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The photon-induced Auger and photoelectron spectra of the argonlike ions ClI~ (in NaCl), K* (in
KCl), Ca’* (in CaCl, and CaF,), and Sc** (in Sc,0;) have been measured in the vicinity of the L,; ab-
sorption edges of these ions. It is shown that at the 2p®—2p>3d(4s) resonance a spectator structure ap-
pears in the L,;M,3M,; 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.! 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?).

Here we present the results of a study of these phenom-
ena in the case of resonant photoionization of the 2p®
shell of the argonlike ions C1~, K™, Ca?*, and Sc** in
ionic solids. The photoabsorption may be described here
as a transition 2p®—2p>3d (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 effect
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 2p®—2p°3d(4s) resonance gives rise to
new structures in the photoemission spectrum. One con-
spicuous structure is situated in the region of the normal
L,;M,;M,; 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 ~23d (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 (4s) spectator-affected L,;M,3;M,; 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 2p°3d of K*, Ca®*, and Sc* ™.

Details of the experimental procedure are presented in
Sec. II. Section III 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 KCl is given in Sec. V. We separate-
ly discuss shake probabilities in Sec. VI, and summarize
our main conclusions in Sec. VII.

II. EXPERIMENTAL

The experiments were carried out using synchrotron
radiation from beamline 22 at MAX-Laboratory, Lund
University, Sweden.* 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
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spectra is equal to the photon energy at the absorption
edge.

The samples were films of NaCl, KCl, CaF,, CaCl,,
and Sc,03, all but Sc,0; prepared by thermal evaporation
in situ from a molybdenum boat onto polished copper
substrates in a vacuum of 5X 10”7 Torr. The Sc,0; 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 momtor
The vacuum in the experimental chamber was 2X 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,’ 8.4 eV for KCl,’
6.9 eV for CaClz,6 12.1 eV for Can,7 and 6.0 eV for
Sc,0; (Ref. 8)] to the measured values.

II1. COMPUTATIONS

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

I(E,hv)~ z A(hv;—hv)B(E,;—E) . (1)

Here E is the Auger energy and A v is the photon energy;
i refers to the intermediate state and f to the final state.
A(hv;—hv)=o0;L(hv;—hv) is the population of the ex-
cited 2p°3d (4s) configuration, o is the photoexcitation
cross section (from the ground state to the state i), and
L(hv;—hv) is a line profile which includes the mono-
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chromator resolution, total Auger decay width and
solid-state broadening.” B (Eif—E)=W;,;G(E;;—E) is
the Auger energy distribution curve, where Wi is the
Auger decay rate and G (E;, —E) represents a line profile
which in principle should include the experimental
broadening, the Auger decay width, and also a phonon
contribution.!® In the following we have represented thls
line profile by a Lorentzian. For the photoionized 2p° i
termediate configuration of the normal Auger process we
have assumed that the intermediate levels i are uniformly
populated with a statistical weight of 2J; +1 (J; is the to-
tal quantum number for the state 7).

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 for the atomic case'!

W= 220,#cf#<y'L S'JeljJ| 31/rglyLST ) |?

J a<p

(2)

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). C;, and C;,, are mixing
coefficients for the states i and f 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

L' 1 L
<7/'L’S’J’anJ S 1/res yLSJ>=[(2L +12S +1)(2j +1D)2J'+ 1]V 1S 1§ <y’L’S’aILSJ S 1/rgg yLSJ>,
a<pf J’ j J a<fi
3)

In the configuration interaction approach we used the
wave functions for 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°3d excited state only the most important final
configurations 3s23p*3d, 3s23p*4s, and 3s3p® 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.!? This approximation uses the radial wave func-

tions of the zero-order Hartree-Fock (HF) Hamiltonian
and takes into account the relativistic effects as correc-
tions of the order a? (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 €/ 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 o; for the 2p°3d ex-
cited states of the argonlike ions K and Ca?" from the
J =0 ground state to a state J =1 are 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 jj-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 2p>3d excited states the cou-
pling scheme is near to a jK coupling scheme.'!

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.!3 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 V, or radius R of this potential well. Thus, the
Hamiltonian in the crystal in this model is given by

N
H,=H,+ S V(r), @

i=1

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

_ V.,=Qe/R for r =R,
B Qe/r for r>R . (5)

We used values of V, equal to the Madelung energies
of the crystals (for KCl, for example, this is 8.00 eV and
for CaF, 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 E,. 4 We computed the binding
and Auger energies in the crystals as Eg =E,—E), for the
photoelectron binding energies, E}=E,+E, for the
Auger energies of the excited (nonionized) initial states,
and E , =E,+3E, for the Auger energies of the ionized
initial states (two final hole states). Here E, is the
difference of the total energies of initial and final states of
the ions in the Watson sphere. For E, we used the values
estimated for NaCl (1.58 eV) and KCl1 (1.97 eV) in Ref. 15
and for CaF, (1.73 eV) in Ref. 16. Because the ionicity of
Sc,0; is 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)—1(e) we show the total electron yield spec-
tra for NaCl, KCl, CaF,, CaCl,, and Sc,0; in the vicinity
of the Cl, K, Ca, and Sc L,; absorption edges. They
agree well with the corresponding absorption spectra®® !’
and have been fully explained in previous studies, on an
atomic as well as on a solid-state level.”!®!° The main
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maxima of these spectra are due to transitions into
states related to 2p>(3s23p®)ns and 2p 3(3s23p®)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.> For KCI, CaF,, CaCl,,
and Sc,0j; the four strongest bands correspond to the col-
lapsed 2p>(35%3p®)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 2p3 shell and the e, —1,, crystal field splitting
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FIG. 1. L,; edges for NaCl (a), KClI (b), CaF, (c), CaCl, (d),
and Sc,0; (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 ~%4s final
state.
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(by about 1 eV for KCl, 1.5 eV for CaCl, and CaF,, and 2
eV for Sc,0;) of the 3d orbital. The widths of the bands K LppMopMan KCl
have a significant phonon contribution.>'® In the com-
pounds considered here the crystal field has opposite
signs for K* and Ca’®" in CaF, and as a consequence the
lowest-energy component of the 3d orbital has ¢,, sym-
metry in the case of K+ and e, symmetry in the case of
Ca’t.

In the 2p°(3s23p©)3d configuration of the Cl~ ion the
3d orbital is not collapsed® and the transitions to the d-
like continuum start at photon energies around 205-210
eV.2% It is generally accepted®! that the near-edge struc-
ture of the C1~ L,; absorption spectra just above 200 eV
originates from the transitions 2p®—2p>4s. The spin-
orbit splitting of the 2p° shell of Cl ™ is about 1.6 eV.!7:20

In Figs. 2—-6 the photoemission spectra of NaCl, KClI,
CaCl,, CaF,, and Sc,0;, induced by photons with
different energies in the vicinity of the L,; absorption
edges, are shown. For each compound the photoemission
spectra were taken at fixed photon energy steps
throughout the L,; edge (see Fig. 1) and subsequently
normalized for photon flux. For CaF, and KClI the spec-
tra are comparable to those obtained earlier.?%?3

In general, all structures in these spectra, excluding the
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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,?* 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 E,
vary linearly with photon energy kv so that
E,=hv—Epg, Ep being the binding energy of the elec-
tron level. If the photon energy coincides with the
2p®—2p33d absorption edge of K, Ca?™, and Sc3* the
3s 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
LyyMysM,s and L,;MM,s of the configuration
2p°35%3p®3d. 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 3s intensities in the electron

TABLE 1. Experimental (Ep) and calculated (EY') binding
energies (in eV). Ejp values are related to the maxima of the cor-
responding photoelectron lines referred to the bottom of the
conduction band.

FIG. 5. The same as Fig. 2 for CaCl,. The normal Auger
spectrum is excited by 400-eV photons.
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FIG. 6. The same as Fig. 2 for Sc,0;. The normal Auger
spectrum is excited by 450-eV photons.




spectra.?”® The existence of such a participator enhance-
ment is another indication of the 3d electron being local-
ized in the parent ion, because such a localization is a
necessity if participator Auger channels L,;MM,s and
L,3M,3M 45 are to have a significant intensity.

In Table I the experimental and computed values of Eg
as explained in Sec. III are presented for NaCl, KCl, and
CaF, 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.?$

The second category of structures in Figs. 2—6 are the
Auger electron peaks. All the spectra are dominated by
strong L,3M,;M,; 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 L,3;M,;V (V denotes the
valence band), L,3MM,; (for K and Ca) and L,;M M,
(for Ca) Auger lines are also seen. The calculated normal
Auger energies, shown in Table II excellently coincide
with the measured ones for the L,;M,;M,; case. In Fig.
7 we compare the full calculated K L,3M,;M,; Auger
spectrum of KCl 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 2p®—2p°3d resonance lead to drastic
changes in the L,;M,3;M,; Auger spectra both in shape
and intensity. Taking the normal Auger L,3M,3M,;
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-

TABLE II. Experimental (E ) and calculated (E

sitions. I is the calculated partial width (in eV).
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FIG. 7. The normal Auger spectrum for KCl, excited by
400-eV photons, and the calculated K+ L,;M,; M,; Auger spec-
trum (solid line), broadened with a Lorentzian of 1.5 eV
FWHM. The dashed line shows the L;M,;M,; 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,3;M,3M,; 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 Ly;M,M; ('G,) Auger spectrum of
Xe atoms?”?® and the M, M M, Auger spectrum of
solid Ge.?’ In general terms such an effect means that the
Auger transition is so fast that at resonant photon ener-

") Auger energies for the main LMM Auger tran-

Cl (NaCl) K (KC]) Ca (CaF,)
Assignment E, E® r E, EY r E, EY} r
LMy Myy('Dy) 176.4 244 244.1 281.1
LiMyMy(PPy) 176 1782 0.12 246.6  0.18 283 2830 021
246
L,M,;Myy('Ds) 178.0 246.9 284.6
LM, My('P,) 217.6 251.1
224 258
L,M,M,,('P,) 220.4 254.6
0.049 0.055
LM, My (3P,) 226.5 260.9
229 265
LM, My (°P,) 229.0 264.1
LM M, ('S,) 199.4 230.3
0.0013 0.0016
L,M M,('S,) 202.1 233.8
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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.>?® 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 L,;M,; M,
Auger spectra. We will compare the experimental results
with theoretical calculations, and in order to follow the
collapse of the 3d wave function we will deal successively
with C1~ in NaCl, K" in KCl, Ca’" in CaF, and CaCl,,
and Sc3* in Sc,0;. As will become clear, the comparison
with theory proves to be particularly enlightening for K+
in KCl. This subsection therefore carries our main dis-
cussion concerning the physical mechanism underlying
the resonant Auger decay.

A. Cl™ in NaCl

In the case of C1™ (Fig. 2) the spectator-induced struc-
ture appears at hv~201.5 eV and peaks together with
the first L; exciton absorption maximum. This is illus-
trated in more detail in Fig. 1(a), which in addition to the
Cl L,; 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 Cl™ L,; absorption spectra of
metal chlorides are due to the 2p ®—2p>4s 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 3p 24s
configuration, is about 23.2 eV. The appearance of the
spectator-induced structure in the region of Av=203 eV
[see Fig. 1(a)] indicates that the 2p,,, component of the
L,; 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.?’

Although the 3d wave function is not collapsed in the
case of the C1~ 2p°3d configuration, an interesting weak
high-energy feature seems to appear in the Cl1~
L,3M,;M,; Auger spectra at 204 <hv <206 eV (spectra
10-13 in Fig. 2). This feature may be interpreted as an
nd-spectator-induced structure, which then means that
the threshold energy for 2p°—2p°nd transitions for C1~
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' in KCl

In order to understand the structures in the vicinity of
the normal L,;M,;M,; Auger structure of KCl (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 of a 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 hv=~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 15) it can be seen
that this peak finally merges with the 3P peak of the nor-
mal L;M,;M,; 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,;M,3;M,; Auger transition in K* is 15s225%2p%3s23p*
(or 3p ~?), 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
atoms>®3! and it is also observable among the products of
similar transitions in K and Ca atoms.’>3* 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 ~23d configuration of K™ free
ions.**

KCl x>
r xxx**’(x 35131)8
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FIG. 8. The energy position of the K 3s photoemission line
of KCI (X), the two high-energy spectator satellites (+), and
the 3P peaks of the L,;M,;M,; Auger structure (dots) as func-
tion of photon energy.



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 L;M,;M,; Auger structure, also presented in Fig.
9(b), suggests that it can indeed be ascribed to a normal
LM ,;M,; Auger structure presumably shifted to higher
energies by about 1 eV, as can be seen by comparing spec-
trum 15 and the normal Auger spectrum in Fig. 3. At
the position of 'S 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 L;M,;M,; Auger structure contains the normal
L,M,;M,; 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, M ,3;M,; struc-
ture again proves to be essentially nondispersive, as
shown in Fig. 8.

Spect. 6

INTENSITY

Spect. 4
N— N

@

%p

°T )
A

50 40
BINDING ENERGY (eV)

7T T

FIG. 9. Resonant L,;M,3;M,; Auger spectra for KCl as com-
pared to the calculation of the 3s23p*3d and 3s3p® 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 L3 M,3M,; Auger structure (solid line). Our cal-
culation of the 3p ~23d! configuration of the L,M,;M,; au-
toionization spectrum is shown in (d). The theoretical multi-
plets are broadened with a Lorentzian of 1.5 eV FWHM. Fur-
ther explanation in text.
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This decomposition procedure leads to the conclusion
that at resonant 2p®—2p>3d excitation the photoemis-
sion spectra of K* in the vicinity of the L,;M,;M;
Auger structure contains three components, the
spectator-induced structure, which shifts to higher-
kinetic energy with increasing photon energy, and the
normal L;M,3;M,; and L,M,;M,; 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.?

Although in a straightforward treatment the develop-
ment of the 3p ~%3d final configuration at resonant pho-
ton energies should be considered as the result of a single
scattering event 2p%+hv—3p ~?3d +e, we treat it here
as a two-step process, the first step being the creation of
the 2p ~!3d excited configuration and the second one the
spectator decay 2p 13d —3p *3d+e  of this
configuration. On these grounds we use the model ex-
plained in Sec. III 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
3D, state was chosen as the atomic intermediate state.
For this state the probability of a 2p, , 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.*® 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)3d?D, ('D)3d’F terms and the S term,
which coincides with the 3s photoemission line. The 3p*
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
1.5 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 (1D)3d%D and
(1D)3d?P terms at higher-binding energy seems com-
pletely lacking. We suggest, that this is caused by the
fact that at these energies the 3p*3d multiplet states are
degenerate with the final state of the 3p* normal Auger
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processes. The underlying physics is that the excited 3d
electron in the intermediate 2p33d state has a certain
probability to be delocalized. This probability depends
on the particular resonance, or more specifically on the
wave function of the 3d electron in the crystal field and
the coupling of the 3d state with the conduction band
continuum. This should also affect the fate of the 3d
wave function in the final two-hole configuration, where
it may or may not collapse progressively to form the
3p*3d ! multiplet state. In Fig. 9(b) it can be seen that the
D term of the experimentally determined L;M,; M,
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 2p/}3d configuration and
the observed L,M,;M,; structure (starting at spectrum
10). But here also a relatively strong L ;M ,3M,; structure
is observed. The latter is a consequence of the generally
very fast L,L;M,s Coster-Kronig (CK) process involving
the 3d electron, which escapes into the continuum leav-
ing the 2p; 5 configuration. The additional Lorentzian
broadening found in the “L,” part of the absorption
spectrum is a signature of this additional decay channel.’

It is important to note that the same final configuration
3p ~23d arises as the cause of satellite structures in the
L,; emission spectra of K* in potassium halides (the
2p°3s23p®—2p®3s23p*3d satellites of the 2p°3s23p®
—2p%3s13p® diagram lines*®?’) and in the 3s photoelec-
tron spectra.® 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 KCL® 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 L;M,;M,;(*°P) normal Auger
structure as well as for the 3p and 3s 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. Itis
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 3d state
reflected by the second and fourth resonances overlap the
conduction band continuum and that the 3d 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, continu-
um, and where, as noted before, in addition part of the
L, 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 3p (%)
and 3s (X ) photoemission lines of KClI, as well as for the high-
energy spectator structure (+) and the P L;M,;M,; Auger
line (dots), as compared with the K L,; 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 3d electron
(see Fig. 10) peaks at all four resonances, but the relative
efficiency of the 3s 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 3s3p® and 3s5%3p*3d con-
figurations. It may also explain why the resonance maxi-
ma of the 3s and 3p photoemission lines do not coincide.
Note that for the detailed discussion of the fate of the ex-
cited 3d electron the 3s —2p and 3d —2p radiative decay
channels, not studied here, should be included.

The spectator effect manifests also itself in the
L,;M M,; and L,3 M,V 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 L, 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
KCl at the L,; edge in the vicinity of the K L3 M ;M3
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Auger structure can be explained, accepting three state-
ments.

(i) These spectra contain two major competing com-
ponents, the PCI-shifted normal L;M,;M,; and
L,M,3;M,, 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.

(ii) 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; reso-
nance, where its essentially atomic origin can be verified.

(iii) At the “L,” part of the L,; edge, where the proba-
bility of creating 2p,,, holes is largest, an additional
L,L;M,s CK process carries a large part of the weight of
the deexcitation. The presence of an intense L;M,;M,;
structure is assumed to be a proof of this.

C. Ca’" in CaF, and CaCl,

From a general point of view the situation with the
L,;M,3;M,; Auger spectra and their 3d-spectator-
induced changes in the case of Ca?" in CaF, and CaCl,
(Figs. 4 and 5) should be similar to the situation for K*
in KCl. 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 ~23d.

However, a more detailed analysis shows that the case
of Ca?* 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 KCl, with the atomic calculation here for CaF, and
CaCl,. 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 CaF, and
CaCl,, no further obvious agreements between spectral
data and theory. Second, although components of the
normal L, M,;M,; 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
KCl, 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 (CaF,) is very similar to
spectra 4 and 5 showing that the replacement of the 2p; /,
hole by the 2p, ,, hole does not change the decay process
of this resonance, except for the possible inclusion of an
effective L,L;M,s CK-like transition in the latter case.
In the region of the highest-energy 2p;,}3d resonance
(spectra 12—14 in Fig. 4 as well as in Fig. 5) the situation
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FIG. 11. (a) Resonant L,3;M,3M,; Auger spectra for CaF,
(spectra 4 and 7 of Fig. 4). (b) Resonant L,;M,;M,; Auger
spectra for CaCl, (spectra 4 and 6 of Fig. 5). (c) The atomic cal-
culation for the 3s?3p*3d and 3s3p°® final states, broadened with
a Lorentzian of 1.5 eV FWHM.

differs to the extent that the spectator decay is suppressed
and that a very strong L,L ;M ,s CK transition, indicated
by a large L;M,3;M,; normal Auger structure, dom-
inates. Note that the participator-induced enhancement
of the 3s and 3p photoelectron lines is relatively strong as
compared to the case of K.

Looking for a physical difference between the cases of
K* and Ca?' it should be noted that the 2p33d
configuration in Ca?" 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 KCl the crystal field did not seem to prevent a
comparison with the atomic calculation. But, the intrin-
sic differences in the autoionization spectra of CaF, and
CaCl, may be indicative of a crystal-field effect that can-
not be neglected.

D. Sc? in Sc,0;

The resonantly excited electron spectra of Sc** in
Sc,0; in the L,;3M,3M,; Auger region are considerably
wider and less structured than those of K* and Ca’".
The probable cause for this is that the chemical bond in
Sc,0; is much more covalent than in KCl, CaF,, or
CaCl,. An important consequence of this circumstance is
that all the 2p°3d resonant absorption structure is degen-
erate with the conduction band continuum. This may ex-



11 746

plain why in Fig. 6 structures identifiable with the normal
LM, M,; as well as the L; M,V Auger structures ap-
pear already at the first 2p°3d resonance. Further evi-
dence of this covalency effect, which follows also from a
detailed analysis of the L,; edge,’ 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 Ca?' we assume a 3p ~?3d intermediate
configuration to be responsible for this structure. Part of
the normal L;M,;M,; structure at the “L,” resonance
shougd, finally, be attributed to a CK-mediated decay pro-
cess.

V1. SHAKE PROBABILITIES

If our interpretation of the spectator-induced spectra is
correct, there remains no apparent structure to be inter-
preted involving a shake-off 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.’®3! To solve this contradiction we have calcu-
lated the total overlap probabilities P,; to verify that no
ejection or excitation of 3d and 4s electrons of the
configurations 2p>3s?3p®3d(4s) takes place during the
L,3M,3;M,;-like deexcitation (Table III). This overlap is
given approximately by the formula

PnI:

. 2
fR,’,,R,{,rzdr} , 6)

where R/, and R/, are the initial and final state radial
wave functions of n/ (3d or 4s) electrons, respectively. As
seen in Table III, for 3d electrons {r,; ) decreases sharply
in the sequence from Ar to Ca?*t. 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 Ca?" it is completely collapsed in the 2p33d
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 2p°nd
(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 Ca>" in CaF,.

VII. CONCLUSIONS

We have demonstrated that at incident photon energies
coinciding with the 2p%—2p>3d(4s) resonances in the
absorption spectra of argonlike ions C1~ (in NaCl), K+
(in KCI), Ca** (in CaCl, and CaF,), and Sc*™ (in Sc,0;)
the spectra of electrons emitted by these ions contain a
spectator structure in the region of the L,;M,;M,; 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 ~?3d (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 2p>3d
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 C1~ in NaCl and K% in KCl 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 L,;M,;M,; 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 (CI) satellites.
At resonance the intensity ratio of main line and CI satel-
lites may, of course, completely change, because of the in-

TABLE III. The calculated probabilities P,; 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 (NacCl) Ar K (KCl) Ca (CaF,)
Initial and final
configurations (ra? P, (ry? P, (ny) P, (ro) P,
Initial  2p3523p3d 9.24 2.92 1.63
0.23 . 0.86 0.99
Final  2p®3s23p*3d 2.79 1.85 1.47
Initial 2p33s23p°®3d 9.24 2.92 1.63
0.17 0.82 0.98
Final  2p®3s%3p®3d 2.46 1.75 1.43
Initial 2p°3523p°4s 5.67 5.34
0.88 0.87
Final  2p®3s23p*ds 4.43 4.10
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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 of a single-step model.

In the case of Cl™ the lower resonances are due to the
2p ~!4s configuration which results in a 3p ~24s final
configuration. In the case of the metal ions, our spectra
demonstrate the occurrence of a L,L ;M ,5 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 2p33d bound states
with the conduction band continuum. In the case of Sc3*
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 Li;M,3;M,; and L,M,;M,,
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 Ca?" 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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