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A systematic investigation of the Ag and Pd M4 5-VV Auger spectra in the pure metals and in

the Ag, Pd&, (0.1 ~ c ~0.9) alloys is presented, The shape of the Auger spectra is discus: ed in

relation to the values of the effective Coulomb interaction Ueff between the two holes present
in the final state of the Auger transition and of the width W of the one-electron local densities
of states as obtained from LP2 i5 soft-x-ray emission bands. The Auger spectra of Ag in the

metal and the alloys have a pronounced quasiatomic character, as can be expected from the

Ueff/2 W ratio which is found to be close to unity. The Auger spectrum of pure Pd

( Ueff/2 W = 0.4) can be explained in terms of an atomic model in which strong band effects are
present. For alloys with low-Pd content where Pd forms an impurity state, it is shown that final

states other than the localized, [4d ] two-hole state have to be invoked to explain the line shape.

I. INTRODUCTION

Much detailed information has become available
over the past few years on the density of states of
random substitutional alloys. Following photoemis-
sion measurements, ' ' a confrontation between
theoretical calculations and soft-x-ray spectroscopy
(SXS) measurements on Cu, Ni~, and Ag„Pd~, have
clearly shown that they form a split-band system at
all concentrations. 4' Because of the strongly local-
ized character of the core wave functions, SXS has
the particular advantage of being a probe of the local
density of states (LDOS). From x-ray photoelectron
spectroscopy (XPS) determinations of the appropriate
core-level binding energies, it is possible to situate
the LDOS precisely with respect to the Fermi level.

Auger-electron spectroscopy measurements of
core-valence-valence transitions (denoted hereafter as
X- VV) are an alternative way of obtaining informa-
tion on the LDOS in alloys as the intra-atomic part of
the Auger decay rate is much larger than the intera-
tomic part. An interpretation of such processes,
however, is less straightforward since Auger transi-
tions involve a final state with two holes in the
valence band. The kinetic energy of an J- VV Auger
electron may be written as the difference between the
binding energies in the initial one-hole and final
two-hole states

E(X—V[ V2) =E(X) E( V] V2).

By introducing the effective Coulomb interaction
U, ff( Vf V2) of the holes present in the final state, use
can be made of the one-electron binding energies

E(X), E( V, ), and E( Vq) by means of the relation

E(X—V) V, ) = E(X) —E( V)) —E( V, ) —U, ff( V, V2).

(2)
Recent experimental and theoretical work has shown
that two limiting gases may be considered in treating
the X- VV Auger spectra from metals with initially
filled narrow bands (see Refs. 7—10 for a discussion
and further references). If the one-electron
bandwidth IV is such that U, rr/2 IV (( I, the shape
of the X- VV Auger spectrum is given by the self-
convolution of the one-electron density of states
weighted to account for the transition matrix ele-
ments as originally proposed by Lander. " However,
if U, rr/2 IV &) I, the X- VV Auger spectrum is almost
entirely constituted of atomiclike features, i.e., it re-
flects a local two-hole density of states. This is due
to the fact that, since the repulsive energy between
the two holes in the final state is larger than the
bandwidth, none of the holes can be filled by a band
electron for energy conservation reasons.

To date only one experiment involving a continu-
ous variation of the U, rr/2 IV ratio has been per-
formed. It concerns the Ag M4 ~- VV Auger spectra
in silver-simple metal alloys. " The only calculation
on the evolution of the shape of X- VV transitions as
a function of the U, rr/2 IV ratio available has dealt
with a simple cubic tight-binding s band. " Thus,
although some progress has been made in the under-
standing of X- VV Auger transitions, it is of interest
to obtain further experimental data, in particular for
alloys involving two d-band metals.

In view of the data available from SXS-XPS experi-
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ments concerning the changes in LDOS widths as a
function of composition in Ag, Pd& „we have record-
ed the Ag and Pd M4 5- VV Auger spectra over the
range 0.1 ~ c ~0.9 with the purpose of investigating
the effect of the one-electron density of states on the
Auger line shape and discussing the results in rela-
tion to the models at present available for such
Auger processes.

After a brief description of the experimental tech-
niques employed (Sec. II), the SXS measurements of
the LDOS are reported (Sec. III A). The M4, - VV

Auger spectra are given and their evolution dis-
cussed, when the alloy composition is varied, in Secs.
III 8 and IIIC for Ag and Pd, respectively. Conclu-
sions are drawn in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The alloys were prepared by melting under an ar-
gon atmosphere appropriate amounts of high purity
(99.99%) Ag and Pd cut from rods. The pellets so
obtained were cold rolled into 0.2-mm thick strips,
parts of which were used for both SXS and XPS-
Auger studies. An analysis of the intensities of the
core-level peaks of each constituent reveals that the
surface composition of our samples was systematical-
ly 20% richer in Ag than expected. Such an enrich-
ment has also been noted by HCifner ett aI. ' The x-
ray emission measurements involve a much greater
sample thickness (= 1000 A) than the XPS-Auger
experiments and are therefore expected to corrqspond
to samples with bulk compositions. We consider that
the differences in effective composition are small
enough to be neglected and the nominal values are
used hereafter. The SXS emissions were induced by
6.5-keV electrons and analyzed with a 0.5-m radius
bent quartz (1011) crystal at a resolution setting
(hE/E) of 2 x 10 4. The mounting has been
described in detail elsewhere. '

The XPS and Auger measurements were performed
by means of an electrostatic hemispherical analyzer
operated under a relative energy resolution of
7 x 10 4." The x rays emitted from an Al anode ex-
cited by 12-keV electrons were used to produce the
electron spectra. After Ar+ ion etching at low doses
to avoid segregation at the surface of the alloys, ' al-
most all traces of carbon and oxygen contamination
disappeared.

The residual gas pressure was of the order of 10 '
Pa for the SXS experiments and 10 ' Pa for the
XPS-Auger determinations.

III. RESULTS AND DISCUSSION

A. 4d local densities of states

The Ag and Pd LDOS were investigated by means
of the LP2 ~q(4d 2py2) SXS emission bands.

Although the 5s 2p3/2 transition is allowed by di-

pole selection rules, the Ss contribution to the spec-
trum is negligible. The emission bands thus reflect
the 4d distributions. A detailed description of the
variation of the 4d LDOS as a function of compositon
will be given elsewhere along with the emission
bands calculated in the Korringa-Kohn-Rostoker
coherent-potential approximation (KKR-CPA), '
Here we only mention the features which are
relevant to a discussion of the X- VV Auger spectra,
namely the energy positions of the LDOS peaks rela-
tive to the Fermi level and the LDOS widths.

The most precise way of locating the individual 4d
LDOS obtained by SXS with respect to the Fermi lev-
el is from core-level binding-energy measurements
performed on the same samples. The energy of the
Al Ko. line used to induce the XPS spectra being in-
sufficient to ionize the tightly bound 2p3/2 levels, the
3d5/2 binding energies in the alloys were measured.
The 2p3/2 binding energies are then deduced by ad-
ding the Ln~ (3dqg 2p3~2) x-ray transition energy.
This is a standard procedure used to obtain binding
energies for levels beyond the scope of XPS measure-
ments with Al Ka." The validity of this procedure
is verified when the experimental L o. ~

x-ray transi-
tion energies are compared to the differences
between the 3d5/2 and 2p3/2 XPS binding energies in
systems where both sets of data are available: x-ray
transition energies agree with differences in XPS
binding energy to better than 0.2 eV, i.e., to within
the experimental precision. " The SXS and XPS
measurements on the alloys were all calibrated with
respect to the pure elements so that the relative posi-
tions of the LDOS from sample to sample is known
to +0.05 eV.

In Fig. 1, we present the L p2 ~5 emission bands for
the pure elements, for Ag in. Agp ~pPdp 9p and for Pd
in Agp9pPdp ]p situated relative to the Fermi level as
described. The peak positions of the Ag and Pd 4d
LDOS are given in Table I along with their full width
at half maximum (FWHM). It is seen that upon al-

loying the Ag 4d LDOS shifts towards the Fermi lev-
el and broadens with increasing Pd content. The Pd
LDOS shifts also towards the Fermi level but narrows
as the Ag content increases.

The narrowing of the Pd band is well accounted for
by the KKR-CPA calculations which show that as the
Pd content diminishes the Pd states form an impurity
band. ' Such a behavior was also noted for N-i in
Cu, wi~, ." However in the latter example no change
in bandwidth was predicted nor observed for the Cu
LDOS and similarly no theoretical justification has
been found for the Ag states. In fact the calculations
predict a slight narrowing of the Ag band as the Ag
content diminishes, which is more in accordance with
the Ag distributions unfolded from the XPS total
densities of states' and ultraviolet photoemission
measurements. ' This discrepancy has not yet been
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countered at the extreme compositions and in any
case the emissions are also subject to appreciable
broadening due to the 2p3~2 inner-level width. As the
instrumental broadening is 0.6 eV (see Sec. II) and

2p3j2 inner-level width is 1.9 eV, 2' we estimate the
total experimental broadening to be 2.5 eV," we esti-
mate the total experimental broadening to be 2.5 eV.
A Gaussian-type correction has be'en applied to ob-
tain the true LDOS widths except for the narro~ Pd
band in Ag090Pdo 10. In the latter case the recorded
Ll30S width is almost equal to the broadening effects
so a linear correction is more appropriate as a Gaus-
sian correction would lead to an underestimate (see
Table I).

8. Ag M4 5-VV Auger spectra

5 E=0
F

Binding energy (eV)

FIG. 1. L f32 15 x-ray emission bands of Ag in the pure
metal and Ag010Pdo 90, and Pd in the pure metal and

Ago. 9oPdo. 1o

explained. It should be emphasized that such a

broadening of the Ag x-ray emissions has also been
reported by other authors. '0

Corrections have to be made to the measured
emission bandwidths, however, as an estimation of
the true bandwidths will also be required, Optimum
resolution conditions for the SXS measurements
could not be used because of the low intensities en-

The M4 5- VV Auger spectra of Ag in the pure me-
tal and the Agp1pPdp9p alloy are given in Fig. 2. The
spectra have been normalized to the same amplitude
after subtracting the background and the contribution
from inelastic scattering. The transmission of the
electron analyzer has been assumed to be constant
over the narro~ energy range studied. The two main
components observed in the curves are attributed to
the M5- VV and M4- VV spectra. They lie 6.0 eV
apart, which 1s equal to the M4-Mg spin-orbit spllttlng
in Ag as measured by XPS.

Fine structure is clearly resolved in the spectrum of
pure Ag, and the M~- VV and M4- VV components
have different shapes. Also the spectrum resembles
the Xe M4 5-W4, %4 q Auger spectrum (see for in-

stance Ref. 22), so it may be assumed to have a
marked atomic character. In Fig. 2 the spectrum is

compared to a model calculation performed in the
atomic limit. A detailed description of the calculation
has been given elsewhere, "but a brief summary of
the method employed follows as it has also been ap-
plied to Pd (see Sec. III C).

The role played by the 5s electrons present in the
Ag valence band was supposed to be negligible.

TABLE l. Energy positions relative to the Fermi level and F%'HM of the Ag and Pd 4d LDOS
in the pure metals and some Ag, Pd1, alloys as obtained from combined SXS-XPS measurements.
All values are in eV.

Sample g Ag
Pd

~4~ Ag+expt. Ag+corr.
Pd

+expt.
Pd

+corr.

Ag
A g0.90P do. 10

Ago. 1oPdo.9o
Pd

4.7
4.7
4.15

1.8
2. 1

2. 1

4.5
4.7

3.7
4.0 3.5

4.7
4.9

1.0
4.0
4.2
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FIG. 2. Ag M4 5-VVAuger spectrum in the pure metal

(compared to the spectrum calculated in the atomic limit)
and in Agp ]pPdp9p.

Their contribution to the Auger spectrum was there-
fore ignored, i.e., a 4d final-state configuration was

chosen for the Auger process. The final-state levels
were calculated in intermediate coupling. The
Slater-Condon integrals F" were taken from a
Hartree-Fock calculation'" and reduced by 20%. This
reduction was necessary to account for the observed
level splitting as a nonrelativistic procedure was used.
The spin-orbit parameter f4~ was deduced from opti-

cal data. " The intensities were obtained by treating
the initial state of the Auger process in jj coupling
and the final state in intermediate coupling. Once
the transition amplitudes were obtained in the mixed
coupling scheme, ' the transition rates were deduced
using the components of the energy-matrix eigenvec-
tors and the radial matrix elements computed from
Herman-Skillman wave functions. " Each line

predicted in this way was then replaced by a Lorentzi-
an profile to simulate the experimental spectrum.
The best fit, visually, was obtained for a profile of
1.25 eV FWHM. This value is much lower than the
one-electron Ag bandwidth (3.7 e&). On comparing
the experimental and simulated spectra (Fig. 2), it is

seep that the fine structure observed can be ex-
plained almost entirely by the existence of an Auger
final state with two bound holes in the valence band.
This is compatible with the fact that the U, rr value
for the prominent M5- VV('G4) line, as determined
from combined SXS, XPS, and Auger energy meas-
urements using Eq. (2), leads to a U, rr/2 IV ratio
equal to unity (see Table II). It is an indication of
atomiclike behavior.

Two discrepancies only are apparent between the
model and experimental spectra: the atomic calcula-
tion overestimates the intensities of the 'F lines and
it does not predict the |;xistence of the low intensity
and broad feature in the 360—365-eV region. An ex-
planation for this can be found if one considers that
the average U,«value for the 'F components is lower
than the U, rr value for the 'G4 component (see Table
II). According to the U, rr/2IV criterion, this is an in-

dication that the 'F lines might lose in part their
quasi-atomic character, the 64 line remaining unaf-
fected. Indeed it is found that the delocalized
[4d, 4d] hole-state, which can be constructed from
the self-convolution of the one-electron LDOS as
given by SXS, overlaps the [4d", F] states but not
the [4d2 G4] state. Thus the [4d2;3F] states have a

shorter lifetime than the [4d2 G4] state and so ap-

pear to be less intense than predicted on the basis of

TABLE II, Binding energies and Auger energies for Ag in the pure metal and in the Agp &pPdp9p

alloy (all values in eV) together with the corresponding Ugff/2 8 ratios.

Sample Line Z(M, —VV) z(M5) z( v) Uerr U, rr/2 W

Ag
3F2 34

351.9

353.4
368 ~ 1 4.7

6.8

5.3
3.7

0.92

0.72

Agp. 1 pPdp 9p
3F2, 3, 4

352.3

353.8
367.8 4, 1)

7.2

5.7
4.2

0.86,

0.68



3168 J.-M. MARIOT, C. F. HAGUE, AND G. DUFOUR 23

an atomic model alone. Then, part of the Auger in-
tensity will also be transferrt, d to the region
corresponding to the [4d, 4dl distribution, i.e., at a
higher kinetic energy than the atomic spectrum.
Confirmation has been obtained from recent experi-
mental observations of the Ag M4 5- VV spectra in the
Ag3Mg9~ alloy' and in ultra-thin-Ag films" where
the Ag valence band is so narrow that any overlap
between the delocalized [4d, 4d] and the localized
[4d2] distributions is absent, and where there is then
excellent agreement with the atomic model.

The Ag M4, 5- VV Auger spectrum in the
Ago ~aPd090 alloy (Fig. 2) is very similar to the pure-
metal spectrum. As expected from the arguments set
out in Sec. III A concerning the Ag bandwidth, the
change in U, rr/2 W is not sufficiently significant to
modify the overlap between the [4d, 4d] and the
[4d'] states.

Pd M —VV

experiment

band Limit

2 7

34

1 S
2 G~

3 0+P
4 3p

32

320 330

Energy Iel/)

335

I"IG. 3. Pd M4 5- VV Auger spectrum in ihe pure metal

compared to the spectra calculated in the atomic and the
band limit.

C. Pd M4 5-VVAuger spectra

The M4 5- VV Auger spectrum from pure Pd is
given in Fig. 3. The M5- VV and M4- VVcomponents
separated by 5.3 CV are resolved as in the Ag spec-
trum but here no fine structure is apparent. A value
of 4.3 CV is deduced for U, ff from the location of the
maximum of the M~- VV component and the U,ff/2 IV

ratio is found to be of the order of 0.4 (Table III).
This indicates that a bandlikc behavior should be
present if not dominant. So we have constructed an
Auger spectrum model from two self-convoluted
bands taken in the ratio 3/2 and separated by 5.3 eV
to account for the spin-orbit splitting. The SXS
valence band was used for this self-convolutiori. The
model and experimental spectra are compared in Fig.
3. There is general agreement in shape but thc band
model lies at a kinetic energy about 3 CV too high
compared to the experiment. The difference is too
large to be attributed to a matrix element effect or to
the use of the SXS band in the self-folding pro-
cedure. It is more likely to be due to the fact that no
correlation between the holes is included in the
model as should be required when the value of U, ff is

only a little smaller than 28'.

A calculation in the atomic limit has also been per-
formed according to the procedure followed for Ag
and described in Sec. III B. The initial-state confi-
guration of Pd is assumed to be 4d'0 though it should
be noted that de Haas —van Alphen measurements on
pure Pd indicate that the 4d band contains 9.6 elec-
trons. '9 A reasonably good fit between the atomiclike
model and the experiment can be obtained using a
3.5-CV F%HM Lorcntzian profile for each theoretical
line and a U ff value of 3 eV (Fig. 3). Such a large
broadening is consistent with the overlap between the
[4d2] and [4d, 4d] states. It is also met with in the
L3 VV Auger spectrum of Ni. ' " This spectrum ex-
hibits fine structure similar to that observed in the
atomlcllkc L3- VV Cu spectrum but due to thc re-
duced value of U, rr (= 8.0 eV in Cu and = 4.5 eV in
Ni) the Ni lines are = I eV broader than the Cu
lines. However, it must be recalled that the atomic
model overestimates the intensity of the F lines rela-
tive to the 64 line. This seems in contradiction with

the fact that the atomic-model spectrum is less in-
tense than the observed spectrum in the region of the
3F lines.

Some elucidation of the origin of the line shape
may be expected from the behavior of the Pd M4 q-

TABLE III. Binding energies and Auger energies for Pd in the pure metal and in the

Ago 90Pdo &0 alloy (all values in eV) together with the corresPonding U«f/2 8 ratios.

Sample Line U«f U, ff/2 8'

Pd 335.3

Ago. 9oPdo. ]o
330.1

335.0 1.S
1.3

1.0 2.05
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VV Auger spectra in Ag, Pd~, alloys. Indeed we
have shown in Sec. III A that the Pd 4d band nar-
rows to an impurity state and shifts closer to the Fer-
rni level upon alloying with increasing amounts of
Ag. Thus the Pd Auger spectrum could be expected
to become atomiclike in Ag-Pd alloys with low-Pd
content. What happens in fact (Fig. 4) is that the
two main components seen in the pure-metal spec-
trum are still present in the alloy and lie at a slightly
lower energy (these components are labeled A and C
in the AgpppPdp ]p spectrum of Fig. 4). Moreover two
features (labeled 8 and D) develop; they are situated
some 3 eV above A and C, and are therefore approxi-
mately separated by the Pd 3d spin-orbit splitting.

Limiting the discussion to the distinctly more in-
tense M5 part of the spectrum in Agp9pPdp &p, one
notes that the U, ff value for peak A is 4.1 eV, leading
to U, rr/2W = 2 (see Table III). This peak may be at-
tributed to the atomiclike Auger spectrum involving
the localized [4d'] final states. Despite the large
value of the U, rr/2 W ratio and hence the nonoverlap-
ping of the [4d2] and [4d, 4d] states, no fine struc-
ture seems to be resolved in the spectrum, contrary
to what occurs in pure Ag with U, rr/2 8' = I. It has
been predicted however that in the case of an incom-
pletely filled band, and the Pd impurity state falls into
this category, that the X- VVAuger spectrum will

broaden due to the possible decay of the [ V2] states
on the creation of electron-hole pairs. ' For peak B,
the U,ff value drops to about 1 eV and a bandlike ori-
gin may be sought for. As the two 4d holes in the
valence band remain localized and give rise to the
[4d2] atomiclike peak A, a [4d, Ss] final state may be
considered. In Cu, the M~- VVAuger spectrum has
been observed to involve both [3d'] and [3d, 4s] fi-
nal states. " Nevertheless it must be noted that the
(M, —3d4s/M, —3d3d) intensity ratio is close to I in

Cu, whereas the (M4 5
—4dSs/M4 &

—4d4d) intenstity
ratio is expected to be much smaller (=0.02) for
Pd. '7 The convolution of the narrow 4d band with
the Ss LDOS is certainly expected to lead to a sharp
feature as the s states are themselves pushed down
into a narrow band due to an antiresonance effect
with the d states, particularly at the impurity limit. "
Thus although the intensity of the sd process is low,
the amplitude of the resulting convoluted band could
be appreciable.

In the absence of a satisfactory theoretical treat-
ment of these Auger processes, it is suggested that
such an interpretation provides a reasonable explana-
tion of the unusual structure apparent in the Pd
M4 5- VV Auger spectra of Ag, Pd~, alloys with low-
Pd content. It could also account for the discrepancy
between the observed pure-Pd spectrum and the
atomic model. Here the convolution of a Ss peak
with the broad 4d LDOS would lead to a broad
feature of weak amplitude and would not be expected
to be resolved.

E
O

Pd M&5-VV in Ag, Pd1
/

~r

~ ~ V~

~0 ~h

r
~ y

or

e
~ PglV', hr

Og

h

0 ~ y /gal p1y 0 0
r

~ ~

~ ~
~ ~ 'V

c=0.10
~ ~ ~ rr I ~

IVP ~ ~
~+ ~ ~

~0c 0.25
~yy ~ h

'~ ~
~ ~rt

OO

c=0.45 & ~

~ r ~ Q ~ 0~0

A
~ OV

C~ ~;r 0~ ~

c=0.70
~ g~ ~ ~ 0r'

~ro ~i
~ ~

~ ~~ 'PaP ~'
~ 0 ~

'
C=O:90 .v,'

~ ~
~ ~

~ ~ Ao '
Le. ~s I

~ ~
~ ' ~

Bh
or Y

~o
h

~ s h+
~ ~ ~

~ ~
hI

~~
' rh

or

~o
~ 0 ~ ~

Vi

~g

r ~
~ ~

~s

w '+
~~ ~ ~ ~

'V, + ~
~ ~

~ ~ +~

~ h ~
~ choo g

~0 ~ r~I
D

325 330 335

Energy (eVj

FIG. 4. Pd M4 5- VV Auger spectra in the pure metal and
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IV. CONCLUSION
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The Ag and Pd M4 ~- VV Auger spectra in the pure
metals and Ag, Pd~, alloys depart strongly from
those expected when independent-electron behavior
is assumed. For pure Ag, a marked atomic character
is observed and the departure from a pure atomic cal-
culation is shown to be due to a partial overlap of the
localized [4d'] and delocalized [4d, 4d] hole states.
This interpretation is supported by the analysis of the
Agp &pPdp 9p spectrum using Ag 4d LDOS given by
SXS. In the case of Pd a similar situation occurs with
a further complication arising from the partially filled
nature of the Pd 4d LDOS which develops into an
impurity state as the Ag content increases. It should
also seem that the presence of 4d holes alone cannot
explain entirely the Pd spectrum.
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