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Electronic structure of disordered Au-Pd alloys studied by electron spectroscopies

Tschang-Uh Nahrii, Ranju Jung, Jae-Young Kim, W.-G. Park, and S.-J' Oh
Department of Physics, Seoul National University, Seoul 151-742, Korea

J.-H. Park and J. W. Allen
Department of Physics, University of Michigan, Ann Arbor, Michigan 48109-1120

S.-M. Chung
Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea

Y. S. Lee and C. N. Whang
Department of Physics, Yonsei University, Seoul 120-749, Korea
(Received 20 January 1998; revised manuscript received 8 May) 1998

The occupied and unoccupied electronic structures of disorderglldpu, alloys are studied by valence-
band photoemission, bremsstrahlung isochromat spectro$Bd®), and x-ray absorption near-edge spectros-
copy (XANES). The occupied partial spectral weigtBSW’9 of Au 5d and Pd 4 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 thedPstates with the measured ratios of photoion-
ization cross sections. The Pdl £SW's are found to form a virtual bound state in the Pd-diluted alloy but
become broader as the Pd concentration increases due to thd-PEd44d hybridization. On the other hand,
Au 5d;,, states show the common-band behavior due to the appreciable mixing witti;Rpdtates, while Au
5dg), 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 ofdPstdtes with hostl 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 S@dtés of disordered
Au,Pd, _, alloys obtained from BIS and XANES spectra show the gradual filling of @dtates as the Au
concentration is increased, but it is not completely filled even in the Pd-diluted alloy.
[S0163-182698)00339-1

I. INTRODUCTION The self-consistent-fieldSCH KKR-CPA method was
also used to calculate the electronic structure of disordered

There has been a great deal of effort to understand th€u-Pd alloys: In this case, the agreement between theory
electronic structure of disordered binary alloys. Especiallyand experiment turned out to be more difficult to achieve and
many experiments and calculations on binary alloys coma controversy was developed as to its origin. The main dis-
posed of transition metals and noble metals have been pecrepancy between theory and experiment was that the calcu-
formed partly due to the interest in their catalytic behaviordated Pd partial DOS showed broader bandwidth and larger
and partly due to the intrinsic interest in the physics of thedensity of states for bonding states than photoemission
disordering effect. Among these, the electronic structures oéxperiments=’ Some people argued that the local lattice re-
disordered Pd alloys with noble metals have been interestingxation effect around Pd sites was the cause of this discrep-
subjects because Pd partial densities of std#3S’s) are  ancy, and many theoretical works have tried to include the
quite diverse among these systems. Also the noble-metal—Rdittice relaxation effect to see if it can bring the theory into
alloy systems have played an important role in developingagreement with experiment. For example, tight-binding
theoretical computation methods. For example, Ag-Pd alloynuffin-tin orbitals (TB-MTO) CPA (Ref. 8 calculation
system was the first one treated by self-consistent potentiateethod was modified to treat the effect of the lattice relax-
within the Korringa-Kohn-Rostoker coherent-potential- ation approximately, imposing a relation between the
approximation KKR-CPA) schemé- In this system the split- changes in atomic-site volumes and the bulk moduli. The Pd
band behavior is observed, where the Ad 4nd Pd 4 partial DOS of Cu-rich Cu-Pd alloy predicted by this method
states do not show strong mixing and are separate in energyad indeed reduced bandwidtiut the agreement between
At first the band splitting between the Ag-related structuretheory and experiment was still not satisfactory. It turned out
and the Pd-related structure had been overestimatedadith that the observed discrepancy stems mainly from the neglect
hoc potentials> but this was brought into better agreementof the matrix elementbinding-energy dependence of photo-
with experiment by employingb initio potential obtained ionization cross sectigrand of the lifetime broadening in the
from self-consistent iteratiorts. interpretation of the photoemission spectfd.
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Another Pd alloy system with noble metal, Au-Pd alloys, to extract PSW's of each constituent. We then compare them
is the subject of investigation here. We believe this investiwith theoretical calculations, and try to understand the
gation is crucial to gain a comprehensive understanding ofhange of the electronic structure as the composition is var-
the band formation mechanism in Pd alloys, since the Au-Pded. And we also obtain the unoccupied Rdigtates near the
system is expected to be intermediate between Ag-Pd arfdermi level Ex from bremsstrahlung isochromat spectros-
Cu-Pd systems. The lattice spacing of the Au-Pd system i§0PY (BIS) and x-ray absorption near-edge spectroscopy
similar to that of the Ag-Pd system, which shows split-band(XANES).
behavior, while the relative energy position of the Adi &nd This paper is organized as follows. The experimental de-
the Pd 4l band is similar to that of the Cu-Pd system, whichtails are described in Sec. Il. In Sec. lll, we present the
shows overlapping bands. Hence the determination of thehotoemission spectra of ARd_,(x=0.25, 0.50, 0.75,
electronic structure of the Au-Pd alloy is very important in 0.90 at different photon energies. In order to make use of
understanding band formation mechanism in noble-metal—pP#e Cooper minimum phenomenon, the measured ratios of
alloys as a whole. photoionization cross sections between Ril ahd Au W

Theoretically, the electronic structures of Au-Pd alloysstates are also presented. Using these experimentally deter-
have been calculated by KKRRefs. 11-13 or TB-MTO mined cross-section ratios as a function of photon energy, we
(Ref. 14 CPA methods. The early non-SCF restfitare then obtain the occupied part of the PSW’s of alloys taking
now considered to be unreliable since they gave wrong Va|The matrix-element effect into consideration. We also show
ues of the Pd d phase shifts and thus even the Pd-dilutedthe unoccupied Pddistates neaEr measured by BIS and
alloys showed common-band behavior contrary to the lateXANES experiments in Sec. lll D. Then the comparison be-
SCF result®*(in Ref. 12, only the AgPds, case was stud- tween our experimental results and the calculated PSW'’s is
ied). The recent SCF TB-MTO calculation included the lat- made in Sec. IV. Finally, we compare the Pd PSW's of the
tice relaxation effect approximately, but unfortunately ne-Au-Pd alloy with those of other noble-metal—Pd alloy sys-
g|ected the Spin_orbit Sp||tt|ng of Aud states, which is tems in Sec. V to elucidate the band-formation mechanism
important for determining Au partial DOS of Pd-diluted al- and to understand quite different Pd partial DOS's depending
loys. A more recent fully relativistic SCF KKR-CPA restft, ©on the noble metal. This paper concludes with a summary in
which includes the spin-orbit splitting of both components, isSec. VI.
most reliable, and it predicts the existence of the Pd virtual
bound state in Pd-diluted alloys in agreement with other SCF
results. This calculation also predicts that as Au content in-
creases, thd,,, states retain their split-band behavior but the The polycrystalline alloy samples ARd, _, (x=0.25,
ds, states form a common band due to the appreciable mix9.50, 0.75, 0.90were prepared by arc melting of two con-
ing of the Au S5, and the Pd ds, states. stituents in an atmosphere of argon on water-cooled copper

Experimentally the electronic structure of the Au-Pd sys-hearth. Since some of compositions have well-defined or-
tem has been investigated before with x-ray photoemissiodered structure (AdPd and AuPghavel 1, structure below
spectroscopyXPS),® ultraviolet photoemission spectroscopy 850 °C and 780 °C}/ all samples were annealed in the
(UPS),%12%5and with synchrotron radiatioff.For Pd-diluted  quartz ampoule at 950 °C for 48 h and then quenched in
alloys, the difference spectrum between the alloy and purevater to ensure homogeneity and disorder. The x-ray diffrac-
Au spectra® was interpreted as indicating the virtual bound tion results with CuK « lines confirmed homogeneous face-
state at the binding energgesignated aEg henceforth 1.6 ~ centered-cubic solid solutions.
eV. The early UPS work covering the whole composition The photoemission spectra were taken at National Syn-
rangé® argued the existence of both the Au and the Pd virchrotron Light Source(NSLS of Brookhaven National
tual bound states in their dilute limits. This interpretation Laboratory in the U.S. and Pohang Light Souk&LS) in
however neglected the possibility of strong mixing betweerKorea. In NSLS we used beamline U4A equipped with
Pd and Auds,, states as predicted by the later SCF band6-m/160° toroidal grating monochromator and the VSW
calculation. The recent synchrotron work by Bly#hall®  HA100 concentric hemispherical analyzer with single chan-
was most comprehensive, and it gave some insights into theel electron detector. The photon energy ranged from 40 to
overlapping structure of this system by comparing the spec200 eV, and the total experimental resolution was maintained
tra at photon energies 40 and 120 eV. However they onlpetter than 0.3 eV full width at half maximum for photon
compared thel band peak energies between theory and exenergies below 160 eV. In PLS we used beamline 2B1
periment, and did not separate the spectra into the partiaquipped with spherical grating monochromator and the VG
spectral weight§PSW’g of each component to compare in CLAM2 analyzer with three channeltron detectors. The pho-
detail with band calculations. So it was not clear from thiston energy ranged from 100 to 250 eV to cover the Cooper
work alone how strongly Au 8, states mix with Pd d5;,,  minima of both Pd 4 and Au X states. All measurements
states in Pd-rich alloys, and how much Rdigtates mix with ~ were performed under a pressure in the low ¥torr range.

Au 5d states in the Pd-diluted limit, which are crucial to  Before the measurements, clean surfaces were obtained
answer the question whether or not a virtual bound state iby sputtering with neon or argon ions with 1.0-2.0-keV ki-
formed. netic energy for 20 min and by subsequent annealing at

In this paper, we obtain the occupied part of PSW’s in200—240 °C for 20 min to cure damages induced by ion
Au-Pd alloys for the whole composition range. We make usesputtering and obtain polycrystalline surfaces. The effect of
of the cross-section change with photon energy, in particulasputtering was very clear for pure Pd or Pd-rich alloys; the
the Cooper minimum phenomena of Pd dnd Au X states, states near the Fermi level were suppressed very strongly for

Il. EXPERIMENT
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amorphous surfaces. So annealing the sample was inevitable
despite the possibility of surface segregation, the effect of
which turned out to be small for this system as will be seen
below.

The BIS experiment was performed in an ultrahigh
vacuum photoelectron spectrometer at Seoul National Uni-
versity manufactured by VSW. It consists of a quartz x-ray
monochromator that is set at 1486.6 eV and Csl-coated pho-
ton detector. The incident electron beam current was in the
range of 100—30Q:A. The total resolution was-1.0 eV as
measured by the width of the recorded step in the BIS spec-
trum at Er. The BIS experiment was performed under a
pressure in the high 13%torr range. The sample surfaces
were cleaned mainly by scraping with a diamond file. The
cleanliness of the surface was checked by looking for the
oxygen Auger peak and carbors peak in the XPS experi-
ment. Very little carbon and oxygen contaminations were
detected.

PdL;-edge XANES spectra of the ARd, _, alloys were
obtained at NSLS beamline X-19A. X-ray energy was varied
using a Si111) double-crystal monochromator that was de-
tuned by~50% to minimize higher-order harmonics in the
x-ray beam. The X19-A beamline was maintained under the
ultrahigh vacuum by up to 10 mm-thick beryllium window
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located inside the hutch. To avoid thickness effect, the spec- FiG. 1. valence-band photoelectron spectra of PdysRdys,

tra were collected in the total electron yield mode.

AU50P¢0, AU75Pd25, AUQOPle! and Au W|th phOtOﬂ energy”/

IIl. RESULTS AND DISCUSSION
A. Photoemission data

Figure 1 shows photoemission spectra of thgPdy_,

=70 eV from sputter-annealed surfaces, where the calculated cross-
section ratio between Pdddand Au & states is 0.77. The inelastic
background is removed and the analyzer transmission function is
corrected assuming B/behavior. Also shown is the calculated Pd
DOS from Ref. 19(thin line).

alloys along with Au and Pd pure metals taken rat
=70 eV, where the calculated photoionization cross-section
ratio'® between Pd d and Au 5 states is 0.77. We can see
that the spectral intensity at the Fermi level decreases appre-
ciably for AusgPdsg relative to pure Pd. This reduction of the
Fermi-level spectral intensity is consistent with the reduction
of the linear coefficient of the specific heat around 4094%d.

It is to be noted that in pure Pd metal the prominent structure
atEg~2.5 and 4.5 eV predicted in the calculated D@8n
line)'%is barely visible in the experimental spectrum, and the
overall shape of the photoemission spectrum is quite differ-
ent from the calculated DOS due to the strong matrix-
element effec?. Also, we can see that part of the Pd PSW in
the Pd-diluted alloy lies aEg=1.6 eV by comparing the
spectra of AyoPd,; and pure Au.

Figure 2 shows the spectra takenhat=120 eV where
Au 5d states are more emphasizgle calculated cross sec-
tion of the Pd 4l is 0.3 times that of the Aud). While the
lower binding structure in the Au spectrum, which consists
mainly of the 55, states, is smeared out with decreasing Au
content, the higher binding peak aroukg=6 eV, which
consists mainly of thel, states, retains the sharp structure
for all compositions.

The spectra of Figs. 1 and 2 do not show clearly the
partial spectral weights of eachband because of the over-
lapping structure between Aud5and Pd 4l states. For ex-
ample, the amount of the Au PSW of ARd,5; near the
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FIG. 2.Valence-band photoelectron spectra of ,4Rds,
AusoPdsy, AussPds, AuggPd, and Au with photon energhv

Fermi level cannot be estimated from these raw spectra alone120 eV where the calculated cross section of the Hdis40.3

because the contribution of the Aw%nd the Pd 4 emis-

times that of Au % states. Other details are the same as in
sions may be comparabléhe theoretical cross-section Fig. 1.
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FIG. 4. Experimentally determined Pd partial spectral weights
ratio'® is 1:0.3 and the composition ratio is 3:To deter-  of AuPd,_, alloys (x=0.0, 0.25, 0.50, 0.75, and 0.,9@t hv
mine PSW's quantitatively, therefore, we have to know the=70 eV (thick line), and Pd-diluted alloys AyPd;,, AugsPds at
photoionization cross sections of eadhstate accurately, hv=230 eV thin line).

which is done in the next subsection. total angular momentunyj € 3/2 and 5/2) and that the matrix

element of a constituent remains unchanged irrespective of
B. Photoionization cross section of metals the composition. Here we neglect contributions frerar p

The procedure determining the cross-section ratio of thStates because their cross sections are small, and use the

valence bands of different elements has been fully discussﬁf ectra taken dty=70 and 120 eV to extract partial spectral

. ; ; . . eights of alloys for optimum resolution and statistics.
in Ref. 10. It is based on the fact that the intensity ratios o Since the measured cross-section ratio between &d 4

the valence—b_and photoemissjon spectra. taken "’.‘t qiﬁe.re'%ttates and Au & states is 0.053 div=120 eV, the spectra
photon energies are prqpornonal to _thelr. photoionizationy; this photon energy can be regarded as the Au PSW's as a
pross-gecﬂqn ratios. To fix the proportlopallty constant, the;sy step. Using the measured cross-section ratio and the di-
intensity ratio of core levels is used, since the core-level;jeq spectrum representing the change in the matrix ele-
cross sections in the solid are not expected to change MuGfents of pure Au with photon energy, the Pd PSW'siat
from their atomic values. For the Au-Pd alloys, we used the=70 ev can then be obtained. By subtracting these Pd
Au 4d(Eg=336eV for ds, peak and the Pd 8(Eg  PSW's from the Au PSW's ahw=120 eV after correcting
=335.1eV fords, peak core levels, which have similar for the matrix-element change, more correct Au PSW'’s can
kinetic energies. be obtained in turn. After several iterations, the results are
The results of these measurements are shown in Fig. 8onverged to give the PSW'’s shown in Figs. 4 and 5.
along with the atomic calculatiolf. The main differences In this analysis, we have assumed that the surface com-
between the theoretical and the experimental results are thgosition of alloys where photoelectrons are emitted is the
shift of the Pd 41 Cooper minimum dip position and the same as in the bulk. It is well known that the surface com-
smaller value of the experimental ratio throughout the wholgPosition of alloys may be different from the bulk because of
photon-energy range, which can be attributed to the solidthe surface-segregation effect. However in the case of Au-Pd
state effect. We can see from this figure that the experimentalloys, it has been determined that there is little surface-
cross-section ratio between Pd and Au 5 states changes Segregation effect in the sputtered surfeeSince we ob-
by more than a factor of 15 betwedry="50 and 200 eV, Served little difference between the photoemission spectra
which is more than adequate to extract partial spectraf’om the sputtered and the annealed surfaces in Au-rich

below. valence-band spectra from sputtered and annealed surfaces

are about the same although they had slightly different
shape, we used the bulk composition for all alloys in our
analysis.

The top five curves in Fig. 4 show Pd PSW'’s of pure Pd

We use the procedure discussed in detail in Ref. 10 t@nd Au-Pd alloys ahv=70 eV obtained by the above pro-
extract PSW's of the Au-Pd binary alloys. The underlying cedure. We can see that the Pd PSW ofgRd,, has domi-
assumptions of this procedure are that the photoionizationant structure aEz<2.5 eV, although there may also be
matrix-element effect can be treated independently of theome small features in the region 3€¥5<6 eV. The cen-

C. Occupied partial spectral weights determined
by photoelectron spectroscopy
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T T T T T T in this hybridization, since sharp structures around 6 eV due
Au PSW at hy = 120ev to the Au 5, states are not smeared dsee Fig. 5 and
also there is no sign of the Pd spectral weight forming reso-
nance with the Au 85, states. The Pd PSW of A¢Pd;s is
very similar to the spectra of pure Pd, which implies the
importance of the Pd d—Pd 4d hybridization at this com-
position. Also, the Pd PSW at the Fermi level increases as
the Pd content increases.

In Fig. 5, we present the Au PSW lay=120 eV. As the
Au content is decreased, thelb-related structure at the
lower binding energy smears out strongly due to the mixing
with the Pd 4l states, but the &;,-related structure at the
higher binding energy retains its prominent peak which shifts
toward the Fermi level by a small amount. For ®d;s, the
Au 5dg, states most of which originally lie &z>2.5eV in
pure Au spread out and have large spectral weight even near
the Fermi level. This results from the strong hybridization
with the Pd 4l bands in the Pd-rich alloys. This is antici-
L L L : L L pated because the Au atomic site in the Pd-rich alloys is
12 10 8 6 4 2 © compressed to fit the smaller nearest-neighbor distance in the

Binding Energy (eV) alloy, in contrast to the Pd atomic site in the Au-rich alloys,

which is dilated to accommodate larger nearest-neighbor
distanceé’! As a result, the Au 85, states in the Au-diluted
Au-Pd alloy experience very strong hybridization, while the
tral position of this dominant Pd PSW structure is at 1.6 eV,Pd 4d states in the Pd-diluted Au-Pd alloy form virtual
which is in agreement with the results obtained from thebound states.
difference spectra for Pd-diluted alloy8 This structure sug- The band formation in AyPd;s alloy as discussed above
gests that the Pd impurity forms a virtual bound state in theean be understood as follows. If there were no hybridization
Au host. We do not have clear explanation for the dips apbetween Au and Pd states, the Au partial DOS would simply
pearing atEg=2.5 and 6.5 eV, but one possibility is they become narrow upon alloying because of the decrease of the
have resulted from the assumption of the compositionsimilar states at nearest-neighbor sfteslowever, the mix-
independent matrix element in alloys. These dips again apng with Pd 4d states would change Audspartial DOS's,
pear in AysPds, but we believe the structures &g and moreover its effect on the Aulg, state is expected to
>5 eV are probably not real because the matrix element ofe quite different from that on thedg,, states. The interac-
the bonding type Pd d! states is vanishingly small in this tions between Pd d and Au S5, states, which are well
region®? separated from each other, mainly result in the band repul-

To confirm the existence of the virtual bound state in thesion. This yields well-preserved sharp structure of the Au
Pd-diluted alloy and also to make sure that the above resufid;,-related states. On the other hand, for the Adg5
does not depend on the photon energy used to extract PSW'states that lie inside the Pdl4and, the strong hybridization
we took the valence-band spectra offfed; and AwsPds  with Pd 4d states leads to the strong band mixing as can be
alloys ath»=130 and 230 eV, which correspond to the Coo-seen in Fig. 5. Therefore we can conclude that the Pd-rich
per minimum of Pd 4 and Au 5 states, respectively. The Au-Pd alloy has common-band structure for the Ads5
Pd partial spectral weights dtr=230eV for these Pd- states but shows split-band behavior for the Aly5 states.
diluted alloys are extracted by the same procedure as above,
and the results are shown in the bottom two curves of Fig. 4
with thin lines. We can see that the Pd spectral weight of the
AuggPd;, alloy at hy=70 eV (thick line, upper curveand
thathy=230 eV (thin line, lower curve are essentially the To determine the unoccupied part of the spectral weights
same if we take into account the difference of the experimenfor this Au-Pd alloy system, we performed BIS and Pd
tal resolution. Furthermore, the Pd spectral weight of mord._;-edge XANES measurements. BIS spectra of Pdj_,
diluted AwsPd; alloy also shows the virtual bound state. alloys (x=0, 0.05, 0.25, 0.50, 0.75, 0.90, 1.&re shown in
Hence we can conclude that Pdl 4tate forms a virtual Fig. 6. The spectra clearly reveal the reduction of the unoc-
bound state in Pd-diluted Au-Pd alloys. cupied Pd 4 DOS atEg as Au concentration is increased,

The evolution of Pd 4 states with the alloy composition which is consistent with the occupied valence-band photo-
shown in Fig. 4 can be interpreted as follows. We first noteemission spectra discussed above. These BIS spectra are nor-
that the width of the Pd d states alEg<2.5 eV increases malized to have the same height at 7 eV abBye assuming
with the Au content, which is most likely the result of the that the intensity at this energy comes mostly from the back-
Pd 4d-Pd 40 hybridization. We also see that the Pd ground. This is reasonable because at that high energy nei-
PSW'’s of AwgsPd,5 and of AugPdyy have small structures at ther Au nor Pdd states are expected to exist and the photo-
Eg=4eV due to the Au B5,—Pd 4 hybridization. The ionization cross sections of Ausband Pd S states are
other spin-orbit component Audg,, states are little involved negligibly small (smaller than those of Aud and Pd 4

Au, Pd,

Aug,Pdg

Au,.Pd,

Intensity (arb. units)

2

AugPd,,

Au

FIG. 5. Experimentally determined Au partial spectral weights
of Au-Pd alloys athy=120 eV.

D. Unoccupied partial spectral weights determined by BIS
and XANES
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TABLE I. The change of the number of Pdifoles in Au-Pd
alloys as a function of the composition. The Pd-Hole number
ny(BIS) is determined by BIS spectra ang(XANES) is obtained
from XANES measurements. The experimental uncertainties for
these numbers are estimated to-h8.01.

Pd (at. % ny(BIS) ng(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

unoccupied density of states abd¥e becomes narrow and
its centroid moves towarBg as Pd is diluted, but still the Pd
DOS extends down to the Fermi level even in the Pd dilute
limit. This is consistent with our experimental observation
that Pd 4l levels are filled but not completely as Pd is di-
luted.

Figure 7 shows the Pd; XANES for various AyPd,
alloys (x=0.00, 0.05, 0.25, 0.50 These spectra have been
background subtracted and normalized as follows. Since the
total electron yield increases with the incident photon en-
ergy, the linear fit of the pre-edge region representing the

Here we are mostly interested in the unoccupied DOS 0fpsorption coefficient for photon energy lower than the ab-
Pd 4d state aboveEr. For this purpose, we use a simple gorption threshold is subtracted for each raw spectrum. The
subtraction procedure similar to that employed for the earllefesumng curve is normalized by multiplying a factor that
BIS study of Cu-Pd alloy$® We first assume that partial makes the continuum step the same height at a higher en-
DOS of Aus state does not change upon alloying. For Au-ergy. The zero of thérelative photon energy is assigned to
rich alloys this assumption is reasonable but for the Pd-richhe maximum point of each absorption spectrum. Figure 7
alloys it may be somewhat inaccurate. But since the crosghows that the strength of the Pd white-line feature reduces
section of Pd 4 states is more than 50 times larger than thafdramatically compared to that of pure Pd with increasing Au

of Au 6s,*® a slight inaccuracy in the AussDOS would not
have serious consequences. With this assumption we obtain
Pd partial BIS spectra of A®d, _, alloy by subtractingk
fraction of pure Au BIS spectra from the alloy BIS spectra.
In order to determine quantitatively the change of the num-
ber of unoccupied Pd di electronic states (@ holes by
alloying, we then subtract the pure Ag BIS spectrum from
this alloy Pd partial BIS spectra to get the weight of Ril 4
unoccupied states. This assumes ttabands for Ag and Pd
are similar since Ag is next to Pd in the Periodic Table and
the Ag 4d band is full. From the area of the resulting differ-
ence curve we can then obtain the weight of the unoccupied
Pd 4d levels, which is converted to the number of Pd 4
holesny(BIS) in alloys by using the fact that the number of
Pd 4d holes in pure Pd metal is 0.36 electrdiThe result is
shown in the second column of Table I. We can see from this
table that the Pd d band is being gradually filled upon al-
loying with Au. However, even in AgPd;o where the Pd d
hole numbeny is smallest, the Pddiband is not completely
filled. This is consistent with the occupied part of the Pd
partial spectral weights determined by the synchrotron radia-
tion valence-band photoemission study discussed above.
Our BIS results are also consistent with the theoretical Pd
partial DOS calculated with SCF TB-LMTO-CPA methtt.
This calculation predicts the reduction of the unoccupied Pd

concentration. The reduction of white-line strength indicates

PdL3-XANES
of Au Pd
X 1-x
«
c
=1
£
8
2
§7)
c
[0
S
108 6 4 2 0 2 4 6 8 10

Energy relative to peak position (eV)

4d DOS atEg as Au concentration is increased, as observed FIG. 7. PdL, x-ray absorption near-edge spectra of,Rd, _,

in our BIS spectra. Also the calculation shows the RH 4 alloys (x=0.0, 0.05, 0.25, and 0.50
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that the unoccupied density dfstates projected onto the Pd T T T T T T

atomic sphere is reduced upon alloy formation with Au. In Pd PSW
order to calculate quantitatively the change of the number of . exp .
Pd 4d holes, the white-line area related to the-24d tran- —— KKR—CPA =

]
/4%
TB—MTO-CPA ‘%

sition, which should directly measure the number of empty
4d holes, has been calculated as follows.

The white-line feature rides on top of the continuum step
feature, hence this background continuum must be subtracted
from the L; XANES spectra to estimate the white-line
strength. For this purpose, we use the XANES spectrum
of pure Ag metal since Ag has almost ddole. We subtract
the Ag XANES spectrum from each alloy Rd; XANES
spectrum after shifting the energy so that its inflection point
aligns with the white-line maximum of the alloy Pd XANES
measurement. The resulting difference curve is then inte-
grated up to an energy 4.5 eV above zero, and this area is
converted to the number of Rtlholes in the same way as in
the analysis of BIS. The results thus obtained are written as
the Pd 4-hole numbemy(XANES) in the third column of —_

. O\ 12 10 8 6 4 2 0
Table I. Comparing this witmy(BIS) of the second column Lo
obtained from the BIS analysis, we find that these two num- Binding Energy (eV)
bers are in reasonable agreement.

Intensity (arb. units)

FIG. 8. Comparison of the experimental Pd partial spectral
weights athv= 70 eV (dots with the theoretical Pd partial spectral
V. COMPARISON WITH BAND CALCULATIONS weights of AysPdrs5, AusgPdsg, and AuysPds. The theoretical par-
tial DOS's are from Ref. 18solid lineg and Ref. 14dashed lines
There have been many CPA calculations for the electronic
structure of Au-Pd alloys!~** The early non-SCF calcula- from the hybridization with the Au &, states. The main
tion could not explain the experimental results due to incordiscrepancies between the theoretical curves and the experi-
rect potentials especially for the Pd diluted c&s&he SCF  mental PSW's are the shifts of the states by 0.35-0.50 eV for
TB-MTO-CPA calculation, which was scalar relativistic, TB-MTO-CPA calculatior* and the presence of fairly
was soon performetf, but unfortunately it did not include strong spectral intensity &g=3 eV. The former can result
the spin-orbit splitting of the Au partial DOS. However, the from the inaccuracy of the theoretical Fermi-level position
Pd partial DOS should be described correctly because the Rghd the latter from the overestimation of the strength of the
4d states have small spin-orbit splitting. It is to be noted thathybridization between the Pdidand the Au Bl states. How-
this TB-MTO-CPA result also included the lattice relaxation ever, the antibonding peak positions of the experimental and
effect approximately. More recently the fully relativistic SCF
calculation was performetf,and this result is expected to be T T T T T T
most reliable since it included spin-orbit interaction of both
components. However, this calculation did not consider the
lattice relaxation effect.
So we here compare the experimental RHRSW with
the Pd partial DOS calculated by SCF KKR-CRRef. 13
and SCF TB-MTO-CPA! and in the case of Aud PSW
with the Au partial DOS calculated by SCF KKR-CPAFor
comparison, we convolute theoretical partial DOS'’s with the
Lorentzian curve to include the lifetime broadening effect by
assuming the Fermi-liquid behavior. The Lorentzian half-
width is assumed to increase quadratically from zetgato
0.49 eV atEg=7.0eV for Au, and 0.67 eV for Pd &g
=5.6 eV. These binding energies correspond to the bottom
of d bands. In order to determine the photoionization matrix
element, the pure metal photoemission spectra are divided by
the convoluted DOS'’s. The theoretical PSW'’s are then ob-
tained by multiplying the theoretical partial DOS’s with this
matrix element, which are further convoluted with the
Gaussian curve to match the instrumental resolution of the

experimental spectra &g . The results are shown in Figs. 8 £, 9. comparison of the experimental Au partial spectral
and 9 for AysPdhs, AusePdso, and AysPdrs. weights athv= 120 eV of AusPd;5, AusgPdsg, and AysPdys with

The structures in the theoretical Pd PSW's BE  theoretical PSW's. The experimental partial spectral weights are
<2.5eV shown in Fig. 8 are due to the antibonding-typerepresented by dots and the theoretical partial spectral weights from
states while those d&z=4 eV are due to the bonding type Ref. 13 by lines.

Intensity (arb. units)

12 10 8 6 4 2 0
Binding Energy (eV)
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T T T T T or 50% alloy spectra. In Au-Pd alloys, there are two well-
Pd PSW resolved structures in the Pd PSW'’s, but in Cu-Pd alloys
— Au-Pd only widely spread structure is observed due to stronger hy-
— Cu-Pd bridization. This leads to the common band for the Pd-
diluted Cu-Pd alloy but a split-band behavior for the Pd-
Pd diluted Au-Pd alloy.
The comparison between the Pd-diluted Ag-Pd and Au-Pd
CuysPdss alloys requires the consideration of the spin-orbit splitfing.
The width of sharp structures composed of antibonding
states is larger in Ag-Pd alloys as shown in Ref. 6. At first
sight, this seems to suggest stronger interaction between the
hostd band and the impuritg states. But this difference in
Cu,gPd,s widths in fact results from the difference in the shapes of the
hostd bands as discussed in Ref. 6. The Pd impurity states in
Ag lie on a flat part of the host DOS, but in Au on a steep
Cug,Pd, part of the hostl band where abrupt change in DOS occurs.
This leads to a simple broadening in the Ag host, but strong
deformation in the Au host leading to a sharp structure above
L L . L L the Au 5 band and mixed states with the AulShand.
10 8 6 4 2 O Consequently, the width of the virtual bound state in Pd-
Binding Energy (eV) diluted noble metal alloys cannot give quantitative informa-
FIG. 10. Comparison of the experimental Pd partial spectraﬂgadit_)om the strength of the hybridization with the hdst
weights of Cu-Pd alloys &iv=40.8 eV (thick lineg with those of For the Pd-rich alloys, the band of the Ag-Pd alloy is
Au-Pd alloys athv=70 eV (thin lines. The Pd atomic concentra- close to the split-band ty[t,fEbecause only small overlap be-
tions are the same in both cases. - .
tween two partiald DOS's leads to the band repulsion and

the KKR-CPA PSW's are in excellent agreement. yields small amount of mixing. The Auda, state of the

We show the comparison of the experimental and the the~\U-Pd alloys also experiences small amount of mixing, but

oretical Au PSW’s in Fig. 9. The Au eak of AuP the other spin-orbit component Aw§), state of the Pd-rich
and AwgPds shifts by _90_4 and 0.2®e/§/p respectijglydzgfjut Au-Pd alloy forms a common band with the Pd-host band.

the overall structures and the spectral intensitidSaare in For the Pd-rich Cu-Pd alloy, both Culg, and 3, states

good agreement between experiment and theory. In particJQrm common band with the Pd-host band, as shown in Ref.

lar, the experimental data confirm the theoretical predictio .F h ied t the Pd PSW
that as Au content increases ttig, states retain their split- or the unoccupied part of the , We can compare

band behavior while thds,, states form common-band due tr;lat of ,?u(—jlédda}llolgs fdi;gu?;edf.atéo_vebwittr:l the Cafﬁ of CS'P?
to the appreciable mixing of the Audg,, and the Pd d;, aroys studied in Ret. 2. We find in both cases the gradua
states. filing of the Pd 4d band upon alloying with noble metals,

but the unoccupied d! states of Pd atom are not completely
filled even in the Pd-diluted alloys GgPd;g and AugPd;g.
There is quite similarity in the behavior of unoccupied RH 4
band between Au-Pd alloys and Cu-Pd alloys.

Cug,Pdg,

Intensity (arb. units)

V. COMPARISON WITH OTHER NOBLE-METAL -Pd
ALLOYS

Now we compare the Pd PSW’s of Au-Pd alloys with
those of other noble-metal—Pd allc{’sDue to the strong
matrix-element effect, part of the bonding states of pure Pd is
not observable witthy=<70 eV. This obscures the correct In this work, we have shown soft x-ray valence-band pho-
observation of high binding structures of the Pd partial DOStoemission, BIS, and XANES spectra of Au-Pd alloys. We
and therefore we will only compare structureskgt<4 eV  obtained PSW'’s of each constituent using the experimentally
here. determined photoionization cross-section ratio and taking the

The Pd PSW's of Cu-Pd alloys &tv=40.8 eV, which  matrix-element effect into consideration. We then compared
have been reported in Ref. 10, are compared with those dhe experimental PSW’s of Au-Pd alloys with the theoretical
Au-Pd alloys in Fig. 10. Although the Pd PSW of gad,;, PSW'’s from SCF-CPA calculations. They were found to be
has a sharp structure Bg=1.7 eV, this cannot be regarded in good agreement overall for the Au PSW’s, but some dis-
as an indication of the virtual bound state because we do natrepancies could be seen in the Pd PSW's, which may be due
fully observe bonding states at this photon energy as disto the overestimation of the hybridization strength. The un-
cussed in detail in Ref. 10. This is also true forgfRd,y, but  occupiedd states of Pd were also obtained from both BIS
the existence of the virtual bound state is almost certain imnd XANES spectra using a simple subtraction procedure.
this Pd-diluted Au-Pd alloy because of the weak hybridiza-We found that the Pdd unoccupied DOS nedt: becomes
tion between the Au & and the Pd 4 states resulting from narrow and its centroid moves towakE} as Pd is diluted,
the dilated Pd atomic site in the Au host as discussed abov&rhich leads to the gradual filling of Pdd4holes. These
The difference in the strength of the hybridization betweerresults are in good agreement with theoretical calculations.
Pd 4d and noble metatl states is clearly visible in Pd 25% We have pointed out the differences in the mechanism

VI. CONCLUSION
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