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Abstract. The Al K-edge Xas (x-ray absorption spectroscopy) and Bis (Brehmsstrahlung
isochromat spectroscopy) spectra are calculated over the energy region Er — (Ef +
70 eV). These spectra are compared with experimental spectra and on the basis of this
a discussion of the self-energy corrections is given. The results show that the self-energy
corrections, which were obtained by a Gw calculation (results are from Horsch and von
der Linden), reproduce the experimental peak positions accurately. The same is true for
the linewidths above the plasmon energy. To complement the information on linewidths
above the plasmon energy with results at lower energies we performed model calculations
based on a statistical method. In Al K Xas the core hole effect needs to be included in a
calculation of the self-energy corrections, and this is treated on the basis of free electron
gas results. There is evidence that the core hole effect and the self-energy corrections
cannot be ireated independently and additively.

1. Introduction

It has been recognized for over twenty years that a single-particle DOS calculation
cannot, strictly speaking, be used to directly predict the spectra of experiments, such
as photo-emission (ps), inverse photo-emission or bremsstrahlung isochromat spec-
troscopy (BIS) and x-ray absorption spectroscopy (Xas). This is because the eigenen-
ergies present in the density of states (DOS) are not excitation energies [1,2]. For
systems where the atomic correlations do not dominate completely one can speak
of a quasi-particle density of states which represent real excitations of the system
and differ from the independent particle DOS by an energy-dependent self-energy.
Cariously, although the free-electron systems like Al, Mg and the alkaline metals are
amongst the best understood, from a theoretical point of view [3-7] the properties
of the self-energies of the unoccupied states relevant to BIS and XAS have been less
studied experimentally than in the transition metals, rare earths and compound sys-
tems [8-10]. In this paper we undertake such a study, comparing in detail BiS and
K XAs spectra with high quality independent-particie DOS calculations. Our aim is to
try to quantify the self-energy effects. Unfortunately such comparison is not sensible
unless we take account of the transition matrix element variations in both BIS and
Xas. We first give a description of the experimental details in section 2, followed by
a theoretical section, section 3, in which the simulation of the BIS and XAsS spectra
is outlined. The results will be presented in section 4 and discussed in section 5.
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Our main conclusions will be that (i) in BIs the plasmon pole model gives a good
description of the experimental self-energy corrections, although below the plasmon
frequency the model fails because here electron-hole excitations appear to be im-
portant and (ii) in K Xas the concept of a system having an extra valence electron
and a static core hole potential, for which the self-energy corrections and core hole
interaction can be treated independently and additively, is not satisfactory for the
case of aluminium.

2. Experimental details

The K xASs spectra of Al were recorded in total photon yield mode using a double crys-
tal monochromotor fitted with quartz single crystals at the BESSY synchrotron. The
experimental resolution is of the order of 0.4 eV full width half maximum (FWHM).
For both Xas and BIS studies the Al surfaces were prepared by scraping in UHV {(ap-
proximately 10~'° Torr). The BIS spectra, taken from [11], were recorded using an
xpS monochromator tuned to the photon energy of the Al Ka line (1486.7 V) and
an electron beam from a cylindrical Pierce gun. Using XPS results the samples were
clean (<0.2 monolayers of oxygen) and for long measurements we also checked care-
fully the region near E to ensure that no change with time occurred. The plasmon
contribution was subtracted, as described in [11]. For BIS the experimental resolution
is of the order of 0.7 eV FWHM Gaussian. An additional 0.2 eV FWHM Lorentzian
broadening gives better agreement with the tail of the step at Ef.

3. Theory

In this study we aim to test our ideas on the importance of different contributions
to BIS and K xAs spectra. We are especially interested in the seif-energy corrcctions,
which relate the LDA DOS to the quasi-particle excitation spectrum. The idea for BIS
is the simulation of a BIS spectrum by combining a number of contributions, such as
the LDA DOS, the matrix elements for all angular momentum quantum numbers ({ =
0, 1, 2, 3) and the self-energy corrections. It must be emphasized that the energy
loss of the electron in its high-energy state is not being considered here, because
the experimental spectrum has been treated to remove the plasmon losses [11], using
the experimentally determined loss function from Al Xps. For Al K XAs a similar
procedure will be adopted, now using the p-symmetry projected DOS and matrix
elements, but the problem here is how to include the core hole effects. As a starting
point we assume that the final state of K Xas is similar to that of BIs, except for the
presence of the core hole, and that the self-energy corrections {from BIS) and the
core hole effect can be treated independently. To put it in other words: we assume
that the quasi-particles in K XAS experience a core hole potential, but the quasi-
particle itself and the interaction between the quasi-particles is not changed by this
potential. In the following subsections the calculations of bandstructure, transition
matrix elements, sclf-energy corrections and the core hole effect are discussed and
the procedure used to combine them is considered.
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3.1. The DoOS calculations

The DOS was calculated by Zeller [12], using the KKR Green function method [13, 14}
and the self-consistent potentials of Moruzzi et a/ (Korringa, Kohn and Rostoker)
{15,16] for this purpose. The angular momenta are truncated at {_ . = 4. The
Brillouin-zone integrations were performed by the tetrahedron integration method
[17,18] with 6144 tetrahedrons in the irreducible zone. In these calculations the DOS
was calculated up to 68 eV,

3.2, The transition matrix elements

Briefly for Bis we use the formalism of Winter ef o/ [19,20] for transition cross
sections, which is based on neglecting multiple scattering for the high-energy electron
(1.5 keV). This neglect of multiple scattering leads to a localized description of the
transition, the so-called ‘single-site approximation’. For BIS the overlap integral is
calculated between the radial wavefunctions of the incoming electron and the final
state at any given energy and angular quantum number ! above the Fermi level. The
radial wavefunctions are calculated within the muffin-tin potential of Al for a single
site, thus making use of the single-site approximation. For K XAs the procedure
is very similar, but now the overlap integral is between the radial parts of the 1s
wavefunction and the unoccupied p (I = 1) states.

Al K-XAS

MATRIX ELEMENTS

-0 Ep 0 20 30 40 5¢ 60 70
ENERGY [eV)

Figure 1. Upper panel: XPsBIS matrix elements as a function of energy above the Fermi
levet for different orbital quantum numbers. The matrix elements for { = 0, { = 1 and {
= 2 are very large compared with those of higher orbital quantum numbers, so the latter
matrix elements are actually too small to be presented on this scale (the intensities are
given in arbitrary units). Lower panel: K XAS matrix ¢lements as a function of energy
above the Fermi level (the intensities are given in arbitrary units).

The calculated energy dependence of the matrix elements is shown in figure 1 for
BIS (upper panel) and K XAs (lower panel). The BIS matrix elements are calculated
by Sipr et al {21,22). In the case of BIS the matrix elements depend on the angle
between incident electrons and outgoing photons. Although this angle is not usually
very well defined, because of the inhomogeneous ¢lectric field near the sample, it is
still important to consider the angular dependence. Comparison of results from [23],
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taking this angular dependence into account, with orientationally averaged matrix el-
ements show that the relative orientation of incident electron and outgoing photons
is very important for expiaining matrix element effects in, for instance, transition met-
als. However for aluminium the angular-dependent matrix elements agree very well
with the orientationally averaged ones for angles corresponding to the experimental
situation.

Returning to figure 1, we see that the important region of these plots is that above
the Fermi level and in both cases we note that the matrix elements are increased by
a factor of about two between Ep and Ep + 20 eV, Above this energy interval the
matrix elements have a nearly constant value. In the case of BIS states of several
symmetries contribute to the spectrum but figure 1 shows that only s and p states
are important. The matrix elements corresponding to the { = 0 states are larger
than those for { = 1 and are also much larger than those for ! = 2. Speier et al
[20] attributed this to the shift in (r) to the outer region of the atom, when going
to larger I quantum numbers. In these regions the value for the gradicnt of the
muffin-tin potential (the electric ficld), which slows down the fast electron classicaily,
is smaller and from this it is clear that the potential is more effective for orbitals with
lower (r), giving rise to larger transition probabilities for lower {.

3.3. Calculated self-energy corrections

In this study we make a comparison between experimental and various theoretical
scif-energy corrections in order to see the relative importance of electron-hole and
plasmon excitations to the excitation spectra. For BIS we use the results from two
different methods in treating the self-energy corrections for the unoccupied states in
aluminium.

The first one is due to Horsch and von der Linden [24,25]. In their approach
the corrections to the quasi-particle energies are calculated self-consistently using the
Gw approximation, ie. neglecting vertex corrections in the expansion of the self-
energy operator. For the evaluation of the Green function (G) and the screened
interaction (W), band structure results are used, so the effect of crystal structure has
been taken into account explicitly. The main approximation in Horsch and von der
Linden’s approach is the generalized plasmon pole model for the dielectric function
in W, This approximation can be tested conveniently by comparing simulated and
experimental BIS spectra below and above the plasmon energy.

Another method of calenlating self-energy corrections, now considering the imag-
inary part only, is by means of a statistical model, using a model dielectric function
[26,27]. For the case of the homogeneous electron gas, the imaginary part of the
self-cnergy correction A for an electron with momentum k is given by Quinn [28):

rsk% . (k2-kg)/2 dg 1__._
Im{A(k)},, = Frak Jo d(hw) /_q_ Im(en(qs w))

where ¢ is the wavevector (g) and the frequency (w) dependent dielectric function
for the homogeneous electron gas with electron density parameter r..
Here

ry(r) = [3/4rn(r)]/%a5

and n(r) is the electron density. For a non-homogeneous electron-gas system, such
as aluminium, the imaginary part can be approximated by a method developed by
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Lindhard and co-workers [29]. In this method the dielectric response of a real
system is considered for a small-volume element to be equal to the response of the
homogeneous electron gas with the appropriate density and then the imaginary part
of the self-energy corrections takes the following form

dér

AR} = [ S5 miam),

where the region of integration is the Wigner-Seitz unit cell of volume £2. We have
evaluated this expression for Al, using the spherically averaged electron density from
Ritchie er ol [26].

SELF - ENERGY CORRECTIONS

alav)
~ ~ o

=]

Er © 20 30 40 50 60 70
ENERGY (eV}
Figure 2. Energy dependence of the real and imaginary parts of the seif-energy correc-
tions, The energy on the z-axis is given with respect to the Fermi energy. (a) Results of

P Horsch and W von der Linden {24], (b} statistical model calculations, (¢) experimental
data—@: [30], A: [31].

Figure 2 shows the real and imaginary parts of the self-energy corrections. Our
results, which are evaluated by means of the statistical method described above,
are included in the figure. Considering the real part of the seif-energy corrections,
we note that this quantity is almost zero up to the plasmon energy, after which it
slowly increases. This is normally attributed to the decoupling of the electron from its
exchange correlation hole. Turning to the imaginary part of the self-energy corrections
Horsch’s calcunlation shows for this quantity a zero value up to the plasmon energy
after which it increases rapidly over a range of approximately 5-10 eV and then it
increases much more siowly. In this case the increase in Im(A) and thus the lifetime
broadening of the final state results from the creation of plasmons with concomitant
loss of energy. This process cannot occur below the plasmon energy and therefore
the imaginary part is zero in this energy region. Our approximate treatment of the
imaginary part of the self-energy within the statistical model is in good agreement
with the results from Horsch and von der Linden for energies above the plasmon
frequency. Also these data agree very well with experimental values for electron
mean free paths in aluminium [30,31). Even for energies below the plasmon energy,
where the effects of exchange and correlation become important and which are not
taken into account completely within the Lindhard dielectric function [32], the results
are satisfactory when compared with experimental data. These arc also included in
figure 2. There are however a few drawbacks connected with this statistical model,
such as the lack of self-consistency, and the fact that the Born approximation is not
strictly valid for low crystal momenta k.
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The real and imaginary parts of the self-energy corrections, which relate the
LDA bandstructure to the quasi-particle bandstructure are introduced by means of a
convolution [8}: ’

N(E) = f NipaleVA(E, E) dé
where
A(¢,E) = (1/®)ImA(<, E)/{[(E-¢)-Re a(¢, B)]'+[Im A(¢, E)]*}.

Here Nyp, is the LDA DOS. Re A(¢’, E) and ImA(€’, E) are respectively the real
and imaginary paris of the self-energy corrections. It must be emphasized that we
did not use the full E-dependence of the corrections in the convolution procedure,
because in the experimenta] spectrum (which is the spectrum we refer to} all intrinsic
and extrinsic plasmon losses have already been removed by Hoekstra et af [11]. The
corrections are introduced by convoluting the DOS with a Lorentzian. The real part
of A(e', E) positions the Lorentzian with respect to the E energy zero and the
imaginary part of A(e’, E) determines the peak width of the Lorentzian. For the
case of K XAs an additional contribution to the line broadening is due to the finite
lifetime of the core hole. This broadening is 0.42 eV FWHM Lorentzian for Al 1s [2].

3.4. Core hole effect

For a correct description of K XAS spectra it is important to take the creation of
the core hole into account. In principle the creation of the core hole is a dynamic
perturbation to the system, which should be treated by applying the Fermi golden rule
to the many-electron system, including the ground state and excited states IV particle
wavefunctions. A more simple approach, in which the K Xas spectrum is discussed
in terms of a single-particle density of states of the final state, has been used in our
study. Here the core hole is treated adiabatically, ie. the electrons have already
relaxed to the presence of the core hole potential. Dynamic effects, such as the MND
(Mahan-Nozi¢res—-De Dominicis) edge singularity [33-35], are not considered.

In order to obtain the final-state DOS for aluminium, we make use of the results
for a free electron gas system. The spirit of the method is to perturb the free electron
DOs by an effective core hole potential and apply the changes in the DOS in order
to rescale the aluminium DoS. We treat the core hole as a spherically symmetric
square well embedded in a zero-potential environment. The Green function for the
‘separate’ systems is known and the Green function for the composite system can be
expressed in terms of these known Green functions [36]. The form the expression
takes depends on the spatial coordinates in the Green function. The radii r,, and
r are both smaller than the muffin-tin radius r, and r. < r,,.

G}(T‘>,T‘<,E) = Gw(f'),'f‘(,E) + DG?O(T:,,T‘,E)G%(T‘,T‘(,E)
where G4} and Gﬁ, are the free-electron Green functions of respectively the zero-
potential and the square-well region. The ! denotes the orbital quantum numbers.

For r, larger and r_ smaller than the muffin-tin radius we have the expression

Gy(ry, 7, E) = EGH(ry 1, EYGB (7, E)
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where v, < r; < r,. The coefficients D and E are obtained by requiring that
the Green functions and their derivatives should be continuous at the square-well
radius. From this the total Green function and density of states can be constructed
for the composite system. The only free parameter in the effective core hole potential
is the square-well depth (the square-well radius is fixed at the value of the muffin-
tin radius). This parameter can be found by using the requirement that the total
screening charge is unity for ideal metals. The connection between total screening
charge and well depth is made by using the Friedel sum rule

= %i(zz +1)é8,(Eg)

in which the phase-shift values are functions of the square-well depth [37]. This
method has been extrapolated to the case of aluminium, by replacing the Green
function for the zero-potential region by the aluminium Green function. This gives
similar expressions for the total Green function of the composite system, though the
energy dependence of the coefficients I and E is changed. An approximate way
of treating this energy dependence is by scaling the unperturbed Al Green function
directly

G (o E) = {NIFEGweu(E)/NIFEG( E)] G (ry,r¢, E).

Although the approximation proves to be a good one for the Al DoS, care still has
to be taken when interpreting the final result. Replacement of the scaling by some
approximate quotient changes the Green function into a function that does not obey
the Green function requirements exactly. For nearly free electron systems, such as the
simple metals, the approximation is believed to be satisfactory because the screening
of the core hole is approximately similar to that in the free electron gas. In the limit
of a free electron gas the applied scaling is exact.

4. Results and interpretation

4.1. Al Bis

In the last section we discussed how to construct a spectrum (K XAs or BIS) by com-
bining different contributions, from DOS, matrix elements and self-energy corrections.
We illustrated these different steps in figure 3 for the case of BiS.

Figure 3(a) contains the total DOS and the experimental Al BIS spectrum. The total
DOs has been broadened to account for the experimental resolution, and additionally
a Lorentzian of 0.12(E — E¢) eV has been taken into account for the lifetime of
the excited electron. This latter contribution is purely empirical and will be analysed
below in more detail, but some broadening must be applied here to allow any sensible
comparison. The major discrepancies between the experimental and ‘theoretical’
spectra in figure 3(a) are the shape between Ey and Ep + 25 eV, with a strong
peak in the theory at =~ 22 eV and shifts of the peak energies, e.g. at ~ 39 eV
(experimental) and ~ 35 eV (theory) or ~ 55 eV (experimental) and ~ 50 eV

(theory).
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Some of the discrepancics are removed as soon as the matrix elements are in-
cluded in figure 3(b)—for instance the spurious peak at =~ 22 eV due to the contri-
bution from states of predominantly d symmetry which have a relatively low weight
in the spectrum. Also the relative intensity at ~ 30 eV has decreased, because this is
influenced by the large weight of f symmetry in this energy region [11,38] and these
too have a low weight in BIS. Summarizing, introduction of the matrix elements leads
to a fairly good agreement in spectral shape.

Sy
-

eV g

{d

e e 1
S S Ry

Rty it il

SR

Er 0 20 30 40 50 60
ENERGY ABOVE Ep (eV)

Figure 3. Comparison of experimental BIS spectrum {data points) of Al with the ealculated
spectra, These calculated specira are (@) the broadened total oS (Lorentzian broadening
of 0.20 eV FwdmM and a Gaussian broadening of 0.7 €V FWHM to account for the
experimental resolution and an empirical energy-dependent broadening of 0.12(EF -
Er) eV Fwim, representing the finite lifetime of the extra valence electron, (&) the
broadened DoS with transition matrix elements included, (¢} the DOS with matrix elements,
and self-energy corrections from Horsch, (d) the spectrum from (c) but with the line
broadening results from the statistical model.

We now consider in detai] the effect of the introduction of self-energy corrections
(real and imaginary parts), using the Horsch and von der Linden results [24] and our
results on the imaginary part of the self-energy (see also figure 2). In figure 3(c)
Horsch’s data are folded into the theoretical spectrum. Beginning with the real
part, this clearly results in an improvement of peak positions over the whole energy
range. For instance the minimum at ~ 27 eV and the maximum at ~ 39 eV are
now well aligned. However, the use of Horsch’s data for the imaginary part of
the self-energy corrections has led to new problems in the region between Ly and
=~ { Ex + 18 eV), where the structurc in the theoretical curve is much too sharp and
strong. This is primarily because Horsch’s Im A curve gives no broadening up to the
plasmon frequency (see¢ figure 2), which is in turn a consequence of the plasmon pole
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approximation. To check the influence of the Jow-energy excitations we applied the
results of the statistical model calculations, which are in agreement with experimental
data on lifetime broadening in this energy region {31]. The results in figure 3(d) show
better agreement with less sharp structure in the theoretical spectrum in the region
up to Ey + 18 eV.

Al K-XAS

(e}

)

(d)
S

' 0 20 30 40 50 60
ENERGY ABOVE Ep (eV)

Figure 4. Comparison of experimental K Xas spectrum (data points) of Al with the
calculated spectra. These calculated spectra are (2) the broadened p pos (Gaussian
broadening of 0.4 eV FWHM to account for the experimental resolution and a Lorentzian
broadening of 0.42 eV FwHM due to the core hole lifetime and an empirical energy-
dependent broadening of 0.12{ E — EF) eV FWHM to account for the finite lifetime of the
extra valence electron, (&) the broadened p Dos with matrix elements included, (¢) the
p DOS with matrix elements, and self-energy corrections from Horsch, () the spectrum
from {c) but with the line broadening from the statistical model, {¢) the p DOS in which
the effect of the completely screened core hole has been taken into account, combined
with all the self-energy corrections used in (d).

()

(b}

We must now consider the distribution of spectral weight in more detail. The
agreement in figure 3(d) is not very good, with too little weight above Ep + 20 eV.
This is probably because the actual experimental BIS spectrum has been obtained
by subtracting the plasmon losses. A small change in the plasmon weight does not
lead to peak shifts or changes, but it can influence the ‘slope’ of the spectrum. In
view of this uncertainty it is not sensible to speculate further on the spectral weijght
discrepancy for BIS.

4.2. Al K x458

Figure 4(a) contains the p DOs and the experimental K XAS spectrum. The p Dos
has been broadened to account for the experimental resolution and additionally the
broadening due to the core hole (0.42 eV FWHM Lorentzian) and the finite lifetime of



6952 JJ M Michiels et al

the extra valence electron have been taken into account (0.12( E—~ Eg) eV). The latter
contribution is empirical, but it is necessary in order to make a sensible comparison
of the p DOS with the experimental spectrum possible. The p Dos has much less
weight in the region around 23 ¢V and at higher energies, In the to1al DOS much of
this weight comes from the Al ¢ and f states. The main structure of the Al K xS
and p DOS curves is very similar and the agreement of peak and valley positions is
rather good, and actually better than the corresponding curves for BIs in figure 3(a).
This point will be discussed further below. We note that above Ep + 18 eV the
theoretical spectrum has too little weight.

In figure 4(b) thce matrix elements have been included and consequently the in-
tensity distribution is better reproduced. However, a number of serious discrepancies
remain, such as the lack of spectral weight just above the Fermi level and the excess
spectral intensity in the energy region (Ex + 11 eV)~(Eg + 19 eV). Also the gap-like
feature at 27 eV is far too low. These discrepancies cannot be explained by failures of
the matrix element calculations, because the matrix elements vary slowly with energy,
and small errors do not lead to disagreement between theoretical and experimental
spectra in relatively small-energy regions. We return to these points in the discussion
in section 5. Figure 4(c} contains the theoretical K XAs spectrum, in which Horsch
and von der Linden’s real and imaginary parts of the self-energy corrections have
been introduced. The corrections do not lead to any improvement: the theoretical
peak positions for peaks above Ep + 25 eV agree less well with experiment and
the theoretical linewidth below Ep + 25 eV is clearly too small. Moreover, the
discrepancies discussed in connection with figure 4(b) are still present in figure 4(c).

Some of the discrepancies are removed when we introduce Im A from our statis-
tical model! calculation into figure 4(d), in the same way as for BIS. For instance the
intensity ratio of the peaks near E; (at Ep + 6 eV and Ep + 12 eV} has improved
over that in figure 4(c). Also the linewidth below Ep + 25 eV and the depth of the
gap-like feature at Ep + 27 eV is now in better agreement with experiment.

However the problems of spectral weight near Ep (Eg—{ Ex + 20 eV)), the depth
of the minimum near 27 eV, and the discrepancy in the encrgy of the peaks above
=~ 30 eV all remain, In figure 4(¢) the made] discussed in section 3.4 has been used
to include the effect of the core hole potential. The application of the model shifts
weight to the Fermi level, and as a result shifts the peak at approximately E + 6eV
and Ep + 12 eV to slightly lower energies. These changes are consistent with our
experience of the influence of core holes within the Clogston-Wolff model [39—42] and
also with ab initic impurity calculations {9,43,44]. At higher energics the influence
of the core hole on the distribution of spectral weight is negligible. Summarizing,
the changes result in better agreement with experiment up to about 15 eV above the
Fermi level. We are, however, left with serious problems at higher energies, where
the theory overestimates the depth of the minimum nrear B + 27 eV and the peaks
at approximately £ + 38 eV and Er + 56 eV in the theoretical spectrum are
cleatly at too high energy. Such discrepancics are large and we must wonder about
the significance of the good agreement between Eg and Ep + 15 eV,

5. Discussion

5.1. Al Bis
In section 4.1 we compared the experimental BIS spectrum after plasmon subtraction
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with theoretical simulations incorporating a high quality KKR single-particle calcu-
lation, transition matrix elements and various empirical and theoretical models for
obtaining the real and imaginary parts of the self-energy corrections. The interpre-
tation of these data leads us to the conclusion that below the plasmon frequency
electron-hole excitations are important for an explanation of the lifetime broaden-
ing and these excitations are not included in the generalized plasmon pole model of
Horsch and von der Linden.

The transition matrix elements were seen to be important to reproduce the correct
form of the spectrum, whereby the major effect is simply that the BiS cross sections
decrease with orbital quantum number of the electron in the final state. The peak
positions are only reproduced in an acceptable way if we take into account the real
part of the self-energy corrections, which is dominated by the ‘decoupling’ of the
electron from its exchange correlation hole. For Al, Horsch’s treatment of the real
part of the self-energy corrections, using a plasmon pole approximation, seems to be
perfectly adequate for this task. By contrast, the plasmon pole approximation leads
to discrepancies between theoretical and experimental ‘peakwidths’, particularly up
to ~ 23 eV above Ep. We are fairly confident in attributing this discrepancy to the
effect of other excitations, whercby the electron-hole pair creation is probably the
most important, as was established by model calculations. Another important point,
which has not been discussed yet, is the energy range in which the quasi-particle
concept is valid and in which we can treat the many-body interactions as a sort
of correction to the LDA DOS. From results on the single-particle spectrum of the
degenerate electron gas by Lundqvist [45], it is clear that the quasi-particle peak in
the spectral function for this system is of considerable weight. When we extrapolate
the results for the uniform electron gas with appropriate electron density to the case
of the non-homogeneous electron gas of aluminium, we expect the quasi-particle
picture to be valid for all relevant energies above Ep.

5.2. Al K X458

It was shown in section 3 that the theoretical K XaAs spectrum can be constructed
from various contributions, such as the p DOS, the matrix elements, the BIS self-energy
corrections, the core hole lifetime and the core hole potential. In our case the relative
success in simulating the BIS spectrum indicates that the treatments to calculate the
DOS, the transition matrix elements and the real part of the self-energy corrections
were all quite adequate. It is true that the plasmon pole approximation appeared
to be inadequate for reproduction of the imaginafy part of A, but we were able to
calculate this quantity in a satisfactory way by using a statistical model.

However, the procedure didn’t lead to a very good agreement between theoretical
and experimental spectra for K XAS and we want to concentrate on two unsatisfactory
features of the theoretical spectrum, which appear in a comparison with the experi-
mental spectrum (figure 4(e)). First we note that in a narrow energy range around
27 eV the relative theoretical intensity drops to about half of that actually observed,
before recovering at higher energies. The matrix elements vary rather slowly with
energy and we see no possibility to introduce any correction to these matrix elements
in order to remove the discrepancy. One can always try to fill up the minimum
by increasing the lifetime broadening to the lower and higher energy side of the
minimum, but this is equivalent to introducing a very complicated variation of the
imaginary part of the self-energy corrections. One can also fill up the minimum with
a complicated energy dependence of the real part of the self-energy correction in
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order to compress and stretch the spectral weight, Again this should not be done
without a good physical justification.

The second discrepancy we pinpoint is in the energy of the experimental (theo-
retical) ‘peaks’ at 36 (39) eV and 53 (58) eV in the theoretical and experimental K
XAS spectra of figure 4{¢). Introduction of the core hole potential does not lead to
any improvement of agreement concerning these peak positions. Considering these
discrepancies we conclude that the procedure of treating the core hole effect and BIS
sclf-energy corrections independently is probably an oversimplification. Apparently
the core hole effect is important in determining the properties of the quasi-particles
in K XAs, such as the excitation energies.

In this study the final-state rule [46,47] has been applied for calculating the K xas
spectra, which is a good approximation in most of the one-¢lectron treatments of x-ray
absorption in metals. However, for a complete description of the spectra, dynamical
cffects at the Fermi cdge have to be taken into account, as shown by Neddermeyer
[48] for edge singuritics in x-ray emission and absorption spectra of magnesium and
aluminium. Another dynamical effect, which has been treated theoretically by Bose
and Longe [49] is plasmon excitation. We do not observe a clear plasmon structure in
our K xa8 spectra of aluminium, though there are K Xas experiments of aluminium,
performed with long accumulation periods, that show very weak structures at the
theoretically predicted energy positions {50]. Care has to be taken however, to
distinguish between sharp features in the band structure and plasmon excitations,
which might be important for aluminium.

6. Summary and conclusions

In this paper we have made a comparison between the experimental and theoretical
BIS and X XAS spectra of aluminium up to about ~ 70 eV above threshold in order
to quantify the self-cnergy corrcctions for each technique. The individual compo-
nents of the calculations were relatively ‘state of the art’. We come to the following
conclusions:

(i) In order to reproduce correctly the peak positions in BIS it is necessary to take
into account the real part of the self-energy corrections, which produces shifts up to
about 10%. :

(i) In order to reproduce a BIS spectrum it is necessary to introduce an cnergy
dependent broadening of the Dos. This is equivalent to the lifetime broadening as-
sociated with the excited extra valence electron in the final state and rises to about
5 eV (FWHM} at about 50 eV. At higher energies, i.e. approximately more than 20 eV
above Ep, Horsch's calculations of the imaginary part of A appear adequate to this
task, but below this energy an extra energy-dependent broadening must be included,
and it is cicar that the plasmon pole approximation is not adequate.

(iii) The energy-dependent broadening, which has been calculated by means of a
statistical model, is in good agreement with the experimentally determined lifetime
broadening in BIS.

(iv) In K xas the core hole effect and the (BIS) self-cnergy corrections cannot be
included in ap ‘additive’ way in the LDA spectrum, in order to reproduce a correct K
XAs spectrum. A more satisfactory treatment of the self-energy corrections in K Xas
nceds integration of both treatments,
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