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Local lattice expansion around Pd impurities in Cu and its infiuence
on the Pd density of states: An extended x-ray-absorption fine-structure and Auger study
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The density of states of Pd in Cu given by impurity calculations is shown to be incompatible
with the observed profile of Pd Auger transitions. Extended x-ray-absorption fine-structure experi-
ments show that there is a local expansion of the lattice around Pd impurities in Cu but not in Ag.
An analysis of the influence of the local lattice expansion on the electronic structure of CuPd al-
loys shows that it leads to a reduction in the intensity of the Pd density of states at the bottom of
the band and yields a Pd density of states in good agreement with the observed Auger profile.

I. INTRODUCTION

The electronic structure of the Cu-Pd alloy system is
currently the focus of a lot of experimental and theoreti-
cal work, ' ' Recently Winter, Durham, Temmerman,
and Stocks have performed calculations of the electron-
ic structure of Cu-Pd alloys in the self-consistent-field
Korringa-Kohn-Rostoker coherent-potential-approxima-
tion (SCF-KKR-CPA) scheme. They argue that, con-
trary to earlier interpretations, ' the electronic struc-
ture of Cu-Pd alloys dilute in Pd does not show the im-
purity virtual-bound state which is characteristic of simi-
lar systems such as CuNi and AgPd. Instead the Cu and
Pd states share a common d band over the whole range
of alloy compositions. However, the Pd density of states
(DOS) given by the SCF-KKR-CPA calculations does
not agree in detail with the results of a number of exper-
imental probes of the Pd DOS. "" This disagreement
between SCF-KKR-CPA theory and experiment for the
Cu-Pd system contrasts strongly with the situation for
Ag-Pd alloys' ' where good agreement obtains be-
tween theory and experiment over the whole range of al-
loy compositions.

In this work we concentrate on a dilute alloy,
Cu95Pd~, and evaluate the consistency between results
for the Pd DOS and the experimental profile of the Pd
M4 5N4 5N4 5 Auger spectrum. We show that the use of
a Pd DOS given by a first-principles impurity calcula-
tion' leads to a disagreement between the calculated
and experimental profiles of the Pd Auger spectrum
similar to that obtained by using the Pd DOS given by
the SCF-KKR-CPA calculations.

We have measured the near-neighbor distances around
Pd impurities, at the 1% level, in Cu by the extended x-
ray-absorption fine-structure (EXAFS) technique and we
find that there is a local expansion of the host lattice

around Pd sites. We examine the possibility that the
electronic structure of CuPd alloys is affected by this lo-
cal expansion of the lattice and we have assessed its
inhuence on the Pd DOS using a recent extension of the
Clogston-Wolff model. ' The extension to the model
makes it possible to investigate the changes in the Pd
DOS caused by variations in the nearest-neighbor host
to impurity d-d hopping matrix element. By using
Harrison's parametrization scheme we are able to re-
late the local expansion of the lattice around Pd sites to
the difference between the impurity-host and host-host
d-d matrix elements. We find that allowing for the
inAuence on the Pd DOS of the measured lattice expan-
sion improves the agreement between the calculated and
observed Pd Auger profiles.

Finally we show that the host lattice does not expand
around Pd sites in AgPd alloys, suggesting that the
agreement between experimental and theoretical results
for the AgPd system and the disagreement for the CuPd
system is due to the neglect of the local lattice expansion
around Pd sites in the latter.

II. EXPERIMENT

Alloys of 1 at. % Pd in Cu and 1 at. %%uoPd inA gwere
obtained from Metal Crystals, Ltd. (Cambridge, UK).
The lattice constants of these materials and those of
high-purity Ag and Cu were measured by x-ray
diffraction using the Debye-Scherrer method. The re-
sults obtained for the nearest-neighbor distances from
these measurements are shown in the first column of
Table I. For Ag these results show that the addition of
1 at. % Pd causes a reduction in the average nearest-
neighbor distances of =0.0024+0.0004 A while the ad-
dition 1at. %%uoPd toCuresult s ina nexpansio no f th e
average nearest-neighbor distance of =0.0009+0.0005
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TABLE I. Cu99Pd& and Ag99Pd& near-neighbor distances, in angstroms.

Average nearest-
neighbor distance

from x-ray
diffraction

1st shell
+0.01

3rd she11
+0.04

Cu99Pdi

Near-neighbor distances from EXAFS
EXAFS analysis I EXAFS analysis II

2nd shell 1st shell 2nd shell
+0.04 +0.01 +0.04

3rd shell
+0.04

Cu
Cu: Cu99Pdi
Pd: Cu99Pd,

2.5563(4)
2.5572(3)
2.5572(3)

2.515
2.515
2.560

3.54
3.54
3.55

4.39
4.39
4.41

2.564
2.569
2.614

3.60
3.61
3.60

4.46
4.47
4.50

Ag
Ag: Ag99Pd,
Pd: Ag9gPd)

2.8889(3)
2.8865(3)
2.8865(3)

2.822
2.827
2.814

3.92

3.91

Ag99Pdi
4.88

4.90

2.882
2.889
2.874

4.02
4.04
3.98

4.99
5.02
5.01

0
A. However, it is possible that these small changes in
average nearest-neighbor distances produced by the ad-
dition of Pd may mask larger changes in local near-
neighbor distances around Pd sites. Consequently we
determined the local near-neighbor distances directly by
performing EXAFS experiments on these materials.

The EXAFS technique is ideal for determining near-
neighbor distances. Oscillatory structure in the photon
absorption spectrum, caused by photoelectron scattering,
has a frequency given by sin(2kR+P), where k is the
photoelectron wave vector, R is the near-neighbor dis-
tance, and P is the phase shift experienced by the photo-
electron in the emission-backscattering process. These
phase shifts are determined by the atomic cores and can
be obtained by direct calculation. Since they are almost
independent of the bonding configuration they can also
be obtained empirically from elements or compounds
with known geometry and then used to deduce distances
in unknown specimens.

The EXAFS experiments were made on foils of be-
tween 20 and 30 micrometers in thickness obtained by
rolling the materials. The EXAFS spectra were mea-
sured at the Daresbury Laboratory synchrotron radia-
tion source using photons from the 5-T wiggler mono-
chromated by a double-crystal (harmonic-rejecting)
Si(220) arrangement. Fluorescence detection, using
scintillation counters, was used to record the EXAFS
spectra above the Pd K edge (24 350 eV) in the Ag» Pd,
and Cu99Pd& alloys. Transmission spectra were mea-
sured for the Pd K edge absorption in pure Pd, the Ag K
edge (25 514 eV) absorption in pure Ag and Ag»Pd„
and the Cu K-edge (8979 eV) absorption in pure Cu and
the Cu99Pd& alloy.

After subtracting the background the results of the
EXAFS measurements were converted to k space and
analyzed by a curve-fitting routine based on the rapid
curved wave computational scheme which included a
least-squares iteration to give the best theoretical fit to
the experimental data. Electron scattering phase shifts
for Cu, Ag, and Pd as absorber and backscatterer atoms
were calculated using a "muon-tin"-potential —based
method. The near-neighbor distances obtained from this

analysis are shown in Table I (analysis I). The
differences between the jesuits for the nearest-neighbor
distances in pure Cu and pure Ag obtained from x-ray
diffraction and EXAFS is a well-known systematic effect
caused by inaccuracies in the phase-shift calculations
used in the EXAFS analysis. These systematic
differences can be eliminated by modifying the Cu, Ag,
and Pd phase shifts slightly so that the analysis of the
EXAFS data obtained from the pure elements yields
correct results for the near-neighbor distances. The
well-established concept of phase-shift transferability
then allows the use of these corrected phase shifts for
the determination of distances in the alloys. The near-
neighbor distances obtained from this method of analyz-
ing the EXAFS data are also shown in Table I (analysis
II). Since in these experiments we are concerned with
differences in distances between similar materials, most
of the systematic errors in an EXAFS analysis cancel.
The errors quoted in Table I arise almost entirely from
small inaccuracies in transferring phase shifts between
the analyses of data from the pure elements and the al-
loys and were estimated from the accuracy of the deter-
mination of known distances in the pure elements.

The analysis of the EXAFS data (Table I) shows that
the small change in average nearest-neighbor distance
(shown by x-ray diffraction) produced by the addition of
Pd to Cu masks a larger local change around Pd sites.
In Cu99Pd, the EXAFS data yield an increase in the
nearest-neighbor distance around a Pd site of 0.05+0.01
A. This result is obtained from both methods of analyz-
ing the EXAFS data, showing that, as expected, the sys-
tematic errors cancel. The EXAFS analysis also shows
that the expansion is confined to the first shell of neigh-
bors around a Pd site and that the near-neighbor separa-
tions around Cu sites are unchanged from those in pure
Cu.

In Ag99Pd& the EXAFS data are consistent with the
view that there is no change in the host lattice around
Pd sites, though it is possible that there is a slight con-
traction of the nearest-neighbor distance of -0.01 A,
which is of the same order as the error limits of the
EXAFS analysis.
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III. THEORY: RELATIONSHIP OF AUGER
PROFILE TO Pd DOS

We use, as our experimental probe of the Pd DOS of
Cu95Pd5, the profile of the Pd M& 5N4 5N4 5 Auger tran-
sitions as measured for this alloy composition by
Weightman, Andrews, Stocks, and Winter. In other al-
loy systems, ' ' ' notably Ag»Pd~ (Ref. 17) and

Cd97Ag3, the Auger profile of the impurity has been
shown to be a good test of models of the local impurity
DOS. However, it is not a simple test since the Auger
profile also depends on a number of other factors such as
the correlation energy ' of two hole states U(L, S,J),
which is dependent on the precise coupling of the L, S,
and J quantum numbers of the two-hole final-state term
structure, the transition rates to the various (L,S,J)
terms, ' the transition rate for the M4M5N4 5 Coster-
Kronig transition, and several mechanisms which
broaden the observed Auger spectrum. Fortunately
most of these effects are now understood for Pd impurity
systems, as was demonstrated recently by the agreement
obtained between theory and experiment for the Pd
Auger spectrum of Ag95Pd5.

' Provided the Pd Auger
spectrum of Cu9&Pd5 is interpreted carefully it can help
to resolve the uncertainty in the Pd DOS in this alloy.

and reduce the I (M&N4 ~N4 ~ ):I(M4N4 ~N4, ) intensity
ratio from 1.0:0.69, the value expected from calcula-
tions of the initial-state photoelectron cross sections.
The Coster-Kronig transition rate is very sensitive to the
Anal-state conduction-band wave functions and might be
expected to change with the Pd environment. In princi-
ple an upper limit on this transition rate can be estab-
lished from the increased broadening of the M4 relative
to the M5 photoelectron line, since the transition only
contributes to the width of the former line. However,
for Pd systems the Coster-Kronig broadening of the M4
photoelectron line is small, ' ' -0. 1 eV, and is difficult
to determine even from high resolution, -0.5 eV, pho-
toelectron spectra. Consequently it is often necessary to
treat the relative intensity of the Auger groups,
I(M5N~ ~N~ ~ ):I(M4N4 ~N~ ~ ), as a variable parameter
with a maximum value of 1.0:0.69. The analysis of the
Pd Auger spectrum of Ag8OPd2O (Ref. 9) suggested a
value of 1.0:0.3 for this ratio, corresponding to a lifetime
broadening of the PD M4 level of 0. 1 eV. In the work
reported here it was found that the optimum value for
this ratio was 1.0:0.4 and that the effects on the calculat-
ed Auger profiles of varying this ratio were not strongly
coupled to variations in other parameters.

B. Application of the Cini-Sawatzky model

A. M4 5N4 &N4 5 Auger groups and the M4M5N4 5

Coster-Kronig transition

The Pd Auger spectrum consists of two groups of
transitions, the M~N4 &N4 5 group and, to higher kinetic
energy, the M4N4 &N4 5 group. The energy separation of
the two groups is equal to the spin-orbit splitting of the
initial state, 5.3 eV, which is accurately known from
photoemission. The relative intensity of the two groups
is strongly inAuenced by the transition rate for
M4M5N4 5 Coster-Kronig transitions which compete
with M4N45N45 transitions for M4 initial-state holes

For Cu95Pd5, measurements of the electronic specific-
heat coefficient and the observation of symmetric core
level photoelectron lines indicate that the density of
states at the Fermi energy is low so that, within the con-
text of the Cini-Sawatsky ' treatment of conduction-
band Auger processes, the Pd 4d band can be considered
full. A further simplification of the situation is given by
a consideration of crystal-field effects in analogous sys-
tems ' which shows that it is reasonable to treat the
(L,S,J) terms of the final-state multiplet structure in-
dependently. ' ' With these provisos the Auger
profile of each Auger group is given by

I(L,S,J)D (E)
L s g [1—U(L, S,J)H (E)] +sr [U(L,S,J)] [D (E)]

where D (E) is the self-convolution of D '(E), the
conduction-band single-electron DOS. H(E) is the Hil-
bert transform of D (E), U(L, S,J) is the Coulomb
repulsion between two localized holes in the (L,S,J) term
of the multiplet structure, and I(L,S,J) is the Auger
transition rate to the (L,S,J) component.

Equation (1) gives the calculated Auger profile as a
function of the binding energy of the two-hole final
states expressed relative to the Fermi energy. The ex-
perimental results are made consistent with this energy
scale by subtracting the observed kinetic energy scale of
the Auger spectrum from the binding energy of the core
hole states measured by photoelectron spectroscopy.

C. The atomic multiplet structure

The position of the Pd final-state multiplet structure
terms U(L, S,J) are the same in each Auger group and
are determined by the values of Coulomb Slater integrals
F (4d, 4d), F (4d, 4d), F (4d, 4d), and the spin-orbit cou-
pling $4d. The magnitude of the spin-orbit coupling con-
stant is largely determined by the atomic potential deep
inside the atom and is not expected to change on the for-
mation of the metal. It should be given accurately
by atomic structure calculations and we use $4d

——0. 18
eV, the value given by Hartree-Fock calculations using
the Froese-Fischer code.
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It is well known that the value of the F (4d, 4d) Slater
integral is greatly reduced from its value in the free
atom by metallic screening. This produces a shift be-
tween the kinetic energies of Auger electrons observed
from free atoms and metals. Since it affects the position
of all the final-state (L,S,J) components equally we sub-
sume it into the value of U('G&), the correlation energy
for the most intense component, as a parameter to be
used in calculating the Auger spectrum.

The F (4d, 4d ) and F (4d, 4d ) Slater integrals are
largely responsible for the multiplet splitting of the
(L,S,J) components. In metals with tightly bound d
bands and large correlation energies, U(L, S,J), the evi-
dence suggests that the values of these Slater integrals
are the same as they are in the corresponding free atoms.
This can be seen from a comparison of the M45N4 5N4 5

Auger spectra of atomic and metallic Cd (Ref. 48) which
shows that the L-S-J splittings are the same in the two
phases. This is also true of the elements following
Cd. ' Attempts to calculate the L-S-J splittings for
these elements within the Hartree-Fock framework lead
to overestimates, probably due to the neglect of relativis-
tic and correlation effects. ' Empirical reductions of
the F (4d, 4d) and F (4d, 4d) integrals by —20% from
the Hartree-Fock values give agreement with experi-
ments.

These observations on the elements Cd to Sn may not
be a good guide for Pd systems since the Pd d band is
less tightly bound and the U(L, S,J) correlation energies
are smaller. Furthermore the Pd Auger spec-
tra of Pd alloys are strongly influenced by the band
structure and it is difficult to determine the values of the
Pd 4d Slater integrals from the shape of the Auger
spectrum. Fortunately the Pd Auger spectrum of
Mg75Pd25 is quasiatomic and this spectrum has been
used' ' to determine values of F (4d, 4d) and F (4d, 4d)
for Pd of 6.02 and 3.94 eV, respectively. These values
correspond to reductions of —34% from the results of
Hartree-jock calculations. The splittings of (L,S,J)
components relative to the 'G4 term calculated in inter-
mediate coupling using these values of F (4d, 4d) and
F (4d, 4d) and g&d

——0. 18 eV are shown in Table II.
Aksela, Harkoma, and Aksela have recently pub-

lished spectra of the M4 5N4 5N4 5 Auger transitions of
free Pd atoms. It is clear from these high-resolution

spectra that the 4d final-state split tings of free Pd
atoms are significantly larger than those shown in Table
II. A careful study of the effect on the calculated Pd
Auger profile of changes in the Pd 4d splittings shows
that the splittings are reduced in metals from the free-
atom values and that the splittings of Table II are con-
sistent with the observed profile of the Pd Auger spectra
of Mg75Pd25 ' AlspPdzp Ag95Pd5,

' ' and
Ag8pPd2p. We conclude that in Pd, but not in the ele-
ments Cd to Sn, metallic screening reduces the value of
the F (4d, 4d) and F (4d, 4d) Slater integrals 'from their
values in the free atom. Since the splittings of Table II
agree with the Pd Auger profile observed from Pd alloys
with Mg, Al, and Ag, we assume this effect is a conse-
quence of the metallic state in general and that these
splittings will also apply to Cu95Pd5, the alloy of interest
here.

The relative intensities of the final-state multiplet
structure components, I(L,S,J), were calculated in the
jj-intermediate coupling (jj-IC) scheme described by
McGilp, Weightman, and McGuire using McGuire's
values of the radial integrals. These results are shown
in Table II. The results of our intensity calculations are
in reasonably good agreement with the measurements of
free-atom spectra, particularly when it is remembered
that several of the components are close together and it
is experimentally difficult to separate their individual in-
tensities. We would not expect exact agreement between
our calculations and the free-atom results since in the
jj-IC coupling scheme, appropriate to Pd, the I(L,S,J)
are influenced by the Slater integrals and since these are
reduced in the metal by screening this will have a
second-order efFect on the I (L,S,J) values.

We conclude that the multiplet structure of the Pd
Auger transitions is well understood and that since the
results of Table II give good agreement with the experi-
mental Pd Auger profiles of Mg75Pd25 ' AlgpPd2p,

'
Ag95Pd,

' ' and Ag8pPd2p they should also be appropri-
ate to the Pd Auger profile of Cu95Pd5.

D. Broadening contributions

The observed Auger profile is affected by lifetime
broadening and by contributions from the finite resolu-
tion of the instrument. The instrumental contribution to

TABLE II. Multiplet structure of the Pd M4 &N4 5N4 5 Auger transitions.

(L,S,J) term'
Splittings

(eV)
Relative intensities

M4N4 5N4 5 M5N4 5N4 5

'S,
lg
'D
3p
3p

'F
F3
F4

—2.41
0.0
0.22
0.30
0.32
0.73
1.33
1.49
1.89

2.28
27.69
21.38

5.43
8.89
7.57
9.45

14.89
2.42

2.55
24.48

5.92
3.20
5.91

14.47
9.13

10.06
24.28

'The L-S terms are mixed by spin-orbit coupling and are not pure states. The mixed states are denot-
ed by the (L,S,J) component which makes the largest contribution to the corresponding eigenvector.
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the Pd Auger profile of Cu95Pd5 can be represented as a
Gaussian of full width at half maximum of (FWHM) 0.5
eV. The lifetime broadening can be represented as a
Lorentzian of FWHM equal to the sum of the contribu-
tions from the lifetimes of the initial and final states.
The contribution from the initial states is easier to estab-
lish since these states can be observed directly in the
photoelectron spectrum. An analysis of high-
resoultion x-ray photoemission (XPS) measurements of
the Pd M5 core lines of Mg75Pd25 and Ag95Pd& shows
these to have lifetime broadening contributions of
FWHM of 0.30 and 0.15 eV, respectively. These results
are in reasonable agreement with the value of =0.4 eV
found by McGuire from atomic structure calculations.
The additional lifetime broadening of the M4 core hole
state in Ag95Pd~ by the M4M&N4 &

Coster-Kronig pro-
cess, the rate for the latter having been determined from
the relative intensity of the M~N4 &N4 5 and M~N4 ~N4 5

contributions to the Pd Auger spectrum, is negligibly
small ( =0.06 eV).

The lifetime broadening of the two-hole final states is
much harder to establish. For free Pd ions these states
cannot decay by any intrinsic atomic process. In Pd
metal and its alloys they can decay by dissociating into
two independent hole states, the theory of which, with
its influence on the Auger profile, is given by the Cini-
Sawatzky model of the Auger process. Alternatively the
two-hole states can decay by a further Auger process in-
volving less-bound band states, V, which we can
represent as N4 5N~ 5

—N4 &
VV. There has been no at-

tempt to calculate the transition rates for such processes
though the analogous case of the decay of a single deep
hole state in a free-electron band was treated by
Landsberg, who concluded that the lifetime broadening
at the bottom of the band was = 1.0 eV. Fortunately it
is possible to estimate the magnitude of such lifetime
broadening processes by comparing the M4 ~N4 5N4 ~

Auger profiles of free-atom and metallic Ag, Cd, In, and
Sn. The best comparison is the work on free-atom and
metallic Cd by Aksela, Aksela, Vuontisjarvi, Vayrynen,
and Lahteenkorva, who conclude that the metallic en-
vironment causes a lifetime broadening of these states by
=0.5+0. 1 eV. A similar result holds for the elements
In and Sn and after inclusion of the initial-state contri-
bution this is consistent with the observation that the
M4 5N4 5N4, profiles of the elements Ag to Sn can be
modeled by attributing a width of = 1.0 eV to each
(L,S,J) component.

We conclude that in the free atoms the (L,S,J) com-
ponents of the Auger transitions are narrow and their
width is dominated by the lifetime broadening of the ini-
tial states. However, in the metals there is a significant
contribution from the lifetime broadening of the final
states, giving a total lifetime broadening of =1.0 eV to
each (L,S,J) component. Thus as a working hypothesis
we assume that in Cu95Pd5 the lifetime broadening con-
tribution to the Pd Auger profile is =1.0 eV.

E. Background

The Auger and photoelectron spectra of solids are ac-
companied by a background of scattered electrons. The

intensity of this contribution increases with decreasing
kinetic energy so that the background count rate on the
low kinetic energy of an Auger or photoelectron spec-
trum is higher than on the high kinetic energy side. It is
often useful to add a simulation of this background con-
tribution to a theoretical Auger profile so as to make a
comparison with an experimental spectrum. In this
work we assume that the background contribution to the
spectrum at any energy is equal to a constant fraction of
the total integrated intensity to higher kinetic energy.
The magnitude of the constant is determined by the re-
quirement of matching the background count rate to
high energy and to low energy in the experimental spec-
trum. Although this procedure is a crude representation
of the energy-loss processes, it does produce a smoothly
varying background that agrees with experiment at the
extremes of the experimental spectrum. Backgrounds of
this form have been used in successful comparisons of
theory with experiment for the M4 ~N4 ~N4 5 Auger
spectra of metallic Ag, Cd, In, and Sn (Ref. 49) of Ag al-
loyed with Mg, ' Ag, ' and Cd, and of Pd alloyed

'th M 17,52 d A .9, 17, 52

IV. DISCUSSION

The previous anlaysis shows that the Pd Auger profile
is composed of two groups of transitions, M5N4 5N~ 5

and M4N4 5N4 5, separated by 5.3 eV and with an inten-
sity ratio which can take a maximum value of 1.0:0.69
but which is reduced to 1.0:0.4 by the effects of Coster-
Kronig transitions. Each group is the envelope of a
number of (L,S,J) components, the splittings and inten-
sities of which are shown in Table II. The line shape of
each component is specified by the Cini-Sawatzky model,
(1), and is obtained from a self-convolution of D '(E), the
local single electron DOS, by a distortion, the magnitude
of which is given by the electron correlation energy
U(L, S,J). The profile will be broadened by a Gaussian
instrumental contribution of 0.5 eV FWHM and by a
Lorentzian lifetime broadening which we expect to be
=1 ~ 0 eV. Finally the spectrum will be superimposed on
a background of scattered electrons which we model as
indicated in Sec. III E.

In order to use the Pd Auger profile as a test of results
for the Pd DOS it is now only necessary to specify the
correlation energy U('G4). However, since the kinetic
energy spread of the Pd, M4 &N4 5N4 ~ Auger electrons is
almost the same in all the Pd alloys studied so far it is
likely that the value of U('G~) is almost independent of
alloy composition. The results from studies on other
systems lead us to expect that it lies in the range 2.8 —3.1

eV: U('G4) =2.8 eV for A180Pdzo, 3.1 eV for
Mg75pd25

17, 52 and 2.8-3.1 ev for Ag-Pd alloys. 9 17,52

Restricting U('G4) to this range enables us to use the
Pd Auger profile as a test of theoretical results for the
Pd local DOS D '(E).

Braspenning, Zeller, Dederichs, and Lodder' have
performed calculations of the electronic structure of im-
purities in Cu. Their results for the Pd DOS are shown
in the inset to Fig. 1. The profiles of the Pd Auger
transitions calculated according to the procedure out-



36 I.OCAQ I ATTICE EXPANSION AROUND Pd IMPURITIES IN. . . 9103

lined in Sec. III with D'(E) set equal to this DOS are
shown in Fig. 1(a) for U('G4)=3. 0 eV and in Fig.
1(b) for U('G„)=2.5 eV. In generating these Auger
profiles the only free parameters are U('G4), the to-
tal intensity of the whole spectrum, and the
I(M5N~ 5N4 5 ):I(M4M4 &N4 5 ) intensity ratio which, as
explained in Sec. IIIA has been fixed at 1.0:0.4. These
profiles show that although the DOS from the impurity
calculations can produce an Auger profile in rough
agreement with the shape of that observed, it is dis-
placed to high binding energy for values of U('G4) in
the range expected. This overstimate of the binding en-
ergies of the two-hole DOS can be traced to the predic-
tion of a high Pd DOS at the bottom of the band (Fig.
1). The calculated Auger profile can be shifted a little to

I I I I I I I I I I I I a I

24 20 16 1 2 8 4 p
Binding Energy (eV)

FICs. 1. The inset shows the Pd DOS of an isolated impurity
in Cu given by the impurity calculations of Braspenning et al.
(Ref. 13). In the main part of this figure and in the other
figures the solid lines show the experimental profile of the Pd
M4 5 N4 5 N4 & Auger transitions of Cu Pd measured by Weight-
man et al. (Ref. 7). The energy scale is appropriate to the
M4N4 &N4, Auger group and the zero of this scale is the Fer-
mi energy. The energy scale for the M&N45N45 Auger group
is displaced by 5.3 eV to the left. The dashed lines show the
Auger profiles calculated as described in the text. The calcu-
lated profiles sho~n here set D'(E) equal to the Pd DOS
shown in the inset and U('G4) equal to (a) 3.0 eV, (b) 2.5 eV,
and (c) 2.0 eV. The lower dashed line in (c) shows the back-
ground of scattered electrons calculated as described in Sec.
III E.

H = g Ekdkdk + g nk cycle +kdodo+ V g (cpdo+docl, )
k k

+ X»k(dkdo+dodk),
k

(3)

where dk and ck refer to d-band and sp-band creation
operators, respectively, the k subscript relating to the
host and the 0 subscript to the impurity. The first four
terms represent the standard Clogston-Wolff model. The
d and sp bands of the host are represented by the first
two terms, the interaction with the impurity state is de-
scribed as a shift in the energy of the local d state by b,

lower binding energies by reducing the value of U('G~),
as in Fig. 1(c) where U('G4)=2. 0 eV. However, this
leads to a disagreement with the observed shape of the
spectrum. We conclude that the results for the Pd DOS
given by the impurity calculation are in poor agreement
with experiment and that the agreement cannot be im-
proved by varying U('G~) or by changing the procedure
for calculating the Auger profile in any way which is
consistent with the discussion of Sec. II.

An earlier study showed a similar disagreement be-
tween theory and experiment when D'(E) was taken
from the results of SCF-KKR-CPA calculations. ' In
the earlier study the agreement between theory and ex-
periment was improved by arbitrarily reducing the Pd
DOS, D '(E), at the bottom of the band, and recently' a
direct determination of the Pd DOS in a concentrated
Cu-Pd alloy has shown that SCF-KKR-CPA calcula-
tions do overestimate the Pd intensity at the bottom of
the band. It has been suggested' ' that a local expan-
sion of the Cu lattice around a Pd site, an effect that is
not allowed for in either the impurity' or the SCF-
KKR-CPA calculations, causes a reduction of the Pd
DOS at the bottom of the band from the values that
would occur in an undistorted lattice. The results of our
analysis of the EXAFS data show that there is a local
lattice expansion of about 2% around Pd sites in Cu. In
order to estimate the effect of this expansion on the local
DOS we need to relate the loca1 nearest-neighbor dis-
tance to the electronic structure.

We adopt Harrison's scheme relating the hopping
matrix element between d states on atoms a and b, T&&,
to the d-state radii r& and r& and the interatomic dis-
tance R ', by

(
a b)3/2

Iti|d Qb 5 (2)
(R '")

We have rz" ——0.57 A and r&
——0.94 A and for the ele-

mental metals R " "=2.55 A and R =2.72 A. Us-
ing the results of the EXAFS analysis for R " gives
T&&" ——1.4T&&" ". In the impurity calculation
R Cu Pd R CU CU ivan Tcu Pd 1.6TcU cU

Having established how the local lattice expansion
changes the hopping matrix element between the impuri-
ty and the host it is now necessary to determine how this
affects the local Pd DOS. We use the modification to
the Clogston-WoN model of the local impurity DOS in-
troduced by van der Marel, Jullianus, and Sawatsky. '

The model Hamiltonian is written
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from the center ( E& ) of a host d band and a hybridiza-
tion V between the impurity d state and the host sp
band. The final term represents the extent to which the
impurity-host d-d transfer integral T;""differs from the

host-host d-d transfer integral T„"Q$$ in this case
AT= Tdd" —Tdd" ". Van der Marel et al. show' that
the addition of this extra term to the Hamiltonian leads
to the local impurity DOS.

D (E)=—Im
1

do
do

(1+r)' I [(1+—r)' 1](E —Ed )—+6+ V I g
do

(4)

where Ed and gdo are, respectively, the centroid and the
single-electron Careen's function of the host d band and
t =AT/Tz'„'t. In this study we take the results for gdo,
6, Ed, and V from previous work' which gave agree-
ment with the photoelectron spectrum of CuPd.

Van der Marel et al. ' show the changes in the impur-
ity DOS predicted by (4) as a function of the value of t
For t = —1 the impurity is decoupled from the host and
the model predicts an impurity DOS of a Lorentzian
centered on Ed +A. The standard Clogston-Wolff result
is obtained with t =0, corresponding to a local expan-
sion of the lattice around the impurity so as to equalize
T,"'" and Th'„",. As t is increased, more of the impurity
DOS is mixed into the host d band and for t =0.6 the
model predicts an admixture comparable to that given
by the impurity calculations. '

A. Comparison of model Pd DOS with Pd Auger profile

We now compare the Pd DOS predicted by the ex-
tended Clogston-Wolff model with the Pd Auger profile.
The inset to Fig. 2 shows the Pd DOS predicted by the

model when t =0.6. As expected, this gives a strong
contribution at the bottom of the band similar in intensi-
ty to that given by the impurity calculations but, of
course, different in detail. The main part of Fig. 2 shows
the Pd Auger profile derived from this DOS with
U('G4)=3. 0 eV. This calculation of the Auger profile
shows a similar disagreement with experim. ent to that
given by the impurity DOS (Fig. 1), and, as was found
for the impurity case, reducing the value of U('G4) does
not improve the agreement with experiment.

We now consider the effect on the Auger profile of us-

ing a Pd DOS generated from the model with a lower
value of t, corresponding to a local expansion of the host
lattice. Figure 3 shows the Pd DOS generated with t set
at 0.4, the value appropriate to the lattice expansion
found from the analysis of the EXAFS data, and the
Auger profile generated from this DOS with
U('G4) =3.0 eV. The Auger profile of Fig. 3 is in better
agreement with experiment than those derived previous-
ly and this improvement in shape and position results
from the reduction in the Pd DOS at the bottom of the
band caused by the local expansion of the lattice. Al-

CO CO
I

a 1 I ) I I 1 I I I I I I

24 20 16 12 8 4 0
Binding Energy (eV)

I I I I I t I I I 1 I I I

24 20 16 &2 8 4 0
Binding Energy (eV)

FIG. 2. The inset shows the Pd DOS given by Eq. (4) with
t =0.6. In the extension to the Clogston-Wolff model (Ref. 10)
this value of t is appropriate to the unrelaxed lattice assumed
in the impurity calculations (Ref. 13). The Auger profile calcu-
lated using this Pd DOS and U('G4) equal to 3.0 eV is shown

by the dashed line.

FIG. 3. The inset shows the Pd DOS given by Eq. (4) with
t =0.4. This value of t corresponds to the size of the expan-
sion of the host lattice around a Pd site deduced from the
analysis of the results of the EXAFS experiments. The Auger
profile calculated using this Pd DOS and U('G4) equal to 3.0
eV is shown by the dashed line.
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Fig. 4 is as good as that obtained in the analysis of the
Pd Auger profile in other alloy systems.

V. CONCLUSION

24 20 16 12 8 4 0
Binding Energy (ev)

FIG. 4. The inset shows the Pd DOS given by Eq. (4) with
t=0.2. This DOS gives the best agreement between theory
and experiment when the Auger profile is calculated with
U('64) equal to 3.0 eV, as shown by the dashed line.

though the calculated Auger spectrum is not in perfect
agreement with experiment it is in remarkably good
agreement when it is remembered that all the ingredients
used in generating the profile are either measured or
chosen to be consistent with other experimentally deter-
mined quantities.

The main defect of the theoretical Auger profile
shown in Fig. 3 is that it is broader than experiment.
The width of the calculated profile is directly related to
the intensity of the Pd DOS at the bottom of the band,
which in the model is determined by the value of t. Re-
ducing t to 0.2 leads to a further reduction in the Pd
DOS at the bottom of the band and gives much better
agreement with experiment, as shown in Fig. 4. Indeed
the agreement between theory and experiment shown in

The analysis of the results of the EXAFS experiments
show that there is a local expansion of the lattice around
Pd sites in CuPd alloys but not in AgPd alloys. The cal-
culations of the Auger profile show that, as expected
from experience with other alloy systems, the Auger
profile is very sensitive to the intensity of the component
DOS at the bottom of the band and for CuPd the impur-
ity calculations overestimate the intensity of the Pd DOS
at the bottom of the band.

The changes in the Pd DOS which we expect to occur
as a result of the local lattice expansion measured by
EXAFS yield improvements in the calculated Auger
profile. In terms of the extended Clogston-Wolff model,
setting the parameter t at a value of 0.2 yields a Pd DOS
consistent with the observed Auger profile.

These studies confirm that the previous disagreement
between experimental and theoretical results for the
CuPd alloy system is due to an overestimate by the
theoretical calculations of the Pd DOS at the bottom of
the band. A large part of this overestimate is due to the
neglect of the local lattice expansion around the Pd site.
The analysis of the results of the EXAFS experiments
shows that there is no local lattice expansion around Pd
sites in AgPd alloys.
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