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Our measurements of the Ni 2p core levels in about 30 alloys show a dependence of the
satellite on the chemical environment, which for a given stoichiometry correlates with the
electronegativity of the partner. In no case was a complete disappearance of the satellite
observed, which is interpreted as evidence for d character in unoccupied states. The gen-
eral view developed in the preceding paper, that despite the band filling there is no large
charge transfer in Ni intermetallic compounds, is confirmed by these observations. The
band filling is a result of the mixing of wave functions which are centered on different sites.
Studies of the satellite intensity as a function of stoichiometry in alloys with electropositive
metals show the satellite to weaken as long as the band is being filled, and then to reach an
almost constant intensity at some partner-element concentration. It is not possible to ex-
tract similar information from the spectra of Pd compounds because the satellites are

weaker and partially obscured by inelastic losses.

I. INTRODUCTION

The preceding paper,’ hereafter referred to as pa-
per I, discussed the x-ray photoelectron (XPS)
valence-band spectra of about 60 Ni and Pd alloys.
Evidence in that paper indicated that the Ni and Pd
d bands were more full in alloys with electropositive
elements. It was argued that information on
charge-transfer effects was not directly available
from valence-band spectra, but the calculations in-
dicated that the charge transfer was not large. The
purpose of this paper is to discuss the possibility
that such information can, in principle, be obtained
from XPS core-level line shapes, particularly for Ni
alloys, and to present a data basis for such work.
We will discuss the origin of core-level satellites in
Ni and Pd alloys and show a strong dependence on
chemical environment, whereby trends in intensity
and position parallel some trends in simple parame-
ters, such as partner electronegativity. The concept
of band filling will give the basis for the discussion
of the role of the satellite.

Satellites and peak asymmetry arise in core-level
XPS spectra because the potential felt by the
valence electrons in the final state is not the same as
that in the initial state. This change in potential
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changes the wave functions in the final states so
that transitions from the initial state ¥ to more
than one final state W7 are allowed with a probabili-
ty p given by?~°

p= (¥} |¥;)|2. (1)

Evaluation of the matrix elements and W7 in (1) is
not a trivial problem, but the studies of Ni (Refs.
7—15) allow us to give a simple picture of the phys-
ics behind the satellites. Figure 1 gives a simplified
scheme for interpretation of the Ni spectra. In this
scheme the ground-state configuration of Ni is writ-
ten as a linear combination of atomlike Ni d° and
Ni d'° wave functions,

¥ =a®(d®)+bd(d"0) . )

The ®(d™ include the appropriate s electrons and
must be nearly degenerate in the ground state of the
solid because with 9.4 electrons in the Ni d
band!®~!° both configurations contribute to the
ground state. In the presence of a core hole the two
configurations are no longer degenerate so that two
peaks are observed in the spectrum about 6 eV
apart, as shown in Fig. 1.

A scheme as simple as that in Fig. 1 generates the
hope that one may use the Ni-satellite intensities as

2179 ©1983 The American Physical Society



2180 F. ULRICH HILLEBRECHT et al. 27

CORE PHOTOIONIZATION IN Ni (or Pd,Pt)

INITIAL STATE dS9 «——> d0

FINAL STATES d9 d'0

SN
W L 2P3p
A .‘-\
860 855 850
BE (V)

Decreased Screening

FIG. 1. Schematic diagram of interpretation of
Ni2ps3,, XPS spectrum. The 2p°3d® final state has mul-
tiplet splitting.

a measure of the number of holes in the d band'’
because, other things being equal, the satellite inten-
sity would increase as the weight of the d° configu-
ration in the ground state increases. However,
several complexities must be treated before this
hope can be realized. The labels d° and d'° used in
Eq. (2) neglect hybridization effects which reduce
the d count in Ni to 8.8 electrons per atom and
should be included in a description of the ®;(d").23
In a scheme like the one outlined here one should
also consider configuration interaction in the final
states

Y (d")=a®/(d’)+bDs(d"°) .

A clue to the degree of hybrization in the final
states is available if we say that the change in po-
tential of the valence electrons due to a deep core
hole in element Z is similar to that due to an extra
nuclear charge. In this “Z + 1 approximation”20—2?
the core-ionized Ni atom looks like a Cu atom, and
in Cu hybridization between s and d bands reduces
the d count from 10 to approximately 9.6.2° It can
be seen from these arguments that hybridization
severely affects quantitative interpretation of the
core-level spectra of Ni and its compounds.
Nevertheless despite the approximations involved,
the labels attached to the features in Fig. 1 can be
justified. For instance multiplet structure has been
observed in core-level XPS satellites arising from
the interaction of the core holes with the local 3d°

configuration.!32423

Because of the complications involved, the above
scheme is at present more suitable for qualitative
explanation of the spectra than quantitative treat-
ment of the influence of the number of d holes.
There are other schemes tied more or less to the
concept of a screening orbital.'>26=3 In a metal a
core hole is screened by an increased concentration
of valence electrons near the core hole. In metals
such as Ni or rare earths the energetically most
favorable distribution of this screening charge cor-
responds to an almost atomlike orbital. In many
descriptions?®~3° the screening orbital is considered
to be centered above the Fermi level in the initial
state, and to be pulled below Er in the final state.
The probability of occupation of the screening orbi-
tal depends on its coupling to the rest of the valence
electrons and its degree of occupation in the initial
and final states. If the screening orbital is strongly
localized, and its occupation in the initial state is
low then the probability of its occupation in the fi-
nal state is low and the screening cloud will have a
radial distribution more like that of the other
valence electrons. In the case of Ni2p ionization
this would correspond to a 2p>3d° final state, where
the 4s electrons take over the role of screening. Ex-
citation may also take place to other final states
where the screening cloud is still further from the
core hole. Excitations to these more energetic final
states contribute to the high-binding-energy (BE)
tail of the peaks.

Not all of the screening schemes are appropriate
for treating the dynamics of photoemission from Ni
and the observed line shapes. In Ni the so-called
screening orbital has no existence as a single orbital
in the ground state, but is spread throughout the
unoccupied bands. The original Toyozawa and Ko-
tani’*?’ and Schénhammer and Gunnarsson®®?
schemes apparently do not take the band character
of the ground state sufficiently into account to treat
core-level line shapes and the dynamics of photo-
emission from Ni. (We are not implying they are
poor models: they were designed for different sys-
tems.) These models predict that the probability of
screening orbital occupation in the final state de-
pends on its position in the initial state. If the ini-
tial state position is closer to Er then the probabili-
ty of its occupation is higher and most of the XPS
intensity is found in the “well-screened” peak at low
BE. This clearly does not fit the case of Ni where
there is a high density of unoccupied states just
above E leading to intense satellites.

Kotani’s calculations®’ included the influence of
hybridization between the band of screening orbitals
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and the other bands of the system. That calculation
(Fig. 5 in Ref. 27) showed that as the width of the
hybridized “screening orbital” was increased the sa-
tellite intensity decreased.

The treatment of Penn®! for valence band and of
Tersoff, Falicov, and Penn’’ for core-level XPS is
apparently also appropriate for reproducing the
behavior found in experiment. They use a f-matrix
approximation to calculate the scattering of the
valence electrons from the potential of a valence
band (VB) or core hole. In Ni there is a high densi-
ty of states (DOS) above Er so that there are many
final states into which the electrons can scatter. A
reduction of the DOS at E leads to weaker satel-
lites because there are fewer final states into which
the electrons can scatter. Furthermore it is con-
cluded that the contribution of empty sp bands to a
satellite is weak because a scattering of d electrons
into sp states has low probability.

We may summarize the lessons of the calcula-
tions on the distribution of intensity in the core-
level XPS spectra®”31=3 as follows. Unoccupied
Ni d character above Er in Ni and its compounds
can contribute to final states with a 3d hole at the
core-ionized site (d° final states). The intensity of
the satellite is determined by the weight of unoccu-
pied Ni3d character and by its position above Er.
Ni3d character far above Ep produces a smaller
contribution to the d° satellites than d character
just above Er. The model of Ni d character distri-
bution drawn in paper I emphasized that there were
~0.6 holes in the Ni d band just above Er, and ap-
proximately 0.6 3d holes per atom distributed in the
Ni sp bands at higher energy. Although no numeri-
cal calculations have been done, we will argue on
the basis of the present data, that the holes in the
Ni3d band give the dominant contribution to the
core-level satellite. However, in intermetallic alloys
with electropositive metals the Ni3d band is filled
and the contribution due to unoccupied Ni3d char-
acter in other bands becomes more important.

Pd is in the same group of the periodic system as
Ni, and also has a nearly filled d band. The average
number of electrons in the valence band is 9.6 elec-
trons per site.”> However, the 4d° satellite in Pd
and Pd alloys is weaker than in Ni and its alloys.
Furthermore, electron-energy-loss measurements re-
ported here reveal that in pure Pd and several of its
alloys there is a strong extrinsic loss occurring at
the same energy where in XPS the satellite appears.
This makes an analysis similar to Ni and Ni alloys
impossible.

Another aspect is the shape of the core lines. In
general the shape of a core line is asymmetric. This

is due to excitations of electron-hole pairs at the
Fermi edge.’®* Different degrees of asymmetry
can be understood very easily: The creation of an
electron-hole pair is more probable if there are more
occupied and unoccupied states close to the Fermi
level. The asymmetry therefore contains informa-
tion about the DOS close to Er. This can be corre-
lated with VB spectra. By comparing the asym-
metries of core lines from different components of
an alloy one can hope to be able to characterize the
nature of the states close to Ep.

A fact which makes the analysis of the line asym-
metry difficult if not impossible is that there may
be multiplet splitting. In Ni the fully screened final
state has a d'° configuration, therefore we do not
expect a multiplet splitting. The satellite corre-
sponds to a 2p>3d° configuration, which has a mul-
tiplet structure. Some of its components are very
close to the d!'®-emission line, which affects its
shape.!® For this reason we have not performed a
detailed line-shape analysis on the spectra presented
in this paper although we discuss qualitative trends.

The last parameters from core-level XPS which
might give information on the ground-state elec-
tronic structure are the core-level shifts and satellite
energies. In many compounds XPS core-level
chemical shifts can be related to the charge transfer
between the atoms.>*® However, in intermetallic
compounds, the charge transfer is smaller so the
contribution to the shifts from this source is small-
er. Also the core-level shifts seem to correlate
strongly with the thermodynamic contribution due
to dissolving a Z 41 atom in the host matrix?!*1:42
which introduces a new factor into the problem.
We will restrict ourselves here to details of the
core-level shifts relating to changes in the ground-
state d count in alloys.

II. EXPERIMENTAL

Sample preparation, characterization, crystal
structures, and details concerning the XPS measure-
ments have been described in Sec. III paper I. In
this paper we also present some electron-energy-loss
measurements (ELS), which were performed in the
XPS machine in the reflection mode. We used a
Vacuum Generators LEG 22 electron gun, and the
same analyzer as for XPS. The primary energy was
1500 eV. The angle between the incident electron
beam and the direction of detection was about 60°,
but we did not use specular geometry. The ELS
spectra were not strongly dependent on geometry as
long as no grazing angles were used. As for XPS
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measurements, the samples were cleaned by scrap-
ing with an aluminium oxide file. Contamination
was controlled by XPS before and after the ELS
measurements. It was not larger than that quoted
for our XPS results—up to 3 at. %—as the time re-
quired for one spectrum was at the most 1 h.

III. RESULTS AND INTERPRETATION
A. XPS and ELS on Pd alloys

For the discussion of core-level spectra which ex-
hibit satellites it is first of all important to establish
the nature of these satellites. Whereas in Ni it is
unambiguously proven that the satellite is intrin-
sic,?>*? we think the situation is not so clear in Pd.
Chandesris et al.* found a resonant enhancement
of the satellite at 53-eV photon energy, which sup-
ports an interpretation of the satellite as being—
maybe partially—intrinsic. However, energy-loss
measurements with 60-keV electrons in transmis-
sion® and with 0.2- to 0.8-keV electrons in reflec-
tion*® show a peak at 7.4-eV energy loss. The satel-
lite in XPS occurs at ~6.5 eV higher BE than the
main line, therefore it may be affected by an extrin-
sic loss at 7.4 eV. Martensson et al.*’ measured
Cu-Pd alloys and, because with the Cu2p;,, line
there was no satellite at the same energy as with the
Pd lines, they concluded that the Pd satellite was
largely intrinsic in those alloys. In the following we
will show that the extrinsic satellite contribution
varies between Pd and its alloys, and that it is not
always possible to ignore it as Martensson et al.
could for Cu-Pd alloys. For this purpose it is neces-
sary to discuss the significance of ELS spectra for
XPS measurements. In our ELS experiments, the
electrons reaching the detector had undergone a
nonspecular scattering of about 60°. This large-
angle scattering is mainly elastic. The angle associ-
ated with the inelastic scattering is small, because
the inelastic cross section decreases with the second
power of the scattering angle.*® The primary ener-
gy of the impinging electrons was 1500 eV, so that
the inelastic cross section is very similar to that for
photoelectrons from the Pd3d levels excited with
AlKa radiation. With the exception that in the
ELS measurement the electrons are passing the sur-
face twice the ELS curve should give a good indica-
tion of the extrinsic loss function relevant for pho-
toelectrons.

Figure 2 shows the ELS spectra obtained in the
reflection mode for Pd, V;Pd, LaPd;, and La,Pd;.
In Pd, we find a peak at 7.2-eV energy loss. The
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FIG. 2. Electron-energy-loss spectra obtained in the
reflection mode at 1500-eV primary energy for Pd and
three alloys, normalized to constant area of elastic peak
as shown for Pd. Instrumental effects broadened the
V;Pd spectrum.

features in the V;Pd spectrum are much less pro-
nounced; a very flat maximum occurs at 10.5+0.5
eV. At higher energy losses the spectrum is essen-
tially flat. The ELS spectrum for LaPd; has a max-
imum at 10.540.3 eV. In La,;Pd; we find a fairly
pronounced peak at 12.4 eV. We note that the four
ELS spectra shown in Fig. 2 are distinctly different.

To assess the influence of the extrinsic losses on
the XPS spectrum in the region of the satellites we
used the ELS spectra shown in Fig. 2 for back-
ground subtraction. We employed the following
procedure: We normalized the ELS spectrum so
that the area of the elastic peak was equal to the
area of the Pd 3d;,, line. To this curve we added a
second ELS curve shifted to lower kinetic energy by
5.3 eV, which is the spin-orbit splitting of the Pd 3d
lines, and multiplied by % to account for the lower
intensity of the Pd3d;,, line. The curve obtained
in this way represents the total extrinsic losses of
the Pd 3d doublet. To obtain the intrinsic satellites,
we subtracted this sum of two ELS spectra from the
XPS spectrum. The result for Pd, V;Pd, LaPd;,
and La;Pd; is shown in Fig. 3. Naturally, the in-
tensity of the satellite is reduced. In Pd the peak of
the 3d;/, satellite is shifted by 0.3 eV towards the
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FIG. 3. Experimental spectra of Pd3d doublets with
satellites (dotted lines) and satellite region after subtrac-
tion of extrinsic losses (solid lines) for Pd and three al-
loys. For clarity the main peaks of the alloys’ XPS spec-
tra are not shown. The subtraction is described in the
text. The two BE scales give the difference in BE with
respect to the 3d;,, and 3ds/, lines.

main line, so that after the subtraction we find an
intrinsic satellite separation of 5.8 eV as compared
to 6.1 eV from the uncorrected XPS spectrum. In
V3Pd the loss function is fairly flat and the position
of the satellite is not shifted by the subtraction. But
the steady rise of the loss function up to approxi-
mately 11 eV leads to a large reduction of intensity
about 10 eV below the 3ds, line and below.

A much more drastic example of distortion of the
spectra by extrinsic losses occurs in La-Pd alloys
(and also in alloys of Sc, Y, and the light rare earths
with Pd). In the XPS spectrum of La;Pd; there is a
peak at 12.9 eV below the 3ds,, line, and there is
also a steplike feature at 12.5 eV below the 3d;,,
line. After subtracting the extrinsic losses we find a
curve much more similar to Pd, where the peak at
13.5 eV below the 3d5/, line now can unambiguous-
ly be assigned to an 8.2-eV satellite of the 3d;,,
line. The 3ds,, satellite is—as in Pd—under the
3d3;, main line. The similarity of the corrected
XPS spectrum from La;Pd; to the Pd XPS spec-
trum, and the satellite separation of 8.2 eV gives us

confidence in the background subtracting procedure
we used, because a satellite shift of 6 eV and an in-
tensity as high as in the uncorrected XPS spectrum
would have been in strong contrast to our results on
Ni alloys described in Sec. IV B.

The evidence presented here shows that the ex-
traction of information on intrinsic Pd XPS satel-
lites is complicated by two factors. Firstly, there is
the overlap of the 3ds,, satellite with the 3d;,,
main line; secondly, the extrinsic losses contribute
appreciably to the satellite and have to be removed
from experimental XPS spectra. The overlap can
be avoided by using a different core level, e.g., the
3p3,, line, at the cost of an extra 2-eV width of the
primary line. But in contrast to Ni, the intrinsic
part in Pd alloys is not the predominant contribu-
tion to the satellite compared to the extrinsic part.
We did not think it justified to measure the loss
spectrum for each alloy in order to determing satel-
lite characteristics because the uncertainties in-
volved are nearly as large as the rather weak satel-
lites. We would only like to state qualitatively that
in cases where the loss spectrum does not have any
pronounced influence on satellite position, shape,
and intensity, like the V-Pd alloy series, the effect
caused by alloying is qualitatively similar to what
we observe in Ni. The satellite intensity decreases
and its separation from the main line increases with
increasing dilution of Pd in electropositive elements
until at some partner element concentration a sa-
turation is reached.

The Z +1 approximation for the treatment of
final-state effects has been applied successfully to
dilute alloys.*""*? For a dilute alloy of an element Z
in a host A one expects to find a large chemical
shift of the levels of the Z element if the heats of
solution of the Z and the Z +1 elements in 4 are
very different. For nondilute alloys the argument
should still be roughly valid, if the ternary term
E(Z +1;AB), which describes the energy of solu-
tion of a Z +1 atom in an 4, B,_, alloy, is replaced
by the weighted average xE(Z+1;4)
+(1—=x)(Z +1;B) of the energies of solution of a
Z +1 atom in the two components of the alloy.
Tables I and II give the BE’s of Pd core levels in Pd
alloys, including the chemical shift averaged over
the 3d levels. As an example to illustrate the
predicted behavior we mention the Al-Pd alloys.
According to Miedema et al.* the heat of forma-
tion for AIPd is AH = — 84 kJ/moleatom, whereas
for AlAg, AH =—10 kJ/moleatom. There is a
large difference between these two heats of forma-

tion, and also the chemical shift of the Pd core lev-
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TABLE 1. BE’s of Pd 3ds,,, 3d3/,, and 3p;, levels and satellities in Pd intermetallic compounds (in eV).

BE? BE? BE? Chemical®

3ds, AE" 3dsp AE," 3p3p AE" shift
Pd 335.20 e 340.45 6.1+0.4 532.3+0.2 6.1+0.4
AlyPdg 335.45 e 340.75 6.3+0.5 532.540.2 6.3+0.5 0.3
AlPd 337.05¢ e 342.35¢ e 533.9+0.3 e 1.9
Al;Pd 337.70 e 342.90 e 534.6+0.3 e 2.5
ScPd 336.35 8.4+0.9 341.65 9.2+0.6 533.3+0.3 9.9+0.5 1.2
TiPd; 335.80 8.1+1.0 341.05 7.7+0.4 532.84+0.2 f 0.6
VPd, 335.60 e 340.90 7.24+0.4 532.6+0.3 7.44+0.4 0.4
VPd, 336.10 e 341.40 7.44+0.4 533.2+0.3 7.3+0.4 0.9
VPd 336.10 e 341.40 7.9+0.4 533.0+0.3 7.8+0.4 0.9
V;3;Pd 336.50 [ 341.75 8.1+0.4 533.4+0.4 8.7+0.5 1.3
NiPd 335.65 e 340.90 6.74+0.4 532.6+0.3 f 0.5
NbPd, 336.10 8.1+0.8 341.40 7.940.6 533.0+0.3 8.2+0.5 0.9
TaPd; 336.00 8.5+0.8 341.30 8.0+0.6 533.0+0.3 8.1+0.5 0.8
TaPd, 336.30 8.3+0.6 341.60 8.2+0.5 533.3+0.3 8.1+0.5 1.1
TaPd 336.50 8.5+0.7 341.80 8.1+0.5 533.4+0.3 9.4+0.7 1.3

#Uncertainty +0.2 eV unless otherwise stated.

YBE difference between main line and satellite; satellite has larger BE. Values taken from XPS spectra not corrected for
extrinsic losses.

°BE (intermetallic compound) —BE (Pd), averaged over 3d levels.

9Uncertainty +0.3 V.

‘Overlap with other peaks.

fNot measured.

els is quite large. A complete analysis of the chemi- :
cal shifts will be published separately.*° Al - Ni

B. Ni alloys

For the following presentation of our results on M/,I\../

determining satellite intensities or positions (or any
other property of the satellites). Data not illustrat-
ed are shown in Tables III—V.

The intense core-level satellites in Ni are con-
sidered to be intrinsic.’~!>4>* We performed ELS
measurements on some Ni alloys and found that

also in the alloys the extrinsic contribution to the 5 jn
satellite was negligible compared to the intrinsic "“““"‘W/ AN
contribution. This justifies our procedure for calcu- h
lating the satellite intensity from the experimental :
spectra (see appendix). The only exceptions from W ALN
this rule are Al and Mg alloys with high Al or Mg N3
concentrations. In Fig. 4 the Ni2p;,, photoemis- T T

Ni alloys we do not think it is necessary to show all i AN

experimental spectra. As the discussion of our re- l-' :

sults mainly concerns the satellites, we only select ! s

spectra which show certain effects important for _____,_/.‘\.‘,/ O !
i [N \A' NI3

NORMALIZED INTENSITY

. . . 10

sion spectra of Al-Ni alloys are shown. The main A BSE (eV) 0

line becomes less asymmetric as the Al concentra-

tion increases. At the same time the satellite FIG. 4. Ni2p;,, XPS spectra from Al-Ni alloys, nor-

separation increases, at least in the case of AINi, malized to constant height of main peak.
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TABLE II. Binding energies of Pd 3ds,,, 3d3,,, and 3p;, levels and satellites in Y, lanthanide, Th, and U intermetallic

compounds with Pd (in eV).

BE* BE? BE? Chemical®

3ds), AEq® 3dsp AE," 3p3p AE" shift
Pd 335.20 d 34045 6.1+0.4 532.3+0.2 6.1+0.4
YPd; 355.55 8.9+0.5 340.85 9.4+0.4 532.6+0.2 9.1+0.8 0.4
LaPd; 335.75 9.5+0.5 341.05 9.2+0.5 532.9+0.3 9.4+0.6 0.6
CePd; 335.85 9.240.5 341.15 9.240.5 532.84+0.3 9.4+0.6 0.7
PrPd; 335.70 9.24+0.5 341.00 9.2+0.5 532.640.3 e 0.5
NdPd, 335.80 9.0+0.5 341.05 9.44+0.5 532.9+0.3 e 0.6
SmPd, 335.80 9.3+0.5 341.10 9.1+0.5 532.8+0.3 e 0.6
ThPd, 336.25¢ d 341.60¢ e 533.0+0.4 f 1.0f
UPd; 336.30 341.60 9.0+0.6 533.0+0.4 f 1.1
LaPd, 336.10 e 341.35 e 533.1+0.3 10.3+0.5 0.9
Ce;Pds 335.25 e 341.55 e 533.3+0.3 10.0+0.6 1.1
LaPd 336.408 e 341.708 e 533.3+0.3 10.6+0.8 1.2
CePd 336.20 9.1+1.0 341.50 e 533.3+0.3 9.9+0.5 1.0
ThPd 336.60%¢ d f d 533.6+0.3 f 1.4
Y,Pd; 336.75 13.3+0.5 342.00 12.5+0.8 533.840.3 11.6+1.0 1.6
La,;Pd; 336.55 12.94+0.7 341.80 7.240.2 f f 1.4
Ce;Pd; 336.60 e 341.90 e 533.7+0.3 10.9+0.7 1.4
Th,Pd 336.70% e f e 533.7+0.4 11.8+0.7 1.5
LaPdAl 336.60 e 341.90 e 533.6+0.3 12.8+0.8 14
CePdAl 336.55 e 341.80 e 533.6+0.3 e 14
ThPdAl 336.75 d d 533.9+0.3 f 1.6

2Uncertainty +0.2 eV unless otherwise stated.

YBE difference between main line and satellite; satellite has larger BE. Values taken from XPS spectra not corrected for

extrinsic losses.

¢BE (intermetallic compound) —BE (Pd), averaged over 3d levels.

90verlap with other peaks.

°Too weak for reliable measurements.
fNot measured.

8Uncertainty +0.4 eV.

and AINi. The situation is not so clear with Al;Ni,
and Al;Ni where the spectrum in the region of the
satellite looks different from the other alloys. As
the Al concentration in these two compounds is
rather high, we interpret the flat region above 8-eV
relative BE to be a plasmon. This is supported by
comparison with Al2s and 2p spectra from Al,
AlPd, and ALNi in Fig. 5. In Al, the bulk
plasmon is at 15.5 eV and the surface plasmon at
10.5 eV. In Al;Pd, the bulk and surface plasmons
are reduced and shifted, but clearly recognizable.
In AI3Ni, the plasmon loss of the Ni 3p levels is su-
perimposed on the loss of the Al2p, leading to a
plateau at 10— 13.5 eV smaller kinetic energy. (The
same problem occurs for the Al2s level in AL;Ni
which overlaps with the Ni3s loss structure.) The
loss strength looks similar in Al;Pd and Al;Ni. We
conclude that in AI3Ni the Ni2p lines are accom-
panied by a plasmon loss. This explains the plateau
about 8—13 eV below the 2p;/, line, and the tail of

the 2p,,, line to its low-BE side opposite to the
Doniach-Sunjié losses.>*

The strong extrinsic losses in Al;Ni, and Al;Ni
make numbers for the intensity of the intrinsic Ni
satellite less reliable but we believe weak satellites
are still present in Al3Ni, and Al;Ni. For Al;Ni,
we draw this conclusion from a comparison with
the AL;Ni spectrum. The intensity in the Al;Ni,
spectrum in the region 3—5 eV below the main line,
where the satellite contributes to the intensity, is
higher than in the AI3Ni spectrum. Furthermore,
we have not observed a complete disappearance of
the satellite in any of the alloys, so we think it is
unlikely that the satellite should have disappeared
in Al3Ni. In Mg-Ni alloys plasmon losses also com-
plicate the Mg,Ni spectra.

We now come to alloys of the 4f and 5f series of
the periodic system. The interpretation of spectra
from La-Ni alloys is difficult because the Ni2p;,,
and La 3d;, levels have almost identical BE’s. For
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TABLE III. Binding energies of Ni2p,,,,p3,, levels and satellites in Ni intermetallic compounds (in eV).
BE? BE? Chemical® Electro®
2p32 AE® IS 201, AE® I.¢ shift -negativity
Ni 852.65 5.80+0.4 29 869.90 4.60+0.4 28 1.8
MgNi, 852.65 6.15+0.2 14 870.15 f 0.2 1.2
Mg,Ni 852.70 6.60+0.4 148 869.90 g g 0.0 1.2
AlNi; 852.65 6.55+0.2 21 869.95 5.00+0.4 25 0.0 1.5
AINi 852.80 7.20+0.4 19 870.10" 5.65+0.4 23 0.20 1.5
AL;Ni, 853.40 8.00+0.6 128 870.70" 6.65+0.4 12 0.75 1.5
ALNi 853.75 108 871.05 g 1.05 1.5
ScNi 852.80 6.95+0.4 27 869.85 5.75+0.4 25 0.05 1.3
TiNi 853.15 7.20+0.4 26 870.20 5.90+0.4 28 0.4 1.6
CrNi, 852.95 6.35+0.4 26 870.15 4.90+0.3 26 0.3 1.6
CuNi 852.55 6.00+0.4 30 869.60 f —0.2 1.9
PdNi 852.45 6.20+0.4 28 870.00 f —0.05 2.0
InNi 852.35 6.70+0.3 20 869.55 5.45+0.5 25 —0.3 1.5
TaNi; 852.75 6.85+0.3 22 869.95 5.35+0.4 27 0.1 1.5
TaNi, 853.20 7.15+0.4 22 870.35 f 0.5 1.5
Ta,Ni 853.30 7.10+0.3 21 870.55 545+0.4 19 0.65 1.5
AuNi 852.15 5.40+0.4 36 869.40 f —0.5 2.3
UNis 852.90 6.80+0.4 24 870.10 5.30+0.4 24 0.2 1.6

2Uncertainty +0.2 eV unless otherwise stated.
°BE difference between main line and satellite; satellite has larger BE.

“Satellite intensity as percent of total intensity of main line plus satellite. Uncertainty +2%.

9BE (intermetallic compound) — BE (Ni), averaged over 2p lines.
¢Electronegativity of partner element according to Ref. 57.
fNot measured or not observed.
80bscured by plasmon loss.

"Uncertainty +0.3 eV.

TABLE IV. Binding energies of the Ni2p;,, and Ni2p,,, levels and satellites in La,Ni, Ce,Ni, and Th,Ni intermetal-
lic compounds (in eV).

BE? BE? Chemicald

2p3 AE® I® 2p1p AE® I,° shift
Ni 852.65 5.80+0.4 29 869.90 4.6+0.4 28
LaNis® 852.65° 6.00+0.5 238 869.80 4.640.5 —0.05
CeNis® 852.60 6.40+0.3 25 869.85 5.0+0.4 12 —0.05
ThNis® 852.80 6.45+0.3 23 870.10 0.20
CeNi, 853.00 6.85+0.3 23 f 0.35
LaNi f 870.10" 6.0+0.5 13 0.20
CeNi 853.00 6.90+0.3 20 870.10 0.30
ThNi 853.00 7.15+0.6 14 870.15 0.30
La;Ni, f 869.95 6.840.8 12 0.05
Ce;Ni; 853.00 7.00+0.3 19 870.1 0.30
Th,Ni; 853.15 7.00+0.4 18 870.30 6.1+0.6 20 0.45
La;Ni f 869.90 +0.4 10 0.00

#Uncertainty +0.2 eV unless otherwise stated.
*BE difference between main line and satellite; satellite has larger BE.
“Satellite intensity in percent of total intensity of main line plus satellite.

9BE (intermetallic compound) —BE (Ni), averaged over 2p lines.

Electronegativity of La and Ce:1.1,Th:1.2 (Ref. 57).
fPartially obscured by other peaks.
80verlap with La 3d;, line, uncertainty +4%.
hUncertainty +0.3 eV.
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FIG. 5. Al2s spectra from Al and AL;Pd; Al2p and
Ni2p spectra from Al;Ni, normalized to constant height
of largest peak. In the Al2p spectrum from AL;Ni the
loss structure is a superposition of the Al2p and the Ni 3p
satellites. Note that Al2s is narrower in Al;Pd than in
Al. Al2s and part of Ni2p were recorded with 0.05-eV
stepwidth, the other spectra with 0.10-eV stepwidth.

this reason we consider the satellite of the 2p,,,
line. We see from Tables III and IV that the 2p,,,
satellite behaves in a similar way to the 2p;,, satel-
lite. Even here an estimate of the intensity of the
2p,,, satellite in La-Ni compounds is not easy due
to the La M, sN4sN4s Auger transition with its
peak at 630-eV kinetic energy. Because of the large
width of the La MNN Auger decay all lines in this
region have a background which for the Ni2p,,,

slopes downwards with a negative curvature as the
BE increases. Thus it is difficult to assess the satel-
lite intensity even for the Ni2p,,, line, and the
numbers given in Table III have a larger uncertain-
ty of 4%. Nevertheless the effect of alloying La
with Ni is quite large; in the 1:1 alloy the satellite
contains only 13% of the intensity, the smallest
fraction found for a 1:1 alloy.

The BE of the Ce3ds,, level is large enough so
that there is no overlap with the Ni2p;,, line. Be-
cause the Ni2p,,, satellite at ~876-eV BE is af-
fected by the Ce3ds,, line at ~882 eV we do not
quote satellite intensities. In Fig. 6 the Ni2p;,,
spectra of Ce-Ni alloys are shown. As in the Al-Ni
and Ta-Ni systems the satellite intensity decreases
and its separation from the main line increases.
However, there is a saturation of these effects, be-
cause the position does not change between the 1:1
and 7:3 alloys; also the 1% difference in intensity is
not significant.

The Ni2p;,, peaks from a series of Th-Ni alloys
in Fig. 7 again show dramatic changes with increas-
ing Th content. 17 at. % Th reduces the satellite in-
tensity from 29at. % in Ni to 23at. % in ThNis,
and the satellite is still less intense in ThNi. How-
ever, in Th;Nij it is stronger again and we note that
its peak energy is closer to its main line than in
ThNi. The Th-Ni alloy series is an example where
we not only observe a saturation of the effect the al-
loying has on satellite position and intensity, but
also at 70at. % Th concentration a partial reversal
of this effect.

In Fig. 8 we showed the Ni2p;,, spectra of alloys
with the noble metals Cu and Au, and with Pd.
The electronegativities of these metals are 1.9, 2.0,
and 2.3, respectively, which is larger than the 1.8
for Ni.5! The satellite intensity is not significantly
changed in CuNi and PdNi, but in AuNi it is much
larger than in Ni, namely 36%. The energy separa-
tion of the satellite decreases in the order CuNi,
PdNi, then AuNi. An interesting feature which is

TABLE V. Binding energies of Ni2s, 3s, and 3p levels in intermetallic compounds (in eV).

2s 3pin 3p3n

Ni 1008.6+0.4 68.0+0.5 66.2+0.3
AlINi; 1007.9+0.5 67.9+0.6 66.3+0.4
AL;Ni, 111.1+0.5 68.7+0.6 67.0+0.4
AL;Ni 1008.3+0.8 69.0+0.6 67.3+0.4
ScNi 67.9+0.5 66.3+0.4
LaNis 110.6+0.3

LaNi 110.8+0.4 68.2+0.7 66.6+0.5
Ce;Ni; 68.1+0.6 66.6+0.4
TaNi, 67.9+0.6 66.3+0.4
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FIG. 6. Ni2p;,, XPS spectra from Ce-Ni alloys, nor-
malized to constant peak height.

shown by all spectra in Fig. 8 is an increased inten-
sity between the main line and the satellite peak.
This is probably due to the multiplet structure of
the satellite as discussed later.

The AuNi result shows that it is possible to find
a stronger satellite in an alloy than in Ni itself. An
increased satellite has also been observed in Ni ox-
ide®? (and in NiF, and other transition-metal
fluorides”).

IV. DISCUSSION
A. Satellite intensities

The general trends in satellite intensities are:

(1) In Ni compounds with a given electropositive
element the satellite intensity tends to decrease with
increasing dilution of the Ni, until at some dilution

Th-Ni

Ni
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FIG. 7. Ni2p;,, XPS spectra from Th-Ni alloys, nor-
malized to constant peak height.

near 50% the effect saturates. Two examples are
shown in Fig. 9.

(2) For a given stoichiometry the core-level satel-
lites of Ni tend to decrease with partner electrone-
gativity. This effect is shown for 1:1 compounds in
Fig. 10.

The first observation can be rationalized in terms
of the VB model from paper I which is reproduced
in Fig. 11. This figure indicates that Ni has d char-
acter not only in the d bands close to E, but also in
the Ni sp bands at higher energy. In alloys with
electropositive metals the d band becomes filled, but
unoccupied d character remains in the other bands,
as shown by the calculations in paper I. The XPS
spectra in paper I showed that the filling of the Ni
d bands required typically 30 to 50at. % of an elec-
tropositive partner element. Comparison of the
data in Tables III and IV, or Fig. 9, with the XPS
VB’s in paper I shows that the Ni2p satellite inten-
sity always reaches its plateau value at the concen-
tration where the density of the Ni3d states at Eg
falls nearly to zero. We thus assign the sharp de-
creases in Ni satellite intensity to the Ni 3d-band-
filling.
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Although Feldkamp and Davis showed that it is
possible to get resonant satellites in metals with a
filled d band like Cu or Zn via holes in the 4sp
band* we believe the XPS satellite intensity in al-
loys where the Ni d band is filled is too high to be
explained by the s-p character alone. We believe
that the satellite in these alloys arises mainly from
the Ni d character in the “partner bands” which
was indicated to be present by the calculations in
paper 1. As explained in Sec. I, the satellite contri-
bution from this d character is weaker than that due
to d holes in the Ni d band because the latter are al-
ways just above Er. Ni d character which is strong-
ly hybridized with other bands and shifted above
Ey gives a weaker contribution to the satellite.

The important conclusion from our observations
of satellite intensity as a function of stoichiometry
is that filling of the Ni3d band in alloys with elec-
tropositive elements does not imply charge transfer
to the 3d orbitals. The observation of satellites,
even in alloys such as Ce;Ni; or Ta,Ni implies the
presence of d character in the unoccupied bands. In
such alloys the Ni d bands have some character of
the partner element, which allows them to become
full without a large change in d count.

The second observation on satellite intensities was
that there is a loose correlation between partner
electronegativity and Ni satellite intensity. This
might have been correlated with charge transfer,
which is always considered to be larger with large
electronegativity differences but as described in pa-
per I and above, we have several reasons to reject
the concept of large charge transfer to the Ni d lev-
els. Basically our problem is that many of an
element’s properties scale loosely with electronega-
tivity.”>>* In general the electropositive element’s,
such as La, Th, Ce, and Sc have a large number of
unfilled states. The calculations in paper I showed
that the Ni d states mix with such unfilled bands.
If the centroid of these bands is further above Ep,
as in most electropositive elements, then this could
“lift” the unoccupied Ni d character further above
Eg, and thus decrease its contribution to the satel-
lite. We can also suggest that the Ni satellite inten-
sities in CeNi and ScNi, which lie somewhat above
the general trend in Fig. 10, are raised by a high
density of Sc and Ce states close to Ep. In CeNi
these could be the Ce4f states which are probably
only partly occupied®>~® giving rise to a very high
DOS at Ep.

B. Effect of bandwidth W.

Bosch et al.'® showed that reducing the band-
width of the Ni d band by a factor of 20 led to a

stronger satellite in XPS whose multiplet structure
could be resolved. In the alloys investigated by us
the bandwidth is reduced by a factor of 2 at the
most, as can be seen from Tables IV and V of paper
I. However, the satellite intensities are in all cases
(except AuNi) smaller than in Ni. We conclude
that the moderate reduction of the bandwidth does
not have an appreciable influence on satellite inten-
sity.

C. Multiplet splitting

In NisAugs (Ref. 13) it was found that the multi-
plet splitting of the 2p°3d° final state is responsible
for the different energy separations of the 2p, ,, and
2p3,, satellites from the main lines, which in Ni
metal are 4.6 and 5.8 eV, respectively. Also the
difference in satellite intensity and shape between
the 2p,,, and 2p;,, peaks is caused by multiplet
splitting, which is smaller for the 2p,,, level. We
find in all alloys that the separation of the 2p, ,, sa-

- tellite from the main line is smaller than that of the

2ps, satellite, their ratio being roughly the same as
in Ni. We concur with the idea that the satellite
consists of a multiplet whose splitting is roughly the
same as in the Ni atom. The alloying changes the
ability of the solid (or VB electrons) to screen the fi-
nal state for both 2p°3d° multiplets in the same
way, leading to a similar shift of both satellites rela-
tive to the main lines.

In CuNi, PdNi, and AuNi the shape of the satel-
lite seems to reflect the influence of the multiplet
splitting, as the Ni2p;,, XPS spectrum from AuNi
is intermediate between the Ni2p;,, XPS spectra
from Ni and NisAugs.”> In Ref. 13 it was pointed
out that the satellite intensity is reduced if its
separation, A, divided by the bandwidth W is small.
The authors explained that the L; 2p33d° multiplet
was spread out and that terms with smaller A were
more strongly suppressed in Ni where W is about 4
eV. In NisAugs W is reduced to ~200 meV and the
low-A terms are observed. However, in AuNi, and
in CuNi and PdNi as well, the width of the Ni d
band as indicated by the XPS VB spectra (see paper
I) is certainly not very different from Ni metal.
The only explanation we can offer is that there are
“clusters” with varying Ni concentrations, which
accordingly should have different Ni3d band-
widths. The Ni2p XPS spectrum could then be un-
derstood as a superposition of a 2p spectrum corre-
sponding to “Ni”, and one more like the 2p spec-
trum from NisAugs. This explanation is not entire-
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ly satisfactory because only a small portion of Ni
can be in Au-rich clusters.

D. Chemical shift

Tables III and IV give the BE’s of the Ni2p lev-
els, while Table V gives the BE’s of other Ni core
levels. The last columns give the chemical shifts.
The chemical shifts in Ni intermetallic compounds
are smaller than those from Pd intermetallic com-
pounds; shifts larger than 0.5 eV are very rare. It
has been shown that the chemical shifts of XPS
core lines in alloys can be related to the heat of
solution of a Z+1 atom in the matrix.2:2241:42
Thus in the case of Ni and Pd alloys the shifts are
determined primarily by the alloying properties of
Cu and Ag. A full discussion of this effect is
beyond the scope of this paper and will be published
separately.*®

V. CONCLUSIONS

In this paper we have investigated dependence of
the Ni core-level XPS satellites on chemical en-
vironment. The results from alloys with electropos-
itive metals, M, are interpreted in terms of a model
where admixture of M orbital character to the Ni d
states is more important for band filling than
charge transfer. In such alloys there is an initial
sharp decrease in satellite intensity as the Ni is di-
luted and the Ni d band is filled, in accordance with
the suggestion'® that the satellite intensity may give
information on the number of holes in the Ni d
band. However, the satellite intensities do not de-
crease to zero because the unoccupied states still
have a minor contribution of Ni d character in
agreement with suggestions resulting from theoreti-
cal investigations.”® For the satellite intensity the
energy distribution of this d character has impor-
tance at least comparable to the importance of the
quantity of unoccupied d character.

These results suggest several future lines of inves-
tigation. Calculations of the Ni core-level satellite
intensities in a formalism like that of Feldkamp and
Davis, using the band structure of Ni alloys would
be of great interest to define more clearly the role of
the energy of the unoccupied states. Ideally such
calculations should include the 2p°3d° multiplet
splitting. It would also be interesting to compare
the changes in core-level satellite intensity with
changes in the intensity of the VB satellite in Fano
resonance.

Ni 2p3/2
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____________________________ \
' 860 ' 850
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FIG. 12. Determination of satellite intensity for the
example fo the 2p;, level of Ni.
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APPENDIX: DETERMINATION
OF SATELLITE INTENSITY

Satellite intensities were determined graphically
on the plots which were also used for drawing the
figures. We assumed a linearly increasing back-
ground, indicated by the dashed line in Fig. 12.
ELS measurements in reflection on some Ni alloys
showed that this was a good approximation. We
then extrapolated the high-BE side of the main line
down to the background line (full line in Fig. 12).
The extrapolation is to some extent arbitrary, but as
long as it is done consistently the results are repro-
ducible and can be compared to each other. The
areas of main peak and satellite were then deter-
mined, and the satellite intensity was calculated us-
ing the formula

Rsat

L= —— ==
relsat (nsat+nml) !

where ng, and n,, are the areas of satellite and
main line, respectively.
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