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L2 3 VV and MVV Auger spectra of copper

15 APRI L 1978

H. H. Madden
Sandia Laboratories, S114, Albuquerque, ¹wMexico 87185

D. M. Zehger and J. R. Noonan
Solid State Division, Oak Ridge Wationa/ Laboratory, Oak Ridge, Tennessee 37830

{Received 7 November 1977)

Electron-excited integral L2, VV and MVV Auger spectra from clean copper surfaces are presented and

compared with x-ray excited L, , VV spectra, with other electron-excited derivative MVV spectra, and with

the results of atomic-model and band-theory calculations'. Our L23VV spectra agree well with the x-ray-

excited results in both line shape and L, VV-to- L2VV integrated-intensity ratio. Recent atomic-model

interpretations of these spectra by McGuire are briefly reviewed and found, especially for the L, VV

spectrum, to provide a very good explanation of the spectra: the multiplet splitting mechanism is responsible

for the major peaks, and satellite-intensity contributions resulting from Coster-Kronig L, L, V, L,L, V, and

LQ L3 V transitions give rise to the low-energy portions of the spectra. Our M VV spectra also have sharp

features with shapes that are in agreement with atomic-model calculations. The experimental M23VV-to-

M, VV integrated-intensity ratio is much larger than 3 to 1, and varies with primary-electron-beam energy,

indicating that satellite intensity contributions make up part of the MVV signals. The sharp features in these

spectra, however, do not change with variations in primary-beam energy from 119 to 3000 eV indicating that

they are not dependent upon satellite intensity. The experimental M3 VV-to-M, VV integrated-intensity ratio

also remains unchanged at 1.3 to 1 for the same variation in primary-beam energy. A broad high-energy

shoulder forms part of the MVV spectra, especially for the Ml VV signal. This feature of the MVV line

shapes is not in agreement with the atomic-model calculations. It is also not simply related to the undistorted

valence-band density of states for copper. Comparison of our M, VV signal with recent band-theory

arguments of Cini and of Sawatzky indicates that the MVV line shapes are explainable in terms of
distortions in the Auger core-valence-valence signals from narrow-valence-band metals that are expected to

occur as a result of hole-hole interactions in the two-hole final-state configuration. Estimates of the hole-hole

repulsion energy based on these comparisons are discussed in light of an earlier estimate of this interaction

energy based on L3 VV data.

I. INTRODUCTION

Despite its long recognized' potential as a val-
ence-band spectroscopy, Auger-electron spectro-
scopy (AES) has had very limited application in
measuring the valence-band density-of- states
(DOS) of solids. Although valence-band origins
have been ascribed to features of core-valence-
valence (CVV) spectra of a number of materials,
much of the identification of CVV line shapes as
being "bandlike" seems to have been based, par-
tially at least, on the greater breadth of these
lines in comparison with core-level photoelec-
tron lines and with other Auger lines for tran-
sitions that do not involve the valence electrons.
Only recently have detailed comparisons of in-
tegral CVV Auger line shapes arith theoretical
densities of states and/or with line shapes from
other valence -band spectroscopies indicated
that the CVV line shapes can be simply understood
in terms of unperturbed one-electron valence-band
DOS for Al, ' ' Si, ' Li, ' Ti, ' and Ag. ' These com-
parisons indicate that the transition-matrix ele-
ments play an important role in determining the
Auger line shape. Only for silicon, however, has

a complete independent-particle calculation—
specifically retaining the transition-matrix ele-
ments —been made' that resulted in improved
agreement between the experimental Auger line
shape and theory. These recent results provide
encouraging indications that AES may indeed be
more successfully applied as a valence-band spec-
troscopy than it has been in the past. The two-
hole final state in AES makes it a unique method of
investigating the electronic structure of materials.
This aspect of AES will be seen to be important
in the CVV lines of copper discussed in this paper.

In contrast to the successful valence-band-DOS
interpretations for the CVV signals from Al, Si,
Li, Ti, and Ag, the integral, high-resolution CVV
lines from some other materials (in general, d-
band metals) have shapes that have no simple re-
lationship to their valence-band DOS. The I., 3VV
copper signals, among the most studied of CVV
lines, are of this latter type. All of the prior in-
vestigations of the shapes of these lines' "have
involved photon excitation in experimental systems
designed for high-resolution x-ray photoelectron
spectroscopy (XPS). Current interpretations" "
of the shapes of these lines completely ignore the
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valence-band DOS of copper and treat the spectra
as superpositions of atomiclike Auger lines. The
Auger decays of the initial vacancy sites in these
metals proceed as if they involved isolated atoms.
This behavior is ascribed"" "to hole-hole in-
teractions (electron-correlation effects) in the
narrow 3d bands that make up the majority of the
valence-electron structure of Cu. Thus, although
the shapes of the L„,VV-AES lines do not offer
information on the unperturbed valence-band DOS
of Cu, investigation of these lines does offer a
means of studying electron-correlation effects in
this d-band metal.

The MVV lines are the only other C VV lines of
copper from which valence-band-DOS information
has been sought. Despite the fact that the final-
state configuration for the MVV transitions should
be the same as for the L, ,VV transitions, the
MVV line shapes differ markedly from the L2 3VV
line shapes. Interpretation of the M VV line shapes
has been somewhat ambiguous with bothunperturbed
valence-band-DOS information as well as atomic-
like features suggested" as being represented in
the shapes. These earlier MVV data were ob-
tained' with electron excitation and were in the
derivative mode, uncorrected for electron-loss-
related distortions. Some structure in these
spectra was explained in terms of plasmon losses.

ED this paper, electron-excited copper L, 3VV
and MVV spectra are presented in the integral-
current [N(Z)] mode, i.e., the energy distribution
of these integraL Auger signals are obtained from
the first derivative with respect to energy of the
total coHeeted current in our retarding-field an-
alyzer. These data are the first electron-excited
L2 3 VV spectra presented with sufficient resolution
to avow direct comparison with the photon-excited
spectra. As one should expect, the mode of ex-
citation is nQ significant in determining the shapes
of these syectra and hence our L2 3VV results
support the atomic-model interpretation of the
shapes of the L,VV curves. Deconvolution tech-
niques' were required to achieve resolution in our
spectra comparable to that of the high-resolution
XP8 Ip 3VV results. Comparison is made between
oar L»VV results and recently published examples
of photon-excited L» VV spectra' "enabling an
evaluahoa of our data reduction procedures. Good
agreement is found in the relative locations in en-
ergy of the ~Re in the L, ,VV spectra and there
is also reasonable agreement in the L,VV-to-
I.,VVintegrated-intensity ratios. In order to
facilitate a comparison of our MVV spectra with
the L,»VV results and with the results of theory
and of other valence-band spectroscopies, a brief
review of the current atomic-model arguments
concerr4~the shapes of the L, ,VV spectra is given.

The MVV copper spectra discussed in this paper
are the first to be presented in the N(E) form,
with loss-related features removed. Despite the
fact that the MVV line shapes differ markedly from
that of the L, VV signal, they still exhibit sharp
features that suggest atomic-model interpretations.
Thus, our MVV spectra are first compared with the
results. of purely atomic-model calculations. Ex-
perimental M, ,VV-to-hf, VV integrated-intensity
ratios indicate the presence of appreciable satel-
lite intensity in the MVV signals. This is in agree-
ment with atomic-model calculations, as are the
shapes of the sharp features in our MVV lines. The
major 1ack of agreement is in a broad high-energy
structure that appears in the experimental MVV
curves and not in the atomic-model-calculation
results. " Lack of variation of the MVV line
shapes with changes in primary-electron-beam
energy from 150 to 3000 eV indicates that the
shapes of neither the sharp nor the broad features
are significantly influenced by satellite intensity.

Identification of the broad structure in the MVV
signal simply with the self-fold of the unperturbed
copper total "'DOS is found to be incorrect. An

interpretation that is more promising, in terms
of the new valence-band information it offers, is
found in recent theoretical papers by Cini" and by
Sawatzky" that consider the distortions to be ex-
pected in the C VV Auger signals from narrow
valence-band metals caused by electron correla-
tion effects (hole-hole repulsions). As stated by
Sawatzky, "these effects will cause "the Auger
spectrum (to consist) of a. strong narrow, atomic-
like peak with a less intense broad band like spec-
trum appearing at higher kinetic energies, " Since
this is a good qualitative description of the line
shapes of our MVV spectra, these spectra are.an-
alyzed in our paper in terms of the predictions of
these new theoretical results.

II. EXPERIMENTAL

The Auger spectra were obtained using a four-
grid (low-energy-electron-diffraction optics) re-
tarding-field analyzer (Varian Corp. ) that has an
energy resolution of 0.4%. The primary electron
beam was normally incident to the sample surface.
Data were obtained from (100) and (110) copper
surfaces. The energy of the primary beam was 3
keV for recording the I„,VV spectra and 1.5 keV,
with a number of exceptions (vide infra), for re-
cording the MVV spectra. Primary beam currents
were constant during the recording of an Auger
spectrum and values varied from 2 p, A for the
M, ,VV spectra to 40 pA for the L. .VV spectra.
A modulation voltage of 1-V peak to peak was used
for all measurements. A PAR Model 121 lock-in
amplifier was used to amplify the detected signal
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and data averaging was performed using a Nicolet
Model 1072 signal averager. During all measure-
ments the sample was near room temperature and
the base pressure of the vacuum system was below
10 ' Pa. Surface cleaning techniques utilized ar-
gon-ion bombardment and annealing at 400 C.
Surface contaminants were below the Auger-an-
alyzer detection limits during data acquisition.

The data were taken in the dN(E)(dE mode. The
secondary-electron background was removed in
the cases of the MVV spectra using a correction
technique described by Sickafus. " This correc-
tion was applied directly to the d~(E)/dE data. The
background in the f,2, VV spectra was essentially
flat and only a zero-suppression correction (or at
most a linear background correction ) was applied
for these data. After background correction the
Auger signal is generally characterized by a "step-
like" or "plateau-like" structure on its low-energy
side. This low-energy tail is due to inelastic los-
ses suffered by some of the Auger electrons in
leaving the solid. This structure is illustrated by
curve S in Fig. 1 which gives the My VV background-
corrected integral Auger signal from a (100) copper
surface. This loss-related distortion as well as
distortions due to instrumental broadening must be
removed by deconvolution techniques. Because of
the low-energy steplike structure in curve 5,

(10

Fourier-transform methods of deconvolution are
impractical. An iterative (van Cittert) deconvolu-
tion technique" was used.

The system-response function needed in decon-
volution was assumed to be adequately represented
by the near-elastic energy spectrum of electrons
backscattered from the sample surface when that
surface is bombarded with a beam of monoener-
getic electrons with energy equal to the threshold
energy of the Auger signal. This characteristic-
loss spectrum (CLS) gives a measure, in reflec-
tion, of the "extrinsic" (or characteristic) energy
losses suffered by some of the Auger electrons
before they are analyzed and detected, as well as
of the instrumental broadening of the spectrometer.
Because of the differences in emission geometry
between the internal Auger source and the back-
scattered electrons, some scaling of the elastic
peak of the CLS curve with respect to the energy-
loss tail is required in order to bring the decon-
voluted curve to zero on its low-energy side.
Curve A. in Fig. 1 depicts the CLS signal used in
deconvoluting these M, VV data. Curve W„ in Fig.
1 is the result of ten van Cittert deconvolution
iterations using the data function 8 and the system-
response function A. As an indication of the qual-
ity of the deconvoluted curve, the convolution
product of W„with A. is plotted in Fig. 1 as
squares on top of the original data function S. The
agreement between this convolution product and S
indicates that the deconvolution has been per-
formed properly.

III. RESULTS AND DISCUSSION

90 97 104 111 118 125
ELECTRON ENERGY (eV)

FIG. 1. MgVU spectrum from a clean (100) copper
surface. Curve g—AES signal after correction for
secondary-electron background but before deeonvolu-
tion. Curve A —characteristic loss spectrum used as
the system response function in deconvolution; W&0-
the result of ten (van Cittert) deeonvolution iterations
using curves $ and A; squares plotted on top of curve
$ give the convolution product of curve W'&0 with A. Zero
levels for curves $' and A and for the convolution product
W~O*A are set on the right-hand side of each curve.

&
VV spectra

1

The total deconvoluted L, ,VV spectra from a
(110) surface are plotted in Fig. 2. The I.,VV
spectrum from a (100) surface is plotted in Fig.
3. In the latter figure the high-energy end of the
L, VV spectrum has been arbitrarily set equal to
zero although our complete I, ,VV spectra (-Fig.
2), as well as photon-excited examples of these
spectra, "indicate that the intensity does not
actually go to zero between the L, VV and L, VV
spectra. Except for this arbitrary zero suppres-
sion, the L, VV signals in Figs. 2 and 3 do not dif-
fer significantly in shape, which indicates that the
shape of the L„VV signal is independent of the
difference in crystallographic orientation between
the (100) and (110) surfaces. This is to be expect-
ed since, with the retarding-grid analyzer used
in these measurements, this signal is angularly
integrated over a large portion of the backward
hemisphere.

The peaks in the L. .VV spectra in Fig. 2 have
been labeled A-H to correspond to the I.,VV
labeling of Roberts, Weightman, and Johnson"
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the E' -peak structure, which could perhaps be an
artifact of the deconvolution. No such instabilities
were observed in the MVV results discussed below
where 10 iterations were always used in decon-
volution. Further comparisons of the peak split-
tings in our L. .VV spectra with those in published
photon-excited spectra' "are given in Table I,
with the strongest (D) peak used as the reference
for energy separations. Except for the weak A and
H peaks, our splittings are in reasonably good
agreement with the photon-excited results. No at-
tempt will be made to compare the absolute ener-
gy locations of the spectral features because our
energy values have not been corrected for the work
function of the spectrometer.

Comparisons of our experimental peak separa-
tions with term splittings calculated on an atomic
model basis, considering direct L, ,VV transi-
tions only, are given in columns (c) and (d) of
Table II. Once again the D peak is taken as the
reference peak and it is assumed that it is the

AUGER ELECTRON ENERGY (eV}

105 120

FIG. 2. Deconvoluted L2, 3VV (4 iterations) and total
MVV (10 iterations) spectra from a clean {110)surface.
peak labels on the L &3VV spectra correspond to atomic-
model peak locations (Ref. 14).

) COPPER

and the extension of that labeling by McGuire" to
the L, VV features. Comparison of our electron-
excited deconvoluted L. .VV spectra with published
photon-excited spectra, ' "most of which are un-
corrected even for incoherent-loss structure
(background), indicates agreement in the overall
shapes of the spectra. The major differences are
in the lack of a clear resolution of the C and D
peaks in our L,VV spectrum, and in the presence
of an extra (E') peak. The shoulder at the C-peak
position became somewhat more distinct with a
larger gurgber of deconvolution iterations than the
4-iteration results shown in Figs. 2 and 3, and the
D-C separation given in Tables I and II was deter-
mined Q'om such higher-iteration curves. With
increased number of iterations, however, oscilla-
tions —primarily in the region of the E peak —dis-
torted- the deconvolution results. These oscilla-
tions were indicative of an instrumental resolution
comparable in width to the lines to be restored by
deconvolution. " At 1000 eV the resolution of our
analyzer is only 4 eV and thus such resolution
limitations for peaks narrower than 4 eV are to be
expected. These oscillatory distortions are in-
significant for the 4-iteration results given in
Figs. 2 and 3, except in causing the sharpness of

3
VV

VV

35
M1 VV

130

) COPPER

VV

8) 100 110 120 1%I
AUGER ELECTRON ENERGY teV)

FIG. 3. Deconvoluted L3VV (4 iterations), M2, 3VV and

M&VV (both 10 iterations) spectra from a clean (100) sur-
face. A M&VV (10 iterations) spectrum from a {110)sur-
face is also plotted for comparison of its low. -energy fea-
tures with those of the (100)-M&VV signal. The LSVV
spectrum was taken with a 3000-eV primary beam en-
ergy while all of the MVV signa1. s in this figure were
recorded with a 1500-eV beam energy.
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TABLE I. Experimental L2 3VV peak separations (eV).

Peak label

A
B
C
D
E
F

-9.8 (?) &

-4.5
-2.3 (?)

+3.0
+16.0

+19.8
+23.1 {?)

NR"
-4.2
-2.7

+2.8
+15.5

+19.5
NR

—7.5
-4.5
-2.25

Reference
+2.6

+16.1

+19.7
NR

NR

-2.2
peak (0.0)

+2.6
+14.8 '
+16.2
+19.8
+22.6

-7.6
-4.3
-2.4

+2.8
+16.1

+19.7
NR

-7.5
-4.1
-2.6

+2.8
+16.2

+19.8
+22.4

~Our measurements.
bYin «al. {Ref.9}.
'Schon (Ref. 10}.

Kowalczyk et al. (Hef. 11}.
'Roberts et al. (Ref. 12).

Antonides et al. (Ref. 13).
~Question mark: poorly defined peak.
"NR: not reported,
' Double peak.

major peak in the 3d' final-state-configuration
calculations for the I,VV spectrum. ' " It is fur-
ther assumed that the 6 peak similarly corre-
sponds to the major peak in the direct L, VV spec-

trum and that its separation from the D peak
should be 19.6 eV, the L~-L3 copper core-level
splitting from XPS measurements. " The experi-
mental G-D peak separation confirms this inter-

TABLE II. Experimental and atomic-model-calculation values of L& 3VV peak separations {eV).

a
Peak label

b
Experimental

splittings

c
Ion

potential

Calculations without
satellite structure

d
Neutral

atom potential

C alculations with
satellite structur e
e f

Ion Mixed
potential potential

L~VV

B

D

E

-9.8 (?) &

-2.3 (?)

Reference
peak

+3.0

NP"

-6.1
{'&o)
-1.2
('G4)

(3P+'D, )

+2 o1

( +)

-4.5
('so)
NP

('G4+ 'P+ 'D, )

+3.0
(+)

-6.0
(Satellite)

-4.5
(Satellite)

-2.8
{Satellite)

-4.4
(Satellite)

I—2.2
(Satelli es)

+3.0
(W

+3.0
(3+)

(~G4+ 3P+ ~D2)

L)VV

+16.0

+19.8

+23.1 (?)

+13.5('So) '
+18.4 (~G4)

{3P+~D&)

+21.7
('+)

+16.1
('~o)

from XPS L&-L3
(~G4+ 3P+ ~D2)

+22.6
('+)

+17.9
(Satellite)

+17.6
(Satellite)

splitting = 19.6
{~G4+3P+ ~D2)

+22.7 +22.2
('+) ('+)

Peaks A-E are considered part of the L3VV spectrum and peaks F-H are considered part of the L2VV spectrum.
b Our measurements.
'Yin et al. (Ref. 9).
"Kowalczyk et al. (Ref. 11).
'McGuire (Ref. 14).
' McGuire (Ref. 14).
~Question mark: poorly defined peak.
"NP: no peak in calculations.

Double peak.
' Choice not clear. (Term assignments for the calculated peaks are given in parentheses. )
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pretation. The atomic-model calculations were
carried out using electrostatic integrals for Cu"
[column (c)],' and for neutral Cu [column (d)]."
Considering these results for the 3d' final-state-
configuration calculations alone (no satellite
structure}, there is clearly better apparent agree-
ment between the L,VV experimental splittings and
the neutral-atom-potential calculations —at least
for the B-D and E-D splittings. The A and C peaks
are not explained by either atomic-model calcula-
tion. Roberts, Weightman, and Johnson" have
pointed out, however, that even the apparent B-,
D-, and E-peak agreement with theory is illusory.
Besides failing to give an explanation of the A and
C peaks, the atomic-model calculations" indicate
that the relative intensity of the experimental B
peak is more than an order of magnitude too
strong. Roberts et al. suggested that the L3VV
spectrum in the A-, B-, and C-peak region may
actually be satellite structure resulting from L,;
core-hole decays in the "presence" of a previously
created M4 5 hole leading to a 3d' final-state con-
figurat ion. They suggested the Coster-Kronig
L~L3V process as the process that leads to a L3
hole with an associated M4 5 hole.

Antonides, Janse, and Sawatzky" have utilized
this interpretation of the A-, B-, C-peak structure
in a comparison of the Cu and Zn L, VV line
shapes with the Ga L, VV line shape (where the

L,L,Vtransition is energetically forbidden) to as-
certain how much of the Cu and Zn L, VV intensity
is due to satellite structure. Then ascribing this
satellite intensity as being due initially to L,-hole
creation, they were able to explain the anomalous
L3 VV-to- L, VV integrated -intensity ratios in Cu
and Zn on this basis. For copper their measured
value of this ratio was reported as 7.6 to 1, but
after correction for the 3d' satellite structure this
ratio became 1.6 to 1, closer to the value of 2 to 1
expected on the basis of L„,level multiplicities.
Integrating our L, , VV spectra in Fig. 2 from 923
to 896 eV for the L,VV component, and from 959
to 931 eV for the L, VV component, the L, VV-to-

L, VV intensity ratio from our data is 5.2. This
value is reasonably close to the uncorrected ratio
of Antonides et al. ' The limits of integration
used by Antonides et al. were not specified in
their paper. Further, it appears that they used
two background subtraction steps in handling their
copper data but only explicitly discussed one.
Thus, comparison of their uncorrected intensity
ratio with our value of 5.2 involves some uncer-
tainties.

McGuire" has recently calculated the shape, and
intensity with respect to the 3d' principal spec-
trum, of the 3d' satellite structure taking into
consideration not only the L,L3M4 5 Coster-Kronig

transition suggested by Roberts ef al." (and as-
sumed by Antonides et al." to be the sole source
of the L, VV satellite structure) but also the re-
lated L/L3M, , and L,L,M4, Coster-Kronig transi-
tions. Further assuming, for "best fit" to the
L,VV spectrum of Antonides et al. ," a separation
of 5.2 eV between the "center" of the satellite
structure and the D peak of the principal spectrum,
McGuire obtained synthesized L2 3M4 5M4 5 spectra"
with peak splittings given in columns (e} and (f)
of Table II. For the spectra reported in column
(e) McGuire used the ion potential for calculating
transition rates. For the spectra reported in col-
umn (f) the neutral atom potential was used to cal-
culate the initial-level populations of the L2 3M4 5

configuration due to L, and L, Coster-Kronig tran-
sitions, with the ion potential used for calculating
all other matrix elements. For the values in Table
II, the XPS L,-L, splitting value" of 19.6 eV was
used to locate the t" peak with respect to the D
peak rather than the 20-eV value used by
McGuire. "

Comparing the results in columns (e) and (f) of
Table II with the without-satellite-structure re-
sults of columns (c) and (d), and with our experi-
mental results [column (b)], one sees that Mc-
Quire's spectra do predict a peak at the C position in
.reasonably good agreement with the C peak location
in our experimental L,VV spectrum. The Mc-
Quire results are in better agreement, vis-a-vis
the C peak, with the L3VV spectrum of Antonides
et al. ,

"but this is to be expected since McGuire
arbitrarily adjusted the principal-satellite spectra
separation for a best fit to the Antonides et al ~

data. The McGuire spectra that best fit the experi-
mental results [column (f)] do not predict an A
peak with any of the experimental-splitting val-
ues. The A peak, however, is very weak in all
experimental spectra and in some instances (see Ta-
ble I) is unreported. The same comments apply to the
H peak although the H peak is part of the L,VVprin-
cipal spectrum analogous to the E peak of the
L,VV spectrum and should have an amplitude lar-
ger than observed. A more serious discrepancy
between McGuire's spectra and experiment is in
the location of the F peak. This lack of agreement
points up the failure of either of McGuire's spectra
to reproduce well the shape of the L, VV portion of
the L, ,VV data. However, McGuire's calcula-
tions were aimed primarily at synthesizing
the shape of the L,VV spectrum. This he
has done very well, with the spectra repre-
sented by the splittings in column (f) considered
by McGuire as giving the better fit to the experi-
mental data. This choice between McGuire's two

Lj2 3 VV calculated spectra is further supported by
a comparison of the calculated L„VV-to- L, VV in-
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tegrated-intensity ratios with the experimental
ratio of Antonides et a/. " This ratio for the spec-
tra calculated using the neutral atom potential for
the initial-level populations [column (f) of Table
11)] is 7.33, clearly closer to the experimental
value of Antonides et aE, than is the intensity ratio
-of 3.28 for the spectra using the ion potential for
the entire calculation [column (e) of Table II).
Comparisons of Mcguire's calculated ratios with
our value of 5.2 do not lead to such a clear cut
choice. It should be noted once again, however,
that McGuire's calculations include an energy sep-
aration betmeen the principal and satellite spectra
that was chosen for a best fit to the data of Anton-
ides et al. Most of the difference between our ex-
perimental ratio and that of Antonides et al. cer-
tainly lies in the differences in methods of handling
the background correction problem and possibly
also in the choice of integration limits used to de-
fine the L„VV intensity contribution.

8. NVV spectra

The total MVV spectra from a (110) surface are
also plotted in Fig. 2 and separate M, VV and

M» VV spectra from the (100)-surface sample are
plotted in Fig. 3. No examples of photon-excited
MVV spectra could be found in the literature with

which our spectra could be compared. The only
other published high-resolution electron-excited
MVV data are the uncorrected dN(E)/dE spectra of

Bar6, Salmerhn, and Rojo." .Comparisons of the
peak separations between the two peaks of the
M, ,VV spectra (M, and Mg and the sharp peak
in the M, VV spectrum from our deconvoluted N(E}
data with the corresponding separations between
the major features in the dN(E)/dE data of Bar6
eI; al. are given in Table III. %'hile our M, -M,
separation value only differs from the Bar6 et al.
value by 0.5 eV, the M, -M, values differ by more
than 1 eV. Comparing our 3&peak separations

with the corresponding XPS core-level separa-
tions" in Table III one finds agreement within 0.3
eV. If the peaks in the MVV spectra are identifi-
able with the major (D) peak of the I„VV spec-
trum, the I.,-M separations from our Auger spec-
tra are as given in Table III. These separations
are all about 3 eV greater than the corresponding
XPS core-level separations. " This suggested that
the peaks in the MVV spectra might more plausibly
be identified with the C or B peaks of the L, VV

spectrum, i.e., with the satellite structure
rather than with the principal I-,VV structure.
However, the shapes and energy positions of
the 3IVV lines did not change appreciably
when measured with a primary electron beam en-
ergy of 800 ev (below the I;shell thresholds) .The
sharp features in the M, ,VV spectra also did not
change in shape or in energy location with a prim-
ary energy of 11S eV (below the M, -level ioniza-
tion energy), indicating that the sharp features in
the IVV spectra are not due to satellite contribu-
tions. These MVV spectra for primary energies
other than 1500 eV are discussed further below.

Comparison of the M, VV and M, ,VV spectra in
Fig. 3 indicates a similarity in the shapes of the
sharp features of the spectra. Proceeding On the
supposition" that the M, ,VV spectra result from
the superposition of two signals, M, VV and M, VV,
that are identical in shape and differ only in rela-
tive amplitude and position in energy, the M, , VV

spectra were decomposed into two such signalg.
The M, ,VV-component curve for the (100} surface
at 1500 eV is shown as "M,VV" in Fig. 4(a}. The
two parameters in this decomposition that were
adjusted for a least-squares best fit of the curve
synthesized from the two component curves to the
original M, ,VV spectra were the M3 to M2 inten-
sity ratio and the M, -M, energy separation. The
best-fit values mere 1.3 to 1 and 2.7 eV, respect-
ively. The values of these parameters are reason-

Auger peak
separations

Deconvoluted
integral spectra

b
Uncorrected

derivative spectra

TABLE III. MVV relative peak positions (eV).

AES data XPS core level
separations

M( VV-M2 VV

M) VV-M3 VV

M2 VV-M3 VV

L,VV(D) M, VV

L) VV{D)-M~VV

L3 VV (D)-PI~ VV

Our measurements.
Bar6 et al. (Ref. 3.9b).
Kowalczyk (Ref. 23).

45.0
47.5
2.5

813.3
858.3
860.8

45.7
48.7
3.0

45.2(M(-M~)
47 .4 (M( -M3)
2.2 {M2-M3)

8&0.4{L, M, )
855.6 (L3-M2)
857.6 (L~-M3 }
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ably close to the fairly wide range of values found

by Dobbyn, Williams, Cuthill, and McAlister" to
lead to an analogous decomposition of the soft x-
ray M, , emission spectra of Cu. A recent XPS
value of the M, -M, energy separation is 2.2 eV, again
a value that is reasonably close to our best-fit
M, -M, separation. Note that the apparent M, -M3
peak separation in Fig. 2 (Table III) is only 2.5 eV.
The discrepancy in peak separation values is due
to the overlap of the M, and M, signals.

The theoreticalM, -to-M, intensity ratio was cal-
culated using Mcouire's tabulated M-shell" and
L-shell" Auger and Coster-Kronig transition
rates (calculated in j-j coupling). With no satellite
intensity contribution to either the M, VV or M, VV
signals, the ratio should be exactly 2.0, the M,—

M, level multiplicity. With M, M, ,V decay chan-
nels "feeding" the M, ,VV signals, the theoretical
ratiodecreasesbylessthan0. 01%. Whenthe IM, ,V

decay channels are also "turned on" the theo-
retical ratio becomes 2.02. Thus, our experi-
mental ratio at E~=1500 eV is appreciably less
than the expected value. For a primary beam
energy of 800 eV, the shape of the (100)-M, ,VV
signal and. the best-fit decomposition parameters
rvere unchanged. With a primary beam energy
of 119eV, onthe (110)surface, the high-energy com-
ponent of the M, ,V V signal became more extended
than in its higher-excitation-energy counterpart, or
even in the M, VV signal —although the best-fit de-
composition parameters were essentially unchanged.
This I, ,VV-component curve for the 119-eVexcita-
tion energy is plotted in Fig. 4(b). The broad high-
energy feature in this curve is due to characteris-
tic-loss structure, associated with the 119-eV
primary-beam electrons, that ~as not removed by
applying the smooth background function used in
the Sickafus background subtraction technique. "
This interpretation is supported by the fact that
M»VV-component curve for a 150-eV (only 1.22
times the M, ionization level" ) excitation energy
had high-energy features similar to those of the
800-eV and higher excitation energy curves.
The shape of the M, ,VV signal and the M3 to Mp
ratio, for excitation energies near the M, thresh-
old, need to be further investigated using modula-
tion techniques such as those described by Ger-
lach, Houston, and Park" for separating charac-
teristic-loss features from the AES signals. Such
techniques were not used in the measurements
reported in this paper.

The fact that the M,-to-M, intensity ratio re-
mained unchanged at 1.3 to 1 with changes in prim-
ary beam energy is an indication that satellite-in-
tensity contributions play a negligible role in de-
termining this ratio. This fact is supported by the
relative insensitivity of the theoretical ratio to the
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FIG. 4. Comparison of M~VV (solid curves), and

M2, 3 VV -component (dotted curves} spectra. (a) (100)
surface results with both spectra recorded at 1500-e7
primary beam energy; (b) (110) surface results with the
JV f VV spectrum recorded at 1500 eV and the M 2 &V V
spectra from which this component curve comes re-
corded at 119 eV.

"turn-on" of M, M, ,V and LM, , V satellite decay
channels. That the experimental ratio is less than
2 to 1 could very well be an indication that the
M, VV and M, VV line shapes are significantly dif-
ferent, contrary to the supposition used in the de-
composition here and in the work of others. "
Without satellite-intensity contributions one would
expect the M, VV-to-M, VV integrated-intensity
ratio tobe 2 to 1.

With the exception of the 119-eV result, the
shapes of the MVV signals from a given surface
were unchanged with changes in primary beam en-
ergy up to an energy of 3000 eV. The shapes of
the MVV signals from the two surfaces were also
identical with the one exception that the M, VV
signal from the (110) surface had a broad feature
belo~ the sharp peak that was not evident in the
M, VV signal from the (100) surface. AM, VV
signal from the (110) surface is plotted in Fig. 2

along with the MVV signals from the (100) surface.
The source of this low-energy broad feature is not
clear but, as noted above, its presence in the
(110)-M,VV spectrum is not dependent on L;shell
vacancies. This broad low-energy feature will not
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be considered in the M, ,-to-M, integrated-inten-
sity calculations presented below.

Also plotted in Fig. 4 along with the "M,VV"
components are the M, VV signals from the (100)
and(110) surfacestakenat1500eV. TheM, VV
signals are similar to the "M,VV" curves in the
sharp peak regions but differ appreciably in the
high-energy region where the M, VV signal exhibits a
distinct broad shoulder for all primary beam ener-
gies. This difference suggested a decomposition of
the M, VV spectrum into a sharp symmetric low- en-
ergy peak and abroad high-energy signal. The re-
sults of this decomposition, based on the supposition
that the broad high-energy signal does not extend be-
low the peak position of the sharp feature, are shown
in Fig. 5. Comparisoo. of the broad signal with the
self-fold of the total DOsof copper" (Fig. 5) indicates
that the broad signal is too broad to be a representa-
tion of the total copper valence-band DOS. The self-
fold of the theoretical total DOS has been convoluted
with a Lorentzian function of 2.09-eV full width at
half-maximum (FWHM)" in Fig. 5 to allow for M, —

lifetime broadening. The width of the experimen-
tal broad feature in Fig. 5 is roughly consistent
with the vfidth of the self-fold of the s or p valence-
band states' but the numbers of s and P valence
electrons relative to d electrons are meager and
an identification of the broad features in the M, VV
signal with s and/or P valence electrons in this
way is improbable. An alternative explanation of
the shape of the M, VV signal will be discussed be-
low in our considerations of the recent theoretical
calculations of Cini 6 and of Sawatzky. '

The M, ,-to-M, integrated-intensity ratio can be

fj&CT'ON ENERGY (eV)

FIG. 5. Decomposition of a (j.00)-M1VV spectrum into
a symmetric low-energy atomic like peak (dashed curve)
and a broad high-energy signal (solid curve). Also
plotted (dotted curve) is the self-fold of the copper
theoretical DOS (Bef. 29) after being broadened by
convolution with a turentzian function of 2.09-ev FWHM.
The symbol above the theoretical DOS label indicates
that the curve plotted in this figure is the self-fold of
the theoretical DOS curve.

obtained from the MVV spectra in Fig. 2 and com-
pared with theoretical values. Integrating the
MVVsignals in Fig. 2 from 124.6 to 100.0 eV for
the M, VV intensity, and from V5.0 to 50.0 eV for
the M, ,VV intensities, one obtains an integrated-
intensity ratio I(M»VV)/I(M, VV) of 17.9 to 1.
This integration for the M, VV signal excludes the
broad low-energy structure seen for the (110) sur-
face and not for the (100) surface. That this ratio
is much larger than the M, ,-M, level multiplicity
is not surprising, sipce the principal M, decay
modes are" M, M, ,M, „, rather than M1M1 5M'
These processes would lead to enhanced 3d' final-
state-configuration decays for the M, ,VV transi-
tion. L,. M» V decays are also reported to give
an appreciable contribution to the copper Auger
spectra. "

The MVV spectra, in Fig. 2 were recorded with
a primary beam energy of 1500 eV. In order to
experimentally assess the influence of satellite-
intensity and of ionization-cross-section effects
in these MV V spectra the spectra were also re-
corded with primary beam energies of 800 eV
(below the I-shell ionization thresholds) and 3000
ev. The integrated-intensity ratios, I(M, ,VV)/
I(M, VV), are given in Table IV. Two measure-
ments at 800 eV give an indication of the repro-
ducibility of the measurements.

The theoretical ratios calculated in j-j coupbng
are also given in Table IV. Although pure j-j
coupling should not be applicable" for Cu, a fairly
complete" tabulation of ~I/I-shell" and L,-shell"
Auger and Coster- Kronig transition rates, cal-
culated in j-j coupling, exist in published litera-
ture and, while the absolute values of the theore-
tical ratios may be in considerable error, "it is
expected that the direction of the changes in the
ratio with the "turn-on" of the I.-shell satellite-
decay channels is correctly given. The intensity
contributions from the various decay channels
have been normalized such that the I(M, , VV)-
to I(M, VV) ra-tio without satellite contributions
equals 3.0. For each MVV signal, intensity con-
tributions are given by l, (n) =iV, A, (n)/A, ', where
n denotes a contribution to either the My M2-
or M, -VV signal, i indicates the subshell of the
initial core-hole vacancy, and A~ is a normalizing
factor denoting the total transition rate for all
transitions originating from the i-subshell vac-
ancy. ¹ are the initial numbers of holes in the
ith subshell; initially the relative N,. values were
assumed to be simply proportional to the number
of electrons in the various subshells, while in a
second calculation variations from this level mul-
tiplicity distribution due to variation in ionization
cross section mire estimated using the results of
Vrakking and Meyer. "
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TABLE IV. Comparisons of experimental and theoretical I(M2 3VV)-to-I(M&VV) integrated-
intensity ratios.

Primary beam energies
800 eV 800 eV 1500 eV 3000 eV

I(M2 3 VV)-to-I(M& VV) integrated-intensity ratios

Experimental ratio
Satellite channels
Theoretical ratio

Without ionization cross-section terms
With ionization cross-section terms

43.2
54.9

43.2
54.9

34.6
46.5

34.6
42.2

26.3 24.6 17.9 21.6
3ItM2 3V M(M2 3V M1M2 3V and I.M2 3V

Percent of M& 3VV signal due to satellite intensity

Experimental per cent
Theoretical percent

Without ionization cross-section terms
With ionization cross-section terms

22.8

23.3
18.3

21.9

23.3
18.3

38.1
24.6

38.1
31.2

~Experimental percentages were based on the assumption that the experimental ratio should
be 3 to 1 without satellite-intensity contributions to either the M& 3VV or M&VV signals. This
percent value could only be reliably calculated for the 800-eV signals where .the intensity lost
from the M1VV signal appears in the M~ 3VV signals.

For the M, ,VV signal the possible intensity
contributions come from direct M, ,VV decays as
well as fromM, M, ,V, and L» P1»V satellite decay
channels. For the M, VV signal the intensity contribu-
tions include the direct M, VV decays and the

L» ~,V satellite decays. The theoretical ratios,
both with and without the estimated effects
of ionization-cross-section variations with en-

ergy, show a decrease with the "turn on" of

the I.-decay-satellite channels. A decrease is
also seen in the experimental ratio in going
from a primary electron energy of 800 eV
to either 1500 or 3000 eV.

The increase in the experimental ratio in going
from 1500 to 3000 eV is not seen in the theoretical
ratios when the effects of ionization efficiency are
included. This is possibly due to the neglect of a
potentially important variable in the theoretical
calculation —the intensity contributions to the var-
ious signals due to the spectrum of electrons back-
scattered from layers below the surface layer and
variations in this backscattered-electron contri-
bution with primary beam energy and with Auger
transition energy. No simple method of estimating
the influence of these backscattered electrons
could be found and this factor can only be explored
with a more extensive set of measurements. "

In Fig. 6 the M, VVand "M, VV" curves from
Fig. 4(a) have been replotted together with Mc-
Guire's recently" calculated atomic-model line
shapes for these transitions. In all cases the
curves have been normalized to equal peak heights.
In contrast to our use above of the pure j-j cou-

pling results, the appropriate transition rates for
these curves were calculated in intermediate cou-
pling and the effects of configuration interactions
on the line shapes were shown to be negligible.

M VV

ental

95 1M 105 110 115 120 125

imental

%5 50 55 80 85 70 75

ELECTRON ENERGY teV &

FIG. 6. Comparison of experimental (solid curves)
and theoretical (dashed curves) M&VV- and M2 3VV-
component spectra for copper. The M&VV and M3VV
theoretical curves are from atomic-model calculations
(Ref. 21) which used matrix elements evaluated at 18
and 40 eV, respectively.
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For the theoretical line shapes in Fig. 6, the
matrix elements used in the calculation were
evaluated at 18 and 40 eV for the M, VV and
V 3 VV spectra, respectively. These energy val-
ues are appreciably smaller than those expected
on the basis of experimental measurements and a
possible source of this discrepancy is discussed
in McGuire's paper. " Comparison of the experi-
mental and theoretical curves in Fig. 6 reveals
very good agreement in the sharp peak regions but
considerable disagreement in the higher-energy
broad features, particularly for the M, VV spectra.
These differences may indicate that there are rem-
nants of information related to the initial-state
3d-electron distribution in the experimental MVV
signals. A possible valence-band-theory explana-
tion for this juxtaposition of atomiclike and band-
like features is discussed below.

UPS

-is.

(b)

A

-is -io -5 o'

C. Comparisons with other valence-band spectroscopies
and with valence-band theory 4

It is clear from a comparison of the self-fold of
the total copper valence-band DOS (Fig. 5) with

the I, »VV and MVV spectra (Fig. 2) that most
features in the Auger spectra are too narrow to allow
a simple correlation between the unperturbed cop-
per valence band and the shapes of the Auger lines.
Feibelman and McGuire" have shown that including
transition matrix elements to calculate the transi-
tion DOS for the M»VV and L, ,VV copper transi-
tions does not improve the comparison between the
band theory and experiment. However, the suc-
cess of the atomic-model calculations in explaining
most aspects of the shapes of the L„,VV and MVV

signals from copper is surprising. The fact that
AES is expected to give solid-state valence-band
information for metals prompts further compari-
sons of the shapes of the copper Auger lines with
the results of other valence-band spectroscopies
and with valence-band theory. These comparisons
are further prompted by the conjecture of Barb
et &l." that the MVV line shapes do contain infor-
mation on the unperturbed d valence band of copper
a.long with the atomiclike features.

In Fig. 7 examples of valence-band spectra from
soft-x-ray emission spectroscopy (SXS), XPS, and
ultraviolet photoelectron spectroscopy (UPS) are
presented along with our M, VV and L, ,VV spectra.
Because the final state configurations for the di-
rect SXS, XPS, and UPS data involve a single hole
in the valence band while the AES direct spectra
involve two holes, the self convolutions of SXS,
XPS, and UPS curves are plotted in Fig. 7 for
comparison with our AES results. Also plotted in
Fig. 7(d) is the self-fold of the copper total DOS,"
and in order to emphasize the actual narrowness

-io -4 o'

E NE R GY (e Y)
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FIG. 7. Comparison of M(VV and I.SVV AES line
shapes (7d) with the results of other valence-band-
spectroscopic investigations of copper. (a) Self-folds
of M3 (Bef. 25) and L, s (Bef. 38) soft-x-ray emission
spectra. (b) Self-folds of XPS valence-band curves
recorded (solid curves) with 50- and 175-eV incident
photons (i.oth Bef. 39) and (dotted} with Al Kn radiation
(Bef. 41). (c) Self-folds of UPS electron distribution
spectra recorded (upper two curves) with 21.2- and
40.8-eV photons {both Bef. 42) and the self-fold of a
deconvoluted 40.8-eV UPS spectrum gower curve,
Bef. 43). (d) Our M&VV (upper solid curve) and I.3VV
gower solid curve) AES results plotted together with
the self-fold (dashed curve) of the theoretical total DOS
(Bef. 29) and an x-ray-excited (dotted curve) 1.3VU
spectrum (Bef. 12). The symbol above the SXS, XPS,
UPS, and theoretical curve labels indicate that the
curves plotted in this figure are the self-folds of the
original data.

of the D and F. peaks in the I.,VV AES spectrum,
the x-ray-excited I.,VV spectrum of Rober ts
et al."has been plotted as squares on top of our
L, ,VV curve. Background corrections of the SXS,
XPS, and UPS curves before self-convolution were
all as performed by the original workers.

In Fig. 7(a) the self-fold of theM, -component curve
resolved from the M, , soft-x-ray emission profile
for Cu by Dobbyn etal." and the self-foM of
the 1.,-emission curve of I.iefeld" are given. Both
of these curves are broader than the self-fold
of the theoretical DOS [Fig. I(d)] and neither
exhibit any sharp structure. Energy-dependent
screening and level-broadening effects were
suggested by Dobbyn et ul. as being respon-
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sible for the differences between the two

experimental curves and between the experimental
results and the theoretical DOS. Plotted in Fig.
7(b) are the self-folds of two XPS energy distri-
bution curves recorded by Stohr, McFeely, Apai,
Wehner, and Shirley" using synchrotron radiation
of energy kv =50 and 175 eV. The variations of
the experimental curves with photon energy are
thought to arise in XPS, and in UPS [Fig. 7(c}],
from variations in energy-dependent transition
matrix elements and from "final-state effects. ""
Stohr et al. invoked final-state momentum broad-
emng in order to realize better agreement between
their XPS experiments [Fig. 7(b)] and theory. "
For photon energiep above 70 eV, the changes in
line shape of the XPS curves with changes in ener-
gy are less dramatic than the changes that occur
at lower energies. This result is illustrated by the
comparison in Fig. 7 (b) of the 175-eV results with

a curve taken with Al Ka radiation (1486.6 eV}."
All of the XPS curves are seen to be comparable
in width with the self-fold of the total DOS [Fig.
7(d)] and not to have any sharp structure.

The self-convoluted UPS curves in Fig. 7(c) are
narrower than the self-fold of the theoretical total
DOS [Fig. 7(d)] and two of the curves have sharp
features that are as sharp as some of the features
of the AES curves [Fig. 7(d)]. The upper two UPS
curves are from data taken recently by Tibbetts,
Burkstrand, and Tracy using HeI(21. 1 eV) and
HeII (40.8 eV) radiation. The bottom curve in Fig.
7(c}is the self-fold of a deconvoluted HeII spec-
trum reported by McLachlan, Liesegang, Jenkin,
and Leckey. " Deconvolution was used to remove
instrumental broadening and this curve may be
seen to have sharp features that are not resolved
in the He II spectrum of Tibbetts 8I, a/. Despite
the fact that these UPS curves are narrow in over-
all width and have sharp features as sharp as
those in the AES data, no atomic-model interpre-
tations of these data have been suggested. The
sharp features in photoelectron spectra move with

changing photon energy indicating that they are the
results of conservation of crystal momentum4'

rather than of localized (i.e. , atomiclike) structure
in the DOS. In 19V4 Eastman reviewed UPS
measurements for Cu using synchrotron radiation
with energies from gv = 8 to 26 eV and concluded
that the experimental spectra were in "quite good"
agreement with theoretical spectra derived from
the band-stx"Qeture calculations of Janak,
Wilhams, and Moruzzi. "

Thus, the SXS, XPS, and UPS data for Cu are
fairly adequately explained by band calculations.
The question then arises as to why atomic-model
calculating have been more successful than band
calculations in explaining the Auger line shapes
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FIG. 8. Distortions (solid curves) to the self-fold
(dashed curves) of the total copper DOS (Bef. 29) re-
sulting from electron-correlat'ion effects calculated
using Cini's equation (Bef. 16). In (a)-(c) the results
for g = 6.0, 18.2, and 30.0 eV without core-level-life-
time broadening, are plotted, respectively. In (d)
both curves from (b) have been broadened by convolution
with a 2.09-eV FTHM Lorentzian function and are com-
pared with our (100) M&VV signal (dotted curve). The
symbol above the theoretical DOS label indicates that
the curve plotted in this figure is the self-fold of the
theoretical DOS curve. The area under the DOS curve
has been normalized to unity.

for Cu. %'hat is different in AES from SXS, XPS,
and UPS? The obvious answer to this question
lies in the two-hole final-state configuration for
the direct Auger spectra. Cini" and Sawatzky"
have recently given independent discussions of the
effects of the Coulomb interaction between these
two valence-band holes on the shape of an Auger
C VV line.

Cini" finds that the expected Auger line shape
N'(E) will be distorted to a new form given by

N(E) = N'(E) I& [I —WG '(E)] '+ v 'W'N'(E)'j,

where G'(E} is the Hilbert transform of N'(E)
[=w ' J" .V'(E')(E' —E) 'dE'] and IVis the re-
pulsion energy for the two valence-band holes.
Assuming that N'(E) is the self-fold of the Cu total
DOS,"normalized to unity, a slight difference
in shape between N'(E) and N(E) may be seen for
a, Was small as 0.3 eV. In Fig. 8, iV(E) is plotted
for cvalues of 6.0, 18.2, and 30.0 eV. Also plot-
ted for comparison (dashed curve} is iV'(E), the
self-fold of the total DOS." One sees that as W

increases N'(E) becomes more and more distorted
in shape and a sharp feature develops at the low-
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energy end of the original signal. This sharp fea-
ture becomes sharper with increasing 8'and
eventually a localized atomiclike state splits off
from the low-energy end of the original signal
and the residual intensity in the region of the or-
iginal signal goes to zero [Fig. 8(c)j. With further
increases in W; the locaL'zed state moves further
and further away from the Fermi-energy location.
Since these atomic features will be expected to be
broadened due to the finite lifetime of the core-hole
state, the IV = 18.2 eV results from Fig. 8(b} were
broadened by convolution with a Lorentzian function
of 2.09-V FTHM~ for comparison with the experi-
mental (100}-M,VV signal from Fig. 3. This compari-
son is shown in Fig. 8 (d) . It is apparent that the broad-
enediV(E) signal is in good agreement with the experi-
mental curve in the sharp peak region and thatIV(E)
does have a broad high-energy shoulder. This
broad feature is not as intense as the experi-
mental broad feature. This discrepancy may
be explainable in terms of our complete ne-
glect of the effects of energy- and symmetry-de-
pendent transition matrix elements.

Sawatzky' does not provide a simple analytic
expression, such as the Cini equation above, for
relating X(E) and N'(E). He does provide guide-
lines, however, with which the value of %may be
estimated from experimental data. He concludes
from his calculations that the integrated-intensity
ratio R of the sharp feature in the distorted signal
to the broad feature will be given approximately by
(W/B)' —1, where B is the width of the undistorted
valence band and S'is once again the hole-hole in-
teraction energy. The width of the sharp peak in
the distorted signal 5, will be of the order of
B'/IV. With these two estimates one finds that the
hole-hole repulsion energy should be given approx-
imately by IV= b(R+ 1). Using the results from our
decomposed M, VVsignal (Fig. 5: R=l. l and 8
isthe FWHMof the sharpfeature, =2.82 eV) one finds
that chas a value of 5.5 eV. This value is smaller
than the best-fit value, 18.2 eV, obtained using
Cini's equation and the same experimental My VV
data. 5.5 eV is also somewhat smaller than the
value of W'=8. 0 eV determined by Sawatzky and
Antonides" from conservation-of-energy consider-
ations relating the energy of their I„VV(D) peak"
to energy values for the 2p and 3d XPS lines of
copper.

IV. SUMMARY AND CONCLUSIONS

Our electron-excited J...VV spectra are in good
agreement with x-ray-excited examples of these
spectra. ' " Two mechanisms that account for the
shape of the L,VV signal" are now generally ac-
cepted. The multiplet splitting mechanism ex-
plains the separation and relative intensities of the

two high-energy peaks D and E. The shape of the
lower energy portion of the signal is ascribed to
the occurrence of Coster-Kronig L,L, V and

L,L3V transitions preceding the decay of the L3
hole. This means that some of the L, holes decay
in the presence of "spectator" 3d holes which
leads to a 3d' final-state configuration. Splittings
and intensity ratios for this configuration have been
calculated by McGuire" and used to synthesize the
total, direct plus satellite, L,VV spectrum. The
satellite intensity in the L,VV spectra has also
been used to explain the anomalous L,-to-L, in-
tegrated-intensity ratios of Antonides et al." and
our experimental results are in reasonable agree-
ment with theirs.

The atomic-model calculations of McGuire are
less successful is reproducing the line shape of
the L, VV spectrum. Antonides et al. used a back-
ground correction scheme that does not allow for
structure in the characteristic-loss signal. This
could be a source of some of the discrepancy be-
tween their L., VV spectrum and McGuire's syn-
thesized curves. Our MVV line shapes are also
poorly reproduced by McGuire's calculations" ex-
cept in the region of the sharp peaks. Thus the
discrepancies between McGuire's MVV calculated
line shapes and our spectra lie mainly in the broad
high-energy features seen in the experimental data
and not in the calculated curves. These broad
features suggest a valence-band explanation. They
are not simply related to the unperturbed d-band
DOS as has been suggested by Barb et a/. "" They
are too broad for such an explanation.

Integrated-intensity ratio calculations far the
MVV spectra indicate that satellite intensity does
contribute to the M, ,VV and M, VV lines. Mea-
surements at differing electron-beam excitation
energies, however, indicate that this satellite in-
tensity does not result in additional structur'e
(peaks) in the MVV spectra as it does in the f.,VV
signal. Thus, the sharp features in the MVV spec-
tra are explained by direct-transition atomic-
model arguments while the broad feature presents
an anomaly.

The electron-correlation-effect arguments of
Cini" and of Sawatzky" offer an appealing explana-
tion to this anomaly. Not only do they give a quali-
tative explanation of the presence of atomiclike
and bandlike features in the MVV line shapes that
is very good, but they offer a physical explanation
of the fact that the C VV lines from some metals
are bandlike while the lines from other metals are
atomiclike. The best-fit comparison of our M, VV
spectrum with a Cini distorted curve resulted in a
hole-hole repulsion-energy estimate of 18.2 eV.
This value is more than twice the estimate of 8 eV
obtained by Sawatzky and Antonides" from J3VV
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data, and more than three times the estimate, 5.5
eV, that we get from analyzing our M, VV data in
terms of Sawatzky's arguments. " In comparing
the Cini model with our experimental MVV results,
the assumption was made that the hole-hole re-
pulsion does not significantly mix angular moment-
um, and hence that the area under the theoretical
DOS curve should be equal to unity. (The DOS
curve is thus regarded as some average DOS
function for Cu. ) The value of W that is obtained

by fitting the theoretical curve to the data depends
inversely on the area under the N'(E) function and,
for a CVV signal, inversely on the square of the
area under the DOS function. The opposite, and on
first consideration perhaps plausible, assumption
that the valence bands of Cu are completely de-
generate, and that the area under N'(E) should be
equal to the square of one haU the number of cop-
per valence electrons per atom, leads to an un-

physical W estimate of 0.6 eV. If significant line
shape distortion of the type discussed by Cini and

by Sawatzky could occur for hole-hole repulsion
energies less than 1 eV one would expect that the
C VV lines for all metals would be atomiclike.

The discrepancy between the Westimates from
comparisons with Cini and w'ith Sawatzky needs
further investigation. In comparing the Cini
model with the Cu experimental data one must
determine what modifications must be made to
account for the fact that Cu has some ten d-band
electrons rather than a single simple two-elec-
tron band as considered in the paper by Cini. The
5.5-eV Westimate from comparison with Sawatzky

may also be in some error since the Sawatzky eq-
uations used to get that value were based on an ex-
pansion that assumed Wto be much greater than
twice the valence-band width. The influence of
transition matrix elements and of dynamic screen-
ing on the Cini-Sawatzky arguments may also be
important. The detailed effects of screening in a
metal will depend on the velocity of the Auger el-
ectron and hence the strength of the hole-hole re-
pul@on-energy effects may vary from AES transi-
tion to transition in a given material. The effects

of the surface sensitivity of AES on the results is
a subject that must also be considered.

The Cini-Sawatzky arguments offer a promising
way of studying electron-correlation effects in
metals —especially d-band metals. More detailed
comparisons of Auger line shapes with calculated
transition DOS, and with predicted effects that the
electron correlations may have on the line shapes,
are needed. Such comparisons will help sort out

the ideas concerning the contributions of band
structure versus atomiclike behavior to the Auger
line shapes. It is hoped that the results presented
in this paper will help stimulate interest in further
investigations. Not until one has good agreement
between experiment and theory, as apparently
exists for the L,,VV copper line shape, "should the
Auger spectra from a given material be consider-
ed understood.
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