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We have measured the Ni L3VV Auger spectra of 27 Ni alloys. The line shape, including
multiplets, is calculated with the use of a method based on an approximate solution

developed by Cini for a filled s band. For Ni metal and its alloys, we have determined the
values of U, the shift of the main Auger peak with respect to the energy calculated for
Auger final states in which the two final-state holes are uncorrelated. We find changes in
U~ to be less than 1.4 eV, despite changes in Ni d-band occupation and in the density of
states at the Fermi level. An "excitonic" screenirig mechanism which explains these
features is discussed. The Ni L3VV feature sharpens considerably in alloys with, for in-

stance, Al, La, and Th, so that the d' multiplet structure can be partially resolved. Two
new mechanisms of line-shape broadening are found to dominate the Auger linewidths.

The mechanisms are "hole-assisted dispersion, " arising from the holes in the Ni d bands,
and "dissociational broadening, " in which one of the valence-band holes left by the Auger
process can move on to the partner-element site.

I. INTRODUCTION

Parts I and II of this work, subsequently referred
to as paper I (Ref. 1) and paper II, dealt with x-ray
photoelectron spectra (XPS) of the valence-band
and core-level spectra of Ni and Pd alloys. While
the effects of correlation between the valence elec-
trons were important in those spectra, they did not
dominate them. Here we consider the L3 VV Auger
spectra of Ni where the correlation effects are so
pronounced that the spectra yield quantitative in-
formation on their strength. ' Our purposes here
are to present experimental data from Ni alloys, to
treat some of the complexities involved in interpret-
ing the data, and to discuss some implications of
the results.

The modern view of CVV Auger spectra basically
dates from the recognition that the shape of these
spectra was, in general, not given by simple self-
folds of the one-particle densities of states. '

CVV Auger spectra result from nonradiative decay
of a core hole C, with binding energy Eit(C), to
leave two holes in the valence band. %e measure a
quantity U defined by

Etc(CVV ) =Ett(C) [Ett( Vi )+E—s( V2)] —U,
(1)

where Ett( Vi ) and Ett( V2) are the binding energies
of two independently created valence-band holes de-
rived from XPS. In the simple Hubbard approxi-
mation for narrow-band metals, U can be identi-
fied with the "correlation" energy between two
valence electrons and is a parameter of central im-

portance in the theory of such materials. It is obvi-
ous that an accurate measurement of U does not
solve the correlation problem in narrow-band met-
als. Nevertheless a knowledge of the value of
U/IV, where W is the bandwidth, does indicate
whether a bandlike or atomlike starting point is
more appropriate for discussing the properties of a
metal or alloys. '

It is difficult to calculate U for valence electrons
even within the Hubbard approximation in which
only intra-atomic correlations are considered since
it is strongly reduced from its free-atom value by a
variety of screening and relaxation processes. '
This makes experimental values for U of particular
interest. By alloying, one can change the values of
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the parameters which should affect the screening
process, such as free-electron density, the position
of the Fermi level, crystal structure, etc. The re-
sults of the present study of nickel and its alloys
should be of interest both because we determine
values for U in the alloys, and because they should
contribute to the understanding af screening in
solids.

The shape of the Auger spectrum is also interest-

ing since for large values of U (as found in copper,
for example) the two-hole final state is split off
from the one-hole band states, and even shows the
multiplet structure of the 3d atomic configura-
tion. i's'i4 2s In the case of Ni, where U is approxi-
mately equal to the one-hole bandwidth, the two-
hole states mix strongly with the band states. This
mixing is of great importance to the magnetic and
transport properties of the solid. ' ' Another
interesting problem in nickel is that the Fermi level
is below the top of the d bands. The two-hole prob-
lem including correlation effects is exactly soluble
for filled bands, but only recently have attempts
been made to treat the problem for unfilled
bands. '

The CVV Auger spectrum provides a good exper-
imental testing ground for a study of the above
problems. Nickel is particularly suitable for such
studies since by alloying one can change the U/W
value through the interesting region between band-

like and atomlike behavior, and change the band fil-
ling such that the number of ground-state holes be-
comes essentially zero. Also, Ni is perhaps more
suitable than Pd and Ag systems since the 2p spin-
orbit splitting clearly separates the L3VV from the
L2VV spectra, and the j-term splitting within the
3d configuration is small. i

II. BACKGROUND AND THEORY

In the CVV Auger transition one valence electron
fills an initial care hole and a second is emitted
from the solid. The energy spectrum of the escap-
ing Auger electron is given in the sudden approxi-
mation and neglecting matrix-element variations by
the local two-hole spectral function D(E) shifted by
the binding energy (BE) of the core electron. '

This is illustrated in Fig. 1.
For noninteracting holes, D(E) is given simply by

the self-fold of the local one-hole density of states,
n(E), shown as the dashed line in the figure. A
repulsive interaction, U, of correlated holes lowers
the kinetic energy (KE) of the Auger electron and,
in general, changes the shape of D(E). This moves
the peak maximum away from the center of the
self-fold by slightly more than the energy U.

Cini has derived an approximate solution for
D(E) for the case of a filled, nondegenerate band
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FIG. 1. Schematic diagram of the parameters involved in CVV Auger processes. The diagram illustrates what is
measured and how the measured kinetic energy is related to the correlation energy U. n (E) represents the ground-state
DOS, and D (E) is the self-fold at n(E) shifted by the core-hole binding energy. D(E) represents the measured spec-
trum. Other details are given in the text.



2196 PETER A. BENNETT et al. 27

which is as follows:

~(E) P f" D (E')dE'
(E E')— (4)

[1—UF(E)] +UD. (E)

where D (E) is the self-fold of the one-hole density
of states n (E),

EF
D (E)= f n(E')n(E E'—)dE', (3)

and F(E) is the Hilbert transform of D (E) given

by
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While D(E) can be determined by Auger spec-
troscopy, Do(E) is the density of two-hole states
neglecting the electron-electron interaction and
therefore cannot be directly determined from photo-
emission. For D (E) one should use a self-
convolution of the calculated one-particle density of
states, but this is not feasible in many of the alloys
studied here.

The resulting spectrum for a rectangular density
of states (DOS) of width W is sketched in Fig. 2 for
several choices of U/W. As U/W increases from
zero the spectrum rapidly distorts from the self-fold
of n(E) (shown as a dashed line in the top panel)
with a pronounced skewing to larger two-electron
binding energy (lower kinetic energy of the Auger
electron). For larger U values (U/W&1) a true
bound state appears, split off from the bandlike
states which occupy the region of the self-
convolution. Spectral weight is rapidly transferred
to this split-off state for increasing U values. The
split-off state is sketched here with a finite width,
although this is not included in Eq. (2). This results
from dispersion of the excitonlike two-hole bound
state, as described in the exact solution.

The energy difference between the centroids of
D(E) and Do(E) is exactly U for any n(E) (as long
as the bands are full), thereby providing a criterion
for determining U. Since it is experimentally im-
practical to determine the centroid of the Auger
spectrum, however, we define a U" measured from
the peak maximum and will use it to infer a value
for U. In Fig. 3, we show the ratio U"/W as a
function of U/W' for several model DOS's, where
D(E) has been calculated using Eq. (2). For most of
the nickel alloys, we find U"/W values larger than
Q.85, so U" will typically exceed U by 20% or less.
Thus for our purposes we need not directly calcu-
late Eq. (2) for each case.

A serious problem in the choice of n(E), howev-
er, arises in the case of nickel since correlation ef-

U/W~1

U/Wcc 1
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FIG. 2. CVV spectra calculated for a rectangular
DOS of width O'. Spectra have been calculated with
the Cini approximation (Ref. 5) using several values of
U/W.

fects between the photoemission and ground-state
holes give rise to a satellite peak in the measured
valence-band (VB) spectrum. ' ' From an atom-
ic viewpoint, the spectrum contains a mixture of
"3d " and "3d " final states, the former comprising
the satellite feature. A comparison with the CVV
Auger spectrum shows that the valence-band satel-
lite energy is the same as that of the Auger final
state, which helps substantiate the above descrip-
tion. ' For the problem at hand we need to deter-
mine the energy for a single 3d ionization, and at
least the general effect of the ground-state holes on
the Auger line shape.

Recently, ' it has been proposed that the Auger
spectrum for unfilled bands may be calculated by
again using Eq. (2) but with substitution of D (E)
for D (E), where

E~
D (E)= f n(E')n(E —E')d(E'), (5)
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FIG. 3. Plots of U"/W as a function of U/W for
several model DOS's. U" is the "correlation" energy
measured from the Auger peak, whereas U is that mea-
sured from the Auger centroid.
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i.e., the suggestion was to replace the one-electron
DOS [n(E)] by the spectral function n(E). To test
this we used for n(E) our measured valence-band
spectrum after subtraction of a background, but not
the satellite. Figure 4 shows the result of doing this
for Ni.

The two-hole spectral function D(E) is calculated
from Eq. (2) using a U value of 2.5 eV. Also shown
in the middle panel of Fig. 4 are the n(E) and D(E)
calculated by Treglia et al. ' ' with %=4 eV and
U=2.4 eV and 0.6 holes/atom. The main differ-
ences between the two D (E) in Fig. 4 arise from
differences in the n(E) used and show that the
choice of n(E) is important. The most important
point to notice is that both calculations give the ma-

jor D(E) peak a 2e (BE}of -8 eV. This is about
2 eV higher than the d satellite found in photo-
emission or in the calculated n(E), and is in direct
contradiction to the experimental result where the
d energies found by XPS and 1.3 VV Auger spec-
troscopy are identical in all alloys studied (see Table
VI in paper I). We note that the -8-eV peak in
D(E) arises from convolution of n(E) when holes in
the d satellite and the d band are combined. Its
large weight is a result of the Hilbert transforma-
tion. In our opinion the 8-eV peak in D(E) corre-
sponds to d -like states.

Although the D(E) curves in Fig. 4 bear superfi-
cial resemblance to the experimental curve, it is not
possible to retain the resemblance and to line up the
main peaks in D(E) with the experimental Auger
spectral peaks using Eq. (5). Adjustment of the U
values gives either a two-electron BE which is too
large or a linewidth which is too broad. Inclusion
of the multiplet structure would, of course, broaden

Qww~hk
"""„Ni L3VV

'Auger
Wv «~&

the line further. '

We suggest two reasons for the failure of this cal-
culation to reproduce the experimental line shape.
First, the final-state energies are not correct. In an
atomic description, the self-fold D (E) contains
terms corresponding to d and d7 configurations,
separated by approximately the one-electron (d )
BE. A d term, also present, is off scale. The ener-

gy of a d term, however, should be separated 2U"
from the d term since there are two additional in-
teraction energies for the three-hole cases. Because
this term is so far away it should receive very little
spectral weight. Second, the calculation ignores
initial-state screening effects which would transfer

12 10 8 6 4 2 Ep
TWO-ELECTRON BE {eV)

FIG. 4. Calculated NiL3VV Auger spectrum of Ni
[D(E) is represented by ] obtained from Cini for-
mula [Eq. (2)] after substitution of the XPS spectrum,
n(E) ( ———) for the one-particle density in Eq. (3).
D (E) ( —.——.) is the result of a self-fold of n(E).
The experimental Auger spectrum is also shown for
comparison. No multiplet splitting is included in the
calculation.
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charge to the site of the Auger decay. The initial
state with the core hole should then be predom-
inantly 3d' rather than 3d . To first order this
screening would have the effect of weighting the d
final state very strongly compared to the other
terms. ' '"

To proceed with our estimate of U" for the series
of alloys we will simply truncate the satellite from
the measured valence-band spectrum and use the
centroid of the remaining spectrum to represent the
energy of a "screened d " configuration, i.e., the
single-ionization energy of the 3d shell. Inclusion
of the satellite (using the spectrum shown in Fig. 4)
would increase the BE of the centroid in pure nickel

by 0.5 eV which in turn would reduce our value of
U by -1.0 eV. This ambiguity in determination
of the valence-band centroid is presumably smaller

for alloys in which the satellite intensity is reduced
compared to pure nickel.

Next we consider the multiplet structure of the
spectrum. The extension of Eq. (2) to the case of
degenerate bands has been outlined in Ref. 37 where
it was pointed out that if the effective potential is
predominantly spherical the terms in the d config-
uration will not mix. The Auger spectrum then is
the sum of independent terms whose shapes are
given by Eq. (2) with an appropriate set of U values.
This procedure has been shown to work well for the
cases of Zn, Ga, and Ge in which all terms of the
L3 VV spectrum are clearly split off from the band
states. ' We find favorable results (as follows} for
the case of nickel, where U/IV & l allowing consid-
erable mixing of the two-hole and one-hole states.

From atomic theory, the energies of the five
terms of the d configuration are given as linear
combinations of the Slater integrals F' ', F' ', and
F' '. The latter two determine the splitting be-
tween terms, while the F' ' term moves the configu-
ration as a whole. In the GaL3VV spectrum we
found that the 3d -multiplet splittings remain near-
ly at their atomic value for atoms in the solid states
while the F' ' term is strongly reduced due to
screening and relaxation effects. In the same work
it was shown that experimental transition probabili-
ties agree well with the calculated values, for exam-
ple from McGuire. We should note here that the:
transition probabilities for the L3M45M45 transi-
tion are much larger than those for L3M45N ol
L3N~N& transitions (i.e., s final-state holes). The
contribution to the line shape from such states
would in any case be very broad and shifted to
higher kinetic energy since the 4s-3d or 4s-4s
Coulomb interaction is very small. Therefore we

wish to use only the nickel 3d DOS for n(E) in Eq.
(3) and will compare D(E) with the total L3VV
spectrum.

We show examples of the expected multiplet
structure in Fig. 5. For n (E}we have used the ex-
perimental valence-band spectrum after truncation
of the satellite feature and with the addition of a
very small tail of intensity at higher BE which ar-
tificially broadens the split-off states. 46 This spec-
trum as well as the self-fold are shown in the lower
panel. We have used Mann's calculated values of
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FIG. 5. Effect of multiplets on the NiL3VV Auger
spectra. Lower panel: XPS VB after subtraction of sat-
ellite N(E) and its self-fold D (E). Middle panel: calcu-
lated contributions to the Ni L3 VV spectrum from the in-
dividual d terms with slater integrals F' '=2.7 eV,
F' '=9.6 eV, and F' '=6. 1 eV, which gives U('S) =7.3
eV, U('G)=3. 5 eV, U( P)=2.85 eV, U('D)=1.6 eV,
and U( F)=1.0 eV. Top panel: calculated contributoins
to the NiL3VV Auger spectrum with F' '=1.7 eV,
F'2'=9. 6 eV, and F' '=6.4 eV, which gives U('S)=6.3
eV, U('G)=2. 5 eV, U('P)=7. 85 eV, U('D)=1.6 eV,
and U( F)=0 eV. The experimental Auger spectrum is
shown for comparison.
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F' ' and F' ' (Ref. 47) for nickel 3d but have re-

duced it by 20% to allow for solid-state screening,
while the F' ' value has been adjusted to bring the
position of the '6 term near to its experimental
value.

The results are interesting because some terms
like the '6 or the 'S are clearly split off from the
band states while others like the F are still within

this region and can strongly mix with the band
states. As the F' ' value is increased, the multiplet

moves out of the region of band states, as illustrated
in the top two panels of Fig. 5. Consequently, the
terms of the multiplet narrow so that the F term
changes from a shoulder into a partially resolved
peak. We find this sort of change in the experimen-
tal spectra of the alloys, as discussed in Sec. III.
They have also been found for Pd and Ag al-

loys, ' where narrowing of the valence bands in,
for instance, Mg-Ag alloys leads to large increases
of U/W' for the M4 & VV Auger spectra. We have

Material
Auger

KE
28
BE U~(1G) ~

TABLE I. L3 VV Auger-peak energies and related data (all values in eV).

VB
2p3r2 centroid
BE E 8' UA(1g)y~

Ni
MgNi2
Mg2Ni
AlNi3
AlNi

846.2
845.80
845.80
845.80
845.30

852.65
852.85
852.7
852.65
852.8

6.45
7.05
6.90
6.85
7.50

1.40
1.40
1.35
1.50
1.65

3.65
4.25
4.2
3.85
4.20

3.8
3.3
2.7
4.0
3.5

0.95
1.30
1.55
0.95
1,20

A13Ni2

A13Ni
ScNi
TiNi
CrNi2

844.80
844.85
845.95
845.70
845.90

853.4
853.75
852.8
853.15
852.95

8.60
8.90
6.85
7.45
7.05

2.15
2.50
1.60
1.75
1.60

4.30
3.90
3.65
3.95
3.85

2.85
2.4
3.2
3.8
4.0

1.50
1.60
1.1
1.05
0.95

CuNi
PdNi
InNi
LaNis
LaNi

846.25
846.50
845.90
846.15
845.80

852.55
852.45
852.35
852.6'
852 9

6.30
5.95
6.45
6.45
7.10

1.35
1.50
1.65

Ni3d VB obscured by Cu3d
Ni3d VB obscured by Pd4d

3.75 3.05
3.45 3.7
3.8 3.0

1.25
0.9
1.25

La7Ni3
La3Ni
CeNi5
CeNi2
CeNi

846.20
846.00
846.15
846.00
846.0

852.75
852 7"
852.6
853.00
853.00

6.55
6.70
6.45
7.00
7.00

1.75
1.90
1.35
1.65
1.70

3.05
2.90
3.75
3.70
3.6

2.1

2.1

3.7
3.6
2.8

1.45
1.40
1.00
1.05
1.30

Ce7Ni3

TaNi3
TaNi2'
Ta2Ni'
AuNi

845.90
845.90
845.65
845.7
847.85

853.00
852.75
853.20
853.3
852.15

7.10
6.85
7.55
7.6
5.30

1.90
1.40
2.0'
2.10'

—1.10

3.3
4.05
3.55'
3.2'

-3.10

2.4
4.2
4.1'
4 2c

1.40
0.95
0.85'
0.75'

ThNi5
ThNi

Th7Ni3

CQ

MgCu2
Mg2Cu
NiCu

845.80

845.95

918.8
918.7
918.6
918.25

853.0
853.15

932.35
933.1
933.4
932.45

7.20

7.20

13.55
14.4
14.8
14.2

1.40
1.85

2.0

3.30
3.30
3.90
3.50

3.5

7.10
7.80
7.00
7.2

3.7
3.0

41
3.3
2.3
4

1.20

1.25

'There may be a small systematic error in U due to uncertainty in subtraction of the VB satellite.
"2p 1n —17.2 eV.
'Full width at half maximum (FWHM) and centroid probably influenced by Ta levels.
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not attempted an exact fitting to the experimental
line shape since in most of the alloys only one term
in the configuration can be experimentally resolved.
Further, the calculated shape of a single term is not
well known when its U value approaches the split-
off condition (U/II'& 1) since here the dispersion
of the two-hole state which is not included in Eq.
(2) may become significant ' and the shape given

by Eq. (2) is very sensitive to structure in n (E) near
the bottom of the band.

We make two points, however, regarding the
multiplet structure: Firstly, the '6 term clearly
dominates the spectrum, contributing ——, of the

integrated intensity. This is the term whose U we
list later in Table I. Since its energy is given by

U(IG) P(0)+ 4 P(2)+ i P(4)

(Ref. 44), its position is not too sensitive to uncer-

tainty in the choice of the F( ' and F(") values.
Secondly, the width of the peak near its maximum
can be fairly accurately interpreted to arise from a
single term, this being the 'G. Any possible overlap
of multiplets would contribute an asymmetric
broadening of the peak to higher kinetic energy,
which should be experimentally apparent.

III. EXPERIMENTAL RESULTS
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FIG. 6. XPS spectra of the VB's of Al-Ni alloys
showing the narrowing of the Ni d bands as the Ni con-
tent decreases. This is a typical result for alloys with
electropositive metals.

Details concerning sample preparation and the
apparatus are given in papers I and II. Auger spec-
tra presented here were excited with AlEa radia-
tion except when an overlap Auger and XPS peaks
made use of MgKa radiation more appropriate.
We presented the valence-band and core-level spec-
tra of all the nickel and palladium compounds we
have studied in papers I and II. Here we illustrate
the behavior of the valence-band spectra with the
example of the aluminium-nickel compounds shown
in Fig. 6. We find that with increasing dilution of
nickel with more electropositive partner metals, the
nickel 3d bands become narrower and pull away
from the Fermi level. Concurrent with this, the sa-
tellite feature essentially disappears. At the excita-
tion energy of hv=1486. 7 eV photoemission from
the nickel d bands dominates the spectrum, al-
though some contribution from aluminium and
nickel sp states is also present.

In the appendix to paper I we described the
methods of background subtraction used for the
valence bands of Ni alloys. We always subtracted
the satelhte contribution, if one was present, and de-

cided that the uncertainties in definition of the Ni

d-band centroids and effective widths were approxi-
mately 0.3 eV. Inclusion of the satellite feature
would increase the centroid BE of the Ni spectrum
by -0.5 eV.

The Auger spectra are shown in Figs. 7—11. No
background correction has been made, so that a
considerable amount of intensity is present at lower
kinetic energies due to inelastic scattering of the es-
caping electron. The peak maxima have been
aligned and the intensity normalized to show more
clearly the changes in line shape. The U values ap-
propriate to these spectra are given in Table I.

We show our values for U" in Table I along with
the pertinent numbers used to determine it. The
first two columns list the kinetic energies of the
Auger-peak maxima and the 2p3/2 core-line BE's
both given with respect to the Fermi level. The
next column is the 3d double-ionization energy,
which is simply column 2 minus column 1. We as-
sign here an uncertainty of -0.3 eV due mostly to
the machine calibration and determination of the
Fermi level. The next column gives the centroid of
the nickel 3d states after removal of background
and satellite contributions as previously described.
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FIG. 7. X-ray-excited NiL3VV Auger spectra from
Al-Ni alloys. Spectra have been shifted to align the
peak maxima and have been approximately normalized
to give the same peak heights. Arrows indicating the
full width at

3
maximum intensity (measured with

respect to the base line on the high-KE, side) are shown
to help compare the widths.

The U"('G) values in the next column are simply
column 3 minus twice column 4, and an overall un-

certainty of 0.5 eV is assigned. The next column
gives 8', the effective width of the nickel 3d bands,
determined as the base of a trapezoidal extrapola-
tion of the measured spectrum. Details of this
determination are given in paper I. The ratio
U"('G)/8' is given in the last column. At the bot-
tom of the table are shown entries for the respective
quantities for copper in a few copper alloys. The
results for U" are fairly constant at 3.6+0.7 eV for
all the Ni alloys and 7.4+0.4 eV for the Cu alloys
measured.

Our characterization of the Auger linewidths is
shown in Table II. The Auger linewidth is given in
column 2. The precision in this number is 0.10 eV,
limited mostly by the counting statistics. Typically
10"counts at the peak maximum were accumulated.
Because the different multiplet terms overlap and

FIG. 8. NiL3VV Auger spectra of La-Ni alloys.
Other details as for Fig. 7.

because of the large contribution from inelastically
scattered electrons we have no ideal way to charac-
terize the widths of the Auger peaks by a single
number. We have used the full width of the Auger
peak at —, maximum as this is at least a consistent
procedure for detecting trends in line shape. At this
height the width is dominated by the contribution
from the 'G term in the multiplet term. We argue
that by measuring at the upper third of the peak we
minimize the effects of the inelastic background as
well as any smooth contribution from underlying
multiplet terms. The nearly symmetric appearance
of the line substantiates our procedure. The second
column in Table II gives the measured full width at
half maximum (FWHM) of the L3 core level. This
is intended as an estimate of three sources of
broadening in the Auger line: instrumental
broadening (0.4 eV FWHM in Auger, 0.6 eV in

XPS)„ the LI lifetime width, and a low-energy tail
due to Fermi-surface shakeup. The latter contri-
bution has been shown to be present in the EL2L3
Auger spectra of Na and Mg, and to produce an
asymmetry parameter nearly equal to that of the
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spectra of Ce-Ni alloys.
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FIG. 10. NiL3VV Auger
Other details as for Fig. 7.

spectra of Th-Ni alloys.
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CrNi2, and some 1:1 alloys showing the variation in
Auger linewidth. Other details as for Fig. 7.

XPS core lines. '

The third column of Table II, labeled "excess"
width, is the difference of the first two. It gives a
measure of that part of the Auger linewidths arising
from two-hole dispersion, etc., as discussed in Sec.
IV. The observation that this is almost zero in the
copper alloys justifies, to some extent, our use of the
full width at —, maximum (W3/3) to characterize
the width of the '6 term.

Observing the changes in line shape for the
aluminium-nickel series shown in Fig. 7 one sees
that with increasing dilution of nickel the '6 term
narrows, and the pronounced bulge to higher kinetic
energy in the pure-nickel spectrum changes to a
concave shape. These changes we will correlate
with other parameters in Tables I and II. This
trend is also visible in the other series of com-
pounds, being in fact more pronounced for electro-
positive partner metals. The lanthanum-nickel
spectra in Fig. 8 are good examples. Here, the
changes are large enough that the bulge at several
eV above the peak maximum can be seen to evolve
into a partially resolved peak. The resemblance to
the calculated spectra of Fig, 5 is very good, and al-
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TABLE II. Factors for the NiL3VV '6 Auger linewidths. (All values in eV; see text for
details of width measurements. )

Material

Ni
MgNi2
Mg2Ni
AlNi3
AlNi
A13Ni2

A13Ni
ScNi
TiNi
CrNi2
CuNi
PdNi
InNi
LaNi&

LaNi
La7Ni3
La3Ni
CeNi5
CeNi2
CeNi
Ce7Ni3
TaNi3
TaNi2

Ta2Ni
AuNi
ThNi5
ThNi
Th7Ni3
CQ

MgCu2
Mg2Cu
Ni~u

L3 VV'
"width"

3.00
2.3
1.75
3.0
3.0
2.7
2.15
2.10
2.15
2.55
4.0
4.0
2.15
2.5
1.70
1.65
1.60
2.45
2.30
1.75
1.65
2.90
2.55

2.35
4.10
2.30
1.75
1.80
1.20
1.20
1.20
1.20

L3
FWHM

1.35
1.25
1.15
1.25
1.25
1.15
1.10
1.15
1.20
1.4
1.30
1.45
1.10
1.25

(1 05)'
(1.1)'

1.25
1.15
1.05
1.10
1.35
1.35

1.5
1.40
1.30
1.05
1.2
1.10
1.10
1.10
1.10

"Excess"

1.65
1.05
0.60
1.75
1.75
1.55
1.05
0.95
0.95
1.15
270
2.55
1.15
1.25

(0.65)'
(0.55)'

1.2
1.15
0.70
0.45
1.6
1.2
0.85
2.70
1.00
0.70
0.60
0.10
0.10
0.10
0.10

Ni-Ni
coordination

number

12

2
8

6
3
0
6
6

-6
-6

-8
2
0
0
8

6
2
0
8
5

2
-6
-8
—1

0

'Peak full width at —maximum (8'2/3).
Overlap of NiL3VVand CuL3M23M45.

'Ni2p3/2 and La3d3/2 XPS peaks overlap so Ni 2p3/2 widths are taken from the correspond-
ing Ce compounds, where possible.

lows indentification of this feature as the F term of
the 3d s configuration.

In the I.a3Ni spectrum, this peak is separated
from the 'G term by -2.5 eV. This is close to the
value of 2.65 eV found in the optical spectra of free
Ni atoms, which in turn is 20%%uo smaller than that
obtained from evaluation of the two-electron Slater
integrals (3.1 eV). The latter reduction is due

principally to contraction of the d orbital upon re-
moval of two electrons. The further reduction in
the splitting observed in the Auger spectrum is ac-
counted for by the different U"/U values for the

two terms. That is, the peak maximum is puuea
further from its centroid for the F compared to the
'G term, bringing them closer together. Correcting
for this effect in the spirit of the analysis in Fig. 3,
we can infer a U( F) value from the F Auger
final-state energy of -0.4 eV.

Another interesting feature in the spectra appears
at 3 eV kinetic energy below the 'G term. From the
multiplet calculation one expects to find a contribu-
tion from the 'S term in this region of the spectrum
with -2% of the integrated intensity. However, it
is known that a "vacancy satellite" structure also
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occurs in this region as a result of a Coster-Kronig
decay of an L2 hole preceding the L&MM transi-
tion. ' ' We presume that the 'S term is not distin-
guishable from this vacancy satellite structure in
the spectrum. It is interesting to note that this
structure corresponds to a d final state. Earlier we
stated that a d final state should be displaced from
the d by -2U", yet it appears here (more easily
seen in the Cu spectrum in Fig. 12) to be much
closer than 2U" (-14 eV in Cu) to the d states.
This is because the initial state for the vacancy sa-
tellite is a 2p3/i (3d ) configuration and is shifted

by the XPS core-level satellite energy (-6 eV) from
a 2p„, (3d").

IV. DISCUSSION

We first discuss the dependence of U" on chemi-
cal environment. Here it is appropriate to consider
more carefully the quantity measured. We measure

U =[E(3d ) EF] 2(C—EF—), —

where C is the centroid of the measured valence
band without the satellite. Apart froin small
corrections for U"/U discussed in Sec. II, the ener-

gy we measure is thus the energy required to local-
ize two holes from bandlike Ni d states onto a sin-

gle atomic site.
In the Hubbard model, the Hamiltonian of a sys-

tem is separated into a sum of single-particle and
many-body interaction terms. The former give rise
to the familiar one-electron band structure while the
latter define the correlation energy U, and give
rise to the intra-atomic Coulomb interaction energy.
In his third paper Hubbard illustrated his model
with a half-filled s band where U was the energy
required to localize two electrons on one atom. In
that case, where each atom had one s electron,

(7)

where 6 is the ionization energy and 4+ is the
electron affinity of an atom in a solid. It is not pos-
sible to give such a simple picture in Ni, with 9.4
electrons in its d bands. Nevertheless if we
remember that Hubbard's U is the screened intra-
atomic Coulomb correlation energy then it is clearly
very closely related to the energy required to local-
ize two holes in a single atomic site, as measured by
us. Note, however, that we have adopted the con-
vention of defining a separate U" for each atomic
d configuration.

Some confidence in our procedure to determine U

comes from the favorable comparison of our value
with that found by calculating the photoemission
spectrum of pure nickel. A recent calculation
including higher-order correlation effects proposed
a value of U=2. 5 eV. Since this was done for a
nondegenerate band, we should compare to our
value of U" for the '6 term alone, which is 3.65
eV.~i The difference is partly accounted for by the
ratio U /U, which from Fig. 3 is —1.2 if we as-
sume a square DOS and a one-electron bandwidth
of 4.3 eV. Even if the agreement is not exact, the
variation of U with chemical environment should
parallel that of U". As shown in Table I we find
U"('6) values in the range of 3.0 to 4.3 eV. The
correction for the ratio U" /U is minor ( & 15%) in
all cases since U"/W) 0.85.

Before proceeding to discussion of the values and
variation of U"('G) it is sensible to consider the ef-
fect of F' ' and F' ' and the role of other d terms.
Many of the alloys studied have sharper LiVV
Auger spectra than Ni itself, so that a shoulder at
low two-electron BE can be more clearly resolved.
In Fig. 12, we show the spectra of Ni, LaiNi, and
Cu to illustrate the monotonic development of the
spectra. In Cu there is a peak on the low two-
electron BE side of the '6 feature which can be
clearly attributed to the F term. ~ (Peaks on the
high-BE side are attributed to double-ionization
processes. ' ' ) The partially resolved peak in
La3Ni is thus also attributed to the F term.

A fit of the calculated NiLiVV Auger-peak
shape to the experiment in order to determine F' '

and F' ' is not feasible here. Such a fit would re-
quire extensive research into the energy-loss pro-
cesses which cause much of the background of the
low-KE side of the peaks, or use of coincidence
spectra where the loss processes are suppressed. It
must also take into account the broadening process-
es discussed later. Nevertheless, calculations are
useful to check that our assumptions are reasonable.
For the calculations we used F' ' and F' ' values re-
duced by 20% from Mann's atomic values and F' '

adjusted to bring the '6 term into agreement with
experiment. With the use of observed XPS VB's of
Ni and La3Ni the total calculated L3VV Auger
spectra, shown as a full line in Fig. 12, strongly
resemble the experiment. As discussed in Sec. II, it
is the contribution of the F term which is most
strongly affected by changes in U/8". We have dis-
cussed in more detail elsewhere the implications of
the low U" values associated with the d ( F) con-
figuration. ' Because of the d -multiplet splitting,
the iF configuration clearly has an energy suffi-
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Ni where emission due to the F term was found to
increase in the Fano resonance at the 3p threshold.
%ithin experimental uncertainty due to overlap of
the 3d ( F) term with the one-particle spectrum in
Ref. 54, our results are in agreement for the 'G and
F splitting in Ni. It is not possible to use the

separation of the '6 and F terms found here to
deduce accurate values for the Slater integrals F' '

and F' '. This is partly due to limited experimental
accuracy, but also to the differences in the ratio of
U /Ueff for different values of U"/W, as discussed
in connection with Fig. 3. The G term is outside
the band and feels a different part of the real self-

energy to the F term inside the band.
However, we can conclude from comparisons

such as those in Fig. 12 that the values of the Slater
integrals F' ' and F' ' are nearly independent of the
solid-state environment of the nickel atom in metal-
lic compounds. This allows us to say that U" for
the F term is small and the F term must be degen-
erate with the one-electron states in Ni itself and
many of its alloys.

Knowing approximate values of F' ' and F' ' (see
Fig. 12) we can infer an F' ' value from a measure-
ment of U('G) since

-)0
4

-5
b, KE

~~C ~

~Vlgly p~~N~ ~

0 5
(eV with respect tolG}

FIG. 12. Comparison of the NiL3VV Auger spectra
from Ni and La3Ni with the CuL3VV spectrum of Cu.
Also shown are the calculated total NiL3VV Auger
spectra and calculated contributions of the '6 and 'F
terms. Parameters used for the calculation for Ni are
F' '=2.5, F' '=9.6, and F' '=6.4; and for La3Ni,
F' '=2.0, F' '=9.6, and F' '=6.4 (all values in eV).
These values correspond to U('G)-3. 3, U('F)-0. 8 for
Ni and U('G)-2. 7, U('F)-0.4 for La3Ni.

ciently low to contribute to polar fiuctuations in the
ground state in Ni and Ni alloys. Although the im-
portance of term splittings was recognized by Her-

ring, ' they have mostly been ignored in band-
structure calculations since then because no direct
experimental confirmation for the solid has been
available. Because of the magnetic nature of the 3F

state its mixing into the ground state could be a
determining factor in the description of the magnet-
ic properties of Ni. '

Our conclusion that we have observed the
3d (3F) term in alloys like La3Ni is supported by
very recent synchrotron photoemission data from

U('6) =-F + „F"'+,F—'4' .

This gives F' ' values in the range of 2.4—3.7 eV
for the entire alloy series.

It is common in discussions of relaxation and
screening to separate "atomic" and "extra-atomic"
contributions. ' ' ' The atomic contribution is
defined by calculating the relaxation energy for an
isolated ion, and the rest is attributed to extra-
atomic processes. In the present case, the relaxation
energy is the reduction of the F'"' terms from their
calculated free-atom values. Constancy of F' ' and
F' means that the screening charge is spherically
symmetric or that the monopole term in the many-
body response is dominant. 57 The major effect of
the relaxation is to change the F' ' term from -25
to -3 eV. In the sense described above we would
assign —13 eV to atomic relaxation since U('6)
evaluated for nickel atoms is —12 eV. The
remaining 9 eV must be made up by extra-atomic
relaxation or screening. This analysis leads one to
expect a large variation of the relaxation energy
with changes in chemical environment. In addition,
the considerably smaller extra-atomic relaxation en-

ergy for the L3M4 5M4 5 Auger line in copper com-

pared to nickel has been attributed to a filling of the
d bands and consequent loss of d-electron screen-

ing '; however, see also Ref. 58. One might ex-
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pect a similar effect in those alloys where the d
bands are essentially filled.

Contrary to the above arguments, we find that U
(and thus the relaxation energy) remains essentially
constant upon alloying despite large changes in the
free-electron density and the DOS near the Fermi
level. We believe this is evidence for an excitonlike
screening process ' involving localized 4sp orbi-
tals. In this sense, we would write the Auger final
state in nickel and its alloys as 3d [4s ], where the
square brackets denote an occupied screening orbi-
tal which has been pulled below EF and localized by
the +2e charge of the 3d configuration. From our
experiments we infer that the shape of the screening
orbitals and thus the relaxation energy gained by
their occupation is essentially independent of the
chemical environment. On the same basis, the
Auger final state in copper would be written
3d 4s'[4s4p] . In this case, screening the +2e
charge requires filling a 4p orbital as well as a 4s or-
bital. We would attribute the smaller relaxation en-

ergy in copper to a poorer screening by the 4p orbi-
tal compared to the 4s orbital. This may be due to
the higher energy of the 4p-band states.

The lack of any substantial variation of the relax-
ation energy with the density of d states near the
Fermi level may result from the following two con-
siderations: Firstly, regardless of the quantity of
unoccupied Ni d states, or of unoccupied Ni d char-
acter of other occupied bands in the initial state of
Ni or its alloys, screening of the 2p3/2 core hole
gives a local d' configuration in the Auger initial
state. Secondly, the d configuration resulting from
Auger decay of the 2p3/i core hole cannot be
screened by transfer of a d electron to the charged
site since this would have a d configuration. Such
a transfer can, of course, occur, but this gives rise to
the bandlike portion of the spectrum.

Next we consider the line shape. The first point
to notice is that the '6 terin is split off from the Ni
d bands in essentially all cases, since U/W&1,
which places the '6 term below the bottom of the
self-fold of n (E). The exact criterion for a split-off
state depends on details of the band structure, but
our U values are larger than the critical U calculat-
ed for several model band structures, particularly
so since our measured 8'must overestimate the true
bandwidth. In this case, Eq. (2) predicts a 5-
function resonance. The exact solution of the prob-
lem, however, including the motion of the two-hole
bound state through the lattice predicts a dispersion
width of -0.58'(8'/U). ' Therefore, we expect
this contribution to the linewidth to be &0.5 eV.
Recall that the entries in Table II labeled excess

HOLE -ASSISTED

DISPERSION

A A

~9d8 (a)

lL
LLjx

c9X
D

03

DI!KGCIATIVE

BROADENING

(b)

N (E)

AUGER
DECAY

(c)

a=Hole ~=Bectron Ql Occupied Ni band

we-=2 Correlated Holes gl Occupied Au, etc. band

FIG. 13. Schematic illustration of the mechanisms of
broadening of the NiL3VV Auger spectra. (a) hole-
assisted dispersion, (b) dissociational broadening due to
decay into uncorrelated holes on different sites, and (c)
Auger lifetime broadening.

width have had the measured L3 linewidth subtract-
ed in an attempt to remove broadening due to in-
strumental resolution, the L3 lifetime and the
Fermi-surface shakeup. The small values listed for
the excess linewidth in the copper alloys substan-
tiate this procedure. Small increases in the width of
the '6 peak are expected as U"('6)/W is de-

creased. However, these effects are calculated to be
smaller than -0.3 eV in the range of U"('6)/W
indicated in Table I and also fail to explain the ob-
served effects. We must look for other mechanisms
to explain the excess linewidths of 0.6 to 2.7 eV
found in the nickel alloys. The mechanisms we en-

visage are illustrated schematically in Fig. 13.
The first process in Fig. 13(a) is the one we have

labeled hole-assisted dispersion. We expect the
propagation of the two-hole bound state through
the lattice to be greatly enhanced for unfilled Ni d
bands as compared to filled bands. This follows be-
cause the energy of a state with two holes on Ni site
A and one on Ni site B is degenerate with the state
with one hole on Ni site A and two on Ni site B and
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these states mix via the one-hole hopping integral.
We call this process hole as-sisted dispersion. It is
unlike the filled-band case where an energy transfer
of U is required for the pair to first separate. One
could crudely estimate the upper limit of hole-
assisted dispersion to be W times the fraction of Ni
atoms in a d configuration if the hopping integrals
are taken to be the same for Ni d -d' and d -d9

hopping. As Ni itself has 9.4 electrons/atom in the
d band (0.6 holes) and W-4 eV, the excess width
calculated for this mechanism is of the order of 2.4
eV. This is probably an upper limit, but it is large
and the effect can be isolated in our data, as dis-
cussed below. As explained in paper I it is difficult
to estimate exactly the amount and distribution of
Ni d character in the unoccupied bands of Ni al-
loys. However, this mechanism is formally inopera-
tive in alloys with no direct Ni-Ni interactions
which will be useful in isolating the effect.

The second contribution to the excess width due
to interaction between the two-hole band states and
the bands of the partner element is illustrated in the
middle panel of Fig. 13. In Sec. II we essentially
considered broadening of the two-hole bound state
arising from its mixing with delocalized band states.
In the alloys we have the interesting possibility that
the two-hole bound state may mix with states with
one hole in the "Ni band" and one hole in the
"partner-element bands". Qualitatively, the size of
this dissociational broadening should be large if the
Ni two-electron BE derived from Auger spectra is
in a large-DOS region of "mixed convolution" of
the nickel with the partner bands, i.e., if energy is
conserved in the reaction

3d ~3d +hole in partner band,

then there will be a lifetime broadening from disso-
ciation of the 3d virtual two-hole bound state. An
example of this is the NiAu alloy. The effect
should be small when the DOS of the mixed convo-
lution is small at the 3d energy. This latter case
applies to I.a-Ni alloys for instance where the La
bands are only about 1.5-eV wide so that the bottom
of the mixed convolution is above the 3d energy.

The third broadening process is a lifetime-
broadening effect. The open d bands, and conse-
quent high DOS near the Fermi level enhance a de-
cay mechanism involving the formation of
electron-hole pairs from the two-hole state. We
may argue that this mechanism is not too important
because it involves interatomic Auger-type matrix
elements. There are thus two processes that could

significantly contribute to the excess Ni L 3 VV
width and it is difficult to find systems in which the
two contributions cannot be varied fully indepen-
dently. We shall show that both contribute to the
observed trends.

First of all we note that there are a few alloys in
Table II with very large NiL3VV widths, such a
AuNi, CuNi, and PdNi (see also Fig. 11). In these
cases, the partner DOS is exceptionally high, so the
linewidth is certainly dominated by the contribution
from dissociational broadening.

In order to discuss the hole-assisted dispersional
broadening the number of nearest-neighbor nickel-
pair interactions is listed in Table II. In every series
with a given partner, the excess Auger width de-
creases with the Ni-Ni coordination number. This
is certainly an indication that hole-assisted disper-
sion is operative here. Good examples are provided
by La- and Ce-Ni alloys where the dissocjational
broadening is not operative (see below) and the ex-
cess widths are almost linearly dependent on coordi-
nation number.

To examine the effect of dissociational broaden-
ing, we first examine the alloys with no nearest-
neighbor Ni-Ni contacts, where hole-assisted disper-
sion is not operative. Here the excess width is
smallest for La7Ni3 and Ce7Ni3. The La and Ce
bands extend only to 1.5 —2 eV below Ez (paper I)
so that the combined BE at the bottom of the fold
of Ni d with the La-Ce bands is only approximately
5 —5.5 eV below EF which is 1.5 —2 eV above the
Ni d energy. The contribution to dissociational
broadening is thus minimal.

Other measurements of the excess Ni L3 VV width
in alloys with no Ni-Ni contacts are 0.6 eV for
Th7Ni3, 1.05 eV for A13Ni (Table II), and -3 eV
for 2.5 at. % Ni in Au. These results show a
trend to increasing excess width with increasing
density of two-hole states in the fold of the Ni and
partner bands at the Ni d energy. In the other al-
loys both mechanisms are usually operative, al-
though dissociative broadening always plays a small
role in Ni alloys with metals whose occupied bands
are narrow, such as La and Ce.

Experiments that might strengthen these argu-
ments are as follows:

(1) NiL3 VV measurements of other dilute Ni al-
loys where there are no nearest-neighbor nickel
pairs.

(2) CoL3VV measurements on Co alloys where
the number of 3d holes is larger than in Ni and
larger contributions of hole-assisted dispersion may
be observed.
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(3) If the two-hole (virtual) bound state from the
Auger process in an alloy should be accidentally de-

generate with a shallow core hole, this might lead to
unusual Auger line shapes.

V. CONCLUDING REMARKS

The investigations reported here aimed to cover
the range of variations in NiL3VV spectra from
in intermetallic compounds. In all cases the main
'G final state of the NiL3VV Auger peak had the
same energy as the VB satellite (see paper I, Table
VI) but the Auger spectra are more suitable for in-
vestigation of Coulomb interactions. The values of
U" determined here were nearly constant for all the
Ni alloys studied. This is attributed to "excitonic"
screening involving Ni s and p orbitals and thus is
unaffected by chemical effects on the initial-state
Ni d-character distribution. The Ni Auger
linewidths were shown to contain contributions of
up to -3 eV from new broadening mechanisms.
These are hale-assisted dispersion of the localized
d final state in the NiL3VVAuger spectra and dis-
sociation broadening in which one hole from the d
configuration hops into the "partner band".

Inclusion of d -multiplet effmts in the Cini for-
malism is important for explanation of the observed

Lt 3 VV line shape. The results indicate that the F
d states in Ni are similar in energy to bandlike Ni
states, which is important for the understanding of
magnetism in Ni. We believe some work is desir-
able to incorporate this fact in band-structure calcu-
lations of Ni, although we cannot at present suggest
a theoretial scheme to do so.

We believe that the theoretical treatment outlined
here could be applied to Auger spectra from Ni in
other environments such as in compounds with
nonmetals, or dilute alloys. In such studies it would

be possible to vary the important parameters, such
as the Ni d-band width and the number of Ni d
holes in a more extreme way. It would also be use-
ful to study the L3VV Auger spectra of other
transition-metal intermetallics, e.g., Co alloys where
the hole concentration is larger, in a more systemat-
ic way.
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