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Spin-polarized density-functional conduction-electron screening calculations for core ioni-
zation and Auger transition for elements Li, Be, Na, Mg, Al, and Ca are performed. The
screening is described by conduction-electron scattering phase shifts obtained from self-
consistent-field ab initio calculations. Both spins are treated separately in order to study the
spin-polarization effects. The core-electron states are resolved by a Hartree-Fock-Slater
method, which makes it possible to apply the same local-density exchange and correlation
approximation to all electrons, including the conduction electrons. X-ray-edge exponents
and x-ray photoelectron (XPS) line singularity indices are extracted from the phase shifts.
Auger line singularity indices are also evaluated. In the case of Na, Mg, and Al metals the
results agree with those of the previous spin-symmetric calculations and experimental
values. The screening of Li and Be is, however, strongly spin-polarized, which both in-
creases the singularity index and decreases the edge exponents. This partly explains the
broad K edge of Li. The spin-polarized method seems to be necessary to describe the pecu-
liar conduction-electron response to the core hole in Ca. The screening in this case is local-
ized in energy, totally spin polarized, and of d-electron type. This should cause very broad
x-ray edges and the most asymmetric XPS and Auger lines. By performing the correspond-
ing free-atom calculations with the same method, the solid-state shifts (extra-atomic relaxa-
tion energies) for the photoelectron energies (binding energies) and Auger electron energies
are obtained. The density-functional results agree better with the experiments than the re-
sults of the excitonic model or excited-atom model, for example. In the case of Ca the shift
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values are exceptionally large due to the localized d-electron screening.

I. INTRODUCTION

The density-functional formalism was introduced
to treat inhomogeneous electron systems by Hohen-
berg, Kohn, and Sham."? They proved that electron
density as a basic variable determines uniquely the
ground-state properties of an interacting electron gas
in an external potential. By including exchange and
correlation via the local-density approximation,” this
formalism provides a simple method for numerical
self-consistent-field (SCF) calculations, even treating
the spins separately.** The density-functional for-
malism has proven its applicability to many electron
systems from metals to free atoms also in numerical
calculations.*~%. It has successfully been used to
describe the electron structure of impurities both in
bulk metals'®~!> and chemisorbed on metal sur-
faces,!> or the electron structure of metal surfaces
and interfaces.'*!> The density-functional method
can be applied also in band-structure calculations.!®
The wide range of applicability of this formalism
makes it possible to compare solid-state, atomic, and
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molecular electronic structures within the same
model.

Consider an atomic—core-electron transition in a
metal atom in the presence of conduction electrons,
as compared to the corresponding free-atom transi-
tion. In the former case there is a conduction-
electron response to the change of the atomic charge
distribution and potential. This is called screening
or extra-atomic relaxation, which is known to affect
both the transition energies and intensities. The
screening is reflected in the partial-wave scattering
phase shifts of the conduction electrons in the ap-
proximation of spherical symmetry. These phase
shifts yield the x-ray transition edge shape and the
photoelectron line asymmetry as described by the
edge exponent and the singularity index relevant to
the spherically symmetric theory of Mahan,
Noziéres, and De Dominicis'”!® (MND). With the
application of density-functional formalism, numeri-
cal spin-symmetric calculations on these subjects
have previously been done.>® The free-atom—metal
shifts or the solid-state shifts of atomic binding en-
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ergies due to the screening have also been estimated
by a number of methods ranging from pure atom-
ic'®? to semiempirical’?! = and density-functional
ab initio calculations.”® The calculations have al-
ready been extended to the case of Auger transi-
tions. % 19:20,22,23

In this paper spin-polarized density-functional
(SDF) self-consistent-field calculations for Li, Be,
Na, Mg, Al, and Ca are presented.?* Ground states
and single- and double-hole states are treated in or-
der to obtain the changes both in the conduction-
electron phase shifts and the total energies for some
transitions. From these, the x-ray-edge exponents,
the singularity indices relevant to the line shape, and
the solid-state shifts are evaluated. In addition, the
Auger line asymmetry is considered in terms of the
singularity index. The effect of the spin polariza-
tion of the screening of excited states is discussed,
especially in the case of metallic Ca.

The ab initio calculation method employed in this
work is essentially the same that was previously
used by Nieminen and Puska for impurity'! and re-
laxation shift¥?® calculations. However, a short
description of the method and calculations is first
given. The spin-polarized extensions of the applied
MND equations are also given.

II. METHOD OF CALCULATION

We perform the SCF-SDF ab initio calculations
in order to find the electron structure of an atom in
jellium and the electron structure of a free atom. A
short description of this method is given here, but
more details are found in Refs. 8 and 11. To
describe the metallic environment of an atom, a jelli-
um model with a spherical vacancy is adopted.'®
This is defined by two parameters: the electron-gas
density parameter r; and the number of valence elec-
trons per atom Z,. The values used in this work are
found in Table I. These two parameters together de-
fine the Wigner-Seitz radius Ryg of the spherical
vacancy in the jellium by Z,r>=R3s. The nucleus
of the element considered is placed at the center of
the vacancy. In the potential thus created there ex-
ist bound- (core-) electron states and scattering-
(conduction-) electron states occupied up to the Fer-
mi level. All of those one-electron states are worked
out self-consistently using the local-density spin-
polarized exchange and correlation potential approx-
imation of Gunnarsson and Lundqvist.* A routine
similar to the Hartree-Fock-Slater subroutine of
Herman and Skillman?® is used to resolve the bound
eigenstates. This allows us to treat spins separately,
i.e., to obtain the spin components of the charge

TABLE 1. Free-electron density parameter r;, number
of valence electrons Z, for the jellium vacancy model
(Ref. 25), and the largest r value R, in the spherical posi-
tion space.

Li Be Na Mg Al Ca

re (au) 325 187 393 266 207 327
Z 1 2 1 2 3 2
Ry (au) 13 9 19 19 20 20

density. For conduction electrons the free-electron
model is basically applied, and the scattering is con-
sidered as a correction to the model.

The lattice structure is not taken into account. As
a correction to the jellium model a spherical average
of the true lattice potential can be included.>!!
However, its effect upon the transition energies has
been found to be negligible® due to the large cancel-
lation from taking the difference of the two total en-
ergies of two separate SCF calculations (ASCF
method). This type of cancellation also reduces oth-
er possible errors arising from the jellium model in
ASCF calculations. A further cancellation is ob-
tained in taking differences of the ASCF values as is
done in the solid-state shift evaluation. For exam-
ple, the core-hole self-energy errors that are not
negligible’ in the transition energies calculated by
density-functional method are hence canceled out.
The density-functional theory is rigorously valid
only for a ground state of each symmetry. However,
as long as the potential of a core hole can be regard-
ed as an external potential, the theory should be
applicable. In any case, there is at least empirical
evidence of this,*~® which can be clearly seen also
from the results of this work.

The numerical computations were performed by
the method of successive iterations until a satisfacto-
ry convergence was achieved. Conventional feed-
back or the damping method was applied to create a
new potential function for a next loop. In the spher-
ical position space the r axis was discretized into a
Herman-Skillman mesh?® consisting of consecutive
blocks of increasing length doubling the mesh size
over the preceding one, each block being divided
into an equal number of subintervals. The total
number of the subintervals varied from 400 to 500
depending on the element, and the length was
chosen to be small compared to that of the charge-
density variations near the nucleus and the wave-
length 7/kr of the conduction-electron charge-
density oscillations (Friedel oscillations) at larger r
values. The largest r value R for each element was
chosen to include totally the core-electron charge
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FIG. 1. Doniach-Sunji¢ line shape from Eq. (4) incor-
porating Lorentzian lifetime broadening of 2y=0.5 eV.
The intensity is normalized to 10 at O eV for each curve,
which demonstrates the shift of the point of maximum in-
tensity. Note also the strong increase of the peak area (or
the decrease of the maximum intensity) with the increase
of the singularity index a.

densities and some Friedel oscillations; see Table I.

In the case of the double-hole state of Al this was
not successful owing to loosely bound and diffuse 3s
orbitals. A slight variation of R, was used to op-
timize the charge neutrality among the different
hole states of each element. In the free-atom com-
putations R, was always sufficiently large to cover
the numerically calculable charge density. The max-
imum number of the angular momentum partial
waves included was ten. The energy space discreti-
zation for the conduction electrons to not more than
100 intervals was nonlinear depending on the struc-
ture of the density of states (DOS). The
NAG FORTRAN library?’ subroutines were employed
for routine duties, such as integrations.

The spherically symmetric solution of the bound-
and continuum-electron states of an embedded metal
atom determines the energy-dependent partial-wave
phase shifts §;(¢) and their derivatives. These enti-
ties, the latter yielding the density of states, describe
directly the conduction-electron-gas response in the
energy space to the potential of the atomic nucleus,
which is considered as an external potential.
Change of this response due to an atomic transition,
e.g., ionization, creates screening around the ion to
preserve the overall charge balance. Mahan,
Noziéres, and De Dominicis!”!® theoretically
predicted the band transition x-ray absorption and
emission edge shape using these phase shifts. With
regard to a structureless recoilless core hole with an
angular momentum quantum number /, they show
that the x-ray transition rate near the threshold ey
asymptotically behaves as

€p “

Ii(e)=A,(€) , (1)
€E—Er
where
28,(er)
a1=—ip——a ’ (2)
T
81(6;‘)

) (3)

a=23(21+1)
1

A;(€) is an ordinary one-body transition amplitude,
and ¢ is a cutoff energy of the order of Fermi ener-
gy €r. The degeneracy coefficients 2 and 2/ +1 in
Eq. (3) come from (symmetric) spins and magnetic
quantum numbers, respectively. The total x-ray
response function is obtained from Eq. (1) by sum-
ming it over / and its degeneracy and using a step
function to describe the edge. Depending on the rel-
ative magnitude of the terms in the difference (2) o;
can be either positive or negative, the first case caus-
ing sharpening and the second case rounding of the
edge. %28

Doniach and Sunji¢ (DS) studied not only the x-
ray-edge shape but also the effect on the kinetic en-
ergy of a core electron ejected from an atom.”’ The
x-ray photoelectron spectroscopy (XPS) transition
produces a fast photoelectron under very different
transition rules. Under these circumstances the first
term in Eq. (2) does not contribute, and the addi-
tional transition rate is determined only by @ in Eq.
(3), the singularity index. DS also gave a closed
form to the XPS line?’:

I'(1—a)cos

_1'r2£ + (1 —a)arctan

I(e)= (@172 1—a72 ’

< |m

(4)

as a convolution of the Lorentzian line with full
width at half maximum (FWHM) of 2y describing
the natural lifetime broadening and the asymmetric
singular energy spectrum €~ ! due to the screening.
The latter can be physically interpreted to be the en-
ergy spectrum of electron-hole excitations near the
Fermi level where the infinite number of infinitely
small excitations are the origin of the singularity.
This gives the name singularity index. The many-
body line shape of Eq. (4) is demonstrated in Fig. 1
for a set of different values of a and using 2y=0.5
eVv.

Because of charge neutrality the total integrated
charge must vanish in a sphere of sufficiently large
radius except for small decaying Friedel oscillations.
In the energy space the charge-balance condition is



28 SPIN-DENSITY CALCULATIONS FOR CORE-ELECTRON PHOTOEMISSION . . . 3185

formulated as the Friedel sum rule*®
z=3
L

where the notation L =(I,m;,m,) for the set of elec-
tronic quantum numbers is used and Z is the posi-
tive charge, the nucleus, to be neutralized. This
form is not restricted by the spin symmetry. In our
calculations no constraints have been imposed on
the Friedel sum. Hence the average deviations of
0.005 for ionizations and 0.02 for Auger transitions
from the exact difference value of 1 describe the
quality of self-consistency and numerical accuracy.
Also, Egs. (2) and (3) can formally be extended to a
spin-polarized form as follows:

8L(€p)

’
T

(5)

28
aLz_L(G_F)__a (6)
™
and
2
8L(€p) 7

m

=

where the meaning of a; should be interpreted in
terms of the LS-coupling scheme,’! to be discussed
later.

According to MND the phase shifts should be
determined from the self-consistently screened hole
potential. In our model, however, the reference state

(free-electron conduction band) does not describe the
initial state before creating the hole since there is
conduction-electron scattering also from the initial-
state atomic potential. Therefore the phase shifts
relevant to the MND model are differences between
the Fermi-level phase shifts for SCF potentials with
and without the core hole in our case, as has been
shown also in the Appendix of Ref. 5. These ASCF
quantities are called transition phase shifts. Accord-
ing to the Friedel sum rule (5) the transition phase
shifts clearly describe the screening due to the hole
potential, whereas the phase shifts calculated from
the difference potential, i.e., the ASCF hole poten-
tial, do not necessarily obey the sum rule without
some additional constraints. It should be em-
phasized that in our model the only parameters are
those given in Table 1. Similarly, we may assume
the relevant phase shifts for describing the
conduction-electron response to the Auger transition
to be the differences of the final- and initial-state
phase shifts, the transition phase shifts. In the
Auger transition as in the XPS transition a fast elec-
tron is ejected, and the conduction-band electrons
are not explicitly involved, either. According to this
analog the theory and the equations given above can
be extended to include also the Auger line shape.
The solid-state shift or the screening energy (also
called extra-atomic relaxation energy) is the change
in the binding energy (photoelectron energy) or the

TABLE II. Singularity indices a calculated by the SDF method compared with other cal-
culations (Refs. 5, 6, 38, and 40) and experimental values (Refs. 33—35). The spin-symmetric
(-averaged) SDF values do not deviate from the spin-polarized ones and are not tabulated here
(see text). The experimental errors are given in parenthesis.

a
Core hole Na Mg Al Reference
This work
1s 0.168 0.130 0.120
2s 0.158 0.114 0.098 SDF
2p 0.157 0.115 0.099
Calculated
2p 0.20 0.13 Almbladh et al. (Ref. 5)
2p 0.32* 0.12 0.10 Bryant et al. (Ref. 6)
0.21 0.13 0.11 Minnhagen (Ref. 38).
Experimental
Average 0.19(1) 0.12(1) 0.10(1) Steiner et al. (Ref. 33)
1s 0.21(2) 0.15(2)
2s 0.205(15) 0.130(15) 0.12(2) Citrin et al. (Ref. 34)
2p 0.198(15) 0.126(15) 0.118(15)
2s 0.132(12) 0.161(8) Ley et al. (Ref. 35)

2From Ref. 40.
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TABLE III. Threshold exponents a; by the SDF method and the corresponding spin-symmetric (ss) values (see text).
Comparison with other calculated (Refs. 5, 6, 37, 39, 40, and 44) and experimental (Refs. 32 and 36) values. Because of the

core-hole independence, only averages are given.

Na Mg Al
ap a; a, a a; a ag a, a, Reference
This work
0.28 0.01 —0.16 0.17 0.09 —0.11 0.11 0.11 —0.09 SDF
0.30 0.03 —0.16 0.18 0.10 —0.11 0.12 0.12 —0.09 SDF (ss)
Calculated

0.38 —0.05 —0.20 0.06 0.14 —0.12 Almbladh
et al.
(Ref. 5)

0.47° —0.26° —0.312 0.19 0.10 0.13 0.12 Bryant
et al.
(Ref. 6)

0.34 —0.02 —0.12 0.25 0.06 —0.07 0.24 0.05 —0.05 Mahan
(Ref. 37)

0.41 —0.11 —0.18 Longe
(Ref. 44)

0.42 —0.13 —0.20 Ausman
et al.
(Ref. 39)

Experimental

0.26(4) 0.18(4) 0.15(4) Dow et al.
(Ref. 36)

0.37 —0.07 0.22 0.10 0.16 0.10 Wertheim
et al.
(Ref. 32)

*From Ref. 40.

Auger electron kinetic energy due to the surround-
ings of an atom in solid phase. Now, in addition to
the metallic phase calculations, similar free-atom
calculations are needed for reference. The free-atom
calculations performed in this work are a limiting
case of the above-described jellium calculations in
the sense that r; grows to infinity and the bandwidth
goes to zero. The perfect screening process in the
energy space requires one electron to be added to the
Fermi level per core hole in metal. It means that the
calculated kinetic energy of an ejected electron is
referenced to the Fermi level. This is the case also
in most of the experimental measurements. The
Fermi level lies below the vacuum level by a work
function @, which must be obtained experimentally.
The natural reference level of the atomic-electron
emission is the vacuum level, also due to the limit-
ing process discussed above. If the binding-energy
shift is given in the form of the kinetic energy shift
of a photoelectron AExps, the solid-state shifts are

AEXPS =Eg —E;; —<D
and ®)
AE,=E5—ES—®

where subscripts A and B refer to the Auger electron
energy and binding energy, respectively, and super-
scripts @ and s to the free atom and solid state.
These shifts so defined are both normally positive,
the binding-energy shift AEg being the negative of
AExps.

There are two possible spin combinations for each
double-hole state and possibly a larger number of
spin-hole configurations for free atoms due to the
presence of an open valence shell. The quantum
numbers of the core electrons (or holes) may be as-
signed to those of the LS coupling. Hence the use-
ful concept of the configurational average’' is
adopted. In order to find the configurational aver-
age for a hole configuration, calculations for all pos-
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TABLE IV. Singularity indices a and the threshold exponents a; for Li and Be by the SDF method compared to the
other calculated (Refs. 5, 6, 37—39, and 43—45) and experimental (Refs. 33—36) values.

Li
a Qo ag ay

Be

ao a; a, Reference

This work

0.181 0.06 —0.06 —0.20
0.154 0.20 0.09 -0.17

0.04 0.06 —0.13 SDF
0.10 0.13 —0.12 SDF (ss)

Calculated

0.16 0.27 0.05 -0.17

0.16 0.23 0.08

0.42 —0.13 —0.21

0.24

0.159 —0.16 0.04 —0.14

0.39 —0.08 —0.16

0.41 —0.10 —0.18

Almbladh

et al.

(Ref. 5)

Bryant et al.

(Ref. 6)

Mahan

(Ref. 37)

Minnhagen

(Ref. 38)

Girvin et al.

(Ref. 43)
0.33 —0.02 —0.09 Longe

(Ref. 44)

Ausman

et al.

(Ref. 39)

0.09 0.25 0.05 —0.05 Leiro

(Ref. 45)

Experimental

0.05(1)

0.23(2)

0.18(3)

—-03

Steiner

et al.

(Ref. 33)
Citrin et al.
(Ref. 34)
Ley et al.
(Ref. 35)
Dow et al.
(Ref. 36)

sible spin combinations were carried out. Hereafter,
unless otherwise mentioned, the evaluated quantities
refer to the configurational average of the possible
spin combinations. A further consideration of the
energy differences between the different spin config-
urations would give some information on the multi-
plet structure.” Thus there exists a possibility for
studying the change of this structure in going from
free atoms to the metal phase.

III. RESULTS

From the experimental data the singularity in-
dices and edge exponents may be extracted by

several methods,*? the most reliable being the fitting
of the whole measured spectrum.’®»3* A method
where an asymmetry index is determined from the
relation of the line position to its halfwidth is also
used, in connection with its analytical dependence
on the singularity index.?

The Na, Mg, and Al metals have previously been
studied both theoretically and experimental-
ly,5’6'32‘4° and in this work they are considered as
examples of spin-symmetric screening as compared
to Li, Be, and Ca. The singularity indices a for the
XPS lines of these metals calculated in this work are
given in Table II for each core ionization separately.
A comparison with some experimental and previous-
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FIG. 2. Change in local density of states (ADOS) for
metal atoms Mg, Li, and Ca due to the core hole (1), solid
curve. The dashed lines describe the spin components of
the ADOS or the screening. Note the different scaling in
the case of Ca. The integrated area of each solid curve is
1.

ly calculated results is also made. The ionization
phase shifts relevant to our values are tabulated in
the Appendix. The agreement among all of these
numbers in Table II is fairly good, though less satis-
factory in the case of Na. The spurious singularity
index 0.54 for the Na2p hole in Ref. 6 probably ar-
ises from the s resonance formation.*’ It is therefore
replaced in Table II by a value from Ref. 40. Ac-
cording to our results the double-hole states of Na
and Mg bind 3s? electrons. However, adding these
to the final-state s-wave phases, each by the amount
of 7, we obtain the well-behaved transition phase
shifts in the Appendix and, furthermore, the report-
ed singularity indices for Auger lines. The generally
accepted independence of the core level within the
experimental errors is seen in the indices from Ref.
34. The numerical uncertainty in our calculated
numbers could be estimated from the deviations in
the Friedel sum of the transition phase shifts, but
the core-hole self-energy errors and other core-
level-dependent errors of our model are still un-
known. Ignoring all this, our values seem to predict
slightly more asymmetric photoelectron lines for the
deep 1s hole than those for the L-shell holes. In or-
der to compare the effect of the spin polarization
the spin-symmetric estimations (ss) for the singulari-
ty indices were evaluated from the spin-averaged
phase shifts ;= %(8,, +8;,), but no deviations from

{(r)r? (a.u.)

FIG. 3. Total change in radial charge density (Anr?
including bound states for metal atoms Mg, Li, and Ca
due to the core hole (1), solid curve. Thus the integrated
area of each solid curve is 0. The dashed lines describe
the spin components of the screening only and for these,
47 times the integrated area (1+ 1) is 1.

the spin-polarized values were found. As concluded
from Eq. (7), the spin-symmetric value of a can gen-
erally be regarded as a lower limit for the corre-
sponding spin-polarized value of a. In Table III the
threshold exponents for the same elements and the
same calculations are listed. The values for Na
from Ref. 6 are again replaced by those from Ref.
40. According to our result the core-hole depen-
dence is even weaker than that for singularity in-
dices, and therefore only averages are given. The
spin-symmetric values are given for comparison.
General agreement between theory and experiment
exists also in this case.

The shape of the Li K edge has previously been
extensively discussed because of the discrepancy be-
tween theoretical and experimental results. The
rounded edge shape from measurements**3¢ predicts
a large and negative a;. Such effects as large life-
time broadening, phonon broadening, or the shape
of density of states near €y are suggested to explain
this discrepancy.’>*142 Although Li metal may be a
special case with a large phonon broadening of the
x-ray edge,*! according to the calculations of Alm-
bladh*? similar effects should be present in Na and
K metals. There seems to be, however, a difference
between the screening of the core holes of Li and
Na. Girvin and Hopfield suggested first that the
spin of the screening charge may play an important



28 SPIN-DENSITY CALCULATIONS FOR CORE-ELECTRON PHOTOEMISSION . . . 3189

TABLE V. Singularity indices a and the threshold ex-
ponents a; for Ca by the SDF method.

Core Ca
hole a Qo a a; as Method

2 0.343 —043 —-043 —-038 —0.35 SDF
P 0.146 —0.17 —-0.19 0.09 —0.15 SDF (ss)

3 0355 —0.44 —-045 —043 —-0.36 SDF
P 0.126 —0.13 —0.15 0.10 —0.13 SDF (ss)

role in these many-body effects.*3> This assumption

is verified by our calculations: The s and p screen-
ings are twice as large for the core-hole opposite
spin compared to those of the core-hole parallel spin
as seen from the phase shifts of Li given in the Ap-
pendix; see also Figs. 2 and 3. Almost equally
strong spin polarization is found for the Be 1s hole
screening. Girvin and Hopfield found an appreci-
able growth of the Li singularity index a due to the
exchange effects, though their value is not compati-
ble with the experiments; see Table IV. In our
method the origin of the increasing spin polarization
of the screening lies in the exchange and correlation
interaction in local-density form, formulated by
Gunnarsson and Lundqvist.* Our results are also
consistent with those in Ref. 24.

The SDF calculated values of a agree extremely
well with the experimental value for Li of Ley et
al.,’® but for Be the agreement is not satisfactory.
However, in both cases the theoretical values of
Minnhagen are in agreement with ours. Our spin-
averaged phase shifts yield singularity indices very
similar to those of other density-functional values.>$
The spin-symmetric values for the threshold ex-
ponents differ markedly from the SDF values that
yield a negative a;=—0.06. Other theoretical
methods that also give a negative a, differ remark-
ably in the value of a, which is, however, not
measurable. This reflects a strict difference in the
origin of the negative sign of a;. The negative a; of
Mahan,’” Lange,* or Ausman et al.’’ arises from
the large s screening (ay~0.4) rather than spin-
polarized screening. Girvin and Hopfield*} argue
both ay and a, to be close to zero, and this is satis-
fied only by the SDF values. The small number of
experimental results restricts the full comparison of
our values for Be. However, a conclusion of poor
agreement can be drawn. In any case, spin-polarized
calculations with core levels included can strongly
be recommended for favorable interpretation of ex-
periments. For example, the calculations of Leiro®
using the difference of pseudopotentials again seem
to overestimate the s screening, yielding a large a.

Examples of the conduction-electron screening in
energy space and in position space are shown in
Figs. 2 and 3, respectively. In each case the spin
components are shown separately to demonstrate the
polarization effects. In Fig. 2 the s- and p-electron
contributions for Mg and Li are not shown, but they
are very much alike. The s contribution forms the
cusp at lower energies, and the p contribution makes
the hump closer to the Fermi level. In the case of
Ca the screening is very localized and totally of d,
type, as seen from the Appendix and as discussed
later. Note the different scaling for the ADOS of
Ca. In Fig. 3 the total change in radial charge den-
sity includes also the bound-electron states. Hence
the created core hole and the atomic relaxation of
other bound orbitals are clearly seen. Again, the
shape of the Ca core hole (1) screening is seen to be
different from those of Mg and Li, exhibiting forms
of the diffuse atomic 3d, orbital. This supports the
idea of localization in the energy space seen in Fig.
2. It also causes the damping of the Friedel oscilla-
tions, which are seen for Mg and Li in the region
displayed.

The totally spin-polarized screening of Ca in-
creases the singularity index to more than double the
spin-symmetric one, see Table V. Hence the predic-
tions for extremely asymmetric XPS lines and broad
x-ray edges can be made. There exist no published
experimental data yet to verify these predictions, but
these peculiarities will be discussed to a larger extent
in a forthcoming paper*® where the corresponding
experimental results will be published.

To treat Auger transitions the double-hole final
states were computed both with spins opposite and
spins parallel. The double-hole states of Na, Mg,
and Al have a bound 3s? state in our jellium vacan-
cy model. The eigenvalue of this level is of the or-
der 0.6, 0.2, and 0.1 eV or less for Na, Mg, and Al,
respectively. The radial charge distribution for
these states is very diffuse, making the calculations
elaborate. Sufficient convergence in the case of Al
was not achieved, and hence the results are not re-
ported. By applying Eq. (7) to evaluate the Auger
line singularity indices, the values in Table VI are
obtained. For comparison, both double-hole final-
state spin components are also given. The configu-
rational average®' is evaluated as described in Sec.
II. This shows again the strong polarization of the
additional screening of the Auger transition in Ca.
The Auger spectrum of Ca, consisting of several
very asymmetric lines close to each other, should
have a strongly increasing intensity from higher to
lower energies. In fact, this is experimentally veri-
fied.® The Na, Mg, or Ca Auger line shape should
be quite similar to that of the XPS line, as seen by
comparing Tables II, V, and VI.
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TABLE VI. Auger line singularity indices a by the SDF method for Na, Mg, and Ca.

a
Na(KL2,3L2,3) Mg(KL 2,3L 2,3) Ca(L 2,3M2,3M2'3)
14 final state 0.135 0.107 0.310
11 final state 0.142 0.106 0.398
Configurational
average 0.138 0.106 0.345
ss average 0.134 0.105 0.116

The binding and Auger transition energies were
evaluated as explained in Sec. II using configura-
tional averages. The solid-state shifts were then
evaluated from Eqs. (8) and (9); see Table VIIL
These types of calculations are discussed by Niemi-
nen and Puska® in detail, and a critical comparison
to the experimental data is also made; thus we do
not go through it in this paper. In general, the
agreement is found to be better when compared to
the other calculation methods cited in Ref. 8. How-
ever, owing to the atomiclike 3d screening of the Ca
core hole(s), the excited-atom model?® should be also
valid. This is verified by our SDF free-atom and
our Hartree-Fock calculations*’ that yield solid-state
shifts 10.6 and 8.8 eV for the 2p photoelectron ener-
gy and 24.5 and 18.1 eV for the LMM Auger transi-
tion energy, respectively. Compared to the SDF jel-
lium results of Table VII the spin-polarized method
seems to overestimate the relaxation effect, whereas
the spin-symmetric Hartree-Fock method gives
values that are too low.

Let us further consider the two possible double p-
hole final states of the Auger transition. The energy
difference of these spin-hole states was earlier as-

signed to the multiplet splitting of the Auger spec-
tra. Hence the change in this energy splitting may
describe the change in the multiplet splitting in go-
ing from the free atom to solid state. In the case of
Na and Mg the change is less than 10%, also experi-
mentally verified for Mg (Ref. 49), but in the case of
Ca the calculated energy splitting in the solid state is
more than twice the splitting in the free atom. A
possible reason is the strong overlap of 3p holes and
spin-polarized d screening. This is further discussed
in light of experimental results.*

IV. SUMMARY AND CONCLUSIONS

We have presented SDF SCF ab initio calcula-
tions for metal and free atoms. From the metal re-
sults the photoemission and Auger electron line
shapes and x-ray-edge shapes were obtained in terms
of singularity index and edge exponent. The spin
polarization of the screening was especially studied.
Using the free-atom results as a reference the solid-
state shifts relevant to photoemission and Auger
transitions were further obtained.

TABLE VII. Solid-state shifts for the photoelectron (or binding) energies AExps and the
Auger electron energies AE, by the SDF method compared to the experimental values from
Ref. 22. The work function values ® (Ref. 48) used in Eqs. (8) and (9). All values are in eV.

Transition Li Be Na Mg Al Ca
AExps ls 6.96 8.00 5.42 5.11 6.15
2s 5.27 4.77 5.71
2» 525 480 574 942 ( SDF
3p 7.99
Is 4.9 4.9 6.3 expt.
AE, KLy;L, 1518 1561  16.8° SDF
L;3M;3M, 3 19.87
KL2’3L2’3 14.3 15.0 16.9 CXpt.
] 2.93 4.98 2.36 3.66 4.28 2.87 expt.

2From Ref. 8.
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TABLE VIII. Some values of the transition phase shifts and the corresponding deviations AF of the Friedel sum from
its exact-value one. The spin-hole occupation is indicated by a negative superscript. g.s. denotes ground states.

&% & 8  AF &% & &  AF &% & &  AF
Element Spin gs.—1s;! Is7'=2p7pr! Is7'52p;?
L1 03 020 o0y + 0003
W] omTe L, ,
o SmoRIM L, e omm g, ononoon
Mg | Gis oas og0 0% 031 os0 002 °%' 03 om oop 00
AL 0% om oo 008
S & 8 5 AF &% & 8, 8  AF
gs.—2p; " gs.—3p;!
T T PO T B I
27 —3p7pi! 2p7 ' —3p;?
ca ! —006-010-010 —001 o . 007 004 086 —000

{ 0.15 005 0.77 —-0.01

—-0.25 —-0.12 —-0.17  0.01

The screening response of the conduction elec-
trons to the core hole(s) in Na, Mg, or Al was found
to be spin-symmetric, supporting previous results
also in good agreement with experimental results.
However, the slight core-level dependence of the
singularity index can be predicted though not exper-
imentally confirmed due to the experimental uncer-
tainty. The screening of the 1s core hole of Li or Be
is strongly spin-polarized, resulting in both an in-
crease of the singularity index and a decrease of the
edge exponents. This yields negative a; for the K
edge of Li, which is also experimentally observable,
whereas previously calculated negative values for Li
a, arise from the overestimated s-screening contri-
bution rather than the spin polarization of the
screening.

The screening of the 2p or 3p core hole in Ca is
localized in energy, totally spin-polarized, and very
similar to the atomic 3d orbital in shape. This
causes an anomalously large positive singularity in-
dex and negative threshold exponents. The lack of
experimental data for Ca at this time prevents the
verification of our predictions. For each element
considered, the Auger line shape should be similar
to the core-level photoelectron line shape.

The solid-state shifts for the transitions con-
sidered were also evaluated. Agreement with the ex-

perimental results is found to be good.! The shift
values are considerable for Li and Be, and for Ca
they are exceptionally large. The latter is explained
by the atomiclike localization of the screening
charge. This was verified also by the excited-atom
calculations.

As a final conclusion, a spin-polarized method
can be strongly recommended for the conduction-
electron screening calculations for a core hole in Li
or Be, and for a core hole in Ca it seems to be neces-

sary.
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APPENDIX

We present values of ionization phase shifts
relevant to our values in Table VIII.
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