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X-ray photoelectron (XPS) spectra of the valence bands of approximately 60 Ni and Pd

alloys and intermetallic compounds with 20 different elements are presented. In alloys

with electropositive elements the Ni and Pd d-band centroids move to larger binding ener-

gies and the density of d states at the Fermi level (E~) is greatly decreased, indicating that

the Ni and Pd d bands are being filled. The Ni and Pd d bands become narrower in alloys

with electropositive elements. It is shown that in such alloys, the Ni-M or Pd-M interac-

tions give a significant contribution to the Ni and Pd bandwidths. This contribution is

larger when the second element M has a large density of states at the energy of the Ni or
Pd d bands in the alloy. As this contribution is small in systems that form complicated

structural types and glasses we speculate that its absence helps stabilize such structures.

The satellite at -6 eV in the XPS spectrum of Ni is found to weaken and shifts to higher

binding energy in alloys with electropositive metals. In the twelve alloys where its intensity

is large enough to allow us to identify its energy, the binding energy of the satellite agrees

with the two-electron binding energy of the Ni 'G d' term derived from Auger spectros-

copy. The site- and symmetry-selected densities-of-states curves were calculated for 14 of
the alloys to show that this filling is largely due to changes in the hybridization of the Ni or
Pd d bands with the partner element bands. The actual transfer of Ni and Pd d electrons is

probably small. These observations are used to rationalize published results of specific-heat

and magnetic measurements on such alloys.

I. INTRODUCTION

The main purpose of this paper is to report on
trends in the electronic structure of Ni and Pd al-

loys and intermetallic compounds with about 20
other metallic elements spread across the whole
Periodic Table. Several factors led to the choice of
Ni and Pd alloys for this study. Firstly, the Ni and
Pd d states have large photoelectron cross sections,
so that it is usually possible to pick out the peaks
due to such states in the valence-band (VB) spectra.
Secondly, it was also known that Ni, and to a lesser
extent Pd, show interesting many-body effects in
their valence-band and core-level spectra' ' as well

as their XVV Auger spectra' so that a combina-
tion study was attractive. Thirdly, some prelimi-
nary studies indicated that the valence core-level

spectra were strongly sensitive to the chemical envi-

ronment in alloys. Lastly, Ni forms a great variety
of intermetallic compounds and alloys so that a sys-

tematic study across the whole Periodic Table is
possible.

Parts II and III of this series [subsequently re-
ferred to as paper II (Ref. 28) and paper III (Ref.
29)] deal with information from x-ray photoelectron
spectroscopy (XPS) of the core levels, and NiL3 VV
Auger spectra, respectively. This paper is a report
on valence-band properties as studied by XPS and
theoretical calculations. The XPS spectra yield in-
formation on the excited states of the alloys, while
the calculations yield the density of states for the
ground state.

Many of the numerous photoelectron studies of
Ni and Pd started from the ground-state properties
of Ni or Pd and explored the role of many-body ef-
fects in the photoelectron spectrum. ' ' The
many-body effects lead to satellites in the XPS
spectra, and small shifts between peaks in the XPS
spectra and the calculated densities of states. Al-
though we do collect together data on the satellites
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(Sec. V A) and the discrepancies between theory and
experiment (Sec. VE) our main aim is different.
We start from the photoelectron spectra, and,
knowing some of the effects of many-body interac-
tions, we seek information on the ground states. We
use the XPS spectra as a measure of the position
and widths of the Ni and Pd bands and the calcula-
tions to help with peak assignments. The calcula-
tions also give us our main source of information on
mixing of the different orbitals in the alloys and oc-
cupation numbers for the Ni and Pd d states. In
paper II we will show that the results from core-
level XPS support our deductions on charge
transfer and mixing of the orbitals.

In order to formulate and test statements on the
trends in electronic structure it was necessary to
collect data on many alloys. XPS spectra of -60
alloys and 14 calculated densities of states are
presented in Sec. IV and are correlated with previ-

ous data on the same systems (e.g., electronic specif-
ic heats for Al-Ni alloys or saturation magnetic mo-
ments). Section IV is necessary for the specialist in
various alloy systems, but for the general reader the
discussion section of this paper is more important.
It is in the discussion that the trends in bandwidths
and positions are examined. It is shown there that
XPS spectra from Ni and Pd alloys, as well as a
large ainount of literature data on electronic specif-
ic heats and magnetic properties, can be related to a
simple picture of electronic structure. We will also
incorporate into the discussion many results from
PS studies of small groups of alloys that have been
reported (see, e.g., Refs. 30—41).

Another parameter in the electronic structure, be-
sides bandwidths and positions, which is of special
interest for theories of alloy stability is the degree of
.charge transfer between the atoms. This has been a
subject of many discussions in deliberations about
alloy stability over the last 40 years (see, e.g. , Refs.
42 —45) and not just during the renewed interest in
semiempirical schemes over the last four years.
The very successful scheme of Miedema for predict-
ing the signs, and even sizes of heats of forma-
tion, was originally tied to the concept of
charge transfer. On the basis of their chemical po-
tential model, Alfonso and Girifalco concluded that
charge transfer was present and important in al-
loys. However, Williams et al. concluded that
charge transfer was unimportant in alloys between
transition metals where they believed bonding was
due to "pervasive changes in the valence band
driven by nondegeneracy of the constituent d lev-
els." On the basis of calculations ' and compar-

ison with Knight shifts in nuclear-magnetic-
resonance and Mossbauer shifts the concensus

of opinion seems to be moving towards the idea that

charge transfer in the d electrons is small. Watson

et al. have concluded that the d-electron

transfer in alloys involving transition or noble met-

als is small and may be actually in the opposite
direction to that expected on the basis of electrone-

gativity considerations. Such transfer would then

be overcompensated by s- and p-electron
transfer. s On the other hand, models used to
explain the chemical and physical properties of Ni

and Pd alloys have often used the idea that the Ni

or Pd d bands are filled in alloys with electroposi-

tive metals. The picture we use to describe data on

alloys with electropositive metals, is one where the

Ni or Pd d bands become filled by hybridization

rather than transfer of charge to the d orbitals on

the Ni or Pd site.

II. CALCULATIONS AND HYBRIDIZATION,
CORRELATION, AND CROSS-SECTION

EFFECTS

It is coriventional to believe that band structures
are not strongly dependent on crystal structure.
This means that small changes in structure do not
produce large changes in bandwidths or their cen-
troid positions or in the mixing of bands but may
cause changes in the structure within the band. We
believe this may not be true for highly compact
structures, such as I.aves phases, where the inter-
atomic distances can be very small, and do not at-
tempt calculations relating to these structures here.
For this work the densities of states were calculated
for 14 intermetallic compounds with 1:1 or 1:3
stoichiometry. Some of these have structures dis-
torted from cubic at room temperature (see Tables
VII and VIII) for which we have no computational
schemes. In these cases we inade calculations for
the compounds in CsCl or Cu3Au structures with
the same density as found in nature. The calcula-
tions were perforined with the band-structure
method of augmented spherical waves. Density-
functional theory in the local-density approximation
was applied to self-consistently determine the elec-
tronic potential. For the exchange-correlation part
of the potential the Hedin-Lundqvist form~ was
used. In order to facilitate the comparison with the
experiments we applied Gaussian broadening to the
calculated densities of states. The width of this
broadening was chosen as 0.6 eV, which is the reso-
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FIG. 1. Computed DOS curves for ScNi showing the
partial densities of Ni and Sc d character.

lution function of the instrument as used here. This
broadening thus includes no damping due, for in-

stance, to lifetime broadening.
It is constructive to consider here the electronic

structure of Ni and the results of the calculations
for one alloy to help put our investigations in con-
text. It is generally agreed that the d band of Ni
contains about 9.4 electrons on the basis of the sa-
turation magnetic moment. ' However, a popula-
tion analysis of the linear combination of atomic or-

bitals wave functions indicates that the number of d
electrons is only of the order of 8.8. These results
indicate that there must be some d character in the
unoccupied sp states of Ni and we assume that there
can be some in the Ni (or Pd) alloys studied here.

In Fig. 1 we present the calculated density of
states for ScNi. The Sc d and Ni d states have been

projected out of the total density af states (DOS)
and are also shown. The Ni d character is concen-
trated in states below EF while the Sc d is concen-

trated above EF. However, there is some Ni d char-
acter indicated in the unoccupied states. Analysis
of the nature and quantity of this unoccupied d
character by theoretical methods can, in principle,
give information on the charge transfer to or fram
the Ni d states. Difficulties arise because of ambi-

guity in defining the boundaries of the Ni atoms,
but the calculations generally indicate small
changes in the numbers of d electrons —of the order
of 0.3 electrons in alloys. ~

Exact analysis of the nature of the unoccupied d
character also presents special difficulties. In par-
ticular both high-energy plane waves and the tails
of wave functions centered on the neighboring
atoms can be expanded in terms of wave functions
centered on the Ni site so that some of these have d
character. The d character arising from both plane

waves and the tails from other atoms has a radial
distribution which is very different from that from
true Ni d orbitals, but a theoretical analysis of the
radial functions is not trivial. The effects of both
plane waves and the tails are more important at
high energies. The calculated density of states of
ScNi in Fig. 1 supports our contention that neither
effect is very important in the 5-eV interval above

EF. Notice that the Ni d character goes to zero
about 5 eV above EF. Now the role of the plane
waves increases with energy, so that if their contri-
bution is zero at 5 eV above E~, it will also be zero
at lower energies which means we can neglect their
contribution in Fig. 1, and by implication, in the
other alloys studied here. Notice also that in the re-

gion above E~ the Ni d state density shows peaks at
the same energies as the Sc d-state peaks. This
could, at first sight, be taken as evidence of spill-

over of charge from Sc sites. Nevertheless we argue
that this is not the case because the Ni d-state densi-

ty is not directly proportional to the density of Sc
states, but tails off at higher energies where we in-

tuitively expect the Sc d wave functions to be more
distended. Also the Sc d character in the occupied
bands peaks at slightly lower energies than the Ni
d-state density. These characteristics are suggestive
of mixing of Ni d and Sc d character. This mixing
or redistribution will prove very important in inter-
pretation and discussion of our experimental results.
The idea that the Ni d bands can become complet-
ed, or filled, without excessive charge transfer due
to mixing will be seen to explain the photoemission
results and also the role of some electron-atom ra-

tios in alloy stability and chemical trends.
Two major effects lead to differences between

measured XPS valence bands and the one-particle
densities of states: cross-section effects and correla-
tion effects. The most widely used partial pho-
toionization cross sections for the valence-band
electrons are those given by Scofield's atomic calcu-
lations. In Table I we have converted Scofield's
values for AlEa radiation to cross sections per
electron relative to his value for Ni3d electrons.
The values are tabulated for all the elements con-
sidered in this study, and it will be recognized that
for almost all the alloys studied, the cross sections
for electrons in Ni and Pd d orbitals are consider-
ably higher than those of the partner element. In
addition the number of Ni or Pd d electrons per
atom is usually higher than the number of valence
electrons from the partner element, so that the Ni
and Pd d states usually dominate the valerice-band
spectra. The major exceptions are alloys with noble
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TABLE I. Calculated cross sections per valence elec-

tron [these values are calculated using the partial cross
sections of Scofield (Ref. 66) and the configurations for
the gas-phase atoms] at 1487 eV, a relative to Ni 3d for
the elements studied.

Element

Mg
Al
Al
Sc
T1
V
Cr
Ni
Ni
CU

Y
Nb
Pd
In
La
Ce
Ce
Ta
Au
Th
Th

VB
electron

3s
3s

3p
3d
3d
3d
3d
3d
4s
3d
4d
4d
4d
5p
5d
6s

4f
5d
5d
7$

6d

0.29
0.54
0.07
0.08
0.14
0.21
0.33
1.00
0.56
1.18
0.62
0.99
2.48
0.39
1.00
0.22
1.40
1.86
3.63
0.22
0.95

metals where the noble-metal d electrons have a
higher cross section and an unambiguous identifica-
tion of the Ni 3d or Pd4d electron contribution to
the spectra is less easy.

The second class of differences between the cal-
culated DOS and the XPS valence-band spectra
are due to exchange-correlation effects. In this
work the DOS is calculated within the density-
functional formalism of Hohenberg, Kohn, and
Sham. ' ' Although the eigenvalues pro-
duced in this formalism have no strict physical
ineaning they usually give a reasonable estimate of
excitation energies as measured by photoemission.
Discrepancies between experimental and density-
functional values do arise, however, because calcula-
tion of the true excitation spectrum requires intro-
duction of nonlocal self-energy effects in the
exchange-correlation term. Unfortunately, this is
difficult, even when approximations are made (see,
e.g., Refs. 12—15 and 69—71) and cannot be at-
tempted here. Two forms of discrepancy between
experimental photoemission spectra and eigenvalue
densities calculated in the local-density-functional
formalism are known. The first is that the local
formalism eigenvalues for localized levels are shal-
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FIG. 2. Schematic diagram of the interpretation of
VB emission from Ni and Pd alloys, illustrated with the
case of Ni.

lower than found by experiment and the discrepan-

cy increases with increasing localization; for in-

stance jn Cu, ' ' Zn, and Gd. The 3d posi-
tions are, respectively, -0.3, -1.0, and -2.3 eV
shallower than in experiments.

The second form of discrepancy arises in unfilled
bands in the presence of correlation effects. Its im-

portance increases with the size of intra-atomic
correlation between the valence electrons and so is
more important for Ni (Refs. 1 —17) than Fe (Refs.
77 and 78) or Pd. It leads to satellite structure in
photoelectron spectra of the Ni 3d or Pd 4d
states. ' ' The basic physics behind the processes
can be explained using Fig. 2. In this simplified
picture the Ni or Pd wave function is written in
terms of atom like d and d' configurations. The
final states, after VB photoionization, correspond
quite closely to d and d configurations and arise
from the two terms in the ground state. The intra-
atomic Coulomb interaction between holes localized
at a single Ni or Pd site is several volts and causes
the d' term to have larger energy than the d terms.
The d contribution to the spectrum thus appears as
a satellite at higher binding energy (BE) in the pho-
toelectron spectrum. The so-called d final-state,

'

configuration is degenerate with band states. Stated
at the bottom of the d bands give a larger contribu-
tion to the satellite than states at the top of the
band so that the observed band is distorted with
respect to the calculated density of states. '
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We warn the reader than the above description is
an oversimplification and does not contain all the
physics of the situation (see Refs. 12—16). In par-
ticular it should be recognized that the relative
weight of the satellite and bandlike parts of the
spectrum are not equal to the relative weights of the
"d " and "d' " contributions to the ground-state
wave function as indicated in a very schematic way
by the diagonal arrow in Fig. 2. However, for a
given bandwidth the trends in relative satellite in-
tensity will be expected to decrease as the Ni3d or
Pd4d bands are filled. A second complication is
that if hybridization is taken into account the
descriptions d and d' are inaccurate because the d
states always contain some "s" character. By d
configuration we really mean configurations with
one unpaired hole in d-like states.

III. EXPERIMENTAL

Information on the stoichiometry of the alloys
and intermetallics which can be prepared is con-
tained, for the. most part, in Refs. 79—82. These
references and Refs. 83—86 served as sources for
the structural information on the materials used
and to save space we only refer to the primary
literature in special cases.

The alloys and intermetallic compounds studied
here were mostly prepared by melting the consti-
tuents together under -700-mm clean argon with
rf heating in a water-cooled copper hearth (cold-
crucible method). The only exceptions to this pro-
cedure were the magnesium alloys which were
prepared under high argon pressures (100 bar) to
reduce loss of magnesium by evaporation. Samples
were examined metallographically after melting and
when necessary annealed in a vacuum of 10 Torr
to reduce the amount of secondary phases or eutec-
tics present, as determined metallographically. A
final check on the materials was made using x-ray
powder diffractometry. Many of the samples stud-
ied do not melt congruently, but form via peritectic
reactions in the solid state between a more stable
phase and eutectic regions. In our experience, it
was only possible to form single-phase alloys of
many of these peritectic compounds in small pellets.
However, for all of our sample purity checks and
measurements we required 1 cm of material, which
is quite a large pellet in these terms. Thus in some
cases the samples contained small amounts (& 5%)
of secondary phases. These do not significantly af-
fect the XPS spectra and these samples are prefer-

able to small uncharacterized pellets. There was
one sample (TaNi) which gave particular problems
and which always contained -20% of secondary
phases. As TaNi is reported to have the W6Fe7
structure and x-ray diffraction did show the pres-
ence of material with this structure, we attempted
to prepare Ta6Ni7 in case the stoichiometry of the
compound had been wrongly stated in the literature.
This did not help and we were forced to use a TaNi
sample with -20% of a second phase, which prob-
ably causes some broadening of the spectral
features.

In the course of these investigations we prepared
some compounds that were not previously known,
or whose structures are unknown. Characterization
of these relied more heavily on the metallographic
data as the x-ray-diffraction patterns could not be
indexed and were only useful as a check for the
presence of other, known binary phases.

The published La-Ni phase diagram ' shows
only one -La-rich intermetallic compound with the
stoichiometry La3Ni. We examined samples with
the stoichiometries La7Ni3 and La3Ni. La3Ni was
annealed for three days at 480'C and 1 day at 430
and 380'C. Both samples had only 2% second
phase as indicated by metallography. La7Ni3 had
the Th7Te3 structure found by Fisher et al. The
diffractogram of La3Ni was not similar to that of
La7Ni3 and showed no La lines. We conclude that
both La3Ni and La7Ni3 exist as discrete single
phases.

CePdA1 and LaPdA1 have not been reported, but
the analogous Th compound is known. ' The com-
pounds formed directly from the melt. They were
extremely brittle so that small pieces broke away
from the surface during polishing for metallogra-

phy, but apart from ambiguities arising from this
source the LaPdA1 and CePdA1 samples were near-
ly single phase with 1 —2% segregation of a second
phase in the grain boundaries and in the grains of
La- or Ce-PdA1. The ThPdA1 sample had approxi-
mately 7% of a second phase. In metallographic
analysis of the samples with polarized light the re-
flectivity of the individual grains was very different,
indicating optical activity and a complex crystal
structure. The x-ray diffractograms were complex
and we could not determine the crystal structure
type although we did not find any of the known
binary phases to be present. We conclude that com-
pounds LaPdA1 and CePdA1 do exist.

The spectra were measured in a ultravacuum in-

strument incorporating analyzer and electronics
from a Kratos ES 300 spectrometer. The spectra
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were for the most part excited with Al Ea radiation
from a specially constructed, large solid-angle
monochromator with 54 quartz single crystals on a
toroidal substrate. The total instrumental resolu-
tion used for these studies was 600-meV full width
at half maximum (FWHM) and studies of the
Fermi-level cutoff showed the instrument function
to be Gaussian, within experimental error.

The samples were cleaned in situ by scraping
with an aluminum oxide file. In some cases the
mechanical working of the sample caused a pressure
rise to 3—4&& 10 ' Torr, but pressures of 1 X 10
Torr were more typical. Typical base pressures in
the measurement chamber were 5)(10 "Torr. By
scraping at intervals of less than 8 h it was possible
to make all measurements on sample surfaces con-
taminated with less than approximately 3 at. % of
oxygen and carbon (combined). The level of con-
tamination was estimated from the intensity of the
0 1s and C 1s XPS peaks relative to the metal peaks
and Scofield's calculated photoemission cross sec-
tion. Surface segregation could be a severe prob-
lem in measurements on alloys, and has been proven
in the case of alloys cleaned by sputtering and heat-
ing. In some cases we used Scofield's calculations 6

and the measured XPS peaks intensities from
scraped samples to make a semiquantitative analysis
of the surface layer and found no significant evi-
dence for surface segregation, with the possible ex-
ception of CuNi.

IV. RESULTS AND INTERPRETATION

A. Ni alloys with Mg and Al

These alloys are treated together because Mg and
Al are both usually considered as simple metals and
both form well-definmi intermetallic compounds
with Ni. The XPS spectra of the compounds are
shown in Figs. 3 and 4 and band positions and
widths are given in Table II. The spectra are dom-
inated by the peaks from the Ni d bands, which are
observed to move away from E~ as Mg or Al is ad-
ded. The d-band peaks also become narrower and
more symmetric and the satellite shoulder at 6 eV,
attributed to d'-like final states, becomes noticeably
weaker and shifted to higher binding energy as the
Ni concentration decreases. At high Al or Mg con-
centration, surface-plasmon losses may also play a
role in the satellite region (see paper II). The spec-
trum of A1Ni shown here is in reasonable agreement
with previously published XPS data.

The total density of states at E+ can be roughly
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TABLE II. d-band properties in Ni alloys (all values in eV).

Material

Ni
MgNiz
Mg~Ni
A1Ni3

A1Ni

A13Ni2

A13Ni

ScNi
TiNi
CrNi2

CuNi

BE

0.60
1.10
1.30
0.90
1.75
1.90
2.50
1.45
1.70
1.10

0.75

Peak

0.1

0.2
0.2
0.3
0.3
0.2
0.2
0.2
0.2
0.2
0.2

Centroid
BE

1.4
1.4
1.35
1.50
1.85
2.15
2.5
1.6
1.75
1.6

4.3
3.3
2.75
4.0
3.5
2.85
2.4
3.25
3.8
4.05

obscured by Cu d bands

FWHM

2.4
1.6
2.3
2.5
2.3
1.7
1.5
2.1

2.4
2.6

BE

6.1
6.7
6.7
6.7
7.7

7.1

7.2
6.8

Satellite

0.5
0.5
0.5
0.5
0.5

0.5
0.5
0.5

PdNi
InNi
TaNi3
TaNi2
Ta2Ni

AuNi

1.15
0.9
1.7
1.85

0.7

0.2
0.2
0.2
0.3
0.2

obscured by Pd d bands

1.35 3.05
1.4 4.25
2.0 4.15
2.1 4.2
1.1 obscured by

2.0
2.8
2.9
3.0

Au d bands

6.6
6.5
7.7

0.5
0.5
0.5

'Determined as described in Appendix.

A13Ni=0. 53, A1=0.58. These values are in
good agreement with the experimental XPS data
where we see no large drop in the ratio of the inten-

sity at EF to the intensity in the peak from Ni to
A1Ni3, but much smaller ratios in A1Ni and A13Ni.
This is difficult to illustrate clearly in Fig. 4, but in
Ni and A1Ni3 the Fermi level, as defined by parallel
studies of Au or Pd, was within 50 MeV of the
half-height of the peak. In A1Ni, AliNiz, and

A13Ni the Fermi level is situated on the edge of
shoulders on the low-BE side of the main peaks.

Comparison of the observed XPS spectra with

the results of density-of-states calculations is useful

here and we chose the Al-Ni systems for this be-

cause these are structurally simpler. Calculations

for A1Ni could be made in the observed CsC1 struc-
ture. A13Ni has the complicated DO2p orthorhom-

bic structure, which is not suitable for computation
so the calculations were made for A13Ni in the

Cu3Au structure with the same density as A13Ni.
The calculated results for all three alloys computed
are in agreement with those of Hackenbracht and

Kubler, but have been broadened with a 0.6-eV
Gaussian function to allow for the instrumental

resolution.
Starting with A13Ni in the lower panel of Fig. 5,

we find the peak in the XPS spectrum to be well

reproduced by the calculated density of Ni d states,
although the calculation places the peak -0.6 eV
nearer to Ez. The calculation also gives additional

structure which might change if we could make the

calculation in the DO2p structure. The intensity at
lower kinetic energy (higher BE) due to inelastically
scattered electrons masks any intensity due to
photoemission from the Al sp bands. The shoulder
in the XPS spectrum at EF is attributed to states
with mostly Al character, in agreement with the
calculations which suggest only 20—30'f/o Ni d
character in this region.

The comparison of experimental and theoretical
results for A1Ni yields less satisfactory results. In
XPS the calculated Ni d bands are clearly at higher
binding energy than in experiment. In addition the
d-band shape is poorly reproduced; the calculation
indicates a skewing of the peak to higher BE that is
not present in the experiment when we allow for the
effects of inelastic scattering and the "d -like satel-
lite."

Information on the site- and symmetry-selected
density of states is also available from x-ray pho-
toelectron spectra. Because x-ray-emission matrix
elements are so highly localized the Al x-ray spectra
from Al-Ni alloys is strongly related to the density
of Al states. Also dipole selection rules cause the
Al L2 3 (2p~V) emission to be dominated by the Al
s and d states, whereby the contribution of the Al d
states is low because their occupation is low. The
Al d states may be totally neglected at BE's greater
than 4 eV. The rniddle section of Fig. 5 compares
the A1Lz 3 x-ray-spectrum A1Ni with the calculated
density of Al s states. There is an overlap of the
A1L23 spectrum with the NiM2 & (3p~3d) emis-
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tion of Al-Pd results, where there is no interference
of Al and Pd x-ray emission, as discussed in Sec.
iv E.

B. Ni alloys with Sc, Ti, Cr, In, and Ta
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Sc, Ti, and Ta were chosen as fairly typical exam-

ples of the early transition metals. In alloys of Sc
and Ti with Ni the Ni d bands still dominate the
XPS spectra, which is not the case for the transition
metals to the right of the Periodic Table as illustrat-
ed in Table I and later sections. The cross sections
for the metal d electrons also increases from the
first to the second to the third rows of transition
metals. Cr is an example of a transition metal in
the middle of the series. Ni forms stable, 1:1, in-

termetallic compounds with early transition metals,
but not with elements in the middle of the transi-
tion metals series so we chose to study CrNi2 which
forms from solid solutions at 550'C. It was chosen
as an example of the 8 group elements.

The XPS spectra in Fig. 6 show that the density
of Ni d states at the Fermi level has dropped with

FIG. 5. Top: Comparison of the observed AlNi XPS
VB spectrum with the calculated total DOS, broadened
by a 0.6-eV Gaussian function. The two curves have
been normalized at the peak maxima. Also shown is the
broadened, calculated density of Ni d states, to the same
scale as the full DOS curve. Middle: Comparison of
the A1NiL23 x-ray-emission spectrum from Ref. 121
with the calculated, unbroadened density of Al s states.
Curves have been normalized at the peak maxima.
Lower: Comparison of the observed XPS spectra and
calculated total A13Ni DOS. Other details as in upper
part of figure.
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sion which is in a peak at 8-eV BE and contributes
approximately 15'f/o to the total-emission spectruin.
Despite the interference of the Ni M2 q emission the
discrepancies between calculation and experiment
are significant and warrant further consideration.
The absence of the three-peak structure in the x-ray
spectrum, calculated to occur at 5—7 eV, may be
related to lifetime-broadening effects, which are not
included in the calculation. Lifetime-broadening ef-
fects can be large. However, we believe there is a
real discrepancy in the centroids of the main Al-
state band as calculated, and the main A1L2 3 emis-
sion peak in A1Ni that is too large to be explained
by matrix-element variation through the band (see
e.g., Refs. 100 and 101). We shall return to this
point in Sec. IVE of the discussion, after presenta-
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FIG. 6. XPS VB spectra from Ni, CrNi2, TiNi, ScNi,
and InNi. Calculated total DOS curves, broadened by a
0.6-eV Gaussian function, are also given for TiNi, ScNi,
and InNi.



27 VALENCE BANDS OF Ni AND Pd ALLOYS 2153

respect to Ni in CrNiz, TiNi, ScNi, and InNi. In all
cases the intensity in the region of the d satellite
also drops, indicating that the influence of the d
holes has dropped. The total Ni d bandwidth also
drops in the alloys in the order Ni
-CrNi2& TiNi& ScNi& InNi (see Table II). This
change in width is unlikely to be entirely due to the
changes in direct Ni-Ni overlap: ScNi and TiNi
both exist in CsC1 structures with similar lattice
constants (3.15 and 3.01 A, respectively) and even

InNi, which has a complicated structure at room
temperature, has a high-temperature modification
with CsCl structure with lattice constant equal to
3.09 A. A more likely explanation for the changes
in widths is the change in state density in the region
of the Ni d bands on the neighboring site. If we ap-
proximate this state density to the number of
valence electrons divided by the bandwidth in the
element the order is Ni-Cr& Ti&Sc&In, which is
precisely the order of the Ni d bandwidths. Such
correlations are discussed more extensively in Sec.
VB. The position of the d-band maxima, or cen-
troids with respect to Ez in the alloys shown in Fig.
6 does not follow any obvious pattern.

The agreement between theoretical DOS curves
and the XPS spectra for ScNi and InNi is

moderately good. In both cases the bandwidths are
underestimated by the calculation, and for ScNi the
calculated peak due to the d bands is approximately
0.4 eV deeper in the band. However, in TiNi the
calculated Ni d peak in TiNi is approximately 1.0
eV deeper than in experiments. The differences be-
tween ScNi and TiNi is surprising in view of the
similarity of their crystal structures and electro-
negativities. The DOS calculated by us is quite
similar to that found in an augmented-plane-wave
calculation' indicating the difference between
theory and experiment is independent of the theory
used.

Calculations of densities of states in Ta alloys
would require relativistic treatment and we thus
rely on the experimental data in Fig. 7. Scofield's
calculated cross sections6 for the Ta5d and Ni3d
electrons are comparable (see Table I) and this is
borne out by the comparison of the XPS valence-
band spectra of Ta and Ta2Ni which have been nor-
malized to the Ta4f level before reproduction. It is
seen that the photoemission from Ta bands must
contribute more than half of the total valence-band
photoemission from TaqNi. Comparison with other
Ni alloys suggests that the Ta states must be con-
centrated near Ez in the alloy and the Ni bands
must be deeper, but there is no distinct division as
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FiG. 7. XPS VB spectra from Ta-Ni alloys. All
spectra have been normalized with respect to the max-
imum VB intensity, except for Ta which was normalized
to the TazNi spectrum using the Ta 4f peak with
BE-22 eV.

C. Ni alloys with noble metals and Pd

Ni forms solid solutions over the whole composi-
tion range with Cu and Pd. With Au, solid solu-

in other nickel-dilute alloys such as in A13Ni (Fig.
4) or La7Ni3 (Fig. 9). We can rationalize the spectra
in Fig. 7 if we accept that the Ta Sd levels lie above
the Ni 3d levels. The centroid of the Ni d bands is
at a higher BE in Ta-rich alloys. The DOS at EF
decreases from Ta and Ta2Ni to TaNi and TaNiz as
the Ta concentration decreases. It then increases
again through TaNi3 to Ni as the concentration of
Ni 3d states at E~ increases.

The Ni d satellite at -6 eV decreases with in-

creasing Ta concentration in the Ta-Ni alloys until
it becomes lost in the tail of the valence band. As
will become clear in the discussion section, this de-

crease is consistent with the interpretation that the
Ni d-state density at EF drops as the Ni concentra-
tion is reduced.
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tions can be obtained by quenching, but some clus-
tering into gold-rich and nickel-rich regions is inev-

itable and we do not claim that the NiAu alloy
studied by us has a completely random distribution
of the components. Ni and silver are almost com-
pletely immiscible, even in the liquid phase. Cu,
Pd, and Au belong to the small number of metals
whose electronegativity is larger than that of Ni.
[The Gordy and Thomas electronegativities are 1.9,
2.0, and 2.3, respectively, as against 1.8 for Ni (Ref.
103)].

Owing to its smaller photoelectron cross section,
the contribution of the Ni 3d electrons to the XPS
spectra of NiCu, NiAu, and NiPd in Fig. 8 is small-
er than that of the Cu 3d, Au Sd, or Pd4d. In addi-
tion there may be some surface segregation of Cu in
NiCu. However, the peaks near E~ in Fig. 8 can be
attributed to states of largely Ni 3d character, while
the Cu3d and Au5d peaks are found at higher BE,
near their positions in the pure elements. In the
case of CuNi this picture is in agreement with pre-
vious PS investigations and theoretical studies (see,
e.g., Refs. 104 and 105).

In NiPd it is not possible to separate a priori the
contributions of the Ni3d and Pd4d levels to the
XPS spectrum. The valence band has a rather
square appearance compared with Pd, with
enhanced intensity near the bottom of the band
(marked with an arrow). However, to associate this
extra intensity with states of largely Ni d character
would imply an unreasonably large shift with
respect to Ni metal. In order to resolve this prob-

lem we calculated the DOS for NiPd in an ordered
CsC1 structure with the experimental lattice con-
stant for the disordered alloy. ' We expect the re-
lative positions of the Ni and Pd d bands to be
reasonably well reproduced by this calculation, al-
though the disorder will smear out any fine struc-
ture. The results of the calculation after broadening
with a 0.6-eV Gaussian curve are presented in Fig.
8. The total DOS, including Ni and Pd s and p
states, is indicated by the continuous line and has
more structure than the experimental curve. This
can be at least partially explained by lifetime-
broadening effects. The calculated total DOS has
generally lower intensity towards the bottom of the
band in the region of (2—6)-eV BE, in contrast to
the experimental spectrum which is, as mentioned
above, rather square. The reason for this becomes
clear when we consider the partial densities of Ni d
and Pd d states shown in Fig. 8. The Pd states are
more concentrated towards the bottom of the band
while the Ni states are near the top. As discussed in
connection with Table I the Pd d cross section is
inuch higher than that of the Ni d levels. Thus the
emission from the bottom of the band, where the Pd
d levels are concentrated, is as strong as from the
top although the density of Ni d states is actually
higher in the top half of the band.

The results for NiPd suggest that the number of
Ni d holes in the alloy is not decreased with respect
to Ni, and may be increased, while the effective Ni
bandwidth decreases. These are probably important
factors in the existence of magnetism in Ni-Pd al-
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iPd

ipd

DOS

10 8 EF
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)0 8 6 EF

FIG. 8. XPS VB spectra from Ni, NiCu, NiAu, NiPd, and Pd. Calculated DOS curves are also shown for NiPd.
For further explanation see text.



27 VALENCE BANDS OF Ni AND Pd ALLOYS 2155

loys, even at Pd concentration as high as 98
at. l.'07'es The observations are also important in
determining satellite intensities, as discussed in pa-
per II.

D. Ni alloys with La, Ce, and Th

The alloys of La, Ce, and Th are conveniently
treated together because of the remarkable similari-
ty of the La-Ni, Ce-Ni, and Th-Ni phase dia-
grams. s9' The spectra are shown in Figs. 9—11
and various parameters are listed in Table III. For
the La-Ni and Th-Ni systems we also show the La
and Th spectra normalized to the spectra of the
most Ni-dilute intermetallics studied using La or
Th core levels. Comparison of Figs. 9—11, and the
data shown in Table III, both indicate strong simi-
larities in the valence-band properties of La-Ni,
Ce-Ni, and Th-Ni compounds with the same
stoichiometry for all the alloys studied.

In both La3Ni and Th&Ni3 a shoulder is observed
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FIG. 10. XPS VB spectra from Ce-Ni alloys. All
spectra have been normalized to the peak maxima.
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TABLE III. Valence-band properties of La„Ni, Ce„Ni, and Th„Ni intermetallic com-
pounds (all values in eV).

Material

Ni
LaNi5
CeNi5
ThNi5
CeNiq

BE

0.6
0.85
0.85
0.75
1.60

Peak

0.1

0.2
0.2
0.2
0.2

Centroid
BE

1.40
1.50
1.35
1.40
1.65

4.3
3.7
3.75
3.75
3.6

F%'HM

2.4
2.4
2.4
2.4
2.1

Satellite
BE

6.1

6.4
5.85
7.0

0.5

0.5
0.6
0.8

LaNi
CeNi
ThNi

1.65
1.60
1.80

0.2
0.2
0.2

1.65
1.70
1.85

3.0
2.8
3.0

1.6
1.8
1.9

5.1

6.5
7.2

1.0
1.0
1.5

La7Ni3
Ce7Ni3

Th7Ni3

1.6
1.8
1.9

0.2
0.2
0.2

1.80
1.90
2.00

2.1

2.4
2.6

1.4
1.5
1.5

6.7 1.0

La3Ni 1.65 0.2 1.90 2.1 1.4 7.4 0.5

'Determined as described in Appendix.

at EF whose intensity is comparable to that in La
and Th, respectively. This leads us to believe that
the states at the Fermi level in these compounds
have largely La or Th character, respectively, with
the Ni d states being concentrated 1 —3 eV below

EF. In all three systems we observe the shoulder at
E~ to become relatively less intense as the Ni con-
tent is increased to 50% and the La, Ce, or Th con-
tent decreases. This is consistent with our view that
the shoulders are due to states of largely La, Ce, or
Th character.

As in all alloys of Ni with simple and transition
metals, we observe that the Ni bands are only well

separated from the Fermi level in Ni-dilute alloys.
Table III quantifies the trends of the Ni d bands,
which narrow and move to higher BE as the Ni
content is decreased. The Ni d bandwidths in
La3Ni was the narrowest of all the alloys studied.

The Ni d -satellite intensity decreased strongly as
the La, Ce, or Th intensity was increased. Al-
though weak features are still found in the M~Ni al-

loys when x & 1, we believe there is not sufficient
justification for assuming them to be Ni d final
states. Other effects, such as inelastic scattering
losses, may offer alternative explanations.

The decrease of Ni d-state density at Eq on dilu-
tion with La, Ce, or Th receives support from low-

temperature specific-heat measurements on LaNiq
and ThNi& which showed the electronic specific
heat to drop from 7.08 mJgat. 'K in Ni, to 6.38
and 6.08 mJ g at. ' K in ThNi5 and LaNi5,
respectively. """ Although there are uncertainties

in interpretation of the results due to electron-
electron and electron-phonon interactions, the re-
sults are consistent with a decrease of 10—20% e-
state density at Ez. We find Ez to shift only mar-

ginally to the low-intensity side of the midpoint of
the photoemission onset at low BE in llfNi5 alleys
(0.12+0.05 eV) but note that the trend with increas-
ing La, Ce, or Th concentration supports the notion
of Ni d-state density decrease at Eq in the lMl!Ci5 al-

loys with respect to Ni.
We know of only one DOS calculation relevant to

these alloys, that for the YNiq by Cyrot and Lavag-
na. " Our experience is that there is little differ-
ence between the Ni or Pd d-band characteristics of
Sc, Y, La, Ce, and Th alloys. Cyrot and I.avagna
found the Ni d bands to be centered about 0.22 Ry
(2.8 eV) below EF while we find only 1.65 eV in
CeNiz. Cyrot et al. put the top of the d band at
about 1.3Ry (1.7 eV) while we find the top to be
only just below EF. Their calculated width (2.5 eV)
is comparable with ours when one takes experimen-
tal and lifetime broadening into account. Their ob-
servation that YNi2 is a Pauli paramagnet" and
other observations that Ni does not carry any 3d
magnetic moment in RNi2 compounds" is
consistent with the very low density of Ni d states
at E~ which we find in CeNi2.

E. Aluminum-palladium alloys

Aluminum is soluble to about 14 at. %%uo inpalladi-
um at 300 K, and in addition two congruently melt-
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TABLE IV. Pd d-band properties in Pd alloys (all values in eV).

Material
First peak

BE
Second peak

BE
Third peak

BE +
Centroid

BE FWHM

Pd
A11OPd90

Alpd
A13Pd
ScPd
ScPd'

TiPd3
VPd3
VPd2
Vpd
V3Pd

NiPd'
YPd3
Y7Pd3
ZrPd "
ZrPd'
Zr2Pd
Zr3Pd'
NbPd2

Pd3Agpp

TaPd3
TaPd2
TaPd

0.95
1.4
3.6
4.8
3.6
3.5

1.0
1.0
2.5
2.8
2.4

-0.7
1.0
3.8
2.8
3.7
3.8
3.5
2.8
1.8

0.2
0.2
0.2
0.2
0.2

0.4
0.3
0.2
0.2
0.4

0.3
0.3
0.2

0.2

4.6

4.3

2.1

2.1

4.2
4.0

2.0
2.1

3.9

4.5

2.7
3.0
3.55

0.2

0.2
0.2
0.3
0.3
0.3

0.5
0.2

0.3

0.3
0.3
0.3

4.2
4.3

4.0
3.9

5.1

0.4
0.4

0.5
0.3

2.3
2.3
4.1

4.8
3.6

2.8
2.8
3.3
3.6
3.9

~2e3

2.6
3.8

3.0
-1.8

3.1
3.6
3.8

5.9
6.0
4.6
3.2
4.2
3.1

6.2
6.2
5.6
5.1
44

-6.2
5.4
2.5
5.6
4.8
3.2

5.7

6.4
5.5
5.3

4.1

4.1

3.1
1.8
2.8
2.1

4.4
4.4
3.8
3.8
3.3

-5
3.8
1.5
4.0
3.3
2.6

-3.8

4.5
4
3.1

'Ultraviolet photoemission spectroscopy (UPS) from Ref. 122.
bReference 40.
'Reference 37.
dReference 167.

ing (AlPd and A1Pd2) and two peritectic alloys can
be formed (A13Pd and A13Pd2). 9 s In Fig. 12 we il-

lustrate the behavior of the XPS valence bands with
spectra of one solid solution (Alo &Pdo 9), the
congruently melting A1Pd and the peritectically
melting A13Pd. The most important valence-band

parameters are listed in Table IV. The differences
between Ale ~Pdo 9 and Pd are subtle: In the alloy
there is a slight increase in relative intensity of 1.6
eV below EF. Also the midpoint of the rise in in-

tensity at the top of the band is —180 meV below

EF. As the resolution of these measurements was
only 600 meV we cannot say how low the DOS at
EF is, but it is certainly considerably lower than in
Pd itself. This is in qualitative agreement with the
observation that the low-temperature specific heat
of Alo, Pdo 9 is about half that of Pd (Ref. 116) and
with observations of the magnetic susceptibility of
Al-Pd alloys with low Al content. "

Pd has -0.36 holes per atom in its d band. "
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Glugla et al. " have argued that Al contributes be-
tween 2.6 and 3 electrons per Al atom to the Pd
conduction band, so that the Pd d band would be
full at about 10—15 at. %%uoA 1 whic h isclos e to the
14% limit of solid solubility of Al in Pd at 300 K.
Our XPS results in Fig. 12 also indicate that there
is a strong tendency for Al to fill the Pd band. Our
calculations for A1Pd and A13Pd indicate that there
is always Pd d character in the bands above EF,
which is further evidence that Al does not have to
donate an unrealistically large charge transfer to the
Pd sites in filling the Pd d band. The band filling
takes place by hybridization of the Al s and Pd d
states.

In the two ordered alloys the main peaks are at-
tributed to Pd d states which have a large cross sec-
tion. The movement of the Pd d band to higher BE
and their narrowing with increasing Al content is
far stronger than the effect on the Ni3d bands in

the corresponding Ni alloys (see Tables II and III).
We have made a comparison of the calculated total
DOS's for AlPd in its high-temperature CsC1 struc-
ture and A13Pd in a Cu3Au structure with the ex-

perimental XPS spectra in Fig. 13. The calculated
DOS's, as well as the XPS spectra are dominated by
the Pd4d states. However, the positions of the
peaks are not well reproduced by the calculations as
seen in the upper half of Fig. 13, and the centroids
of the calculated peaks are approximately 0.4 eV
deeper than experiment for A1Pd and 0.6 eV shal-

lower in A13Pd. As in other cases the discrepancies

can be attributed to the effects of hole creation,
matrix-element effects, or problems in comparison
of band-structure calculations with experiment, or a
combination of these effects. In the case of Al-Pd
alloys we can attempt to narrow down the possibili-
ties as described below.

When a d resonance is placed in an s band the s-
state density exhibits a minimum at, or just above,
the d-resonance energy and a maximum to the high
BE side of the d resonance (see, e.g., Refs. 33, 34,
119, and 120}. The position of this s-band max-
imum is closely connected with the position of the d
resonance or band, and any problems with the
theoretical scheme must affect both d and s peaks.
The AIL~ 3 x-ray spectra probe the densities of s
and d states because of dipole-selection rules and
are dominated by the aluminum states because the
matrix elements are highly localized. We chose to
do the calculations on A1Pd and A13 Pd because the
All. 2 3 x-ray spectra are available. ' ' The calculat-
ed densities of Al s states are compared with the ob-
served x-ray spectra in the lower half of Fig. 13.
The experimental spectra have significant plateaus
in the region 0—5 eV which we attribute to "cross
transitions" to the Pd d states and Al d states. Nei-
ther of these effects is very important at BE& 5 eV,
where the intensity is attributed to Al s states. The
general structures of the spectra are much broader
than those of the calculation and this is not explica-
ble in terms of instrumental or core-level lifetime
broadening as these total only 0.3 eV. A possible

th
O
O

I—
V)

I

Alpd

j l~ I
Ij 'Iw I

\ j
J I j l

Ki I

i ',XPS
~,

'.Ci.i Ji

DOS
I
I
I

Al3Pd

XPS.-'

~. . .~TOTAL

10 8 6 EF 14 12

B E teV)

10 8 5

FIG. 13. Upper half: Comparison of calculated total DOS curves (broadened by a 0.6-eV Gaussian function) with
XPS spectra for A1Pd and A13Pd. Lower half: Comparison of A1L2 3 x-ray-emission spectra and calculated densities
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explanation is lifetime broadening of the final states
with a hole in the valence bands, which is known to
be as large as 2 eV in some cases, and to vary with
position in the band. ' ' ' Despite the broadening,
the shape of the x-ray spectra do resemble the cal-
culated densities of Al s states. Ho~ever, the calcu-
lated Al s peaks are -0.4 eV too deep in A1Pd and
-0.6 eV too shallow in A13Pd. It is true that a cal-
culation including x-ray-emission matrix elements
and lifetime broadening is desirable, but we can
judge the effects of these two factors from other
systems that have been studied. ' " lt is unlikely
that the two factors could lead to the shifts between
calculation and experiment described by Fig. 13.

Summarizing the lessons of Fig. 13 we may say
that the calculated Al s- band Pd d-band positions
are both 0.4 eV deeper than experiment in AlPd and
are both 0.6 eV shallower in A13Pd (within an ex-
perimental accuracy of -0.2 eV). The cross sec-
tions for Al (2p~3s) x-ray emission and Pd d
photoemission may vary with position in the respec-
tive bands, but it is unrealistic to suggest that the
variations can lead to the same shifts in two very
different bands examined by two very different
spectroscopies. %e will return to the consequences
of these observations in Sec. V E.

12 10 8 8 4
B E (eV)

'.„'VPd

F. Pd alloys arith transition metals

There have been several reports on photoelectron
spectra from Pd alloys with early transition metals
such as Sc (Ref. 122) and Zr. All these studies
indicated a large shift of the Pd bands to higher BE
upon alloying. An early suggestion that this was a
special characteristic of glassy alloys has now been

convincingly disproved. In this section we report
the XPS valence bands of V-Pd and Ta-Pd alloys
which are reproduced in Figs. 14 and 15 and also
discuss new data from ScPd, Y7P13, and NbPdz (see
Tables IV and V), YPd3 and TiPd3 (Fig. 19).

In the case of vanadium-palladium alloys we cal-
culated the total DOS for VPdq, and V3Pd (Ref.
123) shown in Fig. 14. When we projected out the
V and Pd d states separately it became clear that the
peaks in the total DOS which straddle E~ are due to
states centered mainly on the V sites, but with a
small contribution even above EF centered on the

Pd sites. Comparison with theory, and the
knowledge that the cross section for Pd electrons is

larger than for electrons with mainly V d character
(Table I) allows us to assign the main XPS emission

to Pd d states. In these and other Pd alloys, the

FIG. 14. XPS VB spectra of VPd3, VPd2, VPd, and
V3Pd. The calculated total DOS curves for VPd3, VPd,
and V3Pd have been broadened by a 0.6-eV Gaussian
function, roughly normalized to the XPS intensities and
plotted as full lines.

XPS spectra often show partially resolved peaks
and shoulders in the Pd d bands whose BE's are
listed in Tables IV and V along with the centroids,
as defined by the methods described in the appen-
dix. As the V concentration is increased a shoulder
at E~ becomes visible in the XPS spectra and can be
attributed to the states with mainly V d character.

The strong drop in XPS intensity at Ez between
Pd and VPd3 is in keeping with the threefold de-
crease in electronic specific heat as up to 10 at. go

of V is dissolved in Pd (Ref. 124) and indicates that
the Pd band is rapidly filled by V admixture. The
same effect is postulated on the basis of vanadium

appearance potential results. ' It has been argued
that the "valence" of V in a Pd host is about 3, i.e.,
that each V atom "donates" about three electrons to
the Pd band. ' ' The results of our calculations
indicate that in VPd3, VPd, and V3Pd there is al-
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TABLE V. Pd d-band properties in Pd alloys with Y, lanthanides, Th, and U (all values in eV).

Material
First peak

BE +
Second peak

BE +
Third peak

BE + Centroid FWHM

Pd
YPd3
LaP13
CePd3
PrPd3
NdPd3
SmPd3
ThPd3
UPd3

0.95
1.0

1.3

1.9
1.7

0.2
0.3

0.3

0.3
0.3

2.1

2.2
2.65
2.6
2.2
2.6
3.2
3.1

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

3.9
3.7
4.0
3.9
3.9
3.8
4.8
4.9

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

2.3
2.6
2.5
3.1

2.8
2.8
2.8
3.5
3.6

5.9
5.4
5.1

5.5
5.4
5.1

5.4
5.2
5.2

4.1

3.8
3.2
3.7
3.6
3.8
3.6
3.4
3.6

LaPd2
Ce3Pd5
LaPd
CePd
Thpd

3.3
3.4
3.3
3.3
3.9

0.3
0.3
0.2
0.2
0.2

3.3
3.4
3.S
3.3
3.9

4.2
4.1

3.4
4.1

3.8

2.9
3.0
2.2
2.9
2.S

Y7Pd3
La7Pd3
Ce7Pd3
Th2Pd

3.8
3.5
3.7
3.9

0.2
0.2
0.2
0.2

3.8
3.5
3.7
4.0

2.5
2.3
2.4
3.0

1.5
1.4
1.4
1.8

LaPdA1
CePdAl
ThPdA1

3.75
3.75
4.0

0.2
0.2
0.2

3.8
3.8
4.0

2.8
3.0
3.3

1.6
1.8
2.0

'Determined as described in Appendix.

ways some Pd character in the unoccupied V d
bands and some V d character in the occupied Pd d
bands. %e do not wish to attach a number to the
quantity of unoccupied Pd d character because of
the ambiguity of defining the boundaries of the Pd
atoms. However, the total unoccupied Pd d charac-
ter per Pd atom is nearly constant in Pd and V-Pd
alloys so that the filling of the Pd d bands is defin-
itely dominated by mixing of the V and Pd states.

The XPS spectra of Ta-Pd alloys, reproduced in
Fig. 15, are similar to those of V-Pd alloys of the
same stoichiometry, although the Pd d bands are
typically shifted 0.3 eV to higher BE in the Ta al-
loys (Table IV). As in the V alloys, the Pd bands
move away from E+ with increasing Ta content.
The shoulder at EF due to V or Ta d bands, in al-
loys of higher Ta content is more marked in the Ta
alloys. This is at least partly explained by the
higher cross section of Ta d electrons with respect
to V d electrons. The Ta spectrum shown in Fig. 15
has been normalized to the TaPd spectrum using a
Ta core level. Its intensity is slightly lower than the
shoulder in TaPd, which could be related to narrow-
ing of the Ta bands in TaPd or to the presence of

some Pd character in the levels at Ez.
The Nb-Pd phase diagram is different from that

of Ta-Pd, which is surprising in view of the normal-

ly extreme similarity in the chemistry of Nb and
Ta. The phase diagram is also rather ill defined'
and we only succeeded in preparing NbPd2 as a sin-
gle phase. All attempts to prepare the other metal-
loid listed (Nb3Pd2) gave a product with several
phases. The spectrum of NbPd2 (not shown) was
similar to that of TaPd2 and clearly showed a
shoulder at E+ which we attribute to states of rnain-

ly Nb character. As in the corresponding V and Ta
alloys the Pd band appeared to be filled and to start
some way below EF. It is interesting that a single
monolayer of Pd on a Nb substrate also has no Pd d
states at E~ and is inactive as a catalyst for H up-
take. ' ' The implication of that surface study
for our work is that the surface chemical activity of
the Pd atoms will be strongly modified in those of
our alloys where there are no Pd d states at Ez.

The spectra of YPd3, TiPd3, and VPd3 can be
compared (see Fig. 19), as can their peak positions
(see Tables IV and V). In the Ti-Pd phase diagram
there is positive deviation of the melting point at
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FIG. 15. XPS VB spectra from Ta-Pd alloys. All
spectra have been normalized to the maximum VB in-
tensity, except that of Ta, which has been normalized to
the TaPd spectrum using the Ta 4f7/2 peak with
BE-22 eV.

the TiPdq composition, indicating a high heat of
formation, whereas VPd3 is only stable at low tem-

peratures. (CrPd3 does not form at all. ) Despite
this difference in stability of TiPd3 and VPdq we see

no major differences in the XPS spectra. Both
spectra indicate a density of Pd d states at EF
which is smaller than in Pd. There are distinct
differences between the spectra of TiPd3 or VPd3
and that of YPd3, where the Pd d bands are further
from EF. In this respect Y is like the rare earths
which are very effective at filling the Pd d bands

and driving the Pd d bands to higher BE's, away
from EF. The results for ScPd indicate that Sc is
similar to Y in its effect on Pd d bands. The results
of Steiner et al. indicate that Zr is intermediate
between Y and Nb or Ta.

The calculations tend to overestimate the experi-
mental separation of the Pd and V d bands. This
effect is discussed further in Sec. V E. In VPd3 the
calculated DOS has much stronger structure than
experiment. This is thought to be largely due to
lifetime broadening in the final state, which tends to
be larger for the states at the bottom of the d bands
(see, e.g., Ref. 15). In addition states at the bottom
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FIG. 16. XPS VB spectra from La-Pd alloys. All
spectra have been normalized to the maximum VB in-
tensity, except that of La which has been normalized to
the La7Pd3 spectrum using the La4d peaks at BE-100
cV.

of the band have "bonding" character which causes
them to have greater density between the
atoms. ' ' " This increase in the expectation ra-
dius leads to a lower photoelectron cross section.
When the shift, lifetime broadening, and energy
dependence of cross section are all taken into ac-
count the shape of the VPd3 XPS spectrum is
reasonably well explained by the calculated DOS
curve. In VPd and VqPd the calculated Pd d bands
are at higher BE than in experiment but they are
also much narrower. Visual inspection of the spec-
tra shows that they could not be readily reproduced
just by l.orentzian (lifetime) broadening of the
theoretical curve. One explanation for the large ex-
perimental broadening is random occupation of the
lattice sites; V3Pd has the random P-W (WO3) struc-
ture. The contribution to bandwidth from Pd-Pd
interactions is proportional to the number of Pd-Pd
nearest-neighbor interactions, and if this is not con-
stant we must expect broadening of the spectra due
to different environments for the Pd atoms. This
effect is not included in the calculations where the
ordered Cu3Au and CsC1 structures were used and
although other factors may contribute to the experi-
mental bandwidths it is not sensible to seek them
here.
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G. Alloys of rare earths and actinides with Pd

There are strong similarities of the phase dia-

grams of Pd with Y, La and the lanthanides, Th,
and U. We thus treat these alloys together. The
spectra for La-Pd, Ce-Pd, and Th-Pd alloys are

reproduced in Figs. 16—18 and some data is includ-
ed in Table V. In all these spectra the contribution
of the La, Ce, or Th states is small. This is illus-

trated in Figs. 16 and 18 by the La and Th spectra
which have been normalized with core levels to the
same scale as La7Pd3 and Th2Pd, respectively. The
area in the La and Th spectra is thus approximately
equal to the area of the La and Th contributions to
the La7Pd3 and Th2Pd spectra. The La and Th
spectra strongly resemble the small peaks at EF in

La7Pd3 and the Th2Pd in both shape and intensity.
This leads us to assign the shoulders and peaks near

EF in all the La-, Ce-, or Th-rich alloys with palla-
dium to states with largely La, Ce, or Th character.
The decrease in relative intensity of these shoulders
with increasing Pd content supports our assign-
ment.

In the Pd alloys, as in the Ni alloys, the Pd d
bands are centered at much higher energies and are
much narrower in the La-, Ce-, or Th-rich alloys.
Comparison with the transition-metal alloys, e.g.,
the V- or Ta-Pd alloys in Figs. 14 or 15, will con-
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FIG. 17. XPS VB spectra from Ce-Pd alloys.

vince the reader that this narrowing is much
stronger in the La, Ce, and Th alloys. Although the
similarities between the trends in La-, Ce-, or Th-Pd
alloys are pronounced, closer examination reveals
significant differences. One example is the width of
the Pd bands in CePd which is -0.7 eV larger than
in LaPd or ThPd. Another example is the absence
of a minimum between the Ce and Pd bands in
Ce7Pd3, which is found in both La7Pd3 and ThPd2.
Also the Ce-Pd phase diagram is exceptional among
the R-Pd diagrams in that it has no stable CePd2
phase, the nearest being Ce3Pd5. In all these cases
we tentatively attribute these differences to the
Ce4f level. In separate studies we have found
strong indications for mixing of the Ce4f levels
with Ni or Pd states. ' ' The intensity of the
photoemission from the Ce4f level is seldom suffi-
cient to perturb the XPS spectra significant-
ly. ' ' ' However, their hybridization with the
Pd levels could distort the Pd bands enough to give
significant changes in the XPS spectra.

We have examined a wide range of MPd3 alloys
and reproduce many of the spectra in Fig. 19. Al-
most all of the emission comes from the Pd4d lev-
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els: The approximate proportions of emission from
levels of the second component, in percent, calculat-
ed from Scofield tables are as follows: Ti=l,
V=2, Y=1.7, La=2, Ce=3, Pr=8, Nd=12,
Sm=20, Th=2.5, and V=19. In CePd3 and UPd3
the 4f and Sf levels are observed as shoulders at
Ez.' ' In the alloys with Ti, V, Y, La, and Th
the emission from the second component does not
visibly affect the spectrum, while in the alloys with

Pr, Nd, and Sm the rare-earth 4f emission lies in

the Pd4d bands and only leads to a distortion of the
4d peaks. The shape of the YPd& spectrum with a
maximum at 1.2 eV and broad shoulders at -1.0
and -3.9 eV, corresponds well to the calculated
DOS which has its main maximum at -2.0 eV, a
shoulder at -0.6 eV, and a second peak at -3.7
eV. We were surprised to find significant differ-
ences between the spectra of YPdq and the rare-

earth Pd3 alloys because these elements are normal-

ly considered so similar. However, the Pd 4d bands
of CePd3 are deeper than in YPd3 or LaPds, and the
low-energy shoulder at 1—1.3 eV is far less pro-
nounced in LaPd3, NdPd3, PrPd3, and SmPd3 than
in YPdq or CePdq. The differences between CePdq
and the others can be attributed to the influence of
the Ce4f level, but the reason for the other differ-
ences is not clear to us at present.

Comparison of the spectra of ThPdq and UPdq is
interesting because all the features are so similar,
except for the shoulder at Et; in the UPd& spectrum.

Its approximate area is shown in Fig. 19 and is at-
tributed to the U5f levels. The features deeper in
the band are thought to originate from the same
three-peak structure of the Pd4d levels found in
YPdq. It is notable that the three features are near-

ly 1 eV deeper in ThPd3 and UPd3 than in YPd3
(see Fig. 19 and Table IV} and over 0.5 below their
values in CePdq. These differences are larger than
found in the other alloys of the same stoichiometry
when M =Y, La, Ce, or Th. Less notable, although
still experimentally significant, was the fact that the
binding energies of the Pd4d levels in Th com-
pounds were larger than those of Y, La, or Ce com-
pounds in all stoichiometries studied.

H. Valence bands of LaPdA1, CePdA1, and ThPdA1

The observed valence-band spectra of these three
compounds are reproduced in Fig. 20 All three
have rather narrow Pd d-band peaks with widths of
about 3 eV and centroid binding energies of 3.8 —4
eV. The valence barids are not consistent with a
mixture of binary phases such as M7Pd3, MPd,
A1Pd, and A13Pd where M=La, Ce, or Th (for Th
phases Th2Pd would be appropriate as Th&Pd3 does
not exist}. The binding energies for these ternary
compounds, listed in Table IV are intermediate be-

tween those for the 1:1 LaPd, CePd, or ThPd com-
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V. DISCUSSION

A. d' satellite

Before dealing with the observations on the
valence-band properties themselves we will dispose

pounds and AlPd. Whatever the mechanism for the
Pd VB shifts, the effects of La, Ce, or Th, and Al
are clearly not simply additive.

of points concerning the d valence-band satellite.
The Ni d satellites get weaker in alloys with elec-
tropositive elements as the Ni d band is filled. It is,
however, difficult to quantify this weakening be-

cause of inelastic scattering and the creation of
electron-hole pairs in the excitation of the valence-
band spectrum. ' ' In the Pd-alloy VB spectra
the difficulty is even more marked .There is a high
background at high BE, below the valence band in
Pd itself and this does decrease in Pd alloys with
electropositive metals. Nevertheless as there is no
well-defined satellite in the background we do not
insist that d final states are important in the XPS
spectra of Pd and its alloys. For Ni alloys, trends
in VB satellite intensity parallel those found in Ni
core-level peaks where, as reported in paper II,
quantification is easier. We discuss the implications
of trends in satellite intensity and band filling in pa-
per II where core levels are treated.

Johannsson et al. ' have noted that the binding
energy of the valence-band satellite in Ni was nu-

merically identical to the two-electron binding ener-

gy of the VV final state derived from MVV and
L VV Auger peaks. Here M and L were either 3p or
2p core holes and V represented a hole in the 3d
valence band. In Table VI we have compared the
valence-band satellite energies for Ni and the 12 Ni
alloys with well-defined satellite, to the correspond-
ing two-electron binding energies derived from the
I.s VV Auger transition from paper III.. Within ex-
perixnental accuracy there is good agreement. The
satellite energy is not constant, but changes by as
much as 1.6 eV with similar changes in the Auger-
derived two-electron BE. Note that there are five

TABLE VI. Comparison of 2e BE's of the XPS VB satellites and the 'G d term from
Auger spectroscopy (from paper III; all values in eV).

Material

Ni

MgNi2
Mg2Ni
AlNi3
AlNi
ScNi
TiNi
CrNi2
InNi
TaNi3
TaNiq
CeNi5
CeNi2

2e BE
(satellite)

6.1

6.7
6.7
6.7
7.7
7.1

7.2
6.8
6.6
6.5
7.7
6.4
7.0

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.6
0.8

2e BE
('6 Auger)

6.45

7.05
6.90
6.85
7.50
6.85
7.45
7.05
6.45
6.85
7.55
6.45
7.00
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possible multiplet configurations for d atoms. 's7

The '6 configuration dominates the Auger spec-
trum, but as we report in paper III, under certain
circumstances a peak at -2 eV 1ower BE than the
'G can be resolved and is attributed to the F term.
The results in Table VI are in agreement with the
results of a calculation by Davis et al. ' which sug-

gested that the '6 final state is the most important
for the ds satellite. In many of the spectra there is
no minimum between the satellite and the VB, so
the satellite looks like a long plateau. This may be
an indication that other d final states are impor-
tant in the satellite, for instance the F final state.
This idea was born out in the calculations of Davis
for Ni. Unfortunately even in Auger spectra the F
term can only be resolved in a few Ni alloys where
the Ni bands are full and the satellite is weak.

B. Widths of Ni and Pd 1bands in alloys

The widths of the Ni and Pd d bands decrease
markedly in the alloys with electropositive metals
studied here. The trend is more noticeable in the Pd
alloys because the Pd bands are broader than the Ni
bands in the pure element. However, the widths in
lanthanide alloys with low Ni or Pd concentration
are very similar, as in Ce7Ni& and Ce7Pdq, for exam-

ple. In all cases, the Ni and Pd d-band width de-
creased with decreasing Ni and Pd concentration.
We are of the opinion that the stoichiometry and
electronegativity are the most important factors in
our observations but we must discuss other effects
and the mechanism of electronegativity effects.

The bandwidths can be analyzed in terms of the
following:

(1) Lifetime effects on the final-state hole.
(2) Spin-orbit splitting.
(3) Variation of interatomic distances and exten-

sion of the wave functions.
(4) Variation of number of Ni-Ni or Pd-Pd

nearest-neighbor contacts.
(5) Hybridization with the bands of the partner

atoms.
(6) Interaction between Ni or Pd atoms via the in-

termediate atoms of the second metal.

Lifetime effects lead to a Lorentzian broadening of
the bands. They could be significant in the dilute
Ni and Pd alloys where the bands have a sharp peak
and wide base but in no case here have we observed
peaks with long tails and the shape expected if there

were a very large Lorentzian contribution to the
shape.

Spin-orbit coupling effects are larger in Pd than
Ni, but even here the maximum observed splitting
of the bands in pure Pd was only -0.4 eV. ' 9 Such
effects are not large enough to strongly affect our
data.

Concerning the effect of variation of interatomic
distances, Andersen has shown that the interatomic

g-hopping integrals and hence the d-band widths of
metallic elements are inversely proportional to the
fifth power of the distance between the
atoms. " ' ' This result is valid for all distances
in the absence of hybridization and should give a
correct indication of the trends in Ni-Ni or Pd-Pd
hopping. Watson et al. quote dependence between

r and r for transition metals. This reduc-
tion is presumably due to hybridization. Such rules

imply that we need only consider nearest-neighbor
interactions here. Another rule which is often ap-
plied is that in the tight-binding approximation, and
for a given atomic distance, the bandwidth is pro-
portional to the coordination number. In order to
apply these rules to the alloys studied, we must con-
sider the individual crystal structures of the alloys
and the Ni-Ni or Pd-Pd nearest-neighbor interac-
tions which are given in Tables VII and VIII. Un-
fortunately we cannot always give these details be-

cause in some of the crystal structures of low sym-

metry the positions of the atoms in the unit cells are
not given by the lattice constants alone. Neverthe-
less some definite points emerge.

Consider the cases of Ni, ScNi, and TiNi. The
number of direct Ni-Ni contacts drops from 12 in

the element to six in the intermetallics, which leads
us to expect a factor of 2 decrease in Ni d-band

width on the basis of the above arguments. The
Ni-Ni distance has also increased by a factor of
-20% in the intermetallics so that even if the
bandwidth was proportional to only the third power
of I/r (Ni-Ni) we would expect the Ni d widths to
decrease by another factor of 2. In contrast to these
expectations, Table IV shows the Ni d-band widths
in TiNi and ScNi to be only 12—25% smaller than
in Ni. The correlation effects which narrow the
pure-Ni spectrum' ' and the instrumental
broadening of 0.6 eV play a small role in reducing
the change in 8' between Ni and ScNi or TiNi.
However, they cannot explain why the change is so
small. The observed results indicate that the num-

ber and distances of Ni-Ni contacts cannot, by
themselves, explain the observed Ni d-band widths,
which is not an unexpected result. Another exam-

ple of such effects is given by alloys like V&Pd,
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TABLE VII. Structures and Ni-Ni distances in Ni alloys. (N.B.The positions of atoms in unit cells with free coordi-

nates are not always well defined; some of the interatomic distances given here were determined by analogy with more

completely characterized compounds of a similar structural type. )

Compound

Structure
type r~ Ni-Ni CN r2 Ni-Ni CN References

Ni
MgNi2
Mg2Ni

AlNi3
AlNi
A13Ni

A13Ni

ScNi
TiNi
CrNi2
CuNi
InNi

NiPd

LaNi5

LaNi
La7Ni3
La3Ni

HT
LT

3XNip

2X Nip

A1
MgNiq
Mg2Ni

Cu3Au
CsCl
A13Ni

A13Ni

CsCl
CsC1
?
random Ni
CsC1
CoSn
solid solution Ni

CaCu5

CrB
Th7Fe3
Fe3C

2.49
2.40
2.60

2.53
2.83
2.74

3.15
-2.99

?
2.60
3.09
2.61
2.64

2.48
2.46
2.55

12
4
2

6
6
?

-6
6

-6

2.96

2.46
2.88

82, pp. 119,148
80, p. 910
80, p. 910; 82, pp. 119,1
85, pp. 15,95
80, p. 48; 85, pp. 30A, 106
79, p. 121; 81, p. 32
82, pp. 127,164; 83, p. 1

79, p. 121; 83, p. 105

81, pp. 121,148
85, pp. 13,91
81, p. 273

79, p. 854
79, p. 854; 85, pp. 9,91
83, p. 782

80, p. 572; 85, pp. 11,59

86, pp. 9,28
86, p. 8
79, p. 887; 83, p. 105

CeNi5

CeNiq
CeNi
Ce7Ni3

TaNi3
TaNi2
TaNi

Ta2Ni

3XNip

2X Nip

6XNip
1——Nip2

Cu5Ca

Cu2Mg
GrB
Th7Fe3

Cu3Ti
MoSi~

W6Fe7

CuA1q

2.44
2.45
2.55
2.65

2.60
2.59
2.46

2.49

2.44

2.45
2.81

2.67
2.63
2.49

4
1

1

2

79, p. 303

79, p. 303
85, pp. 26,109
79, p. 303; 85, pp. 26,108

79, p. 674; 85, pp. 29,127
81, p. 558; 85, pp. 29,69
81, p. 558

81, p. 558

AuNi
ThNig

ThNi
Th7Ni3
UNis

3XNig
2X Nip
Ni

solid solution Ni
Cu5Ca

FeB
Th7Fe3
BeqPd

2.72
2.46
2.45
2.69

2.40

-6
4
6
2
0
6

2.45
2.85

2.83 12

83, p. 438
79, p. 1049
85, pp. 11,59
91
80, p. 676, 85; pp. 17,135
85, pp. 13,107

La7Pd3, Ce7Pd3, and probably A13Pd where Table
VIII shows no nearest-neighbor Pd-Pd contacts but
the Pd d-band widths do vary widely. {V3Pd=4.4
eV, La7Pd3 ——2.3 eV, Ce7Pd3 ——2.4 eV, and A13Pd
=3.2 eV; see Tables IV and V.) Again this

behavior cannot be explained in terms of Pd-Pd
contacts.

When the above analysis is repeated for other Ni
and Pd alloys with the help of Tables VII and VIII
on crystal structures and Tables II—V on measured
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TABLE VIII. Structures and Pd-Pd distances in Pd alloys. (N.B.The positions of atoms in unit cells with free coordi-
nates are not always well defined; some of the interatomic distances given here were determined by analogy with more
completely characterized compounds of a similar structural type. )

Compound

Pd
AlioPd90
A1Pd HT

LT
A13Pd

Structure
type

Ai
Solution in Pd
FeSi
Rhombohedral
A13pd

rg Pd-Pd

2.75
2.75
2.99

2.92—3.02
?

CN

12
11
6
6

r2 Pd-Pd References

82, pp. 121,148
79, p. 125; 83, p. 380
81, p. 35; 85, pp. 29,12
81, p. 35; 85, pp. 15,12
80, p. 125; 84, pp. 6,705

Scpd
TiPd3
VPd
VPd2
VPd
V3Pd
NiPd
Ypd3
Y7Pd3

CsC1
Ni3Ti
TiA13
MoPt2
Cubic

Solid solution
Cu3Au

?

3.28
2.34?
2.72
2.64
3.83

2.64
2.88

?

0
6
8
0?

2.74
2.73
2.75

Random dist.

81, p. 608
82, p. 121; 85,
80, p. 740; 85,
82, p. 121; 81,
81, p. 614
80, p. 470; 83,
83, p. 782
86, pp. 9,34

pp. 38A, 170
pp. 26, 165
p. 614

p. 88

LaPd3
LaPd2
Lapd
La7Pd3
LaPdA1

Cu3Au
?

CrB
Th7Fe3
Unknown

3.00
?

2.68

86, pp. 9,34

86, pp. 9,29
86, p. 9

CePd3
Ce3Pd5
CePd
Ce7pd3
CePdA1

Cu3Au

CrB
Th7Fe3
Unknown

2.93
?

2.66

86, pp. 9,34

86, pp. 9,29
86, p. 9

PrPd3
NdPd3
SmPd3

TaPd3
TaPd2

Tapd

Cu3Au
Cu3Au
Cu3Au

TiA12

MoPt~

TiCu

2.93
2.92
2.91

2.74
2.70

2.62

2.78 4
2.82 or 2.90 4X

2

86, pp. 9,34
86, pp. 9,34
86, pp. 9,34

81, p. 609; 85, pp. 28,48
81, p. 609; 85, pp. 30A,77

81, p. 609

ThPd3
ThPd
Th2pd

ThpdAl
UPd3

TiNi3
FeB
CuA12

Fe~p
Ni3Ti

2.63
2.78
2.97

2.88

2.92

2.93

4 80, p. 736; 84, Vol. 13, p.417
81, p. 611; 83, p. 93
81, p. 611

85, pp. 21,782
82, p. 121; 85, pp. 19,249

d-band parameters, it becomes evident that a factor
other than the Ni-Ni or Pd-Pd contacts is impor-
tant in determining the d-band widths. We believe
this factor is hybridization (mixing) between the
levels of the Ni or Pd atoms and those of the neigh-

boring atoms.
We find the description in terms of hopping in-

tegrals, as used in tight-binding calculations, most

convenient to discuss the effects on bandwidths of
hybridization (mixing) of states and the interaction
between Ni or Pd atoms via the intermediate atoms.
If we use lMNi as an example, we can say that the
d-band width can arise from hopping of Ni elec-

trons between the Ni atoms, or between the Ni
atoms via the M atoms: these two effects are addi-
tive if not in a simple way. If the Ni-Ni distance is
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increased and the number of ¹iNi nearest neigh-
bors is decreased then the Ni-Ni hopping integrals
decrease, so that the Ni-M-Ni hopping becomes rel-

atively more important. The Ni-M-Ni hopping in-

tegral is large if the overlap of Ni and M wave
functions is large. Other things being equal, the

hopping leads to large bandwidths if there are large
numbers of states on the M site with energies simi-

lar to those on the Ni sites: For a given hopping in-

tegral the hybridization decreases with 4E ' where
hE is the separation of the levels.

Using these ideas we may now rationalize the ob-
servations that for a given stoichiometry in Ni al-

loys, the order of Ni d-band widths is approximate-

ly Ni&Cr& Ta& Ti&A1&Sc&Mg& Th&Ce-La.
(For Pd alloys the corresponding order of Pd d-

band widths was Pd& Ta-V&Zr&Al& Th& Y
-Ce-La. ) There is a correlation between the DOS
of the partner element (in eV ') in the region of the

Ni or Pd d bands and the Ni or Pd d-band widths.
Ce and La have narrow occupied bands only 1.5 —2
eV wide so that in the Ce and La alloys the Ni and
Pd bands are below the Ce and La bands. Th, Sc,
and Ti are intermediate cases as the Ni and Pd
bands overlap the bottom of the Th, Ti, and Sc
bands. Mg and Al have wide sp bands whose
DOS's at any one energy is not high (-0.3 electron
stateseV 'atom ' in both cases} and the d-band

widths are again intermediate in Ni-Pd or Mg-Al
alloys. The d bands of V, Ta, and Cr have -4—6 d
electrons, and with widths of about 5 eV they have
about 1 electron stateeV 'atom ' in the region of
the Ni or Pd d bands. Alloys of V, Cr, and Ta with

Ni or Pd have the largest Ni3d or Pd4d band-

widths of the alloys studied.
We believe that the results described in the

preceding paragraph give convincing evidence that
(a) Ni-M-Ni or Pd-M-Pd interactions give signifi-

cant contributions to the Ni3d or Pd4d band-
widths, and (b) the contribution of Ni-M-Ni or Pd-
M-Pd interactions to the bandwidths is larger when
the second element, M, has a large DOS at the ener-

gy of the Ni or Pd d states. We imply here that
when the element M has a large DOS at energy E,
then so does the atom M in the alloy with Ni or Pd.
This view is, in general, substantiated by the calcu-
lations.

We note also that the order of Ni or Pd d-band
widths in alloys Cr- Ta-V & Zr- Ti & Al & Sc
&Mg& Th& Y-Ce-La is very similar to the or-
der of electronegativities. ' ' Electronegativity is a
complicated quantity whose interpretation in solid-
state physics is not trivial. We thus suggest that

our observations on bandwidths and state density
may provide a more suitable starting point for the
analysis of the interactions between the atoms of the
alloys studied.

C. Bandwidth and structural stability

It is noteworthy that the 1:1 intermetallics have
simple structures when the contribution of the
neighboring atoms leads to large Ni or Pd d-band
widths, as in the case of ScNi, TiNi, A1Ni, or VPd.
The 1:1 intermetallics in which the bands of the
partner element only weakly overlap the Ni or Pd d
bands have more complicated structures, often of
boride or phosphide type. Further, the same ele-
ments whose 1:1 compounds have complicated
structures also form intermetallic Ni or Pd com-
pounds with complicated stoichiometrics and struc-
tures, e.g., the Th7Fe3-type compounds. The ex-

istence of such structures has in the past been corre-
lated with electron-atom ratios and atomic-size ra-
tios.~ ' ' These correlations have proved
useful, but we note that the Ni and Pd compounds
listed in Tables VII and VIII are normally isostruc-
tural despite the approximately 10% difference in
Ni and Pd atomic radii, and that structural types
usually exist over large ranges of atomic-size ratios.
The electron-atom ratios are, of course, the same in
Ni and Pd compounds of the same stoichiometry,
but they are also the same for TiNi and ThNi,
which have different crystal structures.

Our results indicate a correlation between the ex-
istence of complicated structures and the lack of
overlap in the energies of the Ni or Pd d bands with
the d bands of the partner element. Note also that
it is in similar situations that glassy-metal alloys
can be prepared (see, e.g. , Refs. 36—38}.

The complicated structures of glassy-metal alloys
and compounds like M7Pd3 or M7Ni3 bring some of
the atoms into extremely close contact, and keep
others further apart. We cannot yet say in what
way this may be linked to bandwidths. Neverthe-
less we speculate that the lack of overlap of the
bands in energy is a contributory cause of compli-
cated structures in intermetallic compounds. We
hope that this speculation may stimulate interest in
the problem and help in design of experiments.

D. Ni and Pd 1-band binding energies

The shifts of valence and core levels in XPS spec-
tra on alloying are similar (see, e.g., Refs. 33 and
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34). Table IX is a comparison of the shifts of the
Ni3d and Pd4d (VB) centroids with the Ni2p3/i
and Pd3ds~i core-level shifts from paper II. The
degree of agreement is remarkable considering the
experimental errors involved and suggests some

physical implications.
Johansson and Maitensson' have devised a sim-

ple Born-Haber scheme for interpreting the core-
level shifts between atoms and solid elements. The
scheme's principal assumption is that the valence-
electron distribution on the core-ionized atoms is
the same as that of an impurity atom with charge
Z+ 1 in a matrix of metal atoms with charge Z.

The scheme has been extended to alloys in Ref. 145
where the calculated shift of the A core levels in an
alloy AB„ is given as

bE„), =E(A;AB„)+E(A +1;A)
—E(A +1;AB„)+

Here E(A;AB„) is the heat of solution of atom A in
matrix AB„; A + l is the Z+ 1 element relative to
A. The first term can be regarded as the change in
the initial-state bonding properties while the second
pair of terms represent the changes in the screened
final state in the host A relative to that in the ma-

TABLE IX. Comparison of shifts in BE s of Ni and Pd core levels and VB centroids (in eV,
+ is a shift to higher BE).

Compound

MgNi2
Mg2Ni

AlNi3
AlNi
A13Nip

A13Ni

ScNi

TiNi
CrNi2

InNi

TaNi3
TaNi2
Ta2Ni

LaNi5
CeNi5
ThNig

LaNi
CeNi
ThNi

La7Ni3
Ce7Ni3
Th7Ni3

La3Ni

6 Ni2p3~z

0.15
0.0

—0.05
0.1

0.7
1.05

0.1

0.55
0.25

—0.05

0.05
0.5
0.6

—0.05
—0.1
—0.1

0.3

0.2'
0.3
0.3

0.05'
0.3
0.45

0.0'

b VB

0
—0.05

0.1

0.25
0.75
1.1

0.2

0.35
0.2

—0.35

0.0
0.6
0.7

0.1

—0.05
0.0

0.25

0.25
0.3
0.45

0.4
0.5
0.6

0.4

Compound

AlPd
A13Pd

ScPd

TiPd3

VPd3
VPd2
Vpd
V3Pd
YPd3
Y7Pd3

NbPd2

TaPd3
TaPd2
TaPd

LaPd3
CePd3
PrPd3
NdPd3
SmPd3

LaPd2
Ce3Pd5

LaPd
CePd
Thpd
LaqPd3
Ce7Pd3
Th2Pd
LaPdAl
CePdA1
ThpdAl

6 Pd3dsg2

1.85
2.5

1.15

0.6

0.4
0.9
0.9
1.3
0.35
1.55

0.6

0.8
1.1
1.3

0.55
0.6
0.35
0.5
0.6

0.9
1.05

1.2
1.0
1.4
1.35
1.4
1.5
1.4
1.35
1.55

6 VB

1.8
2.5

1.3

0.5

0.5
1.0
1.3
1.6
0.3
1.5

0.7

0.8
1.3
1.5

0.2
0.8
0.5
0.5
0.5

1.0
1.0

1.2
1.0
1.6
1.2
1.4
1.7
1.5
1.5
1.7

'4 2p&q~ binding energy.
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trix AB„.' ' A quantitative analysis of these
terms was possible for dilute alloys in Ref. 145 and

showed the first and third terms to be largest, and

to partially cancel in many alloys. The middle term

of Eq. (1) was always quite small (+—200 meV).

The difference between the first and third terms

of Eq. (1) is large if element A and A + 1 have very

different metallurgical properties. In nondilute al-

loys the third term cannot be evaluated accurately

as it involves a ternary alloy, ' but we can make a
reasonable estimate if we consider it to be a weight-

ed average of the energies E(A + 1;A) and

E(A + I;8). Let us consider the V-Pd alloys as an

example. In the case of Pd, the Z+ 1 element is

Ag. The alloying properties of Pd and Ag are very

different. s Pd has quite a strong affinity for V,
but Ag and V are immiscible, indicating an endo-

thermic heat of solution of Ag in V and an endo-

thermic contribution to E (A + 1;AB„). However,

the first term in Eq. (1), E(V;VPd„), is significantly

exothermic, so that the first and third terms do not

cancel and large core-level shifts are observed.

The shifts of the valence levels also contain

initial-state, or bonding, contributions. However,

there are the additional effects of distortion of the

bands due to correlation' ' and matrix-element

effects. ' ' ' The minimum statement that can be

inade on the basis of the similarity of core- and

valence-level shifts in Table IX is that the differ-

ences in relaxation effects between core and valence

electrons are nearly balanced by differences in

initial-state, correlation, and matrix-element effects.
Such a coincidental balance is unlikely unless the

last three effects are small (say less than 200 meV).

We thus believe the last three effects can be neglect-

ed here and that rdaxation effects are quite similar

for core electrons and the Ni3d or Pd4d valence

electrons in Ni and Pd alloys. This may be at first

sight surprising because the screening of the core
holes in Ni is thought to be done largely by the 3d
electrons. ' ' In the Ni or Pd alloys where the d
bands are often full, d electrons can still screen a
core hole if the percentage of Ni or Pd d character
on the core-ionized site is increased. For example if
the d count on an Ni atom with "full" Ni d band is

decreased from 10 to -9 by hybridization in the in-

itial state, then in the lowest-energy core hole,
final-state screening effects increase the d count to
nearly 10 (see paper II). The implication of the ob-

servation that screening or relaxation effects are
similar for core and valence ionization in these al-

loys is that the final-state valence-band hole is (par-

tially) localized, and similar to a core hole in its ef-

fects. The change in potential at the ionized site

caused by this partially localized hole then increases

the proportion of d character in the wave functions

of the other electrons on the ionized site. A similar

screening process has also been suggested to explain

the 0KLL Auger spectra from oxides. '

E. Comparison between theory and experiment

As mentioned throughout Sec. IV, the agreement

between experiment and theory was not perfect. In
general the calculated Ni or Pd d bands were nar-

rower and their positions were not in good agree-

ment with experiment. %e now discuss whether the
discrepancies can be attributed to known effects,
such as those arising from the fact that in XPS one

does not measure the eigenvalues calculated, or if
other explanations must be sought.

The calculated widths include the contribution of
the instrumental resolution, but not lifetime

broadening due to decay of the hole in the VB holes

created by photoemission. This decay leads to
Lorentzian broadening of the spectrum, which is

characterized by long tails. Such effects are certain-

ly present in the experimental spectra, but there is

also distinct broadening of the whole bands which

often have a more rectangular shape than Lorentzi-
an effects can explain. Good examples of these

shapes are in Fig. 6 for InNi, ScNi, and TiNi. The
comparisons made in these figures are between cal-

culated one-electron DOS curves and energy distri-

butions of excited states. These are not the same.
Self-energy corrections to the XPS spectrum of Ni,
for example, are known to remove intensity from

the band into a satellite -6 eV below EF. Be-
cause relatively more intensity is moved from the
bottom of the band into the satellite, the XPS spec-

tra underestimate the DOS at the bottom of the
band and the intensity tails off. This decreases the
experimental widths of the band. Such effects may
also be present in Pd (Ref. 18) and VPdi or TiPd&,

but we usually observe the opposite effect, namely

XPS peaks that are broader than the calculation.
We can offer no satisfactory explanation for this ef-

fect.
A second problem arises with the measured and

calculated d-band binding energies. Comparison of
individual peaks is unreliable because of overlap of
the peaks and the absence of multiple peaks in the
XPS VB spectra due to the general broadening of
the spectra. %e thus compare the binding energies
of the d-band centroids from XPS with the cen-
troids of the calculated Ni and Pd d bands. In
determining the centroids of the calculated d bands
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we ignore the contribution of the "tails" to lower
BE and the unoccupied Ni or Pd d character. The
results are collected in Table X together with some
results from the literature. The calculated d bands
are, in general, deeper than found in experiment
which contrasts with the results for Cu, Zn, Ga, etc.
In those elements the d-level positions calculated
are shallower than experiment and the discrepancy
normally increases with increasing localization of
the d levels. This is well known as a characteristic
of local-density approximation. ' In Ni itself this
effect has been explained by correlation effects and
the transfer of intensity from the bottom of the d
bands to the 6-eV satellite. There is evidence
against the general validity of this explanation for
all the discrepancies found here. The "self-energy"
explanation results in shifts of intensity into the sa-
tellite. If it were true here then the shifts should be-

come systematically smaller in alloys with electro-
positive metals where the satellite is weaker. This is
not the case. Although some isolated results, such
as those for Al-Ni alloys, are in approximate agree-
ment with this trend, others such as VPd and VPd3
are not.

We suggest here a new line of investigation of
this problem. Liebsch' showed figures of the spec-
tral function due to a single-particle eigenvalue in
Ni with a peak shifted to lower BE and a satellite to
the high-BE side of the eigenvalue. This is another
description of the effect of the nonlocal correction
to the exchange-correlation term in the density-
functional formalism. This correction, which is
needed to calculate a true excitation spectrum, in-

creases with the effective intra-atomic correlation
energy, U. In general U is a function of the orbital

and the atoms, so that the nonlocal correction to the
eigenvalues needed to get an excitation spectrum is
also a function of the orbital and the atom. Our
suggestion is to use techniques like x-ray emission
or photoemission in Fano resonance (see, e.g. , Refs.
149 and 150) to enhance the contribution to the dif-
ferent contributions from electrons in different
states and compare these to the calculated DOS's of
different states. If the disagreement is the same for
the different states then its origin may not be these
nonlocal corrections. ' '

We have made some preliminary attempt at this
sort of experiment in this paper, for instance for
Al-Pd alloys in Fig. 13. It is well known (see, e.g.,
Refs. 33, 34, 119, and 120) that a d band or reso-
nance, such as Pd d, in an s band such as the Al s in
A1Pd, causes the s-state density to pile up and peak
just below the d band. The energies of the two
peaks (Al s and Pd d) are thus closely linked, before
the nonlocal corrections are made. In A1Pd and
A13Pd the differences between theory and experi-
ment were the same for the Al s states, studied by
x-ray emission and the Pd d states studied by XPS.
This suggests that nonlocal corrections do not cause
the discrepancies and one may have to look for oth-
er effects. A full investigation should include varia-
tions of matrix elements and lifetime broadening
through the bands, which are beyond the scope of
this report. For this reason our conclusion remains
tentative, but the differences deserve more attention.
Note also that the observed shifts between theory
and experiment are not so large that we must reject
conclusions on the trends in hybridization, mixing,
and charge transfer.

To summarize this section we may say that typi-

TABLE X. Comparison of calculated and experimental centroid positions (C) for the main (occupied) Ni and Pd d
band peaks in Ni and Pd alloys (all values in eV).

Material

Ni
A1Ni3
A1Ni

A13Ni

A197Ni3

ScNi
TiNi
InNi
NbNi

Expt.

1.4
1.5
1.65
2.5
2.4
1.6
1.75
1.35
1.2

Theor.

19'
2.0
2.5
2.6
18c
2.0
2.8
1.55
2.5d

Expt. —Theor.

—0.5
—0.5
—0.85
—0.1
—0.6
—0.4
—1.0
—0.2
—1.3

Material

Alpd
A13Pd
ScPd
TiPd3
Vpd3
Vpd
V3Pd
YPd3
Zr3Pd

Expt.

4.1

4.8
3.6
2.8
2.8
3.3
3.6
2.6
37d

C
Theor.

4.6
4.1

3.9
3.4
3.6
44
4.2
2.6
39

Expt. —Theor.

—0.5
0.7

—0.3
—0.6
—0.8
—1.1
—0.6

0.0
—0.2

'Reference 77.
Reference 163.

'Reference 76.
Reference 39. Experimental results here are from glassy alloys.
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cal discrepancies between the d-band positions cal-
culated and found experimentally by XPS are up to
1 eV in Ni and Pd alloys. It is unlikely that all the
errors can be attributed to the fact that we calculate
eigenvalues but measure ionization energies. We be-
lieve that one should consider more fundamental
sources for the discrepancies. In this connection it
should be noted that all computational methods
have difficulty in calculating the energy required to
transfer electrons between orbitals of different sym-
metries (see, e.g., Refs. 152 and 153). This is espe-

cially relevant in the alloys studied here, where the
Fermi level is often in a region of largely sp-band
character but peaks measured have largely d-band
character.

F. d-band populations and a general model
for Ni- and Pd-alloy electronic structure

In Sec. VC it was concluded that the Ni and Pd
bands shift to higher BE's with respect to EF in al-
loys with electropositive metals. In Sec. V B it was
shown that the Ni and Pd d bands tend to narrow in

alloys with electropositive elements. The combined
effect is that the bands are being filled and the den-

sity of Ni or Pd states at EF is dropping in such al-

loys. These observations explain the drop in elec-
tronic specific heats as well as the disappearance of
magnetism in numerous such alloys, as discussed
for specific cases in Sec. V.

In discussing our view of the d-band populations
in Ni or Pd and their alloys we must constantly
make the distinction between the number of elec-
trons in the Ni or Pd d bands, and the number of Ni
or Pd electrons on the Ni or Pd sites. For instance,
Nj has 9.4 electrons jn the d band. ' The "d"
states are hybrids, however, with a small amount of
4s character so that there are only approximately
8.8 Ni d electrons. Alternatively we can say that
the "d count" is 8.8.

We present our model of the electronic structure
of alloys with electropositive metals schematically
in Fig. 21. As a starting point we emphasize that
the s, p, or d bands are in general not pure. The so-
called Ni (or Pd) d bands which dominate the XPS
spectra in most alloy studies, are mixed with some s
character, which makes up about 10%%uo of the total.
Ni itself thus has 0.6 unoccupied states per atom in
the Ni 3d band and there is some d character in oth-
er unoccupied bands. In all the Ni and Pd alloys
the effective widths of the d bands decrease. This is
especially noticeable in alloys with the electroposi-
tive metals. With introduction of electropositive
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FIG 21 Schematic model of the Ni d state density
in Ni and Ni alloys such as Sc-Ni. A similar model
could be applied to Pd and Pd alloys. For further dis-
cussion see text.

metals the Ni or Pd d bands become filled, as
shown in the lower part of Fig. 21. The Ni or Pd
bands still contain some non-d character, as shown

by our calculations. As described in Sec. II, we are
unwilling to rely heavily on population analysis
with the linear combination of atomic orbitals basis
of our calculations for exact quantitative estimates
of the amount of non-Ni d or non-Pd d character,
primarily because of ambiguities arising from defi-
nition of the atomic boundaries. Nevertheless we
do see from our calculations that the alloys retain
some Ni or Pd d character in the unoccupied states,
and that the total charge transfer to d orbitals at the
Ni or Pd sites must be less than 0.4 electrons per
site. The distribution of this unoccupied d charac-
ter is very different from that in pure Ni. That its
density at EF is very low in alloys with electroposi-
tive metals is indicated by the experimental spectra,
as well as by the calculations.

The changes in distribution of the occupied-d-
state density have been extensively studied here by
XPS. The changes in distribution of unoccupied

states which are hypothesized on the basis of the

XPS results and calculations will have several

measurable characteristics which could be used to
test the hypothesis.

(1) The valence- and core-level satellites in PS
spectra will have different intensities. As shown in
this paper, the decrease in VB satellite intensity in
the alloys with electropositive metals is readily ob-
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servable, but not easily quantifiable because of over-

lap with the one-particle part of the VB. Paper II
describes the decrease in satellite intensity in core
levels.

(2) Spectroscopies of the unoccupied states, such
as bremsstrahlung isochromat spectroscopy, should
show changes in the distribution of unoccupied Ni
or Pd d states. Isolated cases of such behavior are
known' although they have not always been inter-
preted in terms of models like ours.

(3) Pano-resonance photoemission studies of the
Ni valence states and satellites should show broader,
weaker resonances. This is because the main chan-
nel in Fano resonance involves excitation from a
core level to unoccupied Ni d states. In Ni itself
most of the unoccupied d-state density is concen-
trated in a narrow region near EF, leading to reso-
nances whose width is largely determined by the
core-level width. In the alloys studied here the
unoccupied Ni d-state density is spread out, which
should cause extra broadening of the resonance, and
possibly weaken the resonance. It seems unrealistic
to believe that the Ni d-state density could be
spread out in states of predominantly "partner-
element" character without changes in the values of
the Fano line shapes.

(4) The Ni d character in Ni alloys with electro-
positive elements cannot lead to ferromagnetic
behavior within the Stoner theory' because the
DOS at the Fermi level is small. It is possible that
such magnetism could result from the Ni d states in
the newer covalent theory of magnetism' which
only requires unoccupied-d character.

The diagram in Fig. 21 can be used to collate a
very large amount of data besides the XPS spectra
of Ni or Pd alloys with early transition metals.
Similar trends are observed in spectra of Pt al-
loys' ' and also in some Co alloys. ' The idea
that the Ni or Pd band fills via admixture of char-
acter from the partner-atom wave functions ex-
plains equally well the observed changes in specific
heat when electropositive metals are added to Ni or
Pd (see, e.g., Refs. 61, 116, 124, and 125). It is also
compatible with the drop in magnetic susceptibility
in Pd and in the number of spins in Ni (Refs.
159—161) when small amounts of electropositive
elements such as Al, Ti, or V are added to the pure
metals. '

In the Ni or Pd alloys with sp metals studied here
(Mg-Ni, A1-Ni, In-Ni, A1-Pd) or elsewhere [e.g., Mg-
Pd (Ref. 24) or 2.8% Ni in Al (Ref. 163)] the Ni or
Pd d bands behave in much the same way as in al-
loys with early transition metals or rare earths. The

Ni or Pd d bands become filled, are shifted from
EF, and are much narrower than in pure Ni. The
only change in Fig. 21 required for the Ni or Pd sp
metal alloys is a decrease in the total density of
unoccupied states above EF.

As the electronegativity difference between Ni
and the partner element is decreased, the energy
difference between the "effective atomic d levels"'
decreases and it is necessary to introduce extra fac-
tors in order to explain the observations. In inter-
mediate cases the Ni and partner-element bands
tend to become less separated and more strongly
mixed, as in Ni-Cr (Fig. 6) or Ni-Fe (Ref. 166) al-

loys and the alloys have a larger tendency to disor-
der. Figure 22 illustrates the typical VB's of
such alloys where the Ni and partner bands are so
strongly mixed one can not speak of a separate Ni
band that is pushed below EF. This is seen in the
XPS results as well as the specific-heat and magnet-
ic susceptibility results of these alloys. "

We complete the scheme with noble-metal alloys.
In Ni-Cu (Fig. 8, Refs. 104 and 105), Ni-Au (Fig. 8,
Refs. 163 and 166), and Pd-Ag (Refs. 168 and 169)
alloys, the effective atomic d levels have crossed so
that the Ni or Pd bands lie in the sp bands above the
noble-metal d bands. At low Ni or Pd concentra-
tions in Au or Ag, respectively, the Ni or Pd d
bands are narrow, ' ' ' and there may be a low

density of d states at Ez in Pd-Ag. At higher Ni or
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Pd concentrations the d bands broaden, principally
because of Ni-Ni and Pd-Pd interaction, and the
density of d states at Ez increases (see Fig. 8, Refs.
168 and 169). In Ni-Cu alloys this broadening
causes the Ni and Cu d bands to overlap and leads
to more effective mixing of the d levels. '

VI. CONCLUDING REMARKS

One of our hopes for this work is that it will help
provide a basis for theoretical studies of alloy stabil-

ity and structure. The heats of formation of binary
intermetallic compounds may be as large as 1 eV,
but this is still small compared to the total energy
of the system. As the energy differences that stabi-
lize a given structure type or lead to instability of a
given phase with respect to disproportionation reac-
tions are even smaller, an ab initio approach to their
calculation is not always feasible. This leads to an
interest in model calculations that only include the
salient features of the VB structure. We believe
that a sound and extensive basis of experimental
data, as given here, is necessary to decide what are
the salient features and help choose the most ap-
propriate models.

For us one of the most satisfying aspects of this
work was the emergence of trends in the electronic
structure of Ni and Pd alloys with changing
stoichiometry and partner element, and the correla-
tion of such trends with known magnetic suscepti-
bility and electronic specific-heat data. The advan-

tage of XPS and calculations over the last two
methods is that they give information on the whole
occupied bands and not just a small portion at EF.
This makes it easier to detect and understand the
trends in behavior.

In alloys with electropositive metals the Ni or Pd
d bands are filled and moved away from EF by in-

creasing the concentration of the electropositive ele-
ment. Mixing of the levels derived from the Ni or
Pd and the electropositive metal is more important
for this filling than charge transfer. As the elec-
tronegativity difference between the elements is de-

creased there is greater overlap in the band energies
of the Ni or Pd and second metal so that it is more
appropriate to speak of a common band. In such
cases the relative weights of the Ni or Pd d charac-
ter and second-metal character vary throughout the
band. Furthermore, in these cases there is no sharp
division between regions of Ni or Pd and second-
metal character and no pronounced minima be-
tween two such regions. This explains why the
characteristics of band filling, such as decreased

electronic specific heat, are not observed in Ni or
Pd alloys with late transition metals.

The widths of the Ni and Pd d bands decrease on
dilution in electropositive metals, but the decrease is
different for different metals. These decreases in
width are never as strong as predicted on the basis
of changes in direct Ni-Ni or Pd-Pd interactions.
For a given stoichiometry, the measured widths of
the Ni or Pd bands in alloys increase with the over-

lap in the energies of the bands of the pure metals.
This effect is more important in alloys with other
transition metals than in alloys with sp metals like

Mg or Al.
We have found some significant differences be-

tween calculated DOS's and observed spectra. Not
all of these are readily explained by the known ef-
fects of nonlocal corrections to the exchange-
correlation term in the density-functional formal-
ism. Further work is required to determine whether
there is a new and fundamental effect causing these
discrepancies.
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APPENDIX: DERIVATION OF VS WIDTHS
AND CENTROIDS

In this work the widths and centroids of the Ni
and Pd d bands are of interest. In the photoelectron
spectra these bands overlap with the emission from
other bands. Interpretation is also complicated by
the tail at high BE due to the d satellite and the
many-elecfron processes i —ts, i35, i36 In addition the
bands have broad tails due to lifetime broadening
and instruinental broadening. In view of these ef-
fects all methods of extracting bandwidths and cen-
troids have some limitation. Indeed it is more sen-
sible for most purposes to define an "effective
width" which cuts off the tails with, say, 5% of the
intensity as this portion of the band determines
most of the physical properties of the alloys. Here
we give a synopsis of the methods used for fixing
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the width and centroid positions.
The methods used to estimate the illustrated

background are in Fig. 23. In the presence of a
strong satellite we extrapolate a background from
below the satellite, as in Fig. 23(d). In the absence of
strong satellites a baseline tangential to the base on
either side of the peak was drawn, as in Figs.
23(a) —23(c). In the case of alloys with elements
such as La, the non-Ni or -Pd contribution to the
observed spectra is concentrated near EF. In such
alloys we assumed the contribution from the non-Ni
or -Pd to have the same width as in the pure ele-
ment, and subtracted the contribution as shown in
Fig. 23(c). In alloys of elements with broad bands,
such as A13-Ni or A13-Pd, the Ni-Pd d levels sit on
the broad (-10-eV) Al band, and we have extrapo-
lated a background as in Fig. 23(a). The centroid
was then calculated from the area left after back-
ground subtraction. In cases where the choice of
background subtraction was ambiguous, choosing

different methods made a difference of typically 0.2
eV.

In order to estimate the width of the Ni and Pd
bands when they were clearly not cut by the Fermi
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FIG. 23. Schematic diagram of the extraction of d-
band widths in Ni and Pd alloys.

level we extrapolated the line of greatest slopy on ei-

ther side of the peak down to the baseline. This
procedure certainly overestimates the width by an
uncertain amount. In the cases were the d bands
cut the Fermi level we took the Fermi level as the
top of the occupied band.
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