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The valence-band photoemission spectra of disordered Cu Pdz alloys are measured with syn-
chrotron radiation in the soft-x-ray regime. Taking advantage of the Cooper-minimum phenomenon
of the Pd 4d photoionization cross section, we obtain Pd and Cu partial spectral weights of Cu Pdq
alloys at various compositions (x=0.1, 0.25, 0.5, 0.75, 0.9) using the empirically determined ratio
of photoionization cross sections. We find that at this photon energy the photoionization matrix
element strongly suppresses structures at the high-binding-energy side of the valence-band spectra
where coherent potential approximation calculations predicted appreciable bonding states between
Cu 3d and Pd 4d levels. By taking the spectra at the x-ray photoemission regime where this matrix-
element effect is less severe, we Gnd that the experimental Pd partial spectral weight is in good
agreement with theoretical predictions. The lattice relaxation effect does not seem very important
for the suppression of Cu 3d and Pd 4d bonding states, at least for concentrated alloys studied here.

I. INTRODUCTION

The electronic structures of disordered alloys are inter-
esting from the viewpoints of both fundamental physics
and technological applications. From the material sci-
ence point of view, many alloys exhibit interesting physi-
cal properties which are useful for practical applications,
and the understanding of their electronic structures is
the first step towards controlling these physical proper-
ties. From the physics point of view, the eKects of dis-
order and of the lack of periodicity upon physical prop-
erties of solids are still a much unexplored area. Es-
pecially the breakdown of translational symmetry and
the consequent inapplicability of Bloch's theorem pose a
very dificult problem in calculating the electronic struc-
tures of alloys. Many theoretical models and approx-
imation schemes have been proposed to overcome this
difBculty, among them the most representative ones be-
ing the rigid band model, virtual crystal approxima-
tion, average t-matrix approximation, and. the coher-
ent potential approximation. It is now generally agreed
that the coherent potential approximation (CPA) gives
the most consistent picture which agrees with many ex-
perimental data. In particular, it has been shown for
Ni Cuq and Ag Pdq alloys that the photoemission
spectra are in good agreement with the densities of states
(DOS) calculated by the Korringa-Kohn-Rostocker co-
herent potential approximation (KKR CPA). ' In this
respect, the electronic structure of the substitutionally
disordered Cu-Pd alloy system has become the subject

of current controversy, and many experimental and
theoretical ' ' works have been done. An early x-ray
photoemission spectroscopy (XPS) study ' concluded
that the Pd impurity in noble metals, including the Cu
host, forms a virtual bound state at a binding energy of
less than 2 eV from the Fermi level by taking the di8'er-
ence spectra of diluted alloys with respect to host noble
metals. However, theoretical calculations using the CPA
(Refs. 6, 7, 14) or nonrelativistic KKR Green's function
method predict well-resolved bonding states between
Cu 3d and Pd 4d levels which lie near the bottom of the
Cu 3d band in contrast to this experimental interpreta-
tion. Hence, more refined photoemission spectroscopy
(PES) studies have been performed later, either apply-
ing the Clogston-Wol8' model Hamiltonian to take into
account the change of the host band density of states
upon alloying, or using synchrotron radiation and the
Cooper-minimum phenomenon of the Pd 4d photoioniza-
tion cross section to determine the partial DOS of Cu and
Pd separately. But neither of these experimental stud-
ies found strong Cu-Pd bonding states at the bottom of
the Cu 3d band which CPA calculations predicted.

Thus it was natural to doubt the validity of CPA-type
calculations for predicting the DOS in Cu-Pd alloys and
to seek a possible reason for this disagreement. One plau-
sible mechanism proposed was the local lattice relaxation
eÃect around Pd atomic sites. The metallic radius of Pd
is about 7%%uo larger than that of Cu, and so we may ex-
pect that the lattice around the Pd impurity in a Cu
host is somewhat relaxed to relieve the strain, especially
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in the dilute impurity limit. Indeed an extended x-ray-
absorption fine structure (EXAFS) study of 1% Pd im-
purity in a Cu host found an increase of the 0.045+ 0.01
A nearest-neighbor distance around the Pd site, which
corresponds to about a 2% local lattice expansion. This
effect will reduce the strength of the hybridization be-
tween Cu 3d and Pd 4d states, thus making weaker the
bonding states between them.

The effect of the lattice relaxation on the density of
states has been treated approximately within the CPA
scheme with the use of a tight-binding Hamiltonian.
This calculation as expected gives a narrower bandwidth
and reduced intensity of bonding states at the bottom of
the Cu 3d band compared with the results of the KKR-
CPA method without lattice relaxation. The scalar rel-
ativistic KKR Green's function method also predicts such
behavior assuming a 2'%%uo relaxation of the Pd atomic
site. But even with this improvement, the agreement
between theory and experiment is far from satisfactory.
Furthermore, it is often difIicult to disentangle various ef-
fects going into the theory which change the bandwidth
and the intensity. For example, a fully relativistic KKR-
CPA calculation with an improved iteration scheme,
but which does not include the lattice relaxation effect,
predicts a narrower bandwidth of the Pd partial DOS
in Cuy5Pd25 than a previous calculation. In fact, it is
fair to say that a close comparison between reliable the-
oretical results for the Pd partial DOS in Cu75Pd25 with
and without the lattice relaxation effect ' shows only
a shift of 0.2—0.3 eV for bonding states and a small in-
crease in the intensity of antibonding states, which is not
enough to bring the theoretical DOS into agreement with
experiment.

The purpose of this paper is to elucidate the origin of
this apparent discrepancy between the Pd partial DOS
obtained &om photoemission experiments and that cal-
culated f'rom the CPA approximation in Cu Pdi al-
loys. At the same time we would like to see the evolution
of Cu and Pd partial DOS as the composition x is var-
ied, which will help to understand the important factors
determining the electronic structures of alloys. For this
purpose, it is important first of all to determine the ex-
perimental Cu and Pd partial DOS of Cu Pdi alloys
in a reliable way. The methods used previously to de-
duce experimental partial DOS all have some drawbacks.
The difFerence spectra method, ' which subtracts the
host metal spectra &om the alloy photoemission spectra,
ignores the change of the host metal DOS due to impu-
rities. The Clogston-WolfF Hamiltonian analysis takes
this into account, but it needs parameter fitting and is
only applicable for the dilute limit and therefore not suit-
able for the concentrated alloys studied here. The syn-
chrotron radiation PES study using the Cooper minimum
of the Pd 4d cross section seems most suitable for our
purpose, but a previous study using this technique un-
fortunately used the atomic cross section ratio calculated
theoretically whereas the solid state effect is known to
be significant for the Cooper-minimum phenomenon.

In this paper, we make use of the Cooper-minimum
phenomenon of Pd 4d states to deduce the partial DOS
of Cu and Pd separately, but with the use of experimen-

tally determined cross section ratios of Pd and Cu met-
als to include the solid state efFect. We study Cu Pdi
alloys systematically as the composition is varied from
x = 0.1 to x = 0.9. In the course of this study, we
came to realize the importance of the matrix-element ef-
fect for the photoemission spectra in d-band metals and
alloys. The photoionization matrix element decreases
significantly for the bonding states, reducing the spec-
tral intensity at the high-binding-energy side compared
with that near the Fermi level. It also changes depending
on the incident photon energy. However, this effect has
been neglected in many previous studies, leading to in-
accurate partial DOS. So in our analysis we include this
matrix-element effect along with the lifetime broadening
(imaginary part of the self-energy) to deduce the correct
partial DOS. When these efFects are properly taken into
account, we find that the Pd partial DOS for Cu75Pdq5
shows good agreement between theory and experiment.
The lattice relaxation effect makes the agreement a little
better, but it is not a major factor for the concentrated
alloy case. Some of these results have been published
already.

The organization of this paper is as follows. Following
this Introduction, we describe the experimental details
in Sec. II. In Sec. III, we present the photoemision spec-
tra at different photon energies, and describe the pro-
cedure to deduce the partial DOS including the matrix-
element efFect by making use of the Cooper-minimum
phenomenon of Pd 4d states. The Cu 3d and the Pd 4d
partial spectral weights (PSW's) at various compositions
of Cu Pdl alloys (x=0.1, 0.25, 0.5, 0.75, 0.9) thus ob-
tained are presented in Sec. IV. Here we also compare
the experimentally determined Pd PSW for Cu75Pd25
with those calculated theoretically with and without the
lattice relaxation efFect. In Sec. V, we discuss how the
shapes of the calculated PSW's change when we include
the real part of the self-energy. Also, the importance
of the lattice relaxation effect for determining the DOS
for alloys is discussed, as well as the possible difference
between the dilute impurity hmit and the concentrated
alloy cases. The paper closes with a conclusion in Sec.
VI.

II. EXPERIMENTAL DETAILS

Disordered Cu Pdq (x = 0.1, 0.25, 0.5, 0.75, 0.9)
alloy samples were all polycrystalline made by arc melt-
ing two constituents in an atmosphere of argon gas on a
water-cooled copper hearth. X-ray-diffraction measure-
ments show the homogeneity and no presence of ordered
states. The Cu-Pd alloy system has ordered phases in the
range of 7—27 at. '%%uo Pd (fcc L12 structure for 7—19% and
tetragonally deformed L12-like structure for 19—27%) be-
low 500 C and 29—55 at. %%uoPd(bccB2structure)below
600 C. To promote homogeneity and disorder, the al-
loy samples were annealed at 600 C in evacuated quartz
ampoules for 20 h and then quenched rapidly in cold wa-
ter.

We measured the valence-band photoemission spectra
of pure Cu and Pd metals and disordered Cu Pdi al-
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loys using synchrotron radiation in the photon energy
range of 40—200 eV. The spectra at this soft-x-ray regime
were taken at the National Synchrotron Light Source
(NSLS) Beamline U4A of Brookhaven National Labo-
ratory, which was equipped with a 6 m/160' toroidal
grating monochromator. The total resolution at the
Fermi level was less than 0.3 eV full width at half maxi-
mum (FWHM) for photon energies below 160 eV. Angle-
integrated photoelectron spectra were measured with a
Vacuum Scientific Workshop (VSW) HA100 concentric
hemispherical analyzer (CHA) with a single-channel elec-
tron multiplier. All measurements were performed under
a pressure of a low 10 torr.

The valence spectra were measured also with He II lines
(hv = 40.8 eV) and Mg Kn x rays (hv = 1253.6 eV). The
unpolarized He II lines from a gas discharge lamp was
used for the ultraviolet PES (UPS) measurement in the
VSW ESCA/Auger system at Seoul National University
equipped with a HA150 CHA with a multichannel detec-
tor. The resolution was 0.22 eV FWHM at the Fermi
level and the pressure was a low 10 torr during the
measurement. XPS spectra were taken in the same cham-
ber with an unmonochromatized Mg Ko. source. The
resolution was 0.75 eV FWHM and the pressure was a
high 10 ~0 torr.

To remove contaminations on the surface, sample sur-
faces were sputtered with argon ions of a kinetic energy
of 1.0 keV for about 20 min and then annealed at a tem-
perature of about 300 C for 30 min. The spectra with He
II lines were measured after scraping the sample surfaces
with a diamond 6le. In the case of alloys, we should be
careful about the compositions of the surface which may
change due to a surface segregation efFect from sputtering
and annealing. Fortunately, it was shown for Cu Pdq
alloys that this efFect is almost nonexistent or only leads
to a very slight Pd enrichment at most, which was also
con6rmed from our experiments.

III. DATA AND ANALYSIS METHOD

A. Valence-band spectra in the soft-x-ray regime

Figure 1 shows the photoemission spectra of Cu Pdq
(x = O. l, 0.25, 0.5, 0.75, 0.9) alloys along with those of
pure Cu and Pd metals with a photon energy of hv =
40.8 eV. At this photon energy the calculated ratio of
the photoionization cross section of Pd 4d to that of Cu
3d is 3.3, and so the Pd partial DOS is emphasized. The
contribution from 8, p levels to the photoemission spectra
can be safely neglected for both Cu and Pd in the photon
energy region used in this work (hv ) 40 eV).2i As the
content of Cu increases, we can see that the intensity at
the Fermi level decreases rapidly and the structure due
to the Pd 4d electrons forms a shoulder at the top of the
Cu 3d band.

For comparison, we also show the spectra of Cuy5Pd25
and Cu at hv = 60 eV, where the calculated ratio of the
photoionization cross section of Pd 4d to that of Cu 3d is
1.2. As a result, the contribution from the Cu partial
DOS to the spectra is expected to be enhanced. The

40.8eV
hv — 60eV

Pd

CU )OPd~o

0

Vl
CI
C

CU2~Pd75

CU50Pd&0

&6 25

CU90Pd )0

Cu

spectrum of Cu75Pd25 really shows enhanced structure
at E~ ——4—6 eV, but this enhanced. structure is also seen
in the Cu spectrum at hv = 60 eV. So if the Cu~5Pd25
spectrum at hv = 60 eV is directly compared with the
Cu spectrum at hv = 40.8 eV, the enhanced spectral
weight may be incorrectly interpreted as an indication of
the enhancement of the Pd partial DOS at the bonding
states. This photon energy dependence of the shapes
of pure metal spectra will thus be fully included in the
analysis procedure of present work.

Figure 2 shows the spectra of Cu-Pd alloys along with
that of pure Cu at the photon energy of 130 eV. Due
to the Cooper-minimum phenomenon of Pd 4d states at
this photon energy, the calculated. photoionization cross
section of Pd 4d is only 0.06 times that of Cu 3d, and so
these spectra can be regarded as the Cu partial DOS of
Cu-Pd alloys in the Grst approximation. As the content
of Pd increases, the central position of the band shifts
towards the Fermi level in accordance with the direction
of the core-level shift of the Cu 2p levels, and the top
of the band becomes broader due to the Cu 3d—Pd 4d
hybridization.

B. Photoionization cross sections

As mentioned in the Introduction, in order to deduce
the partial DOS of Cu and Pd, we will make use of the dif-
ference of alloy PES spectra due to the relative photoion-
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FIG. 1. Photoemission spectra of Pd, CuqoPd90, Cuq5Pd75,
CuspPdsp, CuysPdgs, CugpPd]p, and Cu with He ii lings (hv
= 40.8 eV) from the scraped surfaces. The data are drawn
to have the same heights, after removing the inelastic back-
ground and correcting for the analyzer transmission function.
The thin lines in the spectra of Cuq5Pdq5 and Cu are the spec-
tra taken with hv = 60 eV after the sputter-anneal cleaning
procedure.



PARTIAL SPECTRAL WEICxHTS OF DISORDERED Cu„Pd) 8143

CUia

Vl

C

CUgy

4

VJ
CI
C

C V~5

CU90

t0 8
I I I

6 4 2
Binding Energy (eV)

FIG. 2. Photoemission spectra of CuqoPdeo, Cu25Pd75,
Cu50Pd50, Cu75Pd25, Cu90Pd&0, and Cu with photon energy
hv = 130 eV from the sputter-annealed surfaces. Other de-
tails are the same as in Fig. 1.

ization cross section change w'ith photon energy. To make
a quantitative analysis, it is necessary to find the cross
section ratios of Pd and Cu accurately. In particular, the
calculated atomic cross sections are not reliable, because
the solid state efFect is shown to be important for the
Cooper-minimum phenomena, as one can expect &om
the change of these valence-band wave functions between
atomic and metallic phases. In this subsection, there-
fore, we determine the cross section ratio as a function
of photon energy by measuring the valence-band spectra
of pure Cu and Pd metals. [For the moment, we will not
concern ourselves with the binding energy dependence of
the cross section (matrix-element efFect) which will be
discussed in the next subsection, but only with the total
intensity variation here. ]

For this purpose, we first obtain the normalized spec-
tra of Cu and Pd metals at each photon energy using
the photon fIux measured by the photocurrent &om a
stainless steel mesh in &ont of the chamber. The nor-
malized spectra are then multiplied by the kinetic en-
ergy of the photoelectron to compensate for the analyzer
transmission function. The inelastic background is also
removed. The change of areas of these spectra with re-
spect to the photon energy is an indication of change in
the photoionization cross section. To get the absolute
change of the photoionization cross section from these
areas, it, is necessary to know the absorption property of
the mesh. Fortunately, for our procedure of extracting
partial DOS described in the next section, we only need
to know the ratios of the photoionization cross sections
between Cu and Pd d states. In this case, the absorption
property of the mesh is canceled, and we can write
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FIG. 3. Ratios of the photoionization cross section of Pd
4d to that of Au 5d at a photon energy between 40 eV and
200 eV. Solid circles are experimental points from pure metals,
and open circles are calculated atomic values (Ref. 21). Note
the small values at photon energies around 130 eV due to the
Cooper minimum of Pd 4d states.

cr4p„d(hv) I~~„~(hv)

tT "(hv) I "(hv)' (1)

where o4d (hv) [o.s~d" (hv)] is the cross section of the Pd 4d
[Cu 3d] state at the photon energy hv, I4d (hv) [Isd" (hv))
is the area of the normalized PES spectrum of Pd [Cu]
metal at that photon energy, and C is the proportionality
constant.

The proportionality constant C is determined in the
following way. Since the photoyield depends sensitively
on extrinsic factors such as the smoothness of the sam-
ple surface, the angle between the sample surface and
the analyzer and so on in addition to the photoioniza-
tion cross section, it is necessary to find a normalization
constant which is independent of these extrinsic factors.
Here we choose the intensities of the Pd 4p and the Cu
3p core-level emissions in the XPS spectra of pure met-
als as the normalization constants. Because the binding
energies of these two core levels are very close, the inelas-
tic mean &ee path of photoelectrons at the XPS regime
should be nearly the same. And since we expect that the
wave functions of core electrons in solids do not change
very much between atomic and solid phases, we can use
the calculated atomic cross sections of these core levels
on the left hand side of the equation

o 4„(Mg Kn) I4P„(Mg Kn)
o. sc"( MgKn) Isc„"(MgKo.)

to determine the proportionality constant C by measur-
ing the areas of core level photoemission spectra on the
right hand side of this equation.

The resulting cross section ratios are shown in
Fig. 3 along with the result of atomic cross section
calculations. The difFerences between theoretical and
experimental results are the shift of the dip position of
the Cooper minimum of Pd 4d around hv = 130 eV,
which is in agreement with a previous report, and the
decrease of the ratio of the photoionization cross section
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of Pd 4d to that of Cu 3d at higher photon energies than
130 eV when experimentally determined. These are due
to the solid state effect which deforms the wave func-
tions of the valence bands. The ratios at about 50 eV
agree with each other, but at 130 eV, the empirically
determined value is about half that of the atomic calcu-
lation. The empirical value at hv = 40.8 eV determined
from Eq. (1) is 2.2 which is smaller than the result of the
atomic calculation, 3.3.

C. Procedure to extract partial spectral weights

In this subsection, we develop a procedure for extract-
ing partial spectral weights of alloys by using the change
of the photoionization cross section with incident photon
energy. We take the matrix element effect into account to
include the change in the shapes of the pure metal spectra
as the photon energy is varied. For the photon energy hv
sufficiently high (XPS regime), the angle-integrated pho-
tocurrent I(E, hv) from multicomponent solids with an
electron binding energy E can be expressed as

I(E, hv) oc ) x o, (E, hv)p, . (E). (2)

Here x is the concentration of the constituent atom
n, 0 (E, hv) is .total angular-momentum-dependent pho-
toionization matrix element of the constituent o., gener-
ally referred to as the photoionization cross section in the
atomic view, j is the angular momentum, and p. (E) is
the partial DOS of the constituent atom o. with angular
momentum j. Here and henceforth, we will assume that
the photoemission spectral intensity I(E, hv) is normal-
ized to the photon Aux, and the analyzer transmission
function (1/E correction is applied in this work) as well
as the inelastic background corrections have been per-
formed. Equation (2) becomes inapplicable when the in-
cident photon energy is so low that the assumption of the
quasicontinuum final state fails due to the small number
of final states available in k space; hence the assump-
tion of no interference of final states &om different atomic
sites fails. This assumption, generally known as the lo-
cal approximation, can be regarded to hold for a photon
energy as low as 40 eV, and therefore Eq. (2) can be
safely used throughout this paper.

For the Cu-Pd alloy problems at hand, we can simplify
Eq. (2) somewhat. Since the photoionization cross sec-
tions of 8 or p electrons are very small compared with d
cross sections at this photon energy range for both Cu
and Pd atoms, we can neglect 8,p contributions to the
photoemission spectra. Furthermore, the spin-orbit cou-
plings of 3d and 4d elements are not large compared to
those of Gd elements. Hence we can drop the summation
over j and write

I(E, hv) oc ) x o. (E, hv) p (E),

where p (E) is the partial DOS of the d band of the con-
stituent n, and o (E, hv) is the matrix element. What
we want to extract here is the partial DOS p (E), and so

it is necessary to determine cr (E, hv), or at least the ra-
tio between them. However, as emphasized in our earlier
publication, the matrix element in the photoionization
process o "(E,hv) has a strong binding energy depen-
dence in d bands due to the solid state effect in addition
to the photon energy dependence. Because of this fact,
a simple subtraction of spectra at different photon ener-
gies does not work. Hence we develop an approximate,
but more accurate, procedure of extracting the PSW's
of binary alloys, taking into consideration the matrix-
element effect in the photoemission process in the follow-
ing way.

We first rewrite Eq. (3) as

I(E, hv) oc ) x o (hv) n (E, hv) (4)

by defining the PSW of the n constituent n (E, hv) with
the relation

n ii (E, 130 eV) I ii y(E, 130 eV),

where the subscript stands for the sample and the super-
script for the constituent atom. From Eq. (5) two spectra
of Cu metal at h, v = 40.8 eV and at hv = 130 eV can
be related to the matrix elements of the Cu 3d states at
those photon energies as follows:

cr "(E 40.8 eV) I" ' (E 40.8 eV)
o.cu(E ] 3P eV) Inorrn(E ]3P eV)

where Ic„™(E,40.8 eV) and Ic„' (E, 130 eV) are pure
Cu metal spectra at two photon energies which are nor-
malized to have the same area. The divided spectrum
obtained in this way can be used for any composition of
Cu-Pd alloys under our assumption that the matrix ele-

n (E, hv) = oo (E, hv) p (E),

dEn (E, hv) = fdEp (E).

In effect, the binding energy dependence of the matrix el-
ement is included in the partial spectral weight n (E, h,v)
by means of cro (E, hv), and 0 (hv) in Eq. (4) is a
binding-energy-independent value representing the total
intensity change with photon energy which we have deter-
mined in the previous subsection. Note that in the pres-
ence of the matrix-element effect the PSW is the quantity
actually measured experimentally rather than the DOS.
Now we will make the assumption that cro (E, hv) and
cr (hv) do not change between pure metals and alloys.
Then using the value of o {hv) which was determined
in the previous subsection for pure metals, we can deter-
mine n (E, hv) by measuring I(E, hv) of alloys at two
different photon energies {in our case hv = 40.8 eV and
hv = 130 eV were used) in the following way.

As can be seen in Fig. 3, the ratio of 0«(hv) to
oscg(hv) [these cr's are in fact a's in the notation of
Eq. (4)] is 2.2 and 0.03 at hv = 40.8 eV and 130 eV,
respectively. Taking full advantage of this Cooper-
minimum phenomenon, we can assume as a first step
that the spectra of alloys at hv = 130 eV are nearly the
same as the Cu PSW of alloys at hv = 130 eV, i.e. ,
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ment does not change &om metals to alloys, and therefore
we can write

n ii „(E,40.8 eV) c
' n ii (E, 130 eV),

oe "(E,40.8 eV)
O.o" E, 130 eV

which is the approximate Cu PSW of the Cu-Pd alloy
at hv = 40.8 eV. This in efFect corrects for the change
of the shape in the Cu spectra &om hv = 130 eV to
hv = 40.8 eV. Now that the ratio of ozpdd(40. 8 eV) to
r7scg(40. 8 eV) is 2.2, it is possible to obtain the Pd PSW
at hv = 40.8 eV using Eq. (4),

n ii „(E,40.8 eV) I"&&' (E, 40.8 eV) 1 + xpd o~+~~ 40.8 eV
z rTc (40.8 eV)—n ii „(E,40.8 eV) ~p~ o.

4& 40.8 eV
(8)

where I"&&' (E, 40.8 eV) is the alloy spectra at hv =
40.8 eV which is normalized to have the same area as
ncii (E, 40.8 eV).

The resulting PSW's are not yet self-consistent since
nP&d&„(E, 40.8 eV) is obtained using n ii „(E,130 eV)
of Eq. (6), which assumes that the contribution f'rom
Pd states, nP&d&„(E, 130 eV), to the alloy spectra at
hv=130 eV [I u „(E,130 eV)j is zero. We use iterations
to correct for this inconsistency. The procedure is the
same as above, but now we use n id& „(E,40.8 eV) ob-
tained in Eq. (8) and the cross section ratios determined
in Fig. 3 to obtain a more correct representation of the
Cu PSW of alloys at hv = 130 eV, after correcting for the
matrix-element efFect of Pd metal between hv = 40.8 eV
and hv = 130 eV. With this new Cu PSW at hv = 130 eV,
we repeat the process in Eqs. (7) and (8) to obtain a bet-
ter result of the Pd PSW at hv = 40.8 eV. Iterations
of 4 or 5 times are enough to obtain the convergence to
self-consistent results.

This procedure is similar to that used in Ref. 11 to
analyze the spectra of Cu75Pd25, and when we apply our
procedure to the spectra of Cu75Pd25, we And that the
overall structures of the resulting PSW's are similar. But
the neglect of the matrix-element efFect and the use of
the calculated values of the atomic photoionization cross
sections in Ref. 11 lead to somewhat inaccurate PSW's.
For example, the Pd PSW deduced there depends on
the photon energy used. Especially when the spectra
at hv = 50 or 60 eV is used to extract the Pd PSW
by subtracting the spectra at hv = 130 eV, they And
substantial intensity at the binding energy E~ 5 eV.
This is because the spectra of Cu and CuysPd25 at hv =
60 eV have an appreciable amount of spectral weight at
E~ 5 eV relative to that at hv = 130 eV, as can be
seen in Figs. 1 and 2.

IV. PARTIAL SPECTRAL WEIGHTS
OF Cu Pdg ALLOYS

A. Cu and Pd PSW's in the soft-x-ray regime

Cu PSW at ht = 130eV
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due to the matrix-element eÃect of Cu 3d states at hv =
130 eV which suppresses the intensity of bonding states.
The central position of the Cu PSW moves a little toward
the Fermi level as the Cu content decreases.

For CuypPdgp, the central position of the Cu PSW is
at E~ 2.5 eV, well inside the Pd 4d band. Moreover,
the Cu 3d—Pd 4d hopping matrix-element in a Pd host
is 1.2 times that of Cu 3d—Cu 3d in pure Cu metal ac-
cording to the Harrison's tight-binding scheme. Hence
it is expected that the bandwidth of the Cu partial DOS
is not small even for Cu-diluted alloys. Indeed, the Cu
PSW shown in Fig. 4 confirms that the bandwidth is
nearly the same, if not larger, as that of pure Cu. This
fact has already been observed with the Cu L2 3 M4 5 x-
ray spectra of Cusp Pdgp, and it means that the band
of Cu]pPdgp is a common-band type and does not show
split-band behavior.

Figure 5 shows the Pd PSW's of Cu-Pd alloys at
various compositions. As the Pd content decreases, the
number of DOS at the Fermi level decreases rapidly, and
peaks at E~ ——1.8 eV become prominent. Comparing the

Figure 4 shows the Cu PSW's at various composi-
tions of Cu Pdq alloys (+=0.1, 0.25, 0.5, 0.75, 0.9)
determined &om our procedure described above. As an-
ticipated, the Cu PSW's are quite similar to the spectra
at hv = 130 eV because of the strong Cooper-minimum
phenomenon of Pd 4d states. Nearly no change is ob-
served for the bonding states, but this is at least in part

'IO 8 6 4 2 0
Binding Energy (eV)

FIG. 4. Empirical Cu partial spectral weights of Cu-Pd al-
loys at hv = 130 eV using the experimentally determined
photoionization cross section ratio and including the ma-
trix-element efFect.
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FIG. 5. Empirical Pd partial spectral weights of Cu-Pd al-

loys at hv = 40.8 eV using the experimentally determined
photoionization cross section ratio and including the ma-
trix-element effect. The intensity of the bonding state is very
small due to the matrix-element effect of Pd 4d states.

Pd PSW when photons at the soft-x-ray regime are used,
and so it is difficult to compare theoretical DOS with
experimental spectra quantitatively. It would be much
better if we could measure the PES spectra at a photon
energy where the variation of the matrix element within
the band is not so pronounced. As can be seen in Fig.
6(a), the XPS spectra are better in this respect since
they show more weight in the higher-binding-energy re-
gion than the UPS spectra for both Cu and Pd. Even
in this case, however, we can see from comparing with
the theoretical DOS (Ref. 29) in Fig. 6(b) that the XPS
spectrum of Pd still has less weight and structure in the
high-binding-energy region. The origin of this discrep-
ancy is again the photoionization matrix-element effect,
although not as pronounced as in the UPS regime, and
the lifetime broadening.

To see whether these factors can be taken into ac-
count quantitatively for a meaningful comparison be-
tween theory and experiment, we try to Gt the experi-
mental XPS spectra with the theoretical DOS for pure
Pd metal by considering these effects. For this pur-
pose, we 6rst multiply the theoretical Pd 4d DOS of Pd
metal with the calculated matrix element in the XPS
region, and then include lifetime broadening assuming
the Fermi liquid behavior. The resulting curve is con-
voluted with the Gaussian function for the instrumental
broadening. By this method, we could get very good
agreement between experimental and theoretical spectra

Pd PSW's of Pd-diluted alloys with the spectra of pure
Pd metal, it seems that the intensity of bonding states
for alloys at the higher-binding-energy side is somewhat
reduced, especially for the Cu90Pd~o case. But it is dif-
ficult to say quantitatively because of the strong matrix-
element effect at hv = 40.8 eV which suppresses the pho-
toemission intensity of bonding states. This trend is at
least consistent with what we expect from the Harrison's
tight-binding scheme. In Pd-diluted Cu-Pd alloys, the
Pd 4d—Cu 3d hopping matrix-element is 0.75 times that
of Pd 4d—Pd d in pure Pd metal. The difference between
the central positions of the Cu 3d band and Pd 4d band
is larger than 1 eV, and this will also reduce the mixing
of Pd 4d states with Cu 3d states compared to the hy-
bridization between Pd 4d states in pure Pd. Hence the
bonding states are expected to be weaker.

tA

C

Cu

Pd

Pd 4

B. Pd PS& of CuqsPdqs and comparison with
theory

In this section, we try to answer the question of the va-
lidity of the CPA calculation for Cu-Pd alloys and of the
importance of the lattice relaxation efFect in determining
the DOS of alloys. For this purpose, we compare the Pd
PSW of Cup5Pd25 quantitatively between theory and ex-
periment, since the Cu75Pd~5 alloy has been studied be-
fore both experimentally and theoretically ' ' in this
respect. But previous studies did not take into account
the photoionization matrix-element effect in the experi-
mental Pd PSW. As seen above, the matrix-element ef-
fect suppresses the high-binding-energy structure in the

(c)
Pd 4d PES

exp
caI

tO 8 6 4 2 O

Binding Energy (eV)

FIG. 6. (a) UPS and XPS spectra of pure Cu and Pd met-
als. (b) Calculated Pd 4d DOS of pure Pd metal (Ref. 29). (c)
The Gt of the Pd metal XPS spectrum after including the ma-
trix-element effect with lifetime and instrumental broadening
effects.



51 PARTIAL SPECTRAL WEIGHTS OF DISORDERED Cu„Pd) 8147

for Pd metal as shown in Fig. 6(c). Here we choose the
lifetime broadening parameter with the Lorentzian form
whose half-width increases quadratically from zero at the
Fermi level to 1.5 eV at E~ = 8.4 eV (this corresponds
to the broadening of 0.67 eV at the bottom of the Pd
4d band, E~ ——5.6 eV), and the instrumental broad-
ening is represented by a Gaussian function of 0.75 eV
FWHM, which reproduces the experimental spectra at
the Fermi level. The Lorentzian width of 0.67 eV at the
bottom of the band may seem somewhat large, but a sim-
ilar value has been used before to bring the experimental
XPS spectra of the pure Pt valence band into agreement
with the result of KKR band calculations. There has
been some concern that this lifetime broadening repre-
sented by the imaginary part of the self-energy [Im Z(E)]
may induce appreciable shifts of spectral weights due to
Re Z(E), since these two quantities are related by the
Kramers-Kronig relation. We will return to this point in
Sec. V.

Since it seems possible to include the lifetime broaden-
ing and matrix-element efFects quantitatively in the XPS
spectra, we now obtain the Pd PSW of Cu75Pd25 in the
XPS (hv = 1253.6 eV) regime, nP&d& „(E,1253.6 eV), by
the same procedure as before using the spectra at hv =
1253.6 eV and at hv = 130 eV. Again we assume that
the matrix-element is the same for pure metals and alloys,
which is justified by a theoretical calculation showing
that the matrix element at a photon energy of the XPS
regime changes only marginally with respect to the con-
centration including pure metals. During this procedure
the spectra at hv = 130 eV were broadened to account
for the difI'erence of the instrumental resolution with XPS
spectra, and the ratio between the photoionization cross
section of Pd 4d states to that of Cu 3d was experi-
mentally determined to be 1.67, which is a little larger
than the calculated atomic value of 1.24 for the Mg Kn
source. ~i Thus the obtained Pd PSW n g (E, 1253.6 eV)
is shown in Fig. 7(a) by dots. Compared to the empiri-
cal PSW determined at hv = 40.8 eV shown in the same
figure with a line, it shows a noticeable increase in the
intensity of bonding states in the XPS regime due to the
difFerence of the matrix-element efFect. The peak position
of the antibonding states does not change, and there is
a structure at E~ ——3—4 eV and a broad tail extends to
E~ -7 ev.

To see how this experimental Pd PSW compares with
the theoretical calculations and to assess the importance
of the lattice relaxation efFect in alloy DOS, we show in
Fig. 7(b) the calculated Pd partial DOS of Cups Pd2s from
the self-consistent relativistic KKR-CPA method without
a lattice relaxation effect (thick line), is and that of the
special quasirandom structure (SQS) band calculation
which takes into account the local lattice relaxation effect
(thin line). The SQS calculation makes use of a super-
lattice structure having a distribution of distinct environ-
ments such that their average corresponds to a real ran-
dom medium while the atomic sites are fully relaxed.
The lattice spacings in this superlattice are determined
to have the minimum energy in a given volume. The
comparison of these two calculations in Fig. 7(b) shows
that the SQS calculation indeed gives a smaller weight of
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FIG. 7. (a) Pd partial spectral weight of Cu75Pdge at hv
= 40.8 (line) and 1253.6 eV (dots). (b) Calculated Pd partial
DOS of Cuq5Pd25 using the KKR CPA without the lattice
relaxation effect (Ref. 18, thick line) and using SQS which
efFectively includes lattice relaxation assuming a superlattice
structure (Ref. 19, thin line). The SQS result is smoothed
using a Gaussian fuction with a half width at half maximum
(HWHM) = 0.2 eV. (c) Comparison of the experimental XPS
Pd PSW (dots) with the calculated spectral weights using
band calculation of Refs. 18 (thick line) and 19 (thin line)
after including the matrix-element eKect and lifetime as well
as instrumental broadening eKects.

bonding states than in the unrelaxed KKR-CPA calcula-
tion, which will bring the theoretical DOS closer to the
experimental PSW. But the magnitude of this difFerence
is not big enough to supply agreement with experiment.
Also the shift of the binding energy of bonding states is
not very large, when the shift of antibonding states of
the relaxed structure toward the Fermi level is taken into
consideration.

To compare these theoretical Pd DOS and the exper-
imental Pd PSW quantitatively, we must include the
matrix element, lifetime broadening, and instrumental
broadening effects. Figure 7(c) shows this comparison
between the experimental Pd PSW in the XPS regime
(dots), the calculated PSW from the KKR-CPA calcu-
lation without lattice relaxation (thick line), and that
from the SQS calculation with lattice relaxation (thin
line). We can note two things from this figure. First, the
lattice relaxation efFect is not very big for the Pd DOS,
far less than the discrepancy between theory and exper-
iment. Second, the prominent peak at E~ ——4.5 eV of
the theoretical DOS is completely smeared out and re-
duced in intensity partly due to the lifetime broadening
and partly due to the matrix-element eÃect, bringing the
theoretical spectra into reasonable agreement with the
experimentally determined PSW. This resolves much of
the discrepancy between theory and experiment in previ-
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ous studies which did not consider the important matrix-
element efFect. It is fair to say that even if the Pd partial
DOS had strong structures at E~ 4.5 eV, it could not
be clearly resolved with XPS, and almost impossible to
see with UPS.

It should be mentioned that in the comparison of
Fig. 7(c) both theoretical DOS are shifted downward by
0.65 eV to make the antibonding peak near the Fermi
level align with experimental spectra. This amount of
shift is also found to be necessary to match the experi-
mentally determined Cu PSW of Cu75Pd25 in Fig. 4 with
the theoretical calculations. The reason for this shift is
the inaccurate Fermi level position predicted in theoreti-
cal calculations for noble metals and alloys, which is well
known and seen in many studies.

V. DISCUSSION

A. Inclusion of Re Z

In the previous section when we fit the XPS spec-
trum of the Pd metal and alloy, we simply broadened
the theoretical DOS by a Lorentzian function to simu-
late the lifetime broadening. This means that we used
phenomenological values of the imaginary part of the
self-energy (Im Z), but neglected its real part (Re Z).
Some argued that this is not justified because the shifts
produced by Re E will likely be important. The real
and imaginary parts of the self-energy are related by the
Kramers-Kronig relation, and in principle both should
be included when calculating theoretical spectral weights.
So we checked for this possibility by constructing a real-
istic form of the self-energy as follows.

To our knowledge, there is no first principles calcula-
tion of the Z(E) of the Pd 4d states. ss So we borrowed
the self-energy form calculated for Ni metal using the

1.0
ImZ
ReZ

B. Auger line-shape analysis in dilute alloys

The reduction of the bonding states in Pd-diluted Cu-
Pd alloys due to the lattice relaxation efFect was also ar-
gued by the detailed Pd M4 5N4 5N4 5 Auger line shape
analysis. It was shown in Pd-diluted Ag-Pd alloys
that this Pd CVV Auger line shape is very sensitive
to the Pd one-hole density of states in the region of
U+ e&

~ where U is the Pd d-d Coulomb interaction en-

l/l

C

Pd 4d PES
exp
col h-""'J ~

~ ~

~ i

~:

~;

degenerate Hubbard model, and constructed a simpli-
fied form of Z(E) which has the value of Im E similar
to that used in the previous section. This is shown in
Fig. 8, where its real and imaginary parts are related
by the Kramers-Kronig relation. In this figure the phe-
nomenological (Fermi liquid type) lifetime broadening of
the previous section is also shown by the dashed line, and
the dotted vertical line designates the theoretical bottom
of the d band in Pd metal. We can see that the real
part of the self-energy is small within the occupied va-
lence band, which is consistent with the conclusion of an
angle-resolved photoemission study.

Figure 9 shows the result of spectral weight calcula-
tions for Pd metal and Pd PSW of Cu75Pd25 using this
self-energy form, and the comparison with the experi-
mental spectrum. We see that the changes brought by
the inclusion of Re E are minimal, and the overall struc-
tures remain the same as before. Thus we can conclude
that the neglect of Re Z in the previous section does not
lead to a severe error in comparing the calculated and
experimentally determined PSW's.
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FIG. 8. Self-energy form used in calculating Pd 4d spec-
tral weights. Thick (thin) line is the imaginary (real) part of
the self-energy. Dashed curve is the phenomenological lifetime
broadening used in Sec. IV, which increases quadratically with
the binding energy from the Fermi level (Fermi liquid behav-
ior). Vertical dotted line represents the bottom of 4d band of
pure Pd metal.

FIG. 9. Spectral weights calculated using the model
self-energy of Fig. 8. Top panel shows the XPS spectra (dots)
and the calculated spectral weight (solid line) of Pd metal.
Bottom panel shows the comparison of the XPS Pd PSW
(dots) of Cu75Pd2s with the calculated spectral weights using
band calculations of Refs. 18 (thick line) and 19 (thin line).
Both calculated results include the matrix-element effect and
instrumental broadening.
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ergy. Hence, in the case of Cu-Pd alloys, the Pd MNN
Auger line shape is expected to be very sensitive to the
Pd bonding density of states. Indeed it was reported in
the case of Cu95Pdp5 that the Pd MNN Auger profile
can only be fitted with a much lower Pd bonding DOS
than predicted by the KKR-CPA calculation. ' This
was taken as the evidence for the importance of the lat-
tice relaxation effect in the electronic structure of Cu-Pd
alloys.

There are a few shortcomings in this argument, how-
ever. First, the effect of lattice relaxation on the hopping
matrix element between Cu and Pd d states had to be
assumed to be at least twice as large as predicted by
Harrison's scheme when they tried to fit the experi-
mental Auger profile of Cu95Pdp5 in Ref. 12. Second. ,
the formalism used for the Auger profile analysis did not
include the two-hole Auger matrix-element effect, i.e. , its
dependence on the binding energy. This effect arises &om
the difference of overlap integrals in the Auger matrix-
element when final state orbitals participate in bonding,
and was shown to be important for the case of the V
L3VV Auger spectra of V-C, and also in the quantita-
tive analysis of Si L2 3VV Auger spectra. In fact, this
binding energy dependence of the Auger matrix-element
effect was once proposed to be the cause of the discrep-
ancy between theoretical and experimental Pd MNN
Auger profiles in Cu95Pdp5 . Third, the lattice relaxation
effect in Pd-diluted Ag-Pd alloys was not taken into ac-
count. A systematic study of the lattice distortion of so-
lute atoms in metals by x-ray-absorption fine structure
found that the Pd atomic site in the Pd-diluted Ag-Pd
alloy is contracted to have a 0.9%%uo smaller nearest neigh-
bor distance than that of pure Ag. This is in contrast
to the Pd-diluted Cu-Pd alloy case where the Pd atomic
site is found to be expanded by 1.5%%uo. So the stronger
hybridization between the impurity Pd 4d state and host
Ag 4d band in Ag-Pd alloys is anticipated as a result.
But the quasiatomic fittings of Pd MNN Auger spec-
tra in AgspPd2p and Cu95Pdp5 show that in both cases
better agreement between theory and experiment is ob-
tained when the Pd partial DOS is reduced than those
calculated by the KKR CPA.

All of these facts point to the importance of the two-
hole Auger matrix-element effect in the quantitative fit-
ting of Auger profiles, which plays a role at least as im-
portant as the lattice relaxation effect. In this connec-
tion, we note that Vos et al. fitted the Pd impurity Auger
spectra in the Ag host very successfully with the calcu-
lated impurity DOS without considering the lattice con-
traction effect. This may have resulted &om the can-
cellation of two efFects, the lattice relaxation (contrac-
tion) which increases the number of bonding states and
the binding energy dependence of the Auger matrix ele-
ment which will reduce the contribution from the bonding
states.

We agree that the lattice relaxation effects in disor-
dered binary alloy systems are important in the precise
determination of electronic structures of these materials.
But the issue here is a quantitative one, whether the lat-
tice relaxation effect can explain the discrepancy between
theoretical DOS and experimental photoemission spec-

tra. Calculations ' show that the lattice relaxation
effect generally reduces the bandwidth of the material
by less than 0.3 eV in the concentrated alloys, and the
ratio of spectral weights between bonding states and an-
tibonding states does not change much. Figures 7(b) and
7(c) clearly show that the change produced by the lattice
relaxation is not enough to bring the theoretical DOS
into agreement with the experimental spectral weight,
but that the photoemission one-hole matrix element is
more responsible for this discrepancy for the Cu75Pd25.
The lattice relaxation effect in the dilute impurity limit
will be clearly larger than in the concentrated alloy case,
but the Pd MNN Auger analysis mentioned above sug-
gests that even in this limit the matrix-element effect is
at least as important as the lattice relaxation effect. We
should remember in this connection that the relaxation
of the Pd atomic site in the Pd-diluted Cu-Pd alloy is not
a special case. Most disordered alloys experience a local
distortion near the impurity, and the Pd-diluted Cu-Pd
alloy is nothing but a moderate case.

VI. CONCLUSION

In this work, we investigated the electronic structure
of disordered Cu-Pd alloys using synchrotron radiation
PES, UPS, and XPS. With the empirically determined
ratio of the photoionization cross section between Cu 3d
and Pd 4d states, we obtained Cu 3d and Pd 4d PSW's of
alloys as a function of composition. We used the spectra
at hv = 40.8 eV where the Pd cross section is stronger
and those at hv = 130 eV where the Cooper minimum
of Pd 4d occurs. The major assumption used in this
procedure was that the matrix-element effects in alloys
are the same as those in pure metals. The Pd PSW's
determined at the soft-x-ray regime seemed far &om in
accordance with the KKR-CPA calculations as in other
work. But we showed that the main reason for this
discrepancy is not the failure of the KKR-CPA scheme
which cannot include the lattice relaxation effect but the
result of the strong matrix-element effect which obscures
the accurate determination of the Pd partial DOS in the
high-binding-energy (bonding state) region.

Hence we performed XPS of Cu75Pd25 where the
matrix-element effect is less severe for suppressing bond-
ing states. The empirically determined Pd PSW of
Cu75Pd25 at h, v = 1253.6 eV showed two structures, one
the sharp peak near the Fermi level and the other a
plateau with a broad tail. Taking the matrix-element
effect into consideration properly, we compared the
empirically determined Pd PSW with the theoretical
PSW's calculated &om the revised version of KKR-
CPA scheme and from the SQS band calculation. ~9

In contrast to previous comparisons without the matrix-
element effects, we found reasonably good agreement
overall after correcting for the error of the Fermi level
position in the theoretical calculations.

From this work, it becomes clear that a correct analy-
sis procedure must be used to obtain the angle-integrated
PSW of binary alloys and to compare with the theo-
retical partial DOS. The procedure must include both
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the lifetime broadening and the (one-hole) photoemis-
sion matrix-element effect which can strongly deform the
spectra especially for d-band metals and alloys. Simi-
larly, the two-hole Auger matrix-element effect has to be
considered in the quantitative analysis of the CVV Auger
spectra.
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