the
RbCI crystal, which leads to the mean radii of 5.8 (9.8) a.u.
for the 4s(3d) orbitals. The calculated energies of the tran-
sitions 2pin-4s, 2p)2-4j, 2pJn-3d, and 2pm-3d in CI
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 2pIn-4s and 2pir2-3d) 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
2p5-3p4 as well as the spectator 2ps4s(3d)-3p*4s(3d)
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 3pn and
3p44s(3d) 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-
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FIG. 2. Calculated CI 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.1l 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 byM 2uvi 26 Auger spectrum.
This similarity shows that the intensity of the participator
process (2p~'4s-3s-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 (CI- 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 2p54s-3p44s pure-spectator Auger
transition, shifted by 2.5 eV to the higher energy relative to
the normal Auger spectrum.

Spectrum 9 of Fig. 1is reproduced in Fig. 3(b). It may be
understood as a superposition of three properly weighted
components: (i) the 4s-spectator L2M 2iM 2] Auger transition
which originates from the decay of the 2p i/24s state, (ii) the
normal LyM 2yM2y Auger transition, which reflects ionization
of the 2p32 subshell, and (iii) the 3</-spectator LyM "M~
Auger transition, which arises from the 2pvi3d state. The
calculated 2pv23d-3p*3d Auger spectrum is very sensitive
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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 1in 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 of the final configuration Ri(t. The small val-
ues of Rid, which correspond to the collapsed 3d electron,
lead to a spectrum very similar to the corresponding spectra
of Ar (Ref. 11) and K+ (Ref. 3). With increasing the
spectrum obtains the two-band structure observable for CTI".
If we change the fit parameter Vc systematically, the best fit
for the third component of the spectrum is obtained with
Vc=4.35 eV (Asrf=5.9 a.u). Thus, the main effect of the
spectator 3d electron is the 3.0-eV high-energy shift of the
normal Auger spectrum together with some modification of
its shape. Note that although in these general terms the ef-
fects of the 4j and 3d spectators on the L23M 2}M 23 Auger
spectra are very similar, the careful comparison allows us to
distinguish them firmly and use them as fingerprints of 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 Auger spectrum excited at the third ab-
sorption maximum (spectrum 13 of Fig. 1) is shown. It is
dominated by the normal brrM M b structure. In its low-
energy part the resonant 3</-spectator b2M HM Zbstructure is
clearly visible and proves the d character of states respon-
sible for this absorption band.

The normal Auger 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 of leaving the reaction re-
gion before or during the Auger transition. In a solid, such a
threshold is naturally interpretable as the bottom of the con-
duction band for transitions from the 2pn shell. However,
the spurs of the normal L-"M2* M structure may also be
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FIG. 4. The resonant (filled circles) and normal (crosses) Auger
spectra and valence-bano 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 ScCl3, 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 with lower-energy photons indi-
cating that the ionization threshold is rather smooth. This
may be due to some inhomogeneous broadening of the
threshold and/or to shake-up of the near-threshold excited
electrons. The shape of a particular normal Auger spectrum
depends on the relative weight of its L3 and L2 components.
So, the spectra 12-14 and 18-23 clearly exhibit the P band
of the L2Af23Af23 spectrum, indicating that the absorption
bands at 204.0 and 206.8 eV reflect transitions from the L2
shell. Instead, the absorption band at 205.2 eV may be re-
lated to transitions from the L3 shell.

Thus, the creation and decay of excitations related to the
chlorine 2p shell of RbCl may be reasonably well under-
stood in terms of atomic processes within chlorine ions. The
main qualitative solid-state effect is the existence of 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
atomiclike behavior is related to the extremely nanow va-
lence band (VB) of RbCl we have studied the evolution of
the resonant and normal L2yMu M 2j Auger spectra in a se-
quence of chlorides with different VB widths. In Fig. 4 these
spectra for RbCl, KC1, NaCl, CaCl2, and ScCI3 are com-
pared. The full width at half maximum (FWHM) of the VB
of these compounds 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 of 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
atomiclike nature characteristic for narrow-VB RbCl and ob-
tains the solid-state nature characteristic for wide-VB
semiconductors.67
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To conclude, we have shown, that the photoelectron and
Auger spectra of RbCI exhibit a strong resonance behavior
when the energy of incident photons passes through the Ln
absorption edge of chlorine. Somewhat surprisingly, the
spectra may be understood in terms of atomic transitions. In
the sequence of chlorides with increasing VB width the
atomiclike resonance effects are continuously replaced by
the bandlike shape of the spectra. These results clarify the
regularities of the structure of the 2p-resonant electron spec-
tra of other solids.
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We present and discuss the Ti 2p and O 1j X-ray absorption spectra (XAS)
and resonant photoelectron emission spectra (RPES) of the various poly-
morphic forms (T 021, rutile and anatase) of T i02. The largest differences
between the Ti 2p XAS of polymorphs of THO2 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.
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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 Ti02 Ti02 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 Ti02-11 and monoclinic baddeleyite-type
Ti02 are the high-pressure polymorphs of titanium
dioxide. Baddeleyite-type Ti02 exists only at high
pressures, while Ti02Il 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 i02-11 has been obtained at the
atmospheric and subatmospheric pressures by using ball
milling of anatase [3], electron-beam irradiation of rutile
[4], dissolving Ti30j in sulphuric acid [5] and the atomic
layer deposition method [2, 6].

A comparative XAS and RPES study of polymorphic
forms of Ti02 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 O 1j [9, 10, 12] XAS of low-pressure

Ti02 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
Ti02-11, rutile and anatase. To our knowledge, XAS of
Ti02Il 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 Ti02 and the
RPES has been employed to interpret the absorption
spectra. A more detailed study of RPES of Ti02 will
appear elsewhere.

The XAS and RPES of THO2 polymorphs were
measured at beamline 22 of the MAX-LAB, Lund,
Sweden. The monochromator SX-700 energy resolution
0f0.2 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]. Ti02
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 O Is (b) absorption spectra of
polymorphic forms of Ti02 (anatase, Ti02Il and rutile)
measured in partial yield mode. The letters A-E indicate
the incident photon energies in the RPES of Fig. 2.

TiCl4and HXD onto the substrate where they subsequently
reacted with the solid surface and formed the Ti02 film.
Pure nitrogen was used as the carrier of the precursors.
Anatase, rutile and T i0 211 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 Ti02 polymorph as no reflections
belonging to other crystal phases were detected by ex situ
reflection high energy electron diffraction measurements.

The Ti2p and O b absorption spectra of these
anatase, rutile and Ti02Il measured as partial yields of
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Ti and O KW Auger electrons, respectively,
are presented in Fig. |. 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 Ti02Il 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, Ti02I11 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 Ti0211. All other deviations in lineshape
and peak position between the various T 102 polymorphs
are within experimental and fitting uncertainties.

The main near edge structure of the Ti2p 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 2pm and
2p In 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 O atoms

Table 1. Positions (in eV), intensities and FWHM (in eV) of the various peaks in the Ti 2p XAS spectra of polymorphs
of Ti02 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 Tio2n
Position Intensity FWHM Position
A -1.55 0.01 0.3 -1.5
B -0.9 0.04 0.5 0.8
C 0 1 0.5 0
(0] 1.6 1.1 11 175
E 2.7 15 11 2.7
F 5.4 2.4 1.2 5.4
G 7.7 4.4 2.2 7.6

Anatase

Intensity  FWHM Position Intensity ~ FWHM
0.02 0.3 -1.5 0.01 0.3
0.06 0.6 -0.9 0.04 0.5

1 0.6 0 1 0.45

16 1.0 1.7 19 1.0

15 1.0 2.7 11 1.0

2.6 11 5.3 2.4 1.1

4.6 2.1 75 55 19
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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 O LT absorption spectra of polymorphs of Ti02
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 C and E, i.e. to the splitting of
tg and eg states in the Ti2p XAS. The spectra of
polymorphs of Ti02 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 Ti02-11, 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 Ti02I1l 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 O 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 O 2p
and Ti 4sp band, de Groot et al. [121 show also that the

33

Ti 2p AND O I* X-RAY ABSORPTION OF Ti02POLYMORPHS

201

core-hole potential and many-electron effects have a
small influence on the O 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 Ti0O2I1l and rutile in the low-energy region (up to
about 8 eV above the bottom of the conduction band)
and of Ti02Il 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
O 1j absorption spectrum of anatase has been estimated
to be about 530.6 eV by using the energy difference
between the O 1j 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 TiL3 core
excitations in polymorphs of Ti02 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 O 2s one,
show a resonant enhancement at the absorption
resonances caused by participator decay processes. The
resonance electron spectra show evidence of byM r/1/23,
L23A/28A/4S and 1 2/1/|/1/ 23 Auger decay channels. The
comparison with the normal Auger spectrum (labeled as
N) shows that in the case of the Z2jA/2JA 23 channel the
shape of Auger band in the spectrum C 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
2pm 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 1eV higher than the energy of peak C, showing
that peak C 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 Ti02 polymorphs.
The data about structure of various T i02 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 Ti021l 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 THO2 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 L3edge isjustified. We
think that the local-order crystal field model is not
exhausted in the case of the Ti 2p photoabsorption
spectra of THO2 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-t%y
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 t2y 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 Ti02
polymorphs demonstrate the sensitivity of XAS and
insensitivity of RPES to structural changes in the solid
state. From the RPES at the L3threshold 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 Ti02 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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