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The linewidths and energies of 4d holes (main lines in x-ray photoelectron spectra) are calculated
for a number of elements in the range 7,Yb to U, with use of nonrelativistic atomic many-body
theory. The nonrelativistic Hartree-Fock frozen-core approximation for one-electron wave func-
tions and Auger energies gives very good agreement with experiment. In the case of 4s and 4p
holes, the Auger (in particular, super-Coster-Kronig) energies have to be calculated with inclusion of
relaxation and relativistic effects. Combined with frozen-core, nonrelativistic one-electron wave
functions, this gives good agreement with experimental energies and widths for 4s and 4p holes in
soHg. In conclusion, it is very important to include the effects of two final-state holes on the Auger
electron, as well as the polarization response which screens the Auger emission matrix element.
This latter effect is largely equivalent to the so-called exchange interaction between the Auger elec-

tron and the final-state holes.

I. INTRODUCTION

X-ray photoelectron spectroscopy (XPS) is an impor-
tant and direct method for studying the dynamics of re-
laxation and decay of core holes in atoms, molecules, and
solids.! ‘For example, the width of the photoelectron
peaks gives the total decay of the corresponding hole level,
and the intensity distribution over main lines and satellites
gives information about the dynamics of the relaxation
processes. Relaxation and decay are connected in a fun-
damental way through Kramers-Kronig relations involv-
ing the core-hole interaction energy:"? The coupling be-
tween a core hole and the surrounding electronic charge
density gives rise to a complex correction to the core-hole
energy, the so-called self-energy, =;(E), which depends
both on the orbital character and the energy of the core
hole. The real part of the energy correction, ReZ;(FE), de-
scribes the relaxation shift and the imaginary part,
ImZ;(E), gives the damping (i denotes the hole; hole lev-
els are underlined).

Experimentally, lifetime broadening of levels and satel-
lite structure are directly observable manifestations of
dynamic processes. Relaxation shifts can be deduced ex-
perimentally if the data are so complete that the entire
satellite distribution of a core level is known, in which
case the center of gravity of the intensity distribution
gives the core-hole ionization energy in the absence of re-
laxation.! Usually, however, one has only information
about the width and the binding energy of the core hole.
In such cases, relaxation shifts have to be defined with the
help of theoretical calculations.!?

In order to judge the quality of theoretical calculations
one has to compare theory with experiments for a number
of core holes with different elements. This last point is
particularly important: Variation of the atomic number
implies variation of the kinetic energy of the Auger elec-
trons as well as variation of the two-hole potential in
which the Auger electron has to escape. This provides
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serious tests of theoretical models.

The calculations by McGuire® were the first ones to
provide theoretical predictions of core-hole lifetimes due
to nonradiative decay for a wide range of elements. These
calculations were based on a golden-rule expression for
the i — jke decay probability using Herman-Skillman type
of wave functions

Ti=273 | (ie|1/riy | jk)|*. (1)
ik

The results have been widely used and have been very use-
ful for understanding the development of Auger spectra
with atomic number, e.g., the opening and closing of de-
cay channels. However, McGuire’s® results have also be-
come something of a standard reference, which is some-
what unfortunate since they represent an approximation
which is not generally valid. For instance, Fuggle and Al-
varado* have recently made an extensive comparison of
experimental core-hole linewidths in the N shell with
McGuire’s calculations,” finding large differences for
Coster-Kronig type of transitions. However, these prob-
lems are well known and well (but perhaps not widely) un-
derstood, even if nobody so far has been willing to go
through the periodic system to produce tables that could
replace the results by McGuire.>> Nevertheless, there are
results for selected core levels over extended ranges of the
periodic system, showing good agreement with experiment
(Refs. 1, 2, and 6—11). .

For about 15 years it has been known that atomic pho-
toionization cross sections in general cannot be described
by one-electron models of Herman-Skillman (Hartree-
Fock-Slater) type. The reason is that these models neglect
the influence of the polarizability of the atomic shells.!>!3
The polarization effects can be incorporated in essentially
three different but equivalent ways: through an effective
transition matrix element, through an effective ionizing
field, or in terms of an effective wave function for the
emitted electron.'>!* Naturally, this must also have
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consequences for decay processes involving electron emis-
sion: Polarization effects have to be taken into account,
either through an effective continuum wave function

| €>eff,
Ti=273 | (i€ | 1/r12 |k |7, @
ik
or through dynamic screening of the Coulomb interaction
which drives the decay,

=273 | (ie| V(r,r50) | jk) | 2. 3)
jk
In Eq. (3), @ denotes the frequency of the internal pertur-
bation, which is the same as the energy transfer from the
core hole to the system, w~¢€j—¢;, leading to ionization
(Auger emission). -Moreover, the escaping Auger electron
must feel the potential of two holes jk in the final state,
and the kinetic energy (Auger energy) must be determined
in a consistent manner (not necessarily the “best” experi-
mental value).
The breakdown of one-electron approximations which
neglect polarization can be understood more easily if we

write Eq. (3) according to

=273 | (€| (i| Vir,rzw) |j) |k)|%. 4)
jk

When the initial (i) and final (j) orbitals in the core-hole
transition belong to the same main shell, there is very
large radial overlap and consequently the potential from
the transition moment, (i|V(r;,r;;0)]|j), can become
very large. This is the characteristic of Coster-Kronig
transitions: The internal perturbing potential is very
strong, leading to large decay rates. Furthermore, if this
ionizes the outermost (highest angular

perturbation
momentum) subshell of the same main shell, there will be
immediate consequences: First, the interaction

two
strength will be very large [super-Coster-Kronig (sCK)

transition, see Refs. 1—3 and 5—17] and second, the
Auger energy will be low and the excitation energy will
fall in a range where the polarizability is very large. This
will lead to large corrections to the one-electron model,
i.e., the effective Coulomb interaction V(r;,ry;w) will be
substantially different from the bare one 1/71,.

An interesting aspect is that very good agreement with
experiment can be obtained for core-hole widths in solids
for whole sequences of elements through the simple
Herman-Skillman type of one-electron calculations (see
Refs. 4—6 and 14). What matters is the overlap of the ef-
fective wave function in Eq. (2) with the core orbitals:
Omission of polarization effects in the form of the repul-
sive electron-hole interaction and screening of the core
hole can be compensated for by calculating the continuum
Auger electron in the potential of a single initial hole and
by adjusting Auger energies. Therefore, in such sem-
iempirical calculations, good agreement with experiment
does not imply that the intrinsic physical mechanisms are

well understood.

II. GENERAL DISCUSSION OF N-SHELL
CORE-HOLE LINEWIDTHS

A systematic treatment of the type described above was
first applied by Wendin and Ohno? to N-shell (4s,4p) x-
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FIG. 1. Experimental and theoretical 4d;,, linewidths of the
elements in the range of Z =36—90. The experimental results
are those compiled by Fuggle and Alvarado (see Ref. 4 for ex-
planation of notations in Fig. 1). Theory: *, present theory (4 1
approximation, frozen-core potential and frozen Auger energy);
X, present theory (4 2 approximation, frozen-core potential and
relaxed and relativistic Auger energy); ®, present theory (43
approximation, relaxed-core potential and relaxed Auger ener-
gy); — — —, McGuire (Ref. 5).

ray photoelectron spectra [XPS, ESCA (electron spectros-
copy for chemical analysis)] of s4Xe and then extended to
a wider range of elements and core holes. -6~ 111517
Figures 1—5 show experimental N-shell linewidths
(compilation by Fuggle and Alvarado® together with the
results of one-electron calculations by McGuire!® and
many-electron calculations by the present authors. The
many-electron calculation results for the elements
20Yb—g,U are new, while the results in the range from
Pd—scBa are taken from previous work."%%10.18
McGuire’s results are based on an approximate Herman-
Skillman potential for the initial single-hole configuration,
used for calculating bound and continuum orbital wave
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FIG. 2. Experimental and theoretical 4ds,, linewidths of the
elements in the range of Z =36—90. Notation same as Fig. 1.
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FIG. 3. Experimental and theoretical 4s linewidths of the ele- ’,m" x
ments in the range of Z=36—90. The experimental results are olo .4«(’). ot .5,0. et 's‘o' T .5.0. " .9.0.
those compiled by Fuggle and Alvarado (see Ref. 4 for explana- Z

tion of notation). Theory: X, present theory (42 approxima-
tion, frozen-core potential, relaxed and relativistic Auger ener-
gy); — — —, McGuire (Ref. 5); —. —.—. , McGuire (see Ref.
52).

functions. In the range of elements from ,,Yb—;;Bi these
one-electron linewidths are more than a factor of 2 larger
than experiment, and the dependence upon atomic number
does not seem to be correct if one includes the range up to
52U. Fuggle and Alvarado* suggested that this large
discrepancy is due to the overestimate of N-NN (sCK)
processes by McGuire.” This suggestion is confirmed by
the present calculations, the results of which are in quite
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FIG. 4. Experimental and theoretical 4p,,, linewidths of the
elements in the range of Z=36—90. The experimental results
are those compiled by Fuggle and Alvarado (see Ref. 4 for ex-
planation of notation). Theory: X, present theory (A2 approxi-
mation); ®, present theory (relaxed orbital approximation, 4 3);
— — —, McGuire (Ref. 5).

FIG. 5. Experimental and theoretical 4p;,, linewidths of the
elements in the range of Z=36—90. Notation same as Fig. 4.

~ good agreement with experiment (Figs. 1 and 2; present

theory represented by stars and crosses). However, we
should like to emphasize that this type of behavior had al-
ready been extensively discussed and demonstrated in the
completely analogous cases of M-MM super-Coster-
Kronig transitions and M-shell linewidths in the elements
30Zn—40Zr.5~% 1117 Moreover, the behavior of the 4s and
4p core-hole levels around 5,Sn (Figs. 3—5) can be ex-
plained in similar terms, although there the general situa-
tion is a good deal more complicated.’% 1018

It should be noted that the relative strengths of the dif-
ferent decay processes can be directly determined from ex-
perimental Auger emission branching ratios. Experimen-
tal studies of the 4d —4fX Coster-Kronig (X =5p,5d) and
super-Coster-Kronig (X =4f) types of Auger spectra for
the elements ;0Yb, 7,W, 47Ir, 15Pt, 706Au, and goHg show
that the calculated 4d —4/2/4d —4f5d branching ratio is
very much overestimated by McGuire. "~

As mentioned in the Introduction, not only the
linewidth but also the relaxation energy shift of a core
hole provides information about the dynamics and the in-
teraction strength. A comparison of the experimental
XPS hole energy (negative of the binding energy) of soHg
with the Dirac-Fock ASCF hole energy (difference be-
tween the DF SCF total energy of the ground and ionic
states), shows that the experimental peaks are shifted to
lower binding energies by as much as ~9 eV for the 4s,
~5—6 eV for 4p, and ~3 eV for the 4d levels.?* These
large discrepancies in hole energies of N levels of these
high-Z elements demonstrate the importance of the
super-Coster-Kronig mechanism for relaxation beyond
ASCF (monopole relaxation). This kind of many-body ef-

- fect has also been found in many core levels of the low- to

intermediate-Z elements. Many-body calculations of XPS
spectra of these core levels by the authors?¢~1318 have
shown large improvements in comparison with the results
calculated by McGuire>»>2?* and Chen et al.?° This is be-
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cause of the consistent and systematic treatment of decay
and relaxation processes by many-body theory, which pro-
vides the linewidth and relaxation energy shift at same
time, includes polarization effects, and also provides a
consistent choice of Auger energies.

In the present work we calculate the N-shell XPS spec-
tra of the elements 70Yb, 74W, 79Au, 80Hg, goTh, and 92U
from first principles by using nonrelativistic diagrammat-
ic atomic many-body theory. The results are in good and
sometimes excellent agreement with experiment in what
‘concerns both core-hole linewidths and binding energies.
The present results show that the large discrepancy be-
tween the experiment and the results by McGuire®»>?* can
be removed if the effects of the final-state double holes
and the polarization response of the surrounding system
are taken into account in a systematic way. In particular,
the 4d<«>4f2eg super-Coster-Kronig process is no longer
overestimated. The present results also imply that a large
discrepancy in the 4s and 4p linewidths of these high-Z
elements between McGuire’s results® and experiment* can
be removed in the same way, although these cases are
somewhat delicate, as will be explained later on.

III. CORE-HOLE BINDING ENERGIES

In general the experimental atomic hole energy E; (neg-
ative of the binding energy) can be approximated by

E; =E;(ASCF)+AP+Af . (5)

Here E;(ASCF) is the atomic relativistic ASCF core-hole
energy (this mcludes an energy shift due to static mono-
pole relaxation), AP is the dipole relaxation shift (dom-
matmg contribution beyond monopole relaxation'), and
Af is the ground-state correlation energy shift (see Refs. 1,
2, and 6—9 for detailed discussion). These quantities can
be calculated from first principles. One of the main aims
of the present work is to calculate the dipole relaxation
shift of the N-shell hole levels in order to provide a good
theoretical estimate of N-shell binding energies.

In Table I we list the differences between the atomic ex-
perimental and relativistic ASCF 4s, 4p, and 4d hole ener-
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gies in the range from ;0Yb—g;Np (Refs. 27—36). One

should note the following points.

(i) For 4s, 4p, and 4d levels we obtain a large deviation
from the ASCF hole energy. As will be shown in the
present work, this energy shift is predominantly due to
the dynamical dipolar 4s<>4pdfeg, 4p<>4d4dfeg, and
4d <4 f?eg virtual sCK processes.

(ii) For 4f levels the deviation is malnly due to the neg-
ative ground-state correlation shift AS which is neglected
in the ASCF calculatlon Note in particular the enormous
correlation shift of A4f ~—5 eV in ;Y. We suggest that
this is due to 4f—5d dipole-dipole ground-state correla-
tion (4f2—5d? ground-state configuration interaction),
which should be large due to low 4f2-pair excitation ener-
gies. With increasing atomic number Z, the 42— 5d? ex-
citation energy rapidly increases and the 5d shell starts to
fill up. As a consequence, as we see it, the 4f correlation
energy falls rapidly and stabilizes around Affg——Z——Z.S
eV (Table I). However, as seen in Table I, for Z > 80 an
anomaly appears in the 4f level shift. According to Wen-
din,! the 4f and 5p; ,5d levels become degenerate around
Z =83, follow each other until Z =92, and then separate.
We therefore propose that the true ground-state 4 corre-
lation shift remains approximately constant, ~ —2 eV, in
the region around ¢gTh: The deviation is most likely due
to configuration interaction. through the virtual
4f<>5p5d6d,ed Auger process.

(iii) We assume that the ground-state correlation shift
of the 4s, 4p, and 4d levels is approximately the same as
that of the 4f level, although the detailed correlation
mechanism must be different for different levels in the
case of ,oYb. The dynamic dipolar relaxation shifts AP
should then be about 2 eV larger than the deviations listed
in Table I in the range from 73Ta to o3Np. Note that also
the 4p and 4d (and probably 4s) level shifts peak around
9Th (Table I), which probably reflects the influence of the
collapsed 6d orbitals on the virtual Coster-Kronig and
Auger processes.

(iv) The Auger energy is 6.8 and 5.4 eV higher than
predicted by Dirac-Fock ASCF calculation for the

TABLE 1. Differences between the experimental and relativistic atomic ASCF 4s, 4p, 4d, and 4f

hole energy of the elements ;0Yb—g;Np (eV).

Element 4s 4pip 4p3p 4d; 4ds,, 4fsp Af1p
0Yb 0.0 0.0 —0.6 —0.9 —5.0
7nTa 5.2 34 2.7 0.6 0.7 —2.7 —2.6
4 W 6.2 5.6 4.2 1.5 1.7 —2.0 —1.9
75Re 6.5 5.1 4.0 1.8 1.9 —2.0 —1.8
17608 6.5 4.5 4.2 1.7 2.0 —2.1 —2.0
18Pt 5.9 5.0 4.0 1.5 ) 1.7 —-2.7 —2.6
AU 6.7 5.7 43 2.0 2.0 —26 —26
soHg 8.7 6.1 4.9 2.9 2.9 —2.3 —2.3
81Tl 8.2 6.0 5.2 3.0 2.8 —1.9 —1.7
82 Pb 8.7 7.6 5.5 4.0 3.6 —1.0 —1.2
¢3Bi 8.9 8.2 5.2 3.8 3.6 —1.1 —1.1
9Th 6.1 5.2 4.7 1.1 1.2
U 8.0 5.1 3.7 3.1 —0.3 —0.6
93sNp 9.5 5.6 2.6 2.2 —0.1 —09
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4d —4fX (X=4f, 5p, and 5d) (s)CK spectra of ;0Yb and
soHg, respectively. 2223 These Auger energy shifts are due
to the ground-state correlation energy shift of the initial
and final hole state and the dynamical relaxation energy
shift of the initial hole.

We can expect similar energy shifts in x-ray emission en-
ergies when the initial- or the final-state hole, or both, in-
volve this kind of dynamical relaxation processes. From
this viewpoint one of the authors’”*® has recently
analyzed the L-x-ray emission energy of intermediate-Z
elements measured by Putila-Mintyld et al.>” and the
K,L-x-ray emission energy of intermediate- to high-Z ele-
ments measured by Kessler et al.%°

IV. 4d XPS SPECTRA OF Yb—-U

A. Spectral function and self-energy

Within the framework of a sudden approximation the
XPS core-hole spectrum can be well approximated by the
spectral function of the initial core hole given byl?

A(E)= i 2i(F) )
[E EP—ReZ;(E)?+[ImZ;(E)]?
where the self-energy 3;(E) is given by
S(E)=3 [de ——zg—"f’—'f— ™
€e—Ejg +E—id

jk L,S

with real and imaginary parts

Lo (E) |2
ReZ(E)= de P-———ejk——, 8)
Im3;( E)—-Tr22| VES (E) |2 9)
»k LS

The excitation matrix element V,-’;}?k(E) accounts for po-
larization, relaxation, and ground-state correlation effects
on the process in question, which can be described in typi-
cally two ways, as discussed in the Introduction,

Vi (E)=(ie | V(r,1E) | jk(LS))
=(i(€)egr| 1/r12 | jK(LS)) .

By using the spectral function approach we obtain a
consistent description of the line shift and lifetime
broadening of the core-hole spectrum in terms of the self-
energy. When this self-energy varies slowly in the neigh-
borhood of a resonance at E =E,, the spectral function
can be approximated by

1 r,72
Aj=—
T T (E—E,)?+([,/2)?
with the width T,

(10a)
(10b)

(1n

T,=2Z,Im3;(E) , (12)
—1
3
Z,= |1—-2Res; , 13
= |1 aEReEJE)L:Ep (13)

Here Z, is the residue at the pole, showing how much of
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the original unit strength of the unperturbed hole remains
at the pole. Z, thus gives the relative strength of the line
at E=E, in the core-hole spectrum, i.e., in the XPS spec-
trum (neglecting photoionization matrix elements).

Equation (11) is valid only when the self-energy varies
slowly over the width [Eq. (12)] of the resonance. This
situation applies to the present work, where we calculate
the spectral function of a 4d hole in the elements
70Y—9U. However, since Z, [Eq. (13)] is typically 0.97,
the result for the linewidth is essentially the same as
directly using Egs. (2) or (3) when calculating linewidths
(provided one knows the correct energy for evaluation of
the matrix element). Note, however, that Eq. (11) can not
be used for describing 4p (and in some cases 4s) spectra in
the range Z =50 to Z approaching 70 due to the extreme-
ly strong 4p<>4d?4f,ef and 4s<>4pdd4f,ef giant Coster-
Kronig processes.!”?: -

B. Calculation of the self-energy;
frozen and relaxed basis sets

The 4d<>4fX (X=>5s, 5p, 5d, and 4f) (s)CK processes
dominate the decay processes of a 4d hole. Therefore, in
the present work we consider only these processes when
calculating the 4d self-energy. The method of evaluatmg
the self-energy has been described in detail in previous pa-
pers"?>6~% and here we only summarize the basic features

of the zeroth-order orbital basis we use.

1. Frozen-core approximation (A1,A2)

(i) For hole levels we use Hartree-Fock (HF) orbitals of
the neutral atom (average configuration).

(ii) For particle levels we use continuum orbitals calcu-
lated in a frozen HF V" ~2 potential constructed using
the neutral-atom ground-state HF orbitals with two holes
in the final ionic state (average configuration). For the
4feg ionic excitation channel electron-hole pair excita-
tions are treated within the random-phase approximation
with exchange (RPAE) accomplished by calculating the
excited continuum g state according to

(4f )ay(4f€g 'P) frozen HF V¥ ~2 potential (14)
and adding Fermi-sea correlation. Equation (11) describes
the ionic excitation as (4f€g) dipole excitation in a spheri-
cally averaged ionic system with a 4f hole. This level of
approximation becomes essential when polarization effects
become important as in the present 4d<«>4f2eg sCK pro-
cess.

The two-hole final state is the correct final state for an
atomic system. In a metal the situation is more compli-
cated since the final-state holes will be screened out and
may also propagate away if they are located in conduction
bands. If the Auger electron leaves the system with low
energy, then the time scale for emission may be compar-
able to the time scales for screening or delocalization and
a proper dynamical treatment becomes necessary. In most
cases, however, the Auger (sCK) electrons are fast and a
frozen-core approximation for the two-hole potential be-
comes relevant. We shall return to this point below.

Using the frozen-core approximation for the basis set
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leads to a consistent approximation corresponding to a
well-defined diagrammatic many-body expansion. By this
expansion we can describe the dynamics of the primary
photoionization process and the emission processes within
a one-step model,®'® which also permits us to include ef-
fects of interference between the excitation and emission
steps.!? By this scheme, the relaxation and shake-up ef-
fects should be included via the corresponding diagrams
describing the levels shifts, screened interactions, and
multiple excitations,»>°~13

(iii) Auger energy parameters: In the calculation of the
self-energy and the spectral function (linewidth) of a hole,
the choice of Auger energy parameters must be consistent
with the choice of basis set. The present frozen-core ap-
proximation neglects completely the effects of monopole
relaxation and relativistic effects on the wave functions of
the particle and hole states. Therefore, for a consistent
choice we must calculate the Auger energy parameter as
the difference between the frozen-core ionization energies
(Koopmans’s energies) for single and double holes

(15a)
(15b)

Ejx —E; (general)
€4= E)+EQ—F°j;k)—Ef (frozen core) .

Here E?, Ef, and Ef are nonrelativistic Hartree-Fock
one-electron energies and F°(j;k) is the bare Coulomb
repulsion between the holes j and k in the frozen ground-
state charge distribution. By this choice we exclude
monopole relaxation and relativistic effects both from the
wave functions and the excitation energies, so that the
Auger energies become consistent with the choice of basis
set. We name this approximation Al.

As the next step, we introduce the monopole relaxation
energy shift and the relativistic energy shifts for single-
and double-hole levels.*® This choice of energy parameter
corresponds to the use of the experimental atomic Auger
energy. We name this approximation A2. This approxi-
mation has been successful for the calculation of the XPS
spectra of the L, M, and N levels of low- to
intermediate- Z elements. However, the approximation is
not fully consistent in the sense that the monopole relaxa-
tion and relativistic effects are included only in terms of
the initial single-hole and final double-hole level shifts
while the corresponding effects on the wave functions are
neglected.

2. Relaxed orbitals approximation (A3)

We have also examined, in the case of a single element,
79Au, an approximation where monopole relaxation is tak-
en into account in the continuum wave function of the
Auger electron as well as in the single-hole and two-hole
energies. The basis set has the following characteristics.

(1) Hole levels; HF ground-state orbitals relaxed in the
presence of one 4d core level.

(ii) Particle levels; orbitals calculated in a HF ¥~ ~2 po-
tential constructed using orbitals from the double-hole HF
ionic ground state (i.e., relaxed two-hole level). In particu-
lar, for the sCK channel
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(4f)(4feg'P) HF VY ~2(4f2) relaxed potential (16)

RPAE is employed, as in the frozen-core approximation

_to calculate the 4d self-energy and the decay probability.

(iii) Auger energy parameter: As we assume that the es-
caping Auger electron will see the potential of the fully
relaxed final double holes, in order to be consistent we use
the nonrelativistic HF ASCF hole energies for the initial
single-hole and final double-hole energies.

The need for consistency can be seen in the following
manner: The core-hole linewidth can be regarded as a
function of the Auger energy® [Egs. (1)—(3)], T';(e), and
the shape of this function depends on the two-hole poten-
tial. Especially in the case of super-Coster-Kronig pro-
cesses I'j(€) may vary rapidly in the region of the actual
Auger energy and a consistent choice of € becomes essen-
tial. Starting from the unrelaxed case, relaxation effects
will have two major effects. First, the two-hole—one-
electron (e.g., 4f2€g) continuum threshold will relax more
than the single-hole level (e.g., 4d) (about 4 times as much)
so that the Auger energy will increase. This leads to an
increase in core-hole linewidth because I'j(€) increases
with € in this region (delayed onset due to slowly penetrat-
ing eg wave). Second, relaxation will make the two-hole
potential less attractive in the core region so that the
linewidth function Ti(e€) rises more slowly. This will
lower the core-hole linewidth at the frozen-core kinetic
energy, which energy therefore has to be raised in order to
give the same overlap with the core orbitals as in the
frozen-core case (the core orbitals change very little due to
relaxation). This raise of the Auger energy was, however,
already provided by the same relaxation process: There is
now self-consistency. As long as the Auger energy is
reasonably large, the frozen and relaxed approaches
should give similar core level widths. However, when the
Auger energy tends towards zero, the relaxed approach is
the only possible one. We shall refer to this approxima-
tion as the A3 approximation.

V. 4d HOLE: RESULTS AND DISCUSSION

A. 4d hole energy

In Table II we list the 4d hole energy calculated by the
A1 (frozen-core potential, frozen Auger energy) and A2
(frozen-core potential, relaxed relativistic Auger energy)
approximations. In the case of the 42 approximation the
hole energy corresponds to the solution of Dyson’s equa-
tion, i.e., we evaluate Eq. (6) in the case that EL~° is a rela-
tivistic ASCF energy and the self-energy 3;(E) includes
Coster-Kronig and super-Coster-Kronig processes which
give rise to the dipole relaxation shift. In the case of the
A1 approximation Eq. (6) is evaluated with E as a
Hartree-Fock Koopmans’s energy, and resulting dipole re-
laxation shift is added to the unperturbed Dirac-Hartree-
Slater or Dirac-Hartree-Fock ASCF hole energy. The ex-
perimental atomic hole energies listed in Table II are
those obtained in Sec. II, except for goHg which is taken
from Ref. 33.

The calculated 4d hole energies are in general about
~1—-2 eV less than the experimental ones because of
neglect of the ground-state correlation energy shift dis-
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TABLE II. Experimental and theoretical 4d hole energy of the elements ;,0Yb—gTh (eV). Note that ASCF energy for soHg is from

Ref. 24.
Element 4d; 4ds,
Expt. Theory Expt. Theory
Al A2 ASCF? DF® Al A2 ASCF? DF®

70Yb —199.0 —196.0 —196.1 —198.4 —211.7 —190.1 —186.8 —186.9 —189.2 —202.0
714W —265.2 —264.1 —264.1 —267.0 —280.7 —252.7 —251.0 —250.9 —253.9 —267.6
79AU —360.8 —359.6 —359.1 —362.6 —377.3 —342.7 —341.4 —341.0 —344.4 —358.4
soHg —385.4 —385.2 —384.7 —388.3 —402.6 —366.0 —365.8 —3654  —368.9 —3824
9oTh —-721.7 —724.6 —723.0 —726.9 —743.5 —684.5 —686.9 —685.9 —689.2 —704.8

2Reference 36.
bReference 35.

cussed in Sec. II. The calculated 4d-hole dipole relaxation
energy shift is about 3 eV for the elements of present in-
terest. This energy shift is caused primarily by the virtual
4d<>4f?eg sCK process.

B. 4d linewidth

In Figs. 1 and 2 and in Table III we show the present
theoretical linewidths, the results by McGuire,” and the
experimental widths obtained by XPS AES (Auger-
electron spectroscopy), and XES (x-ray emission spectros-
copy). In Table IV we list the present theoretical partial
decay width ratios, the results by McGuire® and the exper-
imental ones obtained by AES. One should note the fol-
lowing points. .

(i) The total linewidths calculated by the present theory
give generally better or much better agreement with exper-
iment than other theoretical calculations. In particular,
the A1 approximation gives much better agreement with
the XPS data than approximation 42 in the Yb-U region,
which we ascribe to the fact that the 41 approximation
represents a consistent scheme. As pointed out in Sec. IV,
the A2 approximation is not consistent, because the
Auger energy is too high in relation to the potential seen
by the Auger electron. The result of the relaxed-orbitals
approximation for ;5Au for the 4ds,, linewidth is 4.4 eV
in comparison to 3.8 eV from the 41 approximation.
This difference is fairly small because the Auger energy is
large, in which case both of the approximations should
work reasonably well and give similar results.

The development of the linewidth with relaxation can
be seen for ,9Au in Fig. 1: In comparison with the all-
frozen A1 approximation with I';; =3.8 eV, using atomic
relativistic ASCF 4d and 42 energies increases the Auger
energy and raises the width of the 4d hole to 5.3 eV. Re-
laxation of the 412 V¥ =2 potential seen by the continuum
g electrons [Eq. (15)] (A 3) finally lowers the 4d width to
4.4 eV. Even this A3 approximation is not fully con-
sistent, since the wave function of the initial 4d hole has
not been relaxed. However, it is not clear what is the
most reliable approximation using statically relaxed ionic
configurations.® Since the linewidth is fairly sensitive to
relaxation effects, short of more careful dynamical calcu-
lations the relaxed result for the 4d level of ;9Au in Figs. 1
and 2 can be regarded as a reasonable estimate of the im-
portance of relaxation. However, we do not know for in-

stance whether a correct treatment of relaxation should
bring us back down to the value of 3.8 eV for the width of
the 4ds,, hole from the A1 approximation: This value
agrees better with experiment.

(ii) In order to examine the importance of polarization
effects in the 4d<«>4f2eg sCK process, we compare the
partial decay width by this decay channel for Au in the
frozen HF V¥ —2 (average configuration, one-electron ap-
proximation; no polarization effects), the Tamm-Dancoff
approximation with exchange (polarization effects in the
final state) and RPAE (polarization effects in the final
and initial states).’? The results are 2.13, 1.14, and 1.00
eV, respectively, which shows that it is very important to
take into account the polarization of the surrounding sys-
tem in response to the electron-hole excitation.

(iii) McGuire® evaluated the linewidths using the wave
functions generated by the approximate Herman-Skillman
Hartree-Fock-Slater (HFS) potential of the initial single-
hole configuration for both initial and final bound states
and the continuum wave function calculated in the ap-
proximate HFS V¥ ! potential of singly ionized initial
configuration. This approximation already includes the
effects of relaxation in the presence of the initial single
hole in contrast to the present frozen-core approximation.
However, the exchange term in the HF configuration
average potential as well as the Slater exchange term in
the HFS calculation describe the average potential of the
bound electrons and do not account for the repulsive ex-
change interaction between the hole and the continuum
electron. The potential is therefore more attractive than
the potential obtained from the LS-dependent HF
scheme,®12134L42  and this was also recognized by
McGuire'® and Chen et al.'7 As a consequence, the CK
and sCK transition rates will generally be overestimated
for low Auger energies and underestimated for sufficient-
ly high Auger energies if one uses potentials which do not
incorporate polarization effects.® The present results
show the importance of simultaneously taking into ac-
count the effects of the proper electron-hole exchange in-
teraction (polarization) and the ¥~ ~2 ionic potential from
the localized double vacancy in the final state on the
Auger electron.*> Finally, it should be noted that for the
4f—e€g excitation channel we have also taken into ac-
count ground-state correlations within the random-phase
approximation with exchange.!»?

(iv) The experimental 4d linewidths of ¢Th and ,,U
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TABLE III. Theoretical and experimental 4d linewidths of the elements ;0Yb—q,U (eV).
4d; ., 4ds,
Element Expt. Theory Expt. Theory
XPS AES XES Present McGuire XPS AES Present McGuire
Al A2 Al A2
70Yb 5.412 4.2° 5.25 3.18 4.02 9.35 3.3¢ 4.2° 3.18 3.87 7.24
+0.96°
5.24 5.412
+1.20¢
74W 3.0 5.0 » 4.45 3.41 4.61 7.89 3.2 5.0 341 4.39 7.72
+0.6° +0.7¢ +0.93¢ +0.6° +0.7f
5.38
+1.02¢
5.58¢
4.48"
8.46
+0.72i
79Au 35 5.1 3.76 5.33 8.83 33 3.76 5.09 8.4
+0.3¢ 5.3k +0.3°
soHg 4.3! 4.0 3.76 5.37 4.0! " 40 3.76 5.22
4.4™ +0.5" 4.0™ +0.5"
9Th 5.7 4.63 3.49 5.27 4.5 4.63 3.90 5.25
+0.9¢ +0.8¢
ogU 4.0 4.69 3.61 4.23 5.4 4.69 3.73 4.17
+0.4¢ +1.1¢

2Reference 53.

YReference 22.

“Reference 47, from L;-N, x-ray emission width.
dReference 47 from L,- N, x-ray emission width.

“Reference 4.

fReference 20.

8Reference 45.

hReference 46.

iReference 48.

iReference 54 from L,-N, x-ray emission width.

kReference 54 from L;-N, x-ray emission width.
IReference 33 (atom).

MReference 33 (solid).

"Reference 23, McGuire’s results are from Ref. 5.

metal (Figs. 1 and 2) show large variations between the
J=7% and 3 levels as well as between the elements. This
is understandable, however: The Th—U region is compli-
cated since the 4d-hole energy is nearly degenerate with
the 42 and 4f5s thresholds and, moreover, the 6d orbi-
tals have collapsed and start to become occupied. With
increasing atomic number, this will lead to the closing of
previously open decay channels, and this may happen dif-
ferently for different spin-orbit levels due to the large
spin-orbit splitting. In addition, the threshold condition
may lead to satellite structure, e.g., 4/26d stealing intensi-
ty from 4d. Finally, whether channels are open or closed
may depend on whether one considers the free atom or the
metal. In the atomic, all-frozen, A 1 approximation the
thresholds and the Auger energies are not correctly

described, and the 4d-4f2 super-Coster-Kronig decay pro-
cesses are forbidden. Nevertheless, the 4 1 approximation
seems to give a very good average value in Th—U region
(Figs. 1 and 2) for the 4d total linewidth. Note that in this
case (closed sCK channels) our 4d linewidths agree quite
well with McGuire’s results.’

From a physical point of view, in this case the 42 ap-
proximation should be more realistic (the best would be
A2 with relaxation, 43, which we have not investigated).
In atomic Th, the 4ds/,-4f? and the 4d /,-4f2 sCK decay
channels are closed while the CK channels are open. This
atomic result is shown in Figs. 1 and 2, and the linewidth
difference between the N5 and N, levels (N5 > N,) is due
to the large spin-orbit splitting. In Th metal, taking into
account the atom-solid Auger energy shift calculated by
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TABLE IV. Theoretical and experimental partial decay width ratios. Experimental data for Au are from Ref. 21 (upper value) and Ref. 19 (below) and for Hg from Ref. 23. The
value in parentheses for Au is the value obtained by assuming mean free path proportional to E /2 (kinetic energy). The value in parentheses for Hg is for polynomial background.

McGuire’s results are quoted in Ref. 21.

4d5/2

4d3/2

r
Ng-Ng 7N¢ 4

r
N5-Ng 786 7

I‘N5

r
Ny-Ng 7N 5

r
NyNe 1¥6,7

Element

r total

N6104,5

rtotal

r
Ny-Ng 1045

Theory
A2

Expt.

Theory
A2

Expt.

Theory
A2

Expt.

Theory
A2

Expt.

McGuire

Al

McGuire

A1l

McGuire

A1
0.79
0.60
0.28

McGuire

A1

0.82
0.70
0.50

0.79

0.84
0.74
0.58

70Yb
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0.60
0.28

7.16
1.72

4.40
0.66

8.58
2.36

4.40
0.66

0.65

0.54
0.12

4.06

1.5(1.9)

0.14

0.65

0.54
0.12

4.06

1.5(1.9)

0.14

79Au

0.61

0.46

0.22

0.38(0.43)

3.33

1.49

0.46

0.71(0.88)

022 0.6 0.61

046 2.07 3.33 0.38(0.43)

0.71(0.88)

soHg

Martensson et al.** we find that the N, sCK decay chan-
nel opens up, which should increase the N, width about 1
eV. We suggest that the experimental N, — N5 difference
of about 1 eV (N4> Ns) is due to the closing of the Ns.
sCK decay channel in ¢,Th. We also conclude that with
the present approximations we cannot get entirely satis-
factory agreement with experiment.

In atomic U, the N,s sCK decay channels are both
closed and, in addition, the 4ds,, —4/f5s CK decay chan-
nel is closed. In Figs. 1 and 2, this explains why the
theoretical value for the N5 width, in the 42 approxima-
tion, drops and becomes nearly equal to the N, width.
However, in U metal the 4ds,,-4f5s CK decay channel is
open, which should increase the N5 width by 0.5 eV. The
agreement with experiment is then reasonable already in
the A2 approximation.

For Th, in Table II we see that the calculated energy
shift (42 approximation) is somewhat too low to agree
with experiment: If we add a ground-state correlation
shift of, say, —2 eV, we need an additional shift of about
+3 eV in order to get agreement with experiment. This is
very similar to the anomaly in the 4f line shift in Th.
Possibly, the additional 44 shift might come from the 4d-
4126d interaction process, which we have neglected in the
present calculation. The configurations are nearly degen-
erate, and the effects might be significant.

(v) We should comment on the experimental linewidths
listed in Table III. In the case of XES measurements we
derive the 4d linewidths by subtracting the L,;
linewidths calculated by Chen et al.?® from the experi-
mental XES linewidths.**~*® The recent L-level x-ray ab-
sorption spectrum of goHg measured by Keski-Rahkonen
et al.*’. shows that the linewidths calculated by Chen
et al.?® agree very well with the experimental data for the
L, ; levels. However, the theoretical result is larger than
the experimental one by a factor of 2 for the L level due
to overestimate of the L,-L;M, s sCK processes. A simi-
lar large discrepancy for the L linewidth of the elements
41Nb—s,Sn has been already pointed out by Putila-
Mintyli et al.> A large discrepancy for the L linewidth
of the elements ,oCu—3;,Ge has been discussed by one of
the authors recently.!> The 4d linewidths derived from
the L7,1 (L,-N4) x-ray emission width measured by

Gokhale et al.*® is much larger than the results by the
others. Lal (L3‘M5), Laz(L3-M4), and LB] (Lz-M4)
linewidths measured by these authors are in excellent
agreement with the theoretical results by Chen et al .26
and other experimental measurements.*>~*’ The theoreti-
cal linewidths by Chen et al.?® give good agreement with
the experiment for the L, ; and M, s levels because these
levels do not involve strong CK and sCK decay processes.
Note that the L; level of the high-Z elements is shifted
about 8 eV from the relativistic hole energy by the L -
LM, CK virtual processes.*>>! This is also the case for
the low- to intermediate-Z elements.!>37-3!

VI. 4s-4p XPS SPECTRA

A. The medium-Z region

Figures 3—5 show two distinct regions, namely
Z ~40—56 and Z ~60—90. Although the calculations by



McGuire,’ and also (not shown) by Chen et al.,’? seem to
do well in the range Z ~40—54 region, in our opinion this
good agreement is fortuitous: The physical polarization
effects are neglected and this is compensated for by the
choice of core potentials and Auger energies. Moreover,
the linewidths are so large that the perturbation scheme
[Eq. (1)] actually breaks down (this was realized by Chen
et al.’?) and one has to start from Eq. (6). In the
Z =40—54 region we are dealing with particularly strong
giant  Coster-Kronig  processes, 4p<>4d%f and
4s<>4p4def. These problems have been treated in some
detail by Wendin and Ohno"?*!° and the results for 4s
and 4p linewidths are shown in Figs. 3—5. In the light of
the present work, one might have obtained good linewidth
results with the all-frozen (A4 1) approximation, but we
have not checked this possibility. The N, ; linewidths for
so9n in Figs. 3 and 4, however, clearly demonstrate the
necessity for consistent approximation: Inclusion of po-
larization effects and a two-hole final-state potential have
to be combined with inclusion of relaxation effects (43
approximation).

B. The high-Z region, in particular so0Hg

In the high-Z region, Z ~60—90, the situation is com-
pletely different: The previously mentioned giant Coster-
Kronig processes are forbidden and replaced by the weak-
er sCK processes, especially 4s<—>4p4feg and 4p<—>4d4feg.
Now perturbation theory applies but oddly enough, in this
region McGuire’s® results dramatically overestimate the
N-shell linewidths and do not reproduce the experimental
Z dependence. However, systematic application of the
same many-electron methods"?>%1° that have good results
in the Z =40—56 region now also gives satisfactory agree-
ment in the high-Z region. We have only checked this for
mercury, goHg, but we are convinced that this result ap-
plies to the whole range of elements. This means in par-
ticular that by taking into account polarization (electron-
hole exchange) effects and by using a physical two-hole
final-state ionic potential, one obtains immediately a
reasonable description of the super-Coster-Kronig decay
rates. It also means that the present scheme works quite
well using nonrelativistic one-electron wave functions
even in the case of 4s and 4p levels.

In 4oHg, the 4s and 4p hole energies are shifted from the
relativistic ASCF enerEies by as much as 9 and 6 eV,
respectively (see Table I). In the present work we have
calculated the 4s and 4p XPS spectra of Hg by nonrela-
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tivistic many-body theory for the core-hole spectral func-
tion, as already described in Sec. IV. However, in contrast
to the 44 case, in the case of 4s and 4p holes the 41 ap-
proximation becomes useless because it leads to the clos-
ing of very important super-Coster-Kronig decay process-
es which are physically allowed. Therefore, in the present
work we have calculated the 4s and 4p hole spectra of Hg
within the framework of the 42 approximation, using
frozen-core continuum wave functions but relaxed and
relativistic hole energies. With this approximation we can
expect to have a reasonable estimate of the widths and po-
sitions of the 4s and 4p core holes, but we should not ex-
pect the 42 approximation to give accurate linewidths.
The energies, on the other hand, should be fairly accurate
since the energy shift is rather insensitive to the approxi-
mation [integral over the excitation spectrum, Eq. (8)].

The calculated 4s and 4p hole energies and widths are
listed in Table V (see also Figs. 3—5) together with the ex-
perimental data by Svensson et al.’* Somewhat surpris-
ingly, the results are in quite good agreement with experi-
ment. In analogy with the 4d case, one would have ex-
pected the A2 approximation to give widths too large, to
be corrected by including relaxation effects on the contin-
uum wave functions (approximation A4 3). The good re-
sult of the 42 approximation could result from compen-
sating errors, not having treated relativistic effects on the
wave functions, or it could be the result of a coincidence
for goHg. This problem could be resolved by studying a
range of elements, as in the 4d case, but unfortunately we
have not had the opportunity to do this yet.

The dipole relaxation shifts of the 4s and 4p levels are
predominantly due to virtual d4s<>4pdfeg and
4p<—>4ddfeg sCK processes, and are quite insensitive to
the detailed description of these channels: However, note
that the use of HF !P wave functions exaggerates the shift
(related to the fact that the oscillator-strength sum rule is
not fulfilled) and that one has to work within the RPAE
to have a consistent description.”>® The above-mentioned
sCK channels are closed in the 4 1 approximation because
the hole-hole interaction in the double vacancies is un-
screened and very large, so that the two-hole levels move
to more negative energies than the single-hole levels. This
would not influence the energy shift in any serious way
but the effect on the linewidth would be catastrophic.

In conclusion, the large difference between the results
by McGuire’® and experiment is caused by the same
reasons as in the 4d case, primarily omission of polariza-
tion (electron-hole exchange) effects and, to some extent,

TABLE V. Theoretical and experimental 4s and 4p hole energy and linewidth of g,Hg (eV).

Hole energy Linewidth
Expt.? Theory Expt.? Theory
Level Present ASCF® Present McGuire®
4s —809.4 —810.7 —818.1 9.8 7.75 14.6
4p1, —687.4 —687.9 —693.5 8.6 7.87 14.0
4pis —583.8 —583.6 —588.7 5.0 4.40 12.8

2Reference 33.
YReference 24.

°Interpolation by Svensson et al. (Ref. 33) for ;7Ir, 79Au, and g;Bi from Ref. 5.
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inappropriate final-state potential and Auger energies. Fi-
nally, let us mention that our calculated [(4s-4p4f)/total]
partial decay ratio is 0.1 and the [(4p-4d4f)/total] partial
decay ratios for the 4p;,, and 4p;,, hole levels are 0.8 and
0.32, respectively.

VII. AUGER SPECTRA

The core-hole self-energy =;(E) in Eq. (7) contains, by
construction, information about the branching of the
Auger decay processes onto all different final states.
However, since 3;(E) is integrated over these final states,
as a consequence ImZ;(E) only leads to the total decay
width, as shown in Eq. (12). The partial decay widths are
obtained by exp11c1tly calculating the transition probablh-
ties to the different final states describing Auger emission.
A one-step treatment of the photoionization-Auger emis-
sion process then gives the result for the Auger current
I1,(€;w) (Refs. 8 and 10):

IA (G;Cl))

~2de|(i|rcos9[e+E)|2
i

T | Viejk(E) | 2
ImZ3;(E)

XA(E)YS,

j kLS

8(e—Ef°+E) .

(17)

This result is not fully general since we have assumed
the final double vacancy to be sharp and structureless (no
broadening, no satellite structure). The simplest type of
generalization would be to broaden the final state by in-
troducing a term-level-dependent width I' ka:

8(e—Ef°+E)— A’ (e+E)

1 F S/2
7 (e—Ej +E)2+(1“,S/2)2 '

(18)

The super-Coster-Kronig processes only influence, in
the present case, the initial core hole through the self-
energy Xi(E), leading to the line-shape function A;(E).
The self-energy 3;(E) is integrated over all continuum en-
ergies and summed over all hole configurations jk and as-
sociated term levels LS. The spectral function A;(E) is
therefore quite insensitive to the final-state term-level
structure, unless the core level i happens to be degenerate
with the LS structure of a particular jk final-state double
vacancy. B

Assuming constant dipole matrlx element and a single
Lorentzian core hole with T'; >> %, jk» Eq. (17) reduces to

ri/2

IA(e;w)~de (E_E+(T1/2)
x3'S I’f”‘ e—ES+E) . (19)
ik LS L

The super-Coster- Kromg process dominates the core-hole
energy shift AP=Re3;(E;). However, the width
Ii=2Im3;(E;) is determined by both the sCK and CK
processes, and to some small extent the Auger processes.
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The sCK process does not dominate nearly as dramatical-
ly as in the McGuire calculations,’ as can be seen in Table
IV.

Finally, since the branching ratios vary slowly over the
core-hole width, we may perform the energy integration in
Eq. (19), obtainingm

lejk Fi/z

Ii(&0)~
! ]Zkgg T; El'lf_cs—Ei—f)z

20
+(T;/2)? 20

In reality, however, we perform our calculations in the
LS-averaged approximation, with the result

T, /2
~2 e;k L ; = (21)
ik I; (Ejx —E; —€) -!-(FL/Z)
where
l€jk zrlejk . (22)

This partial width, and the associated branching ratio
Ti¢jx /T, is to be compared with the corresponding quan-
tities from Eq. (20) which are obtained by integration over
the Auger energy € for each jk configuration, and which
directly correspond to the experimentally deduced branch-
ing ratios (see Table IV for the case of i =4d ).

The virtual super-Coster-Kronig process . strongly
screens the partial widths I';j and dramatically reduces
both the sCK partial width and the sCK/CK branching
ratio (Table IV) in comparison with McGuire® (note, how-
ever, that a large part of this reduction is also connected
with a consistent choice of Auger energy). Since the
sCK/CK and sCK/total branching ratios involve a sum-
mation over term levels, they automatically become in-
sensitive to the term-level dependence of the super-
Coster-Kronig process. On the other hand, there must be
some effects, which we have not investigated, of LS
dependence on the LS-split coupled sCK emission chan-
nels. This would influence the relative intensities of the
term levels within each of the 4f2%(4d-4f%g), 4d4f(4p-
4d4feg), and 4p4d(4s-4pdfeg) final-state configurations.
Furthermore, the virtual sCK process will screen the CK
and Auger processes (intershell interaction), which will
mainly influence the sCK/CK branching ratios some-
what.

In Table IV we present numerical results for the
sCK/CK and sCK/total branching ratios in the case of a
4d core hole. As could be expected, the branching ratios
are very sensitive tests of the different choices of approxi-
mations. However, the present approximations give much
better agreement with experiment than the other theoreti-
cal results. As pointed out by Aksela and Aksela,”® the
contradictory experimental results of Larkins and Luben-
feld' and Matthew et al.?! for the partial decay width ra-
tio of solid Au is possibly due to the difficulties associated
with the background subtraction and the variations of the
spectrometer transmission. Aksela and Aksela?® also
pointed out that a large difference (a factor of 2) in the
partial decay width ratios between the results by Matthew
et al.?! for solid ;3Au and the results by Aksela and Akse-
1a® for vapor gHg probably comes from different
behavior of the spectrometer collection efficiencies in the
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lower kinetic energy range. They conclude that their
spectrometer should give a good intensity ratio for Hg.
As there should not be a large difference in decay ratios
between Au and Hg, we should compare the present
theoretical results for Au with the experimental data for
Hg. Matthew et al.?! studied experimentally the varia-
tion of the 4d —4f5d /4d —4f? decay width ratio with
the number of 5d electrons. For ,,W Rawlings et al.?°
observed that 4d —4f5d transitions are very weak. The
experimental and theoretical results show that ratio in-
creases more sharply than linear in the number of 5d elec-
trons in contrast to the linear variation suggested by a
simple theory along the lines of Allen et al.>

VIII. SUMMARY AND CONCLUDING REMARKS

The purpose of the present work has been to show that
McGuire’s® calculations of lifetime widths for N-shell
holes can relatively easily be corrected by inclusion of po-
larization effects (electron-hole exchange effects) in the fi-
nal state. The resulting 4s, 4p, and 4d core-hole widths
are in fair to good agreement with experiment, leaving no
serious discrepancies to be explained, in the range of ele-
ments from 50Y to ,U.

The calculations are based on the spectral function and
the self-energy for a core hole, calculated within the
RPAE and taking into account the two-hole final-state
ionic potential when calculating one-electron wave func-
tions for the Auger electrons. We are particularly in-
terested in consistent approximations, where the Auger en-
ergy is consistent with the one-electron potential seen by
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the Auger electron. The simplest approximation, which
also gives best agreement with experiment in the 4d case,
is a nonrelativistic frozen-core approximation for both
hole energies and wave functions. This approximation
works well from 70Y up to g,U (for ¢oTh and 4,U in an
average sense). However, in reality, relaxed and relativis-
tic hole energies have to be employed for 4d holes in ¢,Th
and U and for 4s and 4p holes in ;5Yb—g,U. Somewhat
to our surprise, this works fairly well for the linewidths
(and even better for energy shifts) although we use nonre-
lativistic frozen-core one-electron wave functions. We
have, however, calculated too few cases to be able to judge
whether the good agreement for the linewidths of 4s and
4p holes in goHg is systematic or coincidental.

Our investigation shows that it is essential to include
the effects of the localized, final-state double vacancy on
the Auger electron also in the metals. The transition
probabilities are determined in the core region inside the
metallic screening radius and are therefore atomiclike.
Atomic models give a good description of core-hole ener-
gy shifts and widths due to Coster-Kronig and super-
Coster-Kronig processes also for the metals, with some
deviations in critical cases where the atom-to-solid shift
causes a closed decay channel to open up. An example of
this might be the 44 levels in ¢oTh and ,,U.
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