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Electronic structure of disordered Au-Pd alloys studied by electron spectroscopies
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The occupied and unoccupied electronic structures of disordered AuxPd12x alloys are studied by valence-
band photoemission, bremsstrahlung isochromat spectroscopy~BIS!, and x-ray absorption near-edge spectros-
copy ~XANES!. The occupied partial spectral weights~PSW’s! of Au 5d and Pd 4d states are obtained from
the valence-band photoemission spectra using synchrotron radiation by taking the matrix-element effect into
account. We use the Cooper minimum phenomenon of the Pd 4d states with the measured ratios of photoion-
ization cross sections. The Pd 4d PSW’s are found to form a virtual bound state in the Pd-diluted alloy but
become broader as the Pd concentration increases due to the Pd 4d– Pd 4d hybridization. On the other hand,
Au 5d5/2 states show the common-band behavior due to the appreciable mixing with Pd 4d5/2 states, while Au
5d3/2 states retain their sharp structure and show the split-band behavior. These experimental PSW’s of Au-Pd
alloys are in good qualitative agreement with the results of recent self-consistent-field coherent-potential-
approximation calculations. The comparison of the experimental Pd PSW of Au-Pd with those of other Pd–
noble-metal alloys clearly shows that in noble-metal-rich alloys, the mixing of Pd 4d states with hostd bands
increases in the order of Ag-Pd, Au-Pd, Cu-Pd systems. This trend results in the split-band for Au-Pd and
Ag-Pd in Pd diluted alloys, but gives the common band for Cu-Pd. The unoccupied Pd 4d states of disordered
AuxPd12x alloys obtained from BIS and XANES spectra show the gradual filling of Pd 4d states as the Au
concentration is increased, but it is not completely filled even in the Pd-diluted alloy.
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I. INTRODUCTION

There has been a great deal of effort to understand
electronic structure of disordered binary alloys. Especia
many experiments and calculations on binary alloys co
posed of transition metals and noble metals have been
formed partly due to the interest in their catalytic behavi
and partly due to the intrinsic interest in the physics of
disordering effect. Among these, the electronic structure
disordered Pd alloys with noble metals have been interes
subjects because Pd partial densities of states~DOS’s! are
quite diverse among these systems. Also the noble-meta
alloy systems have played an important role in develop
theoretical computation methods. For example, Ag-Pd a
system was the first one treated by self-consistent poten
within the Korringa-Kohn-Rostoker coherent-potentia
approximation~KKR-CPA! scheme.1 In this system the split-
band behavior is observed, where the Ag 4d and Pd 4d
states do not show strong mixing and are separate in ene
At first the band splitting between the Ag-related structu
and the Pd-related structure had been overestimated witad
hoc potentials,2 but this was brought into better agreeme
with experiment by employingab initio potential obtained
from self-consistent iterations.3
PRB 580163-1829/98/58~15!/9817~9!/$15.00
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The self-consistent-field~SCF! KKR-CPA method was
also used to calculate the electronic structure of disorde
Cu-Pd alloys.4 In this case, the agreement between the
and experiment turned out to be more difficult to achieve a
a controversy was developed as to its origin. The main d
crepancy between theory and experiment was that the ca
lated Pd partial DOS showed broader bandwidth and lar
density of states for bonding states than photoemiss
experiments.5–7 Some people argued that the local lattice
laxation effect around Pd sites was the cause of this disc
ancy, and many theoretical works have tried to include
lattice relaxation effect to see if it can bring the theory in
agreement with experiment. For example, tight-bindi
muffin-tin orbitals ~TB-MTO! CPA ~Ref. 8! calculation
method was modified to treat the effect of the lattice rela
ation approximately, imposing a relation between t
changes in atomic-site volumes and the bulk moduli. The
partial DOS of Cu-rich Cu-Pd alloy predicted by this meth
had indeed reduced bandwidth,8 but the agreement betwee
theory and experiment was still not satisfactory. It turned
that the observed discrepancy stems mainly from the neg
of the matrix element~binding-energy dependence of phot
ionization cross section! and of the lifetime broadening in th
interpretation of the photoemission spectra.9,10
9817 © 1998 The American Physical Society
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9818 PRB 58TSCHANG-UH NAHM et al.
Another Pd alloy system with noble metal, Au-Pd alloy
is the subject of investigation here. We believe this inve
gation is crucial to gain a comprehensive understanding
the band formation mechanism in Pd alloys, since the Au
system is expected to be intermediate between Ag-Pd
Cu-Pd systems. The lattice spacing of the Au-Pd system
similar to that of the Ag-Pd system, which shows split-ba
behavior, while the relative energy position of the Au 5d and
the Pd 4d band is similar to that of the Cu-Pd system, whi
shows overlapping bands. Hence the determination of
electronic structure of the Au-Pd alloy is very important
understanding band formation mechanism in noble-metal
alloys as a whole.

Theoretically, the electronic structures of Au-Pd allo
have been calculated by KKR~Refs. 11–13! or TB-MTO
~Ref. 14! CPA methods. The early non-SCF results11 are
now considered to be unreliable since they gave wrong
ues of the Pd 4d phase shifts and thus even the Pd-dilut
alloys showed common-band behavior contrary to the la
SCF results12,14~in Ref. 12, only the Au70Pd30 case was stud
ied!. The recent SCF TB-MTO calculation included the la
tice relaxation effect approximately, but unfortunately n
glected the spin-orbit splitting of Au 5d states, which is
important for determining Au partial DOS of Pd-diluted a
loys. A more recent fully relativistic SCF KKR-CPA result,13

which includes the spin-orbit splitting of both components
most reliable, and it predicts the existence of the Pd virt
bound state in Pd-diluted alloys in agreement with other S
results. This calculation also predicts that as Au content
creases, thed3/2 states retain their split-band behavior but t
d5/2 states form a common band due to the appreciable m
ing of the Au 5d5/2 and the Pd 4d5/2 states.

Experimentally the electronic structure of the Au-Pd s
tem has been investigated before with x-ray photoemiss
spectroscopy~XPS!,5 ultraviolet photoemission spectroscop
~UPS!,6,12,15and with synchrotron radiation.16 For Pd-diluted
alloys, the difference spectrum between the alloy and p
Au spectra5,6 was interpreted as indicating the virtual bou
state at the binding energy~designated asEB henceforth! 1.6
eV. The early UPS work covering the whole compositi
range15 argued the existence of both the Au and the Pd
tual bound states in their dilute limits. This interpretati
however neglected the possibility of strong mixing betwe
Pd and Aud5/2 states as predicted by the later SCF ba
calculation. The recent synchrotron work by Blythet al.16

was most comprehensive, and it gave some insights into
overlapping structure of this system by comparing the sp
tra at photon energies 40 and 120 eV. However they o
compared thed band peak energies between theory and
periment, and did not separate the spectra into the pa
spectral weights~PSW’s! of each component to compare
detail with band calculations. So it was not clear from th
work alone how strongly Au 5d5/2 states mix with Pd 4d5/2
states in Pd-rich alloys, and how much Pd 4d states mix with
Au 5d states in the Pd-diluted limit, which are crucial
answer the question whether or not a virtual bound stat
formed.

In this paper, we obtain the occupied part of PSW’s
Au-Pd alloys for the whole composition range. We make u
of the cross-section change with photon energy, in partic
the Cooper minimum phenomena of Pd 4d and Au 5d states,
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to extract PSW’s of each constituent. We then compare th
with theoretical calculations, and try to understand t
change of the electronic structure as the composition is
ied. And we also obtain the unoccupied Pd 4d states near the
Fermi level EF from bremsstrahlung isochromat spectro
copy ~BIS! and x-ray absorption near-edge spectrosco
~XANES!.

This paper is organized as follows. The experimental
tails are described in Sec. II. In Sec. III, we present
photoemission spectra of AuxPd12x (x50.25, 0.50, 0.75,
0.90! at different photon energies. In order to make use
the Cooper minimum phenomenon, the measured ratio
photoionization cross sections between Pd 4d and Au 5d
states are also presented. Using these experimentally d
mined cross-section ratios as a function of photon energy
then obtain the occupied part of the PSW’s of alloys tak
the matrix-element effect into consideration. We also sh
the unoccupied Pd 4d states nearEF measured by BIS and
XANES experiments in Sec. III D. Then the comparison b
tween our experimental results and the calculated PSW’
made in Sec. IV. Finally, we compare the Pd PSW’s of t
Au-Pd alloy with those of other noble-metal–Pd alloy sy
tems in Sec. V to elucidate the band-formation mechan
and to understand quite different Pd partial DOS’s depend
on the noble metal. This paper concludes with a summar
Sec. VI.

II. EXPERIMENT

The polycrystalline alloy samples AuxPd12x (x50.25,
0.50, 0.75, 0.90! were prepared by arc melting of two con
stituents in an atmosphere of argon on water-cooled cop
hearth. Since some of compositions have well-defined
dered structure (Au3Pd and AuPd3 haveL12 structure below
850 °C and 780 °C),17 all samples were annealed in th
quartz ampoule at 950 °C for 48 h and then quenched
water to ensure homogeneity and disorder. The x-ray diffr
tion results with CuKa lines confirmed homogeneous fac
centered-cubic solid solutions.

The photoemission spectra were taken at National S
chrotron Light Source~NSLS! of Brookhaven National
Laboratory in the U.S. and Pohang Light Source~PLS! in
Korea. In NSLS we used beamline U4A equipped w
6-m/160° toroidal grating monochromator and the VS
HA100 concentric hemispherical analyzer with single cha
nel electron detector. The photon energy ranged from 40
200 eV, and the total experimental resolution was maintai
better than 0.3 eV full width at half maximum for photo
energies below 160 eV. In PLS we used beamline 2
equipped with spherical grating monochromator and the
CLAM2 analyzer with three channeltron detectors. The ph
ton energy ranged from 100 to 250 eV to cover the Coo
minima of both Pd 4d and Au 5d states. All measurement
were performed under a pressure in the low 10210-torr range.

Before the measurements, clean surfaces were obta
by sputtering with neon or argon ions with 1.0–2.0-keV k
netic energy for 20 min and by subsequent annealing
200– 240 °C for 20 min to cure damages induced by
sputtering and obtain polycrystalline surfaces. The effec
sputtering was very clear for pure Pd or Pd-rich alloys;
states near the Fermi level were suppressed very strongl
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PRB 58 9819ELECTRONIC STRUCTURE OF DISORDERED Au-Pd . . .
amorphous surfaces. So annealing the sample was inevi
despite the possibility of surface segregation, the effec
which turned out to be small for this system as will be se
below.

The BIS experiment was performed in an ultrahi
vacuum photoelectron spectrometer at Seoul National U
versity manufactured by VSW. It consists of a quartz x-r
monochromator that is set at 1486.6 eV and CsI-coated p
ton detector. The incident electron beam current was in
range of 100–300mA. The total resolution was;1.0 eV as
measured by the width of the recorded step in the BIS sp
trum at EF . The BIS experiment was performed under
pressure in the high 10210-torr range. The sample surface
were cleaned mainly by scraping with a diamond file. T
cleanliness of the surface was checked by looking for
oxygen Auger peak and carbon 1s peak in the XPS experi
ment. Very little carbon and oxygen contaminations we
detected.

Pd L3-edge XANES spectra of the AuxPd12x alloys were
obtained at NSLS beamline X-19A. X-ray energy was var
using a Si~111! double-crystal monochromator that was d
tuned by;50% to minimize higher-order harmonics in th
x-ray beam. The X19-A beamline was maintained under
ultrahigh vacuum by up to 10 mm-thick beryllium windo
located inside the hutch. To avoid thickness effect, the sp
tra were collected in the total electron yield mode.

III. RESULTS AND DISCUSSION

A. Photoemission data

Figure 1 shows photoemission spectra of the AuxPd12x
alloys along with Au and Pd pure metals taken athn
570 eV, where the calculated photoionization cross-sec
ratio18 between Pd 4d and Au 5d states is 0.77. We can se
that the spectral intensity at the Fermi level decreases ap
ciably for Au50Pd50 relative to pure Pd. This reduction of th
Fermi-level spectral intensity is consistent with the reduct
of the linear coefficient of the specific heat around 40% P13

It is to be noted that in pure Pd metal the prominent struct
at EB;2.5 and 4.5 eV predicted in the calculated DOS~thin
line!19 is barely visible in the experimental spectrum, and
overall shape of the photoemission spectrum is quite dif
ent from the calculated DOS due to the strong matr
element effect.9 Also, we can see that part of the Pd PSW
the Pd-diluted alloy lies atEB51.6 eV by comparing the
spectra of Au90Pd10 and pure Au.

Figure 2 shows the spectra taken athn5120 eV where
Au 5d states are more emphasized~the calculated cross sec
tion of the Pd 4d is 0.3 times that of the Au 5d). While the
lower binding structure in the Au spectrum, which consi
mainly of the 5d5/2 states, is smeared out with decreasing
content, the higher binding peak aroundEB.6 eV, which
consists mainly of thed3/2 states, retains the sharp structu
for all compositions.

The spectra of Figs. 1 and 2 do not show clearly
partial spectral weights of eachd band because of the ove
lapping structure between Au 5d and Pd 4d states. For ex-
ample, the amount of the Au PSW of Au25Pd75 near the
Fermi level cannot be estimated from these raw spectra a
because the contribution of the Au 5d and the Pd 4d emis-
sions may be comparable~the theoretical cross-sectio
ble
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FIG. 1. Valence-band photoelectron spectra of Pd, Au25Pd75,
Au50Pd50, Au75Pd25, Au90Pd10, and Au with photon energyhn
570 eV from sputter-annealed surfaces, where the calculated c
section ratio between Pd 4d and Au 5d states is 0.77. The inelasti
background is removed and the analyzer transmission functio
corrected assuming 1/E behavior. Also shown is the calculated P
DOS from Ref. 19~thin line!.

FIG. 2. Valence-band photoelectron spectra of Au25Pd75,
Au50Pd50, Au75Pd25, Au90Pd10, and Au with photon energyhn
5120 eV where the calculated cross section of the Pd 4d is 0.3
times that of Au 5d states. Other details are the same as
Fig. 1.
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9820 PRB 58TSCHANG-UH NAHM et al.
ratio18 is 1:0.3 and the composition ratio is 3:1!. To deter-
mine PSW’s quantitatively, therefore, we have to know
photoionization cross sections of eachd state accurately
which is done in the next subsection.

B. Photoionization cross section of metals

The procedure determining the cross-section ratio of
valence bands of different elements has been fully discus
in Ref. 10. It is based on the fact that the intensity ratios
the valence-band photoemission spectra taken at diffe
photon energies are proportional to their photoionizat
cross-section ratios. To fix the proportionality constant,
intensity ratio of core levels is used, since the core-le
cross sections in the solid are not expected to change m
from their atomic values. For the Au-Pd alloys, we used
Au 4d (EB5336 eV for d5/2 peak! and the Pd 3d (EB
5335.1 eV for d5/2 peak! core levels, which have simila
kinetic energies.

The results of these measurements are shown in Fi
along with the atomic calculation.18 The main differences
between the theoretical and the experimental results are
shift of the Pd 4d Cooper minimum dip position and th
smaller value of the experimental ratio throughout the wh
photon-energy range, which can be attributed to the so
state effect. We can see from this figure that the experime
cross-section ratio between Pd 4d and Au 5d states change
by more than a factor of 15 betweenhn550 and 200 eV,
which is more than adequate to extract partial spec
weights of Pd 4d and Au 5d states separately as show
below.

C. Occupied partial spectral weights determined
by photoelectron spectroscopy

We use the procedure discussed in detail in Ref. 10
extract PSW’s of the Au-Pd binary alloys. The underlyi
assumptions of this procedure are that the photoioniza
matrix-element effect can be treated independently of

FIG. 3. Ratio of the photoionization cross section between
4d and Au 5d states athn540– 200 eV, the experimental soli
state~filled circles! and the calculated atomic cases~open circles!
~Ref. 18!. The Pd Cooper minimum makes a sharp dip athn
.120 eV.
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total angular momentum (j 53/2 and 5/2) and that the matri
element of a constituent remains unchanged irrespectiv
the composition. Here we neglect contributions froms or p
states because their cross sections are small, and us
spectra taken athn570 and 120 eV to extract partial spectr
weights of alloys for optimum resolution and statistics.

Since the measured cross-section ratio between Pdd
states and Au 5d states is 0.053 athn5120 eV, the spectra
at this photon energy can be regarded as the Au PSW’s
first step. Using the measured cross-section ratio and the
vided spectrum representing the change in the matrix
ments of pure Au with photon energy, the Pd PSW’s athn
570 eV can then be obtained. By subtracting these
PSW’s from the Au PSW’s athn5120 eV after correcting
for the matrix-element change, more correct Au PSW’s c
be obtained in turn. After several iterations, the results
converged to give the PSW’s shown in Figs. 4 and 5.

In this analysis, we have assumed that the surface c
position of alloys where photoelectrons are emitted is
same as in the bulk. It is well known that the surface co
position of alloys may be different from the bulk because
the surface-segregation effect. However in the case of Au
alloys, it has been determined that there is little surfa
segregation effect in the sputtered surfaces.20 Since we ob-
served little difference between the photoemission spe
from the sputtered and the annealed surfaces in Au-
Au-Pd alloys, and for Pd-rich alloys the total weights of t
valence-band spectra from sputtered and annealed sur
are about the same although they had slightly differ
shape, we used the bulk composition for all alloys in o
analysis.

The top five curves in Fig. 4 show Pd PSW’s of pure
and Au-Pd alloys athn570 eV obtained by the above pro
cedure. We can see that the Pd PSW of Au90Pd10 has domi-
nant structure atEB,2.5 eV, although there may also b
some small features in the region 3 eV,EB,6 eV. The cen-

d

FIG. 4. Experimentally determined Pd partial spectral weig
of AuxPd12x alloys (x50.0, 0.25, 0.50, 0.75, and 0.90! at hn
570 eV ~thick line!, and Pd-diluted alloys Au90Pd10, Au95Pd5 at
hn5230 eV ~thin line!.
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tral position of this dominant Pd PSW structure is at 1.6 e
which is in agreement with the results obtained from
difference spectra for Pd-diluted alloys.5,6 This structure sug-
gests that the Pd impurity forms a virtual bound state in
Au host. We do not have clear explanation for the dips
pearing atEB.2.5 and 6.5 eV, but one possibility is the
have resulted from the assumption of the compositi
independent matrix element in alloys. These dips again
pear in Au75Pd25, but we believe the structures atEB
.5 eV are probably not real because the matrix elemen
the bonding type Pd 4d states is vanishingly small in thi
region.10

To confirm the existence of the virtual bound state in
Pd-diluted alloy and also to make sure that the above re
does not depend on the photon energy used to extract PS
we took the valence-band spectra of Au90Pd10 and Au95Pd5
alloys athn5130 and 230 eV, which correspond to the Co
per minimum of Pd 4d and Au 5d states, respectively. Th
Pd partial spectral weights athn5230 eV for these Pd-
diluted alloys are extracted by the same procedure as ab
and the results are shown in the bottom two curves of Fig
with thin lines. We can see that the Pd spectral weight of
Au90Pd10 alloy at hn570 eV ~thick line, upper curve! and
that hn5230 eV ~thin line, lower curve! are essentially the
same if we take into account the difference of the experim
tal resolution. Furthermore, the Pd spectral weight of m
diluted Au95Pd5 alloy also shows the virtual bound stat
Hence we can conclude that Pd 4d state forms a virtual
bound state in Pd-diluted Au-Pd alloys.

The evolution of Pd 4d states with the alloy compositio
shown in Fig. 4 can be interpreted as follows. We first n
that the width of the Pd 4d states atEB,2.5 eV increases
with the Au content, which is most likely the result of th
Pd 4d– Pd 4d hybridization. We also see that the P
PSW’s of Au75Pd25 and of Au50Pd50 have small structures a
EB.4 eV due to the Au 5d5/2– Pd 4d hybridization. The
other spin-orbit component Au 5d3/2 states are little involved

FIG. 5. Experimentally determined Au partial spectral weig
of Au-Pd alloys athn5120 eV.
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in this hybridization, since sharp structures around 6 eV d
to the Au 5d3/2 states are not smeared out~see Fig. 5! and
also there is no sign of the Pd spectral weight forming re
nance with the Au 5d3/2 states. The Pd PSW of Au25Pd75 is
very similar to the spectra of pure Pd, which implies t
importance of the Pd 4d– Pd 4d hybridization at this com-
position. Also, the Pd PSW at the Fermi level increases
the Pd content increases.

In Fig. 5, we present the Au PSW athn5120 eV. As the
Au content is decreased, the 5d5/2-related structure at the
lower binding energy smears out strongly due to the mix
with the Pd 4d states, but the 5d3/2-related structure at the
higher binding energy retains its prominent peak which sh
toward the Fermi level by a small amount. For Au25Pd75, the
Au 5d5/2 states most of which originally lie atEB.2.5 eV in
pure Au spread out and have large spectral weight even
the Fermi level. This results from the strong hybridizati
with the Pd 4d bands in the Pd-rich alloys. This is antic
pated because the Au atomic site in the Pd-rich alloys
compressed to fit the smaller nearest-neighbor distance in
alloy, in contrast to the Pd atomic site in the Au-rich alloy
which is dilated to accommodate larger nearest-neigh
distance.21 As a result, the Au 5d5/2 states in the Au-diluted
Au-Pd alloy experience very strong hybridization, while t
Pd 4d states in the Pd-diluted Au-Pd alloy form virtua
bound states.

The band formation in Au25Pd75 alloy as discussed abov
can be understood as follows. If there were no hybridizat
between Au and Pd states, the Au partial DOS would sim
become narrow upon alloying because of the decrease o
similar states at nearest-neighbor sites.22 However, the mix-
ing with Pd 4d states would change Au 5d partial DOS’s,
and moreover its effect on the Au 5d3/2 state is expected to
be quite different from that on the 5d5/2 states. The interac
tions between Pd 4d and Au 5d3/2 states, which are wel
separated from each other, mainly result in the band re
sion. This yields well-preserved sharp structure of the
5d3/2-related states. On the other hand, for the Au 5d5/2
states that lie inside the Pd 4d band, the strong hybridization
with Pd 4d states leads to the strong band mixing as can
seen in Fig. 5. Therefore we can conclude that the Pd-
Au-Pd alloy has common-band structure for the Au 5d5/2
states but shows split-band behavior for the Au 5d3/2 states.

D. Unoccupied partial spectral weights determined by BIS
and XANES

To determine the unoccupied part of the spectral weig
for this Au-Pd alloy system, we performed BIS and P
L3-edge XANES measurements. BIS spectra of AuxPd12x
alloys (x50, 0.05, 0.25, 0.50, 0.75, 0.90, 1.0! are shown in
Fig. 6. The spectra clearly reveal the reduction of the un
cupied Pd 4d DOS atEF as Au concentration is increase
which is consistent with the occupied valence-band pho
emission spectra discussed above. These BIS spectra are
malized to have the same height at 7 eV aboveEF , assuming
that the intensity at this energy comes mostly from the ba
ground. This is reasonable because at that high energy
ther Au nor Pdd states are expected to exist and the pho
ionization cross sections of Au 6s and Pd 5s states are
negligibly small ~smaller than those of Au 5d and Pd 4d
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9822 PRB 58TSCHANG-UH NAHM et al.
states by two orders of magnitude18!, hence the contribution
from the background should be dominant.

Here we are mostly interested in the unoccupied DOS
Pd 4d state aboveEF . For this purpose, we use a simp
subtraction procedure similar to that employed for the ear
BIS study of Cu-Pd alloys.23 We first assume that partia
DOS of Au s state does not change upon alloying. For A
rich alloys this assumption is reasonable but for the Pd-
alloys it may be somewhat inaccurate. But since the cr
section of Pd 4d states is more than 50 times larger than t
of Au 6s,18 a slight inaccuracy in the Au 6s DOS would not
have serious consequences. With this assumption we ob
Pd partial BIS spectra of AuxPd12x alloy by subtractingx
fraction of pure Au BIS spectra from the alloy BIS spect
In order to determine quantitatively the change of the nu
ber of unoccupied Pd 4d electronic states (4d holes! by
alloying, we then subtract the pure Ag BIS spectrum fro
this alloy Pd partial BIS spectra to get the weight of Pdd
unoccupied states. This assumes that 5s bands for Ag and Pd
are similar since Ag is next to Pd in the Periodic Table a
the Ag 4d band is full. From the area of the resulting diffe
ence curve we can then obtain the weight of the unoccup
Pd 4d levels, which is converted to the number of Pd 4d
holesnd(BIS) in alloys by using the fact that the number
Pd 4d holes in pure Pd metal is 0.36 electron.24 The result is
shown in the second column of Table I. We can see from
table that the Pd 4d band is being gradually filled upon a
loying with Au. However, even in Au90Pd10 where the Pd 4d
hole numbernd is smallest, the Pd 4d band is not completely
filled. This is consistent with the occupied part of the
partial spectral weights determined by the synchrotron ra
tion valence-band photoemission study discussed above

Our BIS results are also consistent with the theoretical
partial DOS calculated with SCF TB-LMTO-CPA method.14

This calculation predicts the reduction of the unoccupied
4d DOS atEF as Au concentration is increased, as obser
in our BIS spectra. Also the calculation shows the Pdd

FIG. 6. BIS spectra of AuxPd12x alloys (x50.0, 0.05, 0.25,
0.50, 0.75, 0.90, and 1.0!.
f

r

-
h
ss
t

ain

.
-

d

d

is

a-

d

d
d

unoccupied density of states aboveEF becomes narrow and
its centroid moves towardEF as Pd is diluted, but still the Pd
DOS extends down to the Fermi level even in the Pd dil
limit. This is consistent with our experimental observati
that Pd 4d levels are filled but not completely as Pd is d
luted.

Figure 7 shows the PdL3 XANES for various AuxPd12x
alloys (x50.00, 0.05, 0.25, 0.50!. These spectra have bee
background subtracted and normalized as follows. Since
total electron yield increases with the incident photon e
ergy, the linear fit of the pre-edge region representing
absorption coefficient for photon energy lower than the
sorption threshold is subtracted for each raw spectrum.
resulting curve is normalized by multiplying a factor th
makes the continuum step the same height at a higher
ergy. The zero of the~relative! photon energy is assigned t
the maximum point of each absorption spectrum. Figur
shows that the strength of the Pd white-line feature redu
dramatically compared to that of pure Pd with increasing
concentration. The reduction of white-line strength indica

TABLE I. The change of the number of Pd 4d holes in Au-Pd
alloys as a function of the composition. The Pd 4d-hole number
nd(BIS) is determined by BIS spectra andnd(XANES) is obtained
from XANES measurements. The experimental uncertainties
these numbers are estimated to be60.01.

Pd ~at. %! nd(BIS) nd(XANES)

100 0.36 0.36
95 0.32 0.33
75 0.25 0.30
50 0.18 0.26
25 0.10
10 0.07

FIG. 7. PdL3 x-ray absorption near-edge spectra of AuxPd12x

alloys (x50.0, 0.05, 0.25, and 0.50!.
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that the unoccupied density ofd states projected onto the P
atomic sphere is reduced upon alloy formation with Au.
order to calculate quantitatively the change of the numbe
Pd 4d holes, the white-line area related to the 2p→4d tran-
sition, which should directly measure the number of em
4d holes, has been calculated as follows.

The white-line feature rides on top of the continuum s
feature, hence this background continuum must be subtra
from the L3 XANES spectra to estimate the white-lin
strength. For this purpose, we use theL3 XANES spectrum
of pure Ag metal since Ag has almost nod hole. We subtract
the Ag XANES spectrum from each alloy PdL3 XANES
spectrum after shifting the energy so that its inflection po
aligns with the white-line maximum of the alloy Pd XANE
measurement. The resulting difference curve is then in
grated up to an energy 4.5 eV above zero, and this are
converted to the number of Pdd holes in the same way as i
the analysis of BIS. The results thus obtained are written
the Pd 4d-hole numbernd(XANES) in the third column of
Table I. Comparing this withnd(BIS) of the second column
obtained from the BIS analysis, we find that these two nu
bers are in reasonable agreement.

IV. COMPARISON WITH BAND CALCULATIONS

There have been many CPA calculations for the electro
structure of Au-Pd alloys.11–14 The early non-SCF calcula
tion could not explain the experimental results due to inc
rect potentials especially for the Pd diluted case.11 The SCF
TB-MTO-CPA calculation, which was scalar relativisti
was soon performed,14 but unfortunately it did not include
the spin-orbit splitting of the Au partial DOS. However, th
Pd partial DOS should be described correctly because th
4d states have small spin-orbit splitting. It is to be noted t
this TB-MTO-CPA result also included the lattice relaxati
effect approximately. More recently the fully relativistic SC
calculation was performed,13 and this result is expected to b
most reliable since it included spin-orbit interaction of bo
components. However, this calculation did not consider
lattice relaxation effect.

So we here compare the experimental Pd 4d PSW with
the Pd partial DOS calculated by SCF KKR-CPA~Ref. 13!
and SCF TB-MTO-CPA,14 and in the case of Au 5d PSW
with the Au partial DOS calculated by SCF KKR-CPA.13 For
comparison, we convolute theoretical partial DOS’s with t
Lorentzian curve to include the lifetime broadening effect
assuming the Fermi-liquid behavior. The Lorentzian ha
width is assumed to increase quadratically from zero atEF to
0.49 eV atEB57.0 eV for Au, and 0.67 eV for Pd atEB
55.6 eV. These binding energies correspond to the bot
of d bands. In order to determine the photoionization ma
element, the pure metal photoemission spectra are divide
the convoluted DOS’s. The theoretical PSW’s are then
tained by multiplying the theoretical partial DOS’s with th
matrix element, which are further convoluted with th
Gaussian curve to match the instrumental resolution of
experimental spectra atEF . The results are shown in Figs.
and 9 for Au75Pd25, Au50Pd50, and Au25Pd75.

The structures in the theoretical Pd PSW’s atEB
,2.5 eV shown in Fig. 8 are due to the antibonding-ty
states while those atEB.4 eV are due to the bonding typ
of
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from the hybridization with the Au 5d5/2 states. The main
discrepancies between the theoretical curves and the ex
mental PSW’s are the shifts of the states by 0.35–0.50 eV
TB-MTO-CPA calculation14 and the presence of fairly
strong spectral intensity atEB.3 eV. The former can resul
from the inaccuracy of the theoretical Fermi-level positi
and the latter from the overestimation of the strength of
hybridization between the Pd 4d and the Au 5d states. How-
ever, the antibonding peak positions of the experimental

FIG. 8. Comparison of the experimental Pd partial spec
weights athn570 eV ~dots! with the theoretical Pd partial spectra
weights of Au25Pd75, Au50Pd50, and Au75Pd25. The theoretical par-
tial DOS’s are from Ref. 13~solid lines! and Ref. 14~dashed lines!.

FIG. 9. Comparison of the experimental Au partial spect
weights athn5120 eV of Au25Pd75, Au50Pd50, and Au75Pd25 with
theoretical PSW’s. The experimental partial spectral weights
represented by dots and the theoretical partial spectral weights
Ref. 13 by lines.
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the KKR-CPA PSW’s are in excellent agreement.
We show the comparison of the experimental and the

oretical Au PSW’s in Fig. 9. The Au 5d3/2 peak of Au75Pd25
and Au25Pd75 shifts by 20.4 and 0.2 eV, respectively, bu
the overall structures and the spectral intensities atEF are in
good agreement between experiment and theory. In par
lar, the experimental data confirm the theoretical predict
that as Au content increases thed3/2 states retain their split
band behavior while thed5/2 states form common-band du
to the appreciable mixing of the Au 5d5/2 and the Pd 4d5/2
states.

V. COMPARISON WITH OTHER NOBLE-METAL –Pd
ALLOYS

Now we compare the Pd PSW’s of Au-Pd alloys wi
those of other noble-metal–Pd alloys.25 Due to the strong
matrix-element effect, part of the bonding states of pure P
not observable withhn<70 eV. This obscures the corre
observation of high binding structures of the Pd partial DO
and therefore we will only compare structures atEB<4 eV
here.

The Pd PSW’s of Cu-Pd alloys athn540.8 eV, which
have been reported in Ref. 10, are compared with thos
Au-Pd alloys in Fig. 10. Although the Pd PSW of Cu90Pd10
has a sharp structure atEB.1.7 eV, this cannot be regarde
as an indication of the virtual bound state because we do
fully observe bonding states at this photon energy as
cussed in detail in Ref. 10. This is also true for Au90Pd10, but
the existence of the virtual bound state is almost certain
this Pd-diluted Au-Pd alloy because of the weak hybridi
tion between the Au 5d and the Pd 4d states resulting from
the dilated Pd atomic site in the Au host as discussed ab
The difference in the strength of the hybridization betwe
Pd 4d and noble metald states is clearly visible in Pd 25%

FIG. 10. Comparison of the experimental Pd partial spec
weights of Cu-Pd alloys athn540.8 eV~thick lines! with those of
Au-Pd alloys athn570 eV ~thin lines!. The Pd atomic concentra
tions are the same in both cases.
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or 50% alloy spectra. In Au-Pd alloys, there are two we
resolved structures in the Pd PSW’s, but in Cu-Pd allo
only widely spread structure is observed due to stronger
bridization. This leads to the common band for the P
diluted Cu-Pd alloy but a split-band behavior for the P
diluted Au-Pd alloy.

The comparison between the Pd-diluted Ag-Pd and Au
alloys requires the consideration of the spin-orbit splittin6

The width of sharp structures composed of antibond
states is larger in Ag-Pd alloys as shown in Ref. 6. At fi
sight, this seems to suggest stronger interaction between
hostd band and the impurityd states. But this difference in
widths in fact results from the difference in the shapes of
hostd bands as discussed in Ref. 6. The Pd impurity state
Ag lie on a flat part of the host DOS, but in Au on a ste
part of the hostd band where abrupt change in DOS occu
This leads to a simple broadening in the Ag host, but stro
deformation in the Au host leading to a sharp structure ab
the Au 5d band and mixed states with the Au 5d band.
Consequently, the width of the virtual bound state in P
diluted noble metal alloys cannot give quantitative inform
tion about the strength of the hybridization with the hostd
bands.

For the Pd-rich alloys, the band of the Ag-Pd alloy
close to the split-band type,3 because only small overlap be
tween two partiald DOS’s leads to the band repulsion an
yields small amount of mixing. The Au 5d3/2 state of the
Au-Pd alloys also experiences small amount of mixing, b
the other spin-orbit component Au 5d5/2 state of the Pd-rich
Au-Pd alloy forms a common band with the Pd-host ba
For the Pd-rich Cu-Pd alloy, both Cu 3d3/2 and 3d5/2 states
form common band with the Pd-host band, as shown in R
10.

For the unoccupied part of the Pd PSW, we can comp
that of Au-Pd alloys discussed above with the case of Cu
alloys studied in Ref. 23. We find in both cases the grad
filling of the Pd 4d band upon alloying with noble metals
but the unoccupied 4d states of Pd atom are not complete
filled even in the Pd-diluted alloys Cu90Pd10 and Au90Pd10.
There is quite similarity in the behavior of unoccupied Pdd
band between Au-Pd alloys and Cu-Pd alloys.

VI. CONCLUSION

In this work, we have shown soft x-ray valence-band ph
toemission, BIS, and XANES spectra of Au-Pd alloys. W
obtained PSW’s of each constituent using the experiment
determined photoionization cross-section ratio and taking
matrix-element effect into consideration. We then compa
the experimental PSW’s of Au-Pd alloys with the theoretic
PSW’s from SCF-CPA calculations. They were found to
in good agreement overall for the Au PSW’s, but some d
crepancies could be seen in the Pd PSW’s, which may be
to the overestimation of the hybridization strength. The u
occupiedd states of Pd were also obtained from both B
and XANES spectra using a simple subtraction procedu
We found that the Pd 4d unoccupied DOS nearEF becomes
narrow and its centroid moves towardEF as Pd is diluted,
which leads to the gradual filling of Pd 4d holes. These
results are in good agreement with theoretical calculation

We have pointed out the differences in the mechan

l
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involved in the band formation of various Pd alloys wi
noble metals from the experimental PSW or the theoret
partial DOS of these systems. In Ag-Pd alloys, the domin
ing factor throughout the whole composition range is
band repulsion that leads to the split bands. In Au-Pd allo
strong hybridization leads to common-band for Au 5d5/2

states in the Au-diluted alloys, while weak hybridizatio
leads to the Pd virtual bound state in the Pd diluted allo
This behavior is believed to be due to the size differen
between Pd and Au. For Cu-Pd alloys, common-band beh
ior is expected throughout the whole composition.
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