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X-ray excited KL,V and KL,V Auger spectra of clean Na, Mg, Al, and Si are presented. The influence of core
holes on the shape of the valence band is made evident by comparison with x-ray photoelectron spectroscopy and x-
ray emission spectra. It is shown that such Auger spectra give experimental evidence on the local and symmetry-
selected density of states around a core hole.The local density of s states is more affected by core ionization than the

local density of p states.

I. INTRODUCTION

Detailed studies of Auger decay of core holes
with simultaneous creation of one or more holes
in the valence band have only been made possible
by technical developments within the last decade.
Thus it has only recently been recognized that
XVV or XYV Auger spectra do not give direct in-
formation on the energy distribution of valence
states!~® aswas originally suggested.! The chief
effects leading to distortion of the spectra are the
angular and radial parts of the Auger matrix ele-
ments (see, e.g., Refs. 5—8) and the Coulomb inter-
actionbetween the two final-state holes (see, e.g.,
Refs.9-11). Thislatter effect hasbeen most exten-
sively studied for the case of XVV transitions where
the intriguing interactionbetweentwo valence elec-
trons canbe studied directly (see, e.g., Refs.10-12).
Here we consider the case of XYZ Auger spectra and
extend the arguments of von Barth and Grossmann!?*3
concerning the relationship of such spectra to the
local density of states on a core-ionized atom,
Our studies thus give an experimental check on
the changes in the density of states (DOS) around
a core-ionized atom postulated on the basis of
calculations by Bryant and Mahan.!? In effect, the
state we probe here is the final state of an x-ray
photoelectron spectroscopy (XPS) experiment
where the core hole has been screened by the
valence electrons, The Auger matrix elements
can be divided into radial and angular parts; the
radial parts must be calculated numerically, To
our knowledge the radial parts of the matrix ele-
ments for Mg, Al, and Si have not been published.
For Na they have only a small effect on the cal-
culated KLV Auger spectra'®13 and we proceed on
the assumption that for the KLV transitions varia-
tions of the radial matrix elements through the
valence band are not large and have similar values
for KL,V and KL, ,V. However, it will be shown
that for Na a small effect of the radial elements is
probably present and we will argue that small

variations (<30%) in the intensities of the dif-
ferent peaks in the observed spectra must be in-
terpreted with care, We make extensive use of

the ratios of the angular parts of the Auger matrix
elements for the KLV transitions which are 1:1 and
1:3 for KL, s:KLp and KL, 4S:KL, D, respective-
ly.!»13 Qur results confirm the trend noted in
earlier studies of Mg and its alloys® where the
KL, 4V line shape was-found to resemble the local
density of states at the neutral atom more than the
KL,V spectra. As a result of work presented here
we can now interpret this trend as evidence that the
density of s valence states is more sensitive to
the presence of a core hole than the density of p
states. In the elements Na-Si the occupation of d-
like states is low (see, e.g., Ref. 15) and we ne-
glect their influence here.

We often make reference to x-ray emission band
spectra and will refer to them as KVand L, ,V,
ete,, where the first symbol indicates the initial
hole (here Kor L, ;) and the second symbol indi-
cates the final hole (here the valence band). In the
text double-ionization satellites are described by
the symbols for the holes in the initial state and
final state separated by an arrow, e.g., Ly sLy
—~ L, 3V. A similar notation was previously used
for Auger double-ionization satellites.!® Note that
because of dipole selection rules L, ;V and
Ly, 3Ly 3— Ly, 3V, X-ray spectra reflect the
valence-band density of s and d states while KV
spectra reflect the density of p states.

II. EXPERIMENTAL APPARATUS AND
~ PROCEDURES

The instrument used in this work was an x-ray
photoelectron spectrometer custom built by
Kratos U.K. Ltd, The x-rays used to generate
the Auger spectra were produced by electron bom-
bardment of a target separated by a thin window
from the sample. For the KLV spectra of Na and
Mg, magnesium or aluminum anodes were used
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as targets and a 0.005-mm aluminum window was
used to preserve the vacuum at the sample, This
window absorbs much of the bremsstrahlung from
the anode but only approximately 40% of the Mg or
Al Kg radiation, which is then responsible for the
core-hole ionization and consequent Auger emis-
sion, As the binding energies of the Al and Si

K 1s electrons are larger than the Mg and Al K¢
energy, Cu and Ti anodes were used with a 0,15-
mm Be window. This window transmits more
than 90% of the bremmstrahlung radiation above
4 keV and allowed us to achieve reasonable in-
tensities in the KLV spectra. ‘

Sample surfaces were prepared by evaporation
of Na, Mg, or Al layers several thousand ang-
stroms thick onto polished stainless-steel sub-
strates, or by argon-ion bombardment of Si, and
were periodically renewed to avoid buildup of con-
tamination. Measurements were carried out at
© 2% 10719 mbar and the levels of oxygen, nitrogen,
and carbon contamination were estimated using
Scofield’s tables of photoionization cross sections!’
and the intensities of the K 1s XPS peaks or the
KLL Auger peaks with respect to the substrate
peaks., The total contamination was less than one-
half of a monolayer (~5x 10718 atoms m™?) for all
measurements reported here, Studies of more
highly contaminated samples indicated that a half-
monolayer of C, N, or O contamination is in-
sufficient to significantly affect the data reported
here.

The spectra were recorded using pulse-counting
methods and stored in a PDP 11 computer. Plas-
mons were subtracted out of the spectra, as
shown in Fig. 1 for ‘Al, in order to remove possible
distortions of the KL,V and KL, ;V bands which
have been stressed by Steiner et al,!® for XPS,
The procedure used will be described more fully
elsewhere.!® Briefly, it involves fitting the ex-
perimental spectrum of the L; XPS peak plus its
plasmon losses to a fold of an asymmetric
Doniach-Sunjié line shape? with a Gaussian instru-
ment function and a physically sensible plasmon
loss function, The fitting procedure allows for
variation of the plasmon widths and asymmetries
which arise from lifetime and dispersion effects,
respectively, as well as their intensity with re-
spect to the main peak, Once the fitting procedure
has produced a loss function this is then stripped
from the experimental KLV data on a point-for-
point basis. Note that we do not subtract the ef-
fects of electron-hole pair creation which give
rise to the asymmetry in the Doniach-Sunjié line
form and which are also present to some extent in
the KLV and valence-band spectra.

Our data treatment assumes that the intensity of
the plasmon losses is the same in XPS and Auger
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FIG. 1. The KLV and KL, 3V spectrum of Al before
(—) and after (---) subtraction of the plasmon-loss fea-
tures.

spectra, which is reasonable in the present con-
text, Extrinsic losses make up at least 70% of the
total plasmon losses.?!~% The intensities of the
extrinsic losses relative to the no-loss peak are
similar in XPS and xX-ray-excited Auger elec-
tron spectroscopy (XAES) because the kinetic en-
ergies of the Ly XPS and KLV Auger peaks ana-
lyzed are in similar kinetic-energy ranges (de-
pending on sample 1330-1420 eV for L; XPS and
980-1800 eV for KLV Auger). Thus differences
could only occur in the intrinsic part of the losses,
and as these make up less than 30% of the total,
even a factor-of-2 reduction would not produce a
large effect on the spectra. We tested the sensi-
tivity of the data to errors in plasmon subtraction
by subtracting 10% more or less of any particular
plasmon from the data, While this gave new struc-
ture in the background, with small changes in the
height of the tail on the high-binding-energy (BE)
side of the Auger valence band, and made the
background look less credible, it did not affect
the Auger valence-band shape.

In these studies we use the KLV Auger spectra
to determine the binding energy of a valence-band
electron in the presence of a core hole, This is
given by the energy of the KL transition (as taken
from the difference of XPS binding energies or
from x-ray-emission measurements) minus the
KLV Auger energy. In Na, Mg, and Al we sub-
stantiated our energy scales by checking that the
KL energy was equal to the KLV Auger energy at
the Fermi level (Eg) (as given by the cutoff in the
Auger spectra). For Si this check could not be
made because there was no sharp cutoff at Ep,
but we could still use the procedure based on the
energies of the KL, and KL, 3 transitions. The
maximum error is then given by the sum of possi-
ble errors in the instrument and in K, L, and
L, ; binding energies or the KL, 5 X-ray ener-
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gy,% 2" and is estimated to be of the order of 0.5
ev.

1II. RESULTS AND DISCUSSION
A. Sodium

The KLV spectra of sodium are those we can
best understand because von Barth and Grossmann
have calculated the local densities of states for Na
atoms with core holes and both the radial and angu-
lar parts of the Auger matrix elements,!* The
angular parts of the matrix elements lead to
weighting of the s and p parts of the local densi-
ties of states. For KL;S:KL,p this is 1:1; for
KL, 3S:KL,, ,p it is 1:3, so that the density of p
states plays a stronger role in the KL, ;V spec-
trum,!? Figure 2 shows the KLV Auger spectra of
Na together with the densities of s and p states in
the absence of a core hole and the local density of
states around a core-ionized atom in an Na ma-
trix, As previously found by Barrie and Street,*®
there is a strong peak at the bottom of the KL,V
band and a weak one at the bottom of the KL, 3V
band which cannot be adequately explained by the
features of the densities of states of the neutral
system, As the peak is stronger in the KL,V than
in the KL, ,V spectrum it is reasonable to attribute
it to a property of the density of s states. Calcula-
tions2-14 show a peak in the local density of s
states around a core-ionized Na atom. This peak
is at the bottom of the valence band and consistent
with the Auger peaks as shown in Fig, 2 (which is
essentially taken from!? but with our experimental
results superimposed). The calculated peak is
also coincident with the peak in the L, 3L, 4
—~ L, ,V x-ray-emission satellite?® which supports
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FIG. 2. Left: calculated partial and total density of
states for Na and local density of states at a core-
ionized Na atom in an Na matrix (Refs. 12, 13). Right:
calculated (~.--- and ---) and experimental KL,V Au-
ger spectra of Na. Here, as in other figures throughout
this paper, the intensity scales of the different spectra
are not simply related.

its assignment., The shape of the satellite band is
now thought to be related to the local density of s
states around the core-ionized atom present in-
the final state.!®!® The only problem with the cal-
culated Auger spectra of Refs. 12 and 13 is that the
relative intensities of the high- BE peaks are
underestimated., The reason for this is unclear.
von Barth and Grossmann included radial parts of
the matrix element by calculating first the s-wave
density inside a sphere around the ionized atom
and the free-electron wave-function density out-
side, and then calculating the Auger Coulomb inte-
gral for both, This treatment is approximate, but
we see no concrete reason why it should fail. We
remain convinced that the explanation of von Barth
and Grossmann for such peaks is essentially cor-
rect and proceed in the belief that such Auger
spectra give information on the position of peaks
in density of states around a core-ionized atom.
Clearly, interpretation of the intensity of such
peaks would be premature,

B. Magnesium

Figure 3 shows the KL,V and KL, ;V Auger
spectra together with the L, ;¥ and KV x-ray spec-
tra of Mg (Ref, 30) which characterize, to a good
approximation, the densities of s and p states,
respectively, in Mg (Refs. 30-32), Just as for
sodium, the KL,V spectrum of Mg has a peak low
in the band which we attribute to s-like states be-
cause it is so much weaker in the KL, ; spectrum,
This s-like peak again comes too low in the band
to be reasonably explained by any feature in the
density of states of the neutral system. The peak
at approximately 1,5-2 eV in both spectra can be
attributed to mainly p-like states.

In the case of Mg we can argue that the local

KLV Auger - ‘
of Mg | % :
‘| p KLZ3V Auger
: = of Mg
& !
¢ \
Sl A e T e s
& of Mgyeeflngs - O Mabotlons
Yo
Vi H “VI
Mg LV xray | ‘
/B e : :
- Mg KV xrayl
' . of Mg ]X
I K
| —
8 & 4 20

2 0 g 6 4
ONE -ELECTRON BE (eV)

FIG. 3. Comparison of the L, 3V and KV x-ray-emis-
sion spectra of Mg and the Al L, 3V and Al KV spectra
of Mgy, g5Al o5 Ref. 30) with the KLV and KL, 3V Auger
spectra of Mg,
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density of states around a core-ionized atom must
be similar to that around an aluminum atom in a
magnesium matrix. Exact equivalence is not ex-
pected because the core-ionized Mg system has a
lifetime of only ~10~1% s and the transition cer-
tainly takes less than 10718 s, Relaxation of the
nuclear coordinates of the system is thus neg-
ligible and the interatomic separations are slight-
ly different for the core-ionized Mg and Mg with
Al-impurity atoms. We have shown in Fig. 3 the
Al L, 3V and KV x-ray-emission spectra of a
dilute solution of Al in Mg as measured by Nedder-
meyer,® The L, ,V spectrum indicates a large
peak in the density of Al s states about 6 eV below
E, which is clearly closely related to the s-state
peak indicated by the Auger spectra from Mg metal
itself. This comparison serves to illustrate the
local nature of the state density investigated by
x-ray-emission and KLV Auger spectra, The Mg
L, ;V x-ray spectrum from Mg, 4;Al,, 45 has no
peak at 6 eV BE and is similar to that from Mg
metal,®® If Al L, ,V and Mg KLV spectra did not
probe predominantly the local density of states
around Al and core-ionized Mg atoms, respective-
ly, they would not have the 6-eV peak but would
reflect the DOS from the majority of atoms,
Figure 4 shows a comparison of KLV Auger
spectra with the Mg x-ray-emission satellite
Ly 3Ly 5— Ly 4, V.2° The latter is determined pri-
marily by the density of Mg s states around a core
hole although the d states,!¥% many-body ef-
fects,!3 143534 34 the variation of x-ray cross
sections through the valence band®® certainly play
a role near E,, Again we see a peak low in the

’,"(KLZA_-,V Auger :'.

INTENSITY

,.'l L2.3L2'3—-L2‘3V xray | o..

i
|

i

v

I

|

L e
0

6 4 2
ONE-ELECTRON BE (eV)

FIG. 4. Comparison of the Ly 3Ly 3—~Ly 3V x-ray-
emission satellite spectra of Mg (Ref. 29) with the KLV
and KL, 3V Auger spectra of Mg.

valence band due to s states, but here its binding
energy is only ~5 eV as opposed to 6 eV in the

Al L, 3V spectrum of Mg, y5Aly, o5 and its form is
quite different. The differences in the high- BE

s peak in KL,V Auger and L, 3L, 3= Ly, 3V x-ray-
emission spectra of Mg or the Al L, 3V x-ray-
emission spectrum of Mg, 9;Aly, 5 are due in part
to different variations of matrix elements through
the valence band. Unfortunately, until these are
thoroughly understood it makes no sense to specu-
late about problems with the equivalent core ap-
proximation or the time scales of the screening
processes which could both lead to changes in the
position of peaks in the observed spectra.®® The
fact remains that all experimental evidence indi-
cates that in Mg an increase by one in the effec-
tive nuclear charge in an atom causes the s
states near that atom to be concentrated at the
bottom of the band. This is exactly analogous to
the peak found at approximately 6-7 eV in theoreti-
cal calculations of the local density of Mg s states!4
when a core hole is present,

Comparisons of the position and shape of the
peak due to p states in Mg and Al KV x-ray spec-
tra from Mg and Mg, o;Aly, (5 (Ref. 30) and in the
KL, 3V Auger spectrum of Mg indicate that the
local density of p states is far less sensitive to
the presence or absence of a core hole than the
local density of s states.

C. Aluminum

Figure 5 shows the KLV Auger spectra of Al
together with the L, ;V and KV x-ray spectra of
Al. There is a strong shoulder at the bottom of
the KL,V band and a much weaker one in the tail
of the KL, ;V band which we attribute to s-like
states, as in Mg and Na, Again this shoulder does
not correspond to any feature in the density of s
and p states in the absence of a core hole, as
mirrored by the x-ray-emission spectra. But as
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FIG. 5. Comparison of the L, 3V and KV x-ray-emis-
sion spectra of Al (Ref. 30) with its KL,V and KL, 3V
Auger spectra.
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for Na and Mg, the shoulder corresponds quite
well to the peak in the local density of s states
around a core-ionized Al atom indicated by the
Ly 3Ly 53— Ly, sV x-ray-emission spectrum?® shown
in Fig. 6. The position of the shoulders in the
KLV Auger spectra (9-10 eV) is consistent with
the theoretical peak at ~10.5 eV in the local den-
sity of s states around a core hole in Al (Ref. 14).
It must be remembered that the shoulder seen
here sits on the side of the peak due primarily to
D states with its maximum at 3 eV and a long tail
to high BE so that the position of the shoulder
cannot be determined accurately.

It is interesting that although the L, 3L, 5
— L, 3V x-ray-emission peak at high BE becomes
more dominant in the series Na < Mg <Al, the
corresponding peak in the KLV Auger spectra be-
comes weaker in the series Na> Mg> Al. We at-
tribute this to the increasing occupation of the p
states and hence increasing weight in the KL p
transitions in Na < Mg <Al. In x-ray emission,
the dipole selection rules require that the L,,,
satellite spectrum is not directly influenced by
the density of p states. As the high- BE peak be-
comes more dominant in Ly 3L, 53—~ L, 3V X-ray
spectra with increasing atomic number, the ten-
dency to split off from the band also increases.

The KL, ;V Auger spectrum of Al has its peak
about 3 eV below E, and there is a shoulder at
approximately 1.5 eV below Ep; the spectrum
does not fall smoothly from the maximum through
E,. The Al KV x-ray-emission spectrum has its
maximum only approximately 2 eV below E, and
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FIG. 6. Comparison of the Ly 3Ly 3—Lg 3V X-ray-
emission satellite spectra of Al (Ref. 29) with the KLV
and KL, 3V Auger spectra of Al.

shows a little less structure, although it must be
recognized that self-absorption and many-body
effects may round off the spectrum near E..3% We
believe the KL, ;V Auger spectrum is dominated
by p states in this region and attribute the dif-
ferences in shape of the KL, ;V Auger and KV
X-ray spectra to screening effects rather than to
the influence of the radial parts of the Auger ma-
trix elements,

Evidence for this view comes from calculations
of the variation of radial Auger matrix elements
through the valence band of Si (Ref. 7) where states
deep in the band have less influence on the Auger
bands because they are in bonding orbitals with
electrons concentrated between the atoms. Thus
in Al, features lower in the band would be weak-
ened by matrix-element effects, whereas we find
an enhancement, More evidence comes from com-
parison of Mg and Al KV x-ray spectra from
Mg, 95Aly, 5 and Mg (Fig. 3, Ref. 3) which indicates
the density of p states around an Al atom in Mg
to be peaked at slightly higher BE than that around
an Mg atom. The effect of the core hole on the
density of p states in Mg could not be identified
unambiguously from the KL, ;V Auger and KV
x-ray spectra of Mg because the effect is small
and confused by the poorer resolution of the Auger
experiment, Here the analogous effect in Al is
clearly larger and more easily identified.

D. Silicon

Figure 7 shows the KL,V and KL, ;V Auger spec-
tra of silicon, together with x-ray emission and
XPS valence-band spectra from amorphous and
crystalline Si (Ref. 37). For the KL,V Auger
spectra, the Fermi level has been set so that the
Auger kinetic energy at E, is equal to the K 1s
binding energy minus the L, binding energies using
data from Refs. 26 and 27, For KL, ;V the kinetic
energy of electrons at E, was set equal to the
weighted average of the KL, and KL, x-ray ener-
gies using data from Ref. 26. The maximum pos-
sible error in placement of E is of the order of
0.5 eV,

We again argue that the angular parts of the
Auger matrix elements cause the s states to have
a larger role in the KL,V spectrum and the p states
to be more important in the KL, 3V spectrum. We
then see that the peak at 13—15 eV BE with larger
weight in the KL,V spectrum is due to states with
predominantly s characteristics. Similarly the
peak at 5-6 eV with larger weight in the KL, ;V
spectrum must be due to states with predominantly
» character. As shown in Fig. 7, there is no cor-
respondence between the peak at 13—-15 eV in the
Auger spectra attributed to s-like states and



2642 RAINER LASSER AND JOHN C. FUGGLE 22

3 KLiV Auger

- i
A= KLy 3V Auger'

g B

INTENSITY

La3V x ray

0 5
ONE - ELECTRON BE  (eV)

FIG. 7. Comparison of the Si KL;V and KL, 3V Auger
spectra of Si with the Ly 3V and KV x-ray emission (Ref.
37) and the XPS spectra of Si (Ref. 38). The Ar* bom-
bardment of Si used to clean the surface leads to some
implantation and disorder at the surface used here for
Auger studies, We have thus plotted out the x-ray and
XPS spectra of both amorphous (---) and crystalline
(—) Si to show that the difference between Auger and
XPS or x-ray spectra is not due to disordgr effects.

structure in the density of s-like Si states as
reflected by the Si L, ;V x-ray emission or XPS
spectra of the Si valence band, This lack of cor-
relation can only be explained if the energy of s-
like states has been shifted approximately 5 eV

to higher BE by the presence of the core holes and
a bound state is created below the bottom of the Si
valence band. Evidence for this sort of shift can
be found in the Si L, L, 3—~ L, ;V double-ioniza-
tion emission satellite spectrum investigated by
Hanson and Arakawa?® and illustrated in Fig, 8. In
this transition there are two L, ; core holes in the
initial state and one in the final state so that the
shape of the emission reflects the energies re-
quired to remove s valence electrons in the pres-
ence of a core hole, It is not easy to locate Ep in
this spectrum because the binding energy of an Si
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FIG. 8. Comparison of the KLV and KL, 3V Auger
spectra of Si with the published Ly 3L, 3—L, 3V x-ray-
emission satellite (Ref. 29) and the L{L, 3V Auger spec-
tra (Refs. 5 and 39) of Si.

L,, 5 electron in the presence of a core hole is not
known and there is no clear cutoff at E, as in the
corresponding Na, Mg, and Al spectra. Hanson
and Arakawa®? note that the shift of the main
valence-band peaks between L, 5L, ;—~ L, 3V satel-
lite emission is 16.1 eV. If the Fermi level is
shifted by a similar amount it would appear at
point @ as shown in Fig., 8, There is too much
intensity emitted above this point for this to be a
sensible choice of E,, and we have therefore set
E, at the foot of the shoulder where emission falls
off as shown. One could argue that the spectrum
should be shifted to the left in Fig. 8 but not to the
right. It is seen that the peak in the density of s
states around a core hole now indicated by the

Ly, 3Lg,3—~ L, 3V satellite emission is much closer
to that found by the KLV Auger investigations,
supporting our view that screening of the core
holes is responsible for the shifts,

The peaks in the Si KLV Auger spectra are
about 5 eV broad at half-height. This is not due
to the resolution of the experiment which is ap-
proximately 1 eV (instrumental effects plus K-
and L-hole lifetime broadening) for KL, ,V and
approximately 2 eV for KL, V. The spectra thus
indicate that the structure in the density of states
around a core hole in Si is very broad. Theoreti-
cal studies of such densities of states and the role
of the radial parts of the Auger matrix elements
are clearly desirable here. As the s peak in the
KLYV spectrum is below the bottom of the Si
valence band and apparently due to a localized
bound state, it can be broadened by exchange ef-
fects due to interaction of the holes in L and
bound-state levels as well as lifetime effects.

The width of this peak should thus not be attributed
to valence-band effects alone without further proof,

In Fig. 8 we also compare the L,L, ;V Auger
spectrum of Si from Ref. 39 (see also Ref, 15) with
our KL, 3V Auger spectra. The definition of E in
the L,L, ,V spectrum was complicated by experi-
mental difficulties with the Auger-electron-spec-
troscopy (AES) system used.?® Here we have lined
up the peaks at 5-6 ¢V BE in L,L,,V and KL, ,V
spectra., The shoulders attributed to s states are
then found at BE ~13 eV in the L L, ;V band, and
its intensity relative to the p-state peak at 5-6 eV
is higher than in the KL, ;V spectrum,

Data-handling procedures used in Refs, 39 and
40 for the LyL, 3V spectra are more difficult and
less unambiguous than for KL, ,V spectra be-
cause of the low kinetic energy (KE) of the L,L, ,V
electrons and the enormous number of inelastically
scattered electrons in the low-KE region. How-
ever, the differences in the intensity and position
of the s-state shoulder are probably real and
cannot be attributed to the angular part of the
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Auger matrix elements because the angular mo-
mentum quantum numbers of initial states in
KL, 3V and L,L, 3V spectra are the same. If the
difference is real it must be related to either the
higher surface sensitivity of the L,L, ;V spec-
trum,?1"%3 surface-damage effects in our measure-
ments, or differences in the relative values of
XLy 5 s and XL, 4 P radial Auger matrix elements
in KL, 3V and L,L, ,V spectra.

We wish to draw attention to the trend in shifts of
the peaks in the local p-state densities as a result
of the core hole in these experiments. In Na and
Mg the shift is small and not shown unambiguously
by our Auger experiments; in Al it is approximate-
ly 1 eV and in Si it is approximately 2.5 eV. We
believe this is related to the interatomic transfer
of charge to screen a core hole, In Na and Mg
most of the charge is transferred to states with
s-like wave functions around the ionized atom,
but in Al these states are increasingly filled and
. screening must be done by p states. We believe
this is consistent with the trends in s-wave and
p-wave phase shifts in Na, Mg, and Al found
theoretically and experimentally.!#%%#4 The shift
found in Si should not be discussed without refer-
ence to the covalency of the neutral system.

IV. CONCLUSIONS

We note the following.

(1) The KL,V and KL, ;V Auger spectra of Na,
Mg, Al, and Si can be interpreted qualitatively
using the fact that the angular parts of the Auger
matrix elements give a factor 1:1 to the KL, S:KL,p
intensity ratio and 1:3 to the KL, ;5:KL, ;P ratio.

(2) The shapes of the KL,V and KL, ;V Auger
spectra of Na, Mg, Al, and Si are related to the
local densities of states around atoms with core
holes. This conclusion is supported by comparison
with theoretical densities of s states as well ‘as

with x-ray-satellite spectra and x-ray spectra
from impurity Al atoms in an Mg matrix., Such
Auger spectra thus give direct experimental evi-
dence on the final state of the XPS process and the
screening of core holes.

(3) The effect of a core hole on the local densi-
ties of s states in Na, Mg, and Al is to produce a
peak near the bottom of the valence band. In Si
the peak is below the bottom of the band.

(4) The effect of a core hole on the energy dis-
tribution of the p states around the ionized atom
in Na, Mg, Al, and Si is smaller than the effect
on the s states. With XAES the effect is barely
discernible in Na and Mg. In Al and Si the effect
becomes increasingly strong with a shift of the
peak in the local density of p states to higher BE.

(5) Several authors have used the concept of a
screening orbital to explain relaxation shifts in
XPS (see, e.g., Refs, 46—48). This model in-
corporates the flow of charge towards an ionized
atom and allows a reasonable estimate of relaxa-
tion energies. However, our results indicate that,
for the elements studied here, core ionization
leads to extensive changes in the local density of
states throughout the whole band and not in a single
screening orbital at a well-defined energy.

(6) Further theoretical studies of the radial parts
of the Auger matrix elements in KLV spectra and
of the local densities of states around a core hole
in these elements would be valuable,
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