
PHYSICAL REVIE% B VOLUME 33, NUMBER 4 15 FEBRUARY 1986

Electronic density of states and the x-ray photoelectron spectra
of the valence band of Cu-Pd alloys
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We present self-consistent-field Korringa-Kohn-Rostoker coherent-potential-approximation cal-

culations of the electronic density of states of random Cu, Pdl, alloys. We find strong hybridiza-

tion of the palladium d bands with the copper d bands over the entire concentration range. We do

not obtain a palladium virtual bound state for the copper-rich alloys and therefore contradict the in-

terpretation generally placed on valence-band x-ray photoelectron spectroscopy (XPS) spectra for
Cu-Pd. Nevertheless, our first-principles calculations of the XPS spectra are in excellent agreement

with recent measurements, and we discuss why this is so. Furthermore, we compare our density of
states at the Fermi energy with specific-hest measurements.

I. INTRODUCTION

X-ray photoelectron spectroscopy (XPS) has been ex-
tensively applied to the valence bands of disordered
transition- and noble-metal alloys (and glasses) in order to
establish the main features of the d-band densities of
states. For example, in Cu-Ni and Ag-Pd alloys XPS
spectra show two sets of d states, directly confirming the
split-band picture. In Cu (Ag)-rich alloys the Ni (Pd) d
levels form virtual bound states above the host d bands
that are centered on the 1-scattering resonances of the im-

purity. The many XPS measurements' s on Cu-Pd alloys
are less clear-cut, but here too the interpretation of the
data has always beesi, with the exception of Ref. 5, that a
palladium virtual bound state is formed in copper-rich al-
loys. In this paper we present the first self-consistent-
field Korringa-Kohn-Rostoker coherent-potential-
approximation (KKR-CPA) calculations of the densities
of states in Cu-Pd alloys. Although the KKR-CPA leads
to Ni (Pd) virtual bound states in Cu-Ni and Ag-Pd al-
loys, we show that Cu-Pd behaves quite differently. In
tight-binding terms we characterize Cu-Pd as a system in
which off-diagonal disorder dominates diagonal disorder.
It is the first such system to be analyzed using the KKR-
CPA, and a number of novel features appear in the densi-
ty of states. The most striking effect, however, is that
there is a common 1 band at all concentrations and no
palladium virtual bound state. Rather, the Pd d density
of states has two peaks, one each at the upper and lower
Cu d —band edges. This finding is in agreement with the
results of recent non-self-consistent KKR-CPA calcula-
tions for two Cu-rich Cu-Pd alloys by Rao et al. , the
crystal potentials for which were adjusted empirically to

force consistency with experimental angle-resolved photo-
emission data. In addition to performing the self-
consistent-field calculations, we have made first-principles
calculations of the XPS spectra, according to the one-
electron theory we advanced in an earlier paper, and ob-
tain very satisfactory agreement with experiment. There-
fore, we beheve previous interpretations '" of the data to
have been wrong, and we point out the origin of this error.
We also discuss the electronic specific-heat coefficient y
and electron-phonon mass enhancement A, in the light of
our calculations of n (eF) and comment on the tendency
towards superconductivity in this alloy.

Copper and palladium form random alloys of fcc struc-
ture (a phase) at temperatures above 600 K throughout
the concentration range. This structure persists to low
temperature, except for palladium concentrations between
about 10% and 25%, where transformations into the
CuiAu structure and into long-period ordered structures
occur, and between 30% and 50%, where transformations
into the CsCl structure occur. However, using rapid-
quenching techniques it is possible to maintain the a
phase at low temperatures throughout the concentration
range. ~'9 In spite of the propensity of these alloys to es-
tablish some degree of short-range order, as has been
demonstrated by diffuse electron scattering work, ' it
seems reasonable, as a first step, to calculate the electronic
structure of the Cu, Pdl, alloy system under the assump-
tion of complete randomness. Even if the physical quan-
tity in question depends non-negligibly on ordering or
clustering effects, the results for the random case are
needed as the starting point for taking into account such
effects "

Unlike Ag, Pdl, and Cu, Ni& „Cu,Pdl, alloys con-
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sist of atoms belonging to different series in the periodic
table and thus differ significantly in atomic number. As a
result it is difficult to construct reliable alloy potential
function by the standard method of superimposing atomic
charge densities. ' This difficulty was overcome in the
work of Rao er al. by the introduction of a rigid shift of
the Pd-site potential with respect to the Cu-site potential
by 2.45 eV, and a shift of the Cu d band with respect to
the sp bands of 0.15 eV. The reason for the difficulty is
because for potentials constructed from overlapping atom-
ic charge densities the Wigner-Seitz cells corresponding to
copper and to palladium sites in the alloy turn out to be
far from neutral. In the case of Cu07sPd02s about one
electronic charge is missing at the palladium site. Thus
for Cu, Pdi, alloys it is necessary that the calculations
be made self-consistent with respect to the alloy potential
in order to obtain alloy-crystal potentials which will give
an accurate description of the electronic structure that is
completely parameter free, eliminating the necessity of
empirical adjustment. This is in contrast to Ag, Pdi
(Ref. 15) and Cu, Nii, (Refs. 16 and 17), where electron-
ic structure calculations based on Mattheiss-prescription
potentials yield reasonable results. Inspection of the pure
Cu and Pd band structures leads one to expect substantial
Cu and Pd d-band mixing in the alloy. The pure Cu and
Pd d-band widths are very different, being, respectively,
3.3 and 5.5 eV. Furthermore, the change of the lattice
constants that occurs when Cu and Pd are alloyed tends to
accentuate this difference. The lattice contracts on the
addition of palladium, which results in a broadening of
the palladium band and a narrowing of the copper band.
In contrast, the lattice-constant changes that occur on al-
loying Ag and Pd tend to equalize the Ag and Pd d-band
widths. ' The lattice expands on alloying Ag to Pd, nar-
rowing the palladium d band and broadening the silver d
band. In this paper we will investigate, in detail, the ef-
fects of self-consistency and the consequences of the large
difference in bandwidth of the alloy constituents on the
electronic density of states.

Sato et a/. ' measured the low-temperature specific
heat of the a phase alloys throughout the concentration
range. In the concentration range where the alloys are
metastable with respect to the formation of the P bcc
phase, they estimate the values by interpolation except for
the composition Cu059Pd04i for which they produced
samples of both fcc and CsC1 structure. The Debye fre-
quency extracted from the phonon part of the specific
heat decreases monotonically from the copper-rich to the
palladium-rich end. The electronic specific-heat coeffi-
cient y shows a steep rise with increasing palladium con-
centration starting at about 40% palladium. Below this
value it is only weakly concentration dependent. This ob-
servation led to the conclusion that, on alloying, the 0.6
holes in the palladium d band are filled up by copper s
electrons at 60% copper.

Other experimental studies include MIMIR measure-
ments of Knight shifts and relaxation times at the copper
sites. '9 i' It is found that beyond 40% of palladium the
Knight shift scales with the average susceptibility. From
this it was concluded that the Fermi energy enters the d
bands at 40% palladium in Cu, Pdi

We have calculated the electronic structure of the
Cu, Pdi, alloys within the KKR-CPA. '6 zz Self-
consistency with respect to the alloy potential has been
obtained along the lines described by Venter and
Stocks. ' The XPS valence-band spectra are evaluated
within a one-particle approximation. Our calculated den-

sities of states for Cu07sPdo is and Cue 95PdoQ5 have al-

ready been u!wd to interpret Auger measurements as well

as XPS data for these alloys, ' where it was pointed out
that neither the Auger nor the XPS measurements sup-
ported a split-band picture for these alloys. Gyorffy and
Stocks" used the self-consistent electronic structure calcu-
lations as a basis for investigating the driving force re-
sponsible for the formation of concentration waves that
are observed in the disordered a phase alloys. ' A concen-
tration wave may be though of as a long-lived periodic
fluctuation in the site concentration about the homogene-
ous (random) alloy. The driving mechanism they pro-
posed is the nesting of flat pieces of Fermi surface. The
length and direction of the spanning vectors that connect
the flat sheets of Fermi surface are directly related to the
positions of the diffuse scattering peaks found in electron
scattering experiments. ' The electron-positron momen-
tum distribution for Cuo 60Pdo 40 has also been calculated
from our self-consistent charge densities. 2

The Cu-Pd system therefore exhibits a range of interest-
ing physical behavior and has attracted a good deal of ex-
perimental activity. However, before attempting to con-
struct a detailed microscopic description of its properties,
it is essential to establish the general features of the elec-
tronic structure of Cu-Pd. This is the purpose of the
present paper.

In Sec. II we discuss our results for the electronic densi-
ty of states of Cu09sPdoos, Cu075Pdcgsy CUQ60Pd040y
CuosoPdoso, Cu02sPd07s, and CuoiDPd090. In Sec. III
our calculated XPS spectra are compared with the experi-
mental results. In Sec. IV we draw conclusions.

II. THE ELECTRONIC STRUCTURE

The self-consistent-fiel (SCF) alloy potentials were ob-
tained by the cluster method of solving the CPA equa-
tions described previously. z The cluster size was 79
atoms and the von Barth —Hedin 6 exchange and correla-
tion potential was used. The densities of states were ob-
tained after one final iteration with the full KKR-CPA, '

which left the self-consistent cluster charge density un-
changed, thereby confirming the adequacy of the use of
the cluster method.

In contrast to Ag-Pd alloys, '2 we find, for the whole
concentration range, that the palladium d resonance is
below the copper d resonance (Fig. 1). That this is the
case appears to follow from our finding that Cu and Pd
Wigner-Seitz cells are essentially charge neutral (Table I),
the point being that, in this alloy system, the palladium d
resonance is rather wide; thus, in order for it to hold suffi-
cient electrons to ensure neutrality, it must lie low in ener-

gy
Figures 2—7 show the densities of states for~95PQ os, Cuo 7sPQ zs, Cuo eP'c4 4c, Cuo soPdo. so~

Cuo zsPdo 7s, and Cuo, OPda 90, respectively. The upper
left-hand panel gives the total density of states and its



2372 WINTER, DURHAM, TEMMERMAN, AND STOCKS 33

C3
D

CA

LL.

XI
o

LLl
Ch

X
CL

a

C)
C)

0. 700. 10 0.50
s

b. oa O. PO 0.30 0.QO 0.60
ENERGY {Ry)

FIG. 1. Cu-site and Pd-site d-wave phase shifts for the self-consistent alloy potentials for six different alloy compositions. The

group of six curves having the lowest resonance energy (g2 ——~/2) are for the Pd-sites; the remaining six are for the Cu-sites. Within

each group, in order of increasing resonance energy, the curves are for CuQ 95PdQ Q5, Cuo 75Pd0. 25i Cu0. 60Pd0. 40 Cu0. 5Pd0. 5t Cu0. 25Pd0. 75~

and CuQ iQPdQ 90 alloys.

decompasition into concentration-weighted partial densi-
ties of states; in the upper and lower right-hand panels the
partial densities of states are displayed. We find a com-
mon d band for the whole concentration range in rough
agreement with the empirically adjusted results of Rao
et al. The d band maves closer to the Fermi energy and
becomes wider with increasing palladium concentration.
The high density of states of the copper d bands decreases
continuously.

From panels displaying the total density of states, we
see that there are always Cu and Pd states over the whole

energy range of the d band: Hybridization of Pd with Cu
has introduced new states on the copper sites toward the
bottom of the d bantLO —the bands which are of predom-
inantly bonding character. We can quantify this by deter-
mining the energy width of the total density of states at
five states per Ryatomspin ( Wz) and at ten states per
Ry atom spin ( Wi). While far alloys with up to 50% of
palladium Wi remains equal to 2.9 eV, $V2 increases
from 4.0 eV (5% Pd), 4.9 eV (25% Pd}, and 5.2 eV (40%
Pd), to 5.3 eV (50% Pd). For Cue zsPde 75 and

Cue 20Pd0 90 those states at the bottom of the d band now
have more than ten states per Ryatomspin and Wi and
W2 have become comparable: 5.0 and 5.7 eV for

Cue zsPde 75 and 5.2 and 5.8 eV for Cue iQPd090, respec-
tively. The common d band (and therefore its Pd and Cu
components) moves closer to eF on increasing the palladi-
um concentration. We have marked the top of the Cu and
Pd d bands in Figs. 2—7 (upper left-hand panel} and have
tabulated it in Table I. We see both the Cu and Pd d-
band edges moving closer to eF. the d-band edge of palla-
dium in Cue 95Pdc 05 is 1.3 eV below eF and maves to 0.1

eV above eF in Cuc iQPd090. In Cu095Pd005 the copper
d-band edge has already moved up, compared to its posi-
tion in pure copper, to 1.5 eV below e~, and in
Cue &QPd090 it is 0.3 eV below eF. The bandwidth of the
high-density-of-states regt'on of the copper d bands
remains constant (2.1 eV) throughout the whole concen-
tration range, even though the lattice canstant increases
by 5%, and the palladium d-band width increases from
4.4 eV in Cue 95Pde 05 to 5.3 eV in Cuc iQPdc 90.

The message of these detailed comments is illustrated

TABLE I. Tabulation of concentrations (e) and lattice parameters (a) at which SCF-KKR-CPA calculations were performed.
Also tabulated are calculated values for N and N (a=Cu or Pd), the number of electrons inside the muffin-tin (MT) sphere and
Wigner-Seitz (WS) cell, respectively, e, the resonance-energy positions for the Cu and Pd potentials, e+ the Fermi energy (measured
with respect to the muffin-tin zero), eF e, where e i—s the position of the upper edge of the (Cu; Pd) d-band edge (BE), and W
the Cu- and Pd-component d-band width.

C

at. % Cu

95
75
60
50
25
10

0
(a.u-)

6.858
6.957
7.041
7.090
7.206
7.219

10.34
10.38
10.42
10.50
10.52
10.54

9.07
9.10
9.14
9.17
9.24
9.28

11.01
11.05
11.06
11.07
11.11
11.13

9.81
9.84
9.91
9.93
9.96
9.99

(Ry)

0.404
0.423
0.430
0.433
0.452
0.459

Pd

(Ry)

0.336
0.348
0.354
0.363
0.374
0.374

Ep

(Ry)

0.620
0.615
0.600
0.595
0.597
0.599

—1.5
—1.2
—0.9
—0.5

04
—0.3

~E
&F ~'Pd

(eV)

—1.3
—0.7
—0.4

0.0
0.1

0.1

Wc
(eV)

2.0
2.1

2.1

2.1

2.1

2.1

Wpg

(eV)

4.4
4.9
5.0
5.1

5.2
5.3
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FIG. 5. Total and component densities of states and XPS
spectra for Cuo qopdo &0 alloys. The key is as in Fig. 2.

FIG. 7. Total and component densities of states and XPS
spectra for Cuo ~OPdo 90 alloys. The key is as in Fig. 2.
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feet of self-consistency is to lower the energy of palladium
d states in such a way that local charge neutrality is (al-
most) obtained (Table I). At the opposite end of the con-
centration range we see that the copper LDOS in
Cue ioPdc9c (Fig. 7, upper right-hand panel) is likewise
grossly deformed from that of pure copper. At low ener-
gies extra weight in the d LDOS is introduced by the
strong hybridization with the surrounding palladium d
states. This means that in order to maintain local charge
neutrality again, the whole copper d band system has to
move up towards the Fermi level and, in fact, approach it
very closely.

From the foregoing discussion we conclude that the ex-
istence of strong off-diagonal disorder in an alloy system
will, in general, imply that self-consistency will be impor-
tant; the hybridization of the Cu and Pd d bands changes
the number of states on the constituents, and the respec-
tive potentials need to be realigned with respect to each
other to minimize charge transfer. This, in turn, will
change the hybridization, and so on. This hybridization
will be sensitive to composition and arrangement. A mea-
sure of the change in the potential functions with concen-
tration is the splitting of the d resonances. We find from
Table I that the splitting remains roughly constant
throughout the whole concentration range; the effects of
changing composition and lattice constant cancel out.
From the preceding argument we might also anticipate
that a SCF calculation for a surface of Cu-Pd might give
different answers; we will return to this point later.
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The Pd and Cu densities of states for Cuo. 7sPdo. zs and

Cu09&Pdoo& extrapolate nicely to previous SCF calcula-
tions by Bras»ng et al. of a palladium impurity in a
copper host. The high-energy palladium d peak narrows
from 0.6 eV in Cuo. 7sPdo. zs to 0.35 eV m Cuo. 9sPdo. os' the
impurity calculations give 0.2 eV. However, we do not
get a splitting of this peak into sharp subpeaks as seen in
the impurity calculations. Presumably this is a feature of
the very dilute limit. We think it misleiiding to call the
high-energy palladium peak a virtu) bound state, as the
above authors do, since it lies far above the palladium res-
onance, and the palladium impurity has states throughout
the energy range of the copper d states.

The effects of off-diagonal randomness can be seen by
comparing our calculations with previous tight-binding
CPA calculations3 in which only diagonal randomness
was considered and which used overlap integrals appropri-
ate to pure Pd (Cu) at the lattice spacing of the alloy in
question for treating Pd (Cu)-rich alloys. In those calcula-
tions it was found that the d-band width increased from
4.0 eV in pure palladium to 6 eV in Cuo 7$Pdo 25 (smaller
lattice constant), and the copper bandwidth decreases
from 2 eV in pure copper to 1.6 eV in Cuo eoPdo ~ {larger
lattice constant). From Table I we see that in our calcula-
tion, which includes diagonal and off-diagonal random-
ness on eqim& footing the main copper d-band width
remains constant throughout the whole concentration
range, and the palladium d-band width decreases on in-
creasing copper concentration. In the tight-binding calcu-
lations on palladium-rich alloys a nearly-split-off copper
d band at 5 eV below eF was found (we find the Cu d
band at 2.2 eV below e~), and for copper-rich alloys
split-off palladium d bands at 1.1 eV below e~ in
Cuo 90Pdo io and 0.4 eV below eF in Cuo soPdo 40 were also
found.

This comparison confirms the suspicion that tight-
binding CPA calculations are an unreliable guide in sys-
tems for which off-diagonal randomness is important,
simply because this effect is not treated in the model. ~s

The KKR-CPA does not suffer from this defect and is,
therefore, able to describe such systems quantitatively;
indeed, this was a prime motivation behind the develop-
ment of the KKR-CPA. Cu-Pd scerns to have been the
first alloy to be treated by the KKR-CPA in which diago-
nal disorder does not dominate. Cu-Ni and Ag-Pd are, as
mentioned above, classic split-band systems in which the
bandwidths of the pure components are similar and off-
diagonal disorder small. For Cu-Zn the pure Cu and Zn
bandwidths are very different 29 I but the difference in
the d-resonance energies (or site energies) is even greater.
In Nb-Mo the diagonal disorder is small; ' however, the
bandwidths for pure Nb and pure Mo are very similar.
This results in rigid-band {or rather virtual-crystal)
behavior, i.e., a single common d band whose shape is rel-
atively insensitive to concentration. Cu-Pd is the only al-
loy so far examined in which off-diagonal disorder is large
and diagonal disorder somewhat smaller, producing a
common d band whose shape is a strongly vaiying func-
tion of concentration.

As we have mentioned previously, in a recent non-self-
consistent KKR-CPA calculation, essentiaOy the same
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FIG. 8. Calculated (solid line) and measured (open circles)
low-temperature specific-heat coefficient y. The experimental
results are those of Ref. 18. The dashed curve is our interpola-
tion of the experimental results through the two-phase region
(Ref. 18). The calculated results do not include the electron-
phonon mass-enhancement factor (1+i,). The solid circles indi-
cate the values of I, obtained by dividing the experimental values
by the calculated values.

results as the SCF-KKR-CPA are obtained. However, in
these calculations the authors substantially adjusted their
Mattheiss-prescription potential functions in an ad Iioc
manner in order to fit angle-resolved photoinnission data.
In particular, they had to shift the palladium potential
rigidly down by 2.45 eV with respect to the copper poten-
tial. They obtain for the two concentrations considered,
Cuo 9sPdo 0& and Cuo s&Pdo i5, no split-off palladium band.
They too find a strong hybridization of the Pd and Cu d
bands. However, one of the effects of self-consistency is
to move both Cu and Pd bands closer to ez (see Table I).
In the non-self-consistent calculation only the palladium
1-band edge moves, from 1.5 eV below e~ (Cu095Pdo 05)
to 0.8 eV below ez (Cua»Pdo i5), while the copper d-band
edge remains at about 2 eV below eF

To conclude this section we show in Table II the values
of the following quantities: the Fermi energies with
respect to the muffin-tin zero, the partial and the total
density of states, the phase shifts, and the single-scatterer
density of states, all evaluated at ez. In Fig. 8 we display
the electronic specific-heat coefficient y obtained with the
use of our total density of states and neglecting the mass-
enhancement factor. The calculated y has the same quali-
tative behavior as the measured y. ' By comparing the
two curves we derive values for the mass-enhancement pa-
rameter A, . These rise monotonically from values below
0.1 at the copper-rich concentration side to 0.65 near pure
palladium.

The results are consistent with the calculation for the
pure systems. ' Between 30% and 60% of palladium,
our A, estimates are based on the interpolated y values of
Sato et al. 's A shoulder in A, at this concentration (Fig. 8)
might therefore be spurious, caused by an overestimation
of y. To clarify this point, specific-heat measurements
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TABLE II. Tabulation, for the six alloys calculated, of the Fermi energy e~ and calculated values at e~ of the total and Cu- and

Pd-component densities of states. Also tabulated are the phase shifts and single-scatterer densities obtained at e~ for single Cu and

Pd muffin-tin potentials.

Fermi Total DOS
energy (states/Ry

(Ry) spin atoHl)

Partial DOS per site
Cu site Pd site

Single-scatterer partial DOS
Cu site Pd site

Phase shifts
Cu site Pd site

Cuo. 9sPdo. os 0 62&
p
2g

eg

0.268
0.689
0.625

0.398

0.213
0.494
1.01

0.498
0.886
0.672

0.398
0.596
0.543

0.814

s —0.0908 —0.0399
p 0.0862 —0.0726
d 2.978 2.818

Cuo Tspdo is 0.6150 0.259
0.527
0.658
0.400

0.202
0.432
1.10
0.698

0.513
0.889
0.836
0.556

0.410
0.623
0.930
0.621

—0.1302 —0.408
—0.0652 —0.0745

2.960 2.800

Cuo 60Pdo ~ 0.6004 0.239
0.472
0.672
0.429

0.185
0.356
1.36
0.781

0.531
0.894
0.970
0.645

0.423
0.639
1.01
0.676

—0.1426 —0.4076
0.0544 —0.0726
2.951 2.797

Cuo. saPdo, so 0.5953 3.44 0.207
0.372
0.951
0.442

0.179
0.291
3.44
0.998

0.539
0.897
1.06
0.706

0.430
0.649
1.09
0.729

—0.155
0.047
2.944

—0.414
—0.0747

2.788

Cuo gsPdo 7s 0.5970 0.189
0.329
2.67
0.738

0.150
0.271
8.45
1.90

0.555
0.907
1.27
0.846

0.442
0.678
1.195
0.798

—0.204
0.022
2.925

—0.441
—0.0855

2.774

Cuo ~OPdo 90 0.5990 0.184
0.311
2.71
0.870

0.146
0.260

10.36
2.89

0.571
0.924
1.445
0.962

0.456
0.703
1.26
0.841

—0.210
0.016
2.915

—0.435
0.081
2.772

for rapidly quenched samples in this concentration range
are in progress. Furthermore, nothing in the Ferm-
energy data (Table II), when used in Gaspari-
Gyorffy —type theory, indicates a shoulder in A, . Howev-
er, we do not give a full evaluation of A, in the present pa-
per because we did not evaluate the /contributions to the
electronic part of A,, and we did not consider the phonons
in our study. The mass enhancement of Cu, Pdi, alloys
is similar to that of Ag, Pd, , alloys. Thus the fact that
the copper d density of states is enhanced in palladium-
rich Cu, Pdi, alloys compared with the silver d density
of states in Ag, Pdi, does not appear to affect the I,
values.

III. THE XPS CROSS SECTIONS

%e have evaluated the XPS valence-electron cross sec-
tions in the one-particle approximation as described in de-
tail previously. ' As the photon energy %co, we took 1364
eV, corresponding to the Mg Eo. line. The cross section 0
in this approach is determined by the imaginary part of
the valence-electron Green's function and the Green's
function of the excited electron. The electron-photon cou-

pling contains the spatial derivatives BV" 'a'(r)/Qr of the
alloy potentials ( A or 8—=Cu or Pd). In a real-space rep-
resentation, both site-diagonal and site-off-diagonal parts
of the valence-electron Green's function contribute to the
photoemission cross section. Whereas the site-diagonal
quantities may be expressed in terms of the partial densi-
ties of states, the interpretation of the site-off-diagonal
terms is less obvious. In fact, at low photon energies they
contribute very strongly, leading to k-conserving "direct-
transition"-like features in photoemission. However,
our previous investigation of Ag-Pd alloys showed that,
due chiefly to the high energies of the excited electrons, a
local approximation consisting of omitting the site-off-
diagonal contributions is rather accurate. This has proved
to ho1d for the Cu, Pd&, alloys as well, and so we restrict
the discussion in this paper to the local approach.

At high energies multiple scattering can be neglected,
and the photoelectron wave function can be approximated
in thc neighborhood of any atom i by a solution of thc
Schrodinger equation for a single V'(r). We call this the
single-scatterer final state. Within the KKR-CPA,
averaging over alloy configurations is then trivial, and the
final expression to be evaluated is
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o(E +fico) = 4 em

9 co

2(E+Aco)
me g g(g($43„-}[c ~Mii"(E}( ni "(E)+(1—c) ~Mii (E)

~
ni (E)], (1)

TABLE III. Comparison of widths ( F} and upper-band-

edge (BE) positions (ep —aqua} extracted from the calculated and

measured XPS spectra shown in Figs. 2—7.

at. % Cu

95
75
60
50
25
10

2.9
3.0
3.2
3.5
4.8
5.1

2.7
3.8

3.5
4.9
4.9

(ep —rap), h,
1.3
0.8
0.5
0.3

—0.2
—0.2

(&Z —&SE}exp'

1.3
0.6

0.3
—0.2
—0.2

where A, ,p label the cubic harmonics corresponding to an-

gular momentum l [i.e., s, p, d(es), d(t2s), etc.], gg( f is
a Gaunt number for the cubic harmonics, A„- is a com-
ponent of the vector potential, ni (E) is a component of
the copper local density of states, and Mg (E) is a matrix
element of dV (r)/dr between solutions of the copper
single-site Schrodinger equation at energy E, and angular
momentum I, and at energy E+Aco and angular momen-
tum I' (a full definition of these quantities is given in Ref.
7), the corresponding quantities for a palladium potential
have the superscript Pd. From the above expression it
may be seen that it is hard to draw unequivocal con-
clusions about the partial DOS from XPS measurements
alone, unless one particular partial DOS outweighs the
others or the system shows split-band behavior (neither of
these situations applies for Cu, Pdi, alloys). Moreover,
experimental data are subject to appreciable lifetime and
instrumental broadening; it is also hard to subtract the
background from the measurements in a well-founded
manner.

As in the Ag, Pdi, case, it turns out that for
Cu, Pdi, the single-scatterer final state deviates marked-

ly from a plane wave. This leads to changes of the matrix
elements in comparison to the plane-wave approximation.
The lower left-hand panel in Figs. 2—7 shows the calcu-
lated cr's based on the single-scatterer final state and

broadened by folding with I.orentzians of half-widths

I'= A (e—e~)2/(e~ —ea )

Here, eii is the energy of the bottom of the band, and er is
the Fermi energy. For A we chose 1 eV. The instrumen-
tal broadening was taken into account by folding this re-
sult again with a Gaussian of 0.25 eV half-width. In the
same picture we include the experimental results for
comparison.

No effort was made to subtract a background from the
experimental data, but the theoretical and experimental
upper d-band edges were aligned to facilitate comparison
(this involved shifts of, at most, 0.2 eV}. It can be seen
that in overall shape and width our calculations are in re-
markably good agreement with experiment. Even some of
the fine structure remaining in the broadened theoretical
spectra seems to be reflected in the data. In Table III we

compare the calculated and measured widths [full width
at half maximum (FWHM)] and positions of the upper
d-band edges (without the shift applied in Figs. 2—7).
The quantitative agreement is again very good (apart from
the width for the Cuo &5Pdo z5 alloy, whose measured value

appears somewhat anomalous}. The structure in the XPS
cross sections clearly reflects the densities of states, with

the energy dependence of the matrix elements enhancing
the high-energy peaks.

%'e now comment on previous attempts to estimate ex-

perimentally the individual Cu and Pd contributions to
the DOS by applying a subtraction procedure to the data.
The same method has been applied to palladium-rich al-

loys. In the experimental subtraction procedure it is as-
sumed that the contribution of the majority component to
o is the undeformed (concentration-weighted) cross sec-
tion of the corresponding pure metal, and by subtraction
the contribution of the minority component is extracted.
Our results provide the possibility to test the validity of
this approach. Note in particular that Figs. 2—7 show a
deformation and movement toward the Fermi level of the

upper edge of the copper d band as palladium is alloyed
to copper. Thus, if the DOS of pure copper is subtracted
from that of a copper-rich alloy, the difference spectrum
will show negative features toward the lower part of the d
band and, most strikingly, a large positive peak just above
the pure copper d bands. If one identified this difference
spectrum with the local palladium density of states, one
would naturally conclude that palladium formed a virtual
bound state in the alloy, and indeed, this has hitherto been
the interpretation of the XPS data in Cu-Pd. ~ While such
an interpretation would be quite reasonable for true split-
band systems like Cu-Ni and Ag-Pd, it is clearly falla-
cious far Cu-Pd, whose d band moves relative to EF, as
well as deforming, as the concentration changes.

It should be mentioned that Nemoshkalenko et al.
give a theory for the XPS cross section, including matrix-
element effects, in their papers on Cu, Pdi, alloys.
However, their application of the tight-binding interpola-
tion scheme neglects off-diagonal randomness, and they
obtain split-band behavior. However, they compare their
results to experiments of low resolution and, accordingly,
they impose a large broadening on their theoretical curves.
The dips between their calculated Cu and Pd d bands are
washed out in this manner, and they obtain compatibility
with those experiments. Significant discrepancies, howev-

er, arise if one compares their results with the high-
resolution experiments of Ref. 4.

We summarize this comparison of theoretical and ex-
perimental XPS cross sections by stressing the following
three general features of the data. First, there is no obvi-
ous split-band behavior at any concentration —wnly one d
band is visible in each alloy; second, the upper d-band
edge moves toward the Fermi energy as the palladium
content increases; and third, at the same time, spectral
wright builds up toward the lower part of the d band.
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These features in themselves lend experiinental support to
our picture of the underlying electronic structure. They
correspond to our findings that no palladium virtual
bound state is formed, but rather that strong Cu-Pd mix-
ing leads to a single d band vrhich moves toward e~ as the
palladium concentration increases, and whose palladium
component has a growing number of states around the
lower d-band edge. Given this, our first-principles
evaluations of tt then provide convincing confirmation of
the details of the KKR-CPA calculations.

IV. CONCLUSIONS

Our SCF-KKR-CPA calculations show that Cu-Pd is
not a split-band system —it has a common d band at all
concentrations, but, in contrast to the rigid-band model,
the two local densities of states are quite different and
vary strongly with composition. We have argued that this
is a characteristic of alloys dominated by off-diagonal dis-
order, and that self-consistency is especially important for
such systems.

We obtain good agreement between our first-principles
calculations of the XPS spectra and experiment, and show
that the virtual-bound-state interpretation of the data is
wrong. In soft-x-ray-emission experiments one can ob-
serve the Cu and Pd local densities of states separately. If
a palladium virtual bound state were formed, its local
density of states would behave quite differently, as a func-
tion of concentration from our calculation (see, for exam-
ple, the data for Cu-Ni alloys). s We plan to report on
this key topic in a later publication.

Very recent angle-resolved photoemission data for Cu-
rich Cu-Pd alloys~ clearly show the d bands approaching
the Fermi level as the palladium content increases. They
also show a peak above the copper d bands, roughly where
the nickel virtual bound state occurs in Cu-rich Cu-Ni al-
lays. Our Bloch spectral functions and preliminary first-

principles calculations of the photocurrent ' show that
this feature is not present in the bulk spectral density of
random Cu-Pd, in disagreement w'th a previous sugges-
tion. At present we have no quantitative explanation of
this interesting result. It is possible that the short-range
order known to occur in this alloy may introduce new
features into the spectral density. On the other hand, the
argument in Sec. II suggests that the surface may radical-
ly perturb the electronic structure in its vicinity. Louie
has found that the d-band local density of states in the
(111) surface layer of pure palladium is 16%%uo narrower
than in the bulk. In the alloy this would tend to reduce
the importance of off-diagonal disorder, thus allowing the
palladium d band to rise relative to that of copper. In
such circumstances a palladium virtual bound state in the
surface layer might become a possibility. Of course, this
speculation needs to be checked by further calculations
(now in progress), and it may well be that a full descrip-
tion of the surface electronic structure of Cu-Pd alloys
will require a careful consideration of both concentration
correlations and self-consistency.

However, on the basis of our account of the XPS and
low-temperature specific-heat data, we believe our
description of the bulk electronic structure of the random
alloy to be quantitatively reliable.
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