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We report the core-level x-ray photoelectron spectroscopy spectra of 30 intermetallic com-
pounds of La and Ce. The results are discussed in the light of calculations using the Ander-
son impurity model of the 4f levels and including the degeneracy of the 4f levels. The com-
parison allows us to derive values for the coupling between the f levels and the conduction
states A and the number of 4f electrons ny. We find A to be up to ~150 meV in some Ce
intermetallic compounds, and find ns to range from ~0.8—1.1. We cannot reconcile the
core-level results with the traditional promotional model in which A was assumed to be 10
meV or less and the f-electron count could range from 1 down to zero in Ce intermetallic

compounds.

INTRODUCTION

In this paper we summarize evidence from core-
level x-ray photoelectron spectroscopy (XPS),!—!
which strongly suggests that the f-electron count in
so-called “mixed-valence” intermetallic compounds
of Ce is always greater than 0.8 and that the Cef
levels are more strongly hybridized with the other
conduction states than previously thought. The in-
terpretation of the data is based on recent numerical
calculations!® within an impurity model for the
XPS, without which the conclusions made here
would not be justified.

The results of our studies cast doubt on the ac-
cepted framework within which the electronic struc-
ture of Ce intermetallic compounds is often
described. In this framework, the 4f-electron count
in Ce compounds was assumed to vary between O
and 1 with the Ce4f electron being “promoted” to
the 5d6s conduction states in many compounds
(hence the name “promotional model”). The
schematics of this framework were elegantly sum-
marized by Iandelli and Palenzona'® in a diagram
redrawn for Fig. 1. While some authors might ar-
gue for small changes in the boundaries of Fig. 1,
the basic idea is that in Ce compounds with ele-
ments of regions A and B the Cef electron can be
partially promoted to the conduction states. The f-
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electron count would then be below 1 and as the f
levels were thought to be narrow it would become
sensible to describe these compounds as
“configuration-fluctuation” or mixed-valence ma-
terials. On the basis of lattice constant, magnetic,
and superconducting properties, adherents of the
promotional model thought that in A-rich Ce com-
pounds the f level was completely above Er and was
empty. As there would then be four conduction
electrons per Ce atom these compounds were called
quadrivalent. In the Ce compounds with the
group-C elements the promotional model required
no promotion of an f electron and the compounds
were known as trivalent.

Over the years several authors have questioned
the applicability of the promotional model to Ce and
its compounds (see, e.g., Refs. 17—21) for, as shown
in Ref. 15, many of the properties (e.g., magnetic
susceptibilities and anomalous lattice constants) at-
tributed to f-electron promotion may be due to hy-
bridization between the f levels and the conduction
states. We will show that it is hard to understand
core-level spectroscopic results on the basis of the
promotional model. Combination of our theoretical
framework with the experimental results leads us to
deduce f-electron counts of ~0.8—1.1 and signifi-
cant hybridization widths. We will list values for
f-electron counts and widths for about 20 Ce com-
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FIG. 1. Conventionally accepted categories of Ce com-
pounds, for explanation see text. We will show that such
a scheme is not helpful in the interpretation of XPS re-
sults and is in all probability wrong.

pounds and note here the need for common sense in
using these numbers. On the one hand, they do de-
pend on model calculations and should not be quot-
ed dogmatically. On the other hand, the model used
is physically reasonable and it seems unlikely that
the values given are completely wrong and they
should not be dismissed without reasonable grounds.

In order to ease interpretational problems we have
studied both La and Ce compounds. The situation
in core-level spectroscopy of these compounds is il-
lustrated in Fig. 2. The spectroscopist can observe
the energy of the transitions from the initial, ground
state to several different core-ionized final states
whose nominal f-electron counts are 0, 1, or 2.
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FIG. 2. Schematic diagram of 3d core-hole excitation
in XPS of La and Ce compounds. Excitation takes place
from an initial state into final states whose approximate
configurations are 3d°4f° and 3d°4f2.

From previous studies'!! the separations are
known to be (in V)

€

The spectroscopist can also measure the relative
intensities of these transitions and it is from these
intensities that we derive values for the initial-state
f-electron count and f-level hybridization. Follow-
ing Refs. 11 and 15 we write the initial-state wave
function ¥; as

\Iji=\/C(f0)¢(f0)+Vc(fl)¢(fl)

+’\/C(f2)¢(f2) ’ (1)
where the ¢( i\ are N-particle wave functions for the
pure f°, f ! "and f? configurations and the ¢ ) are
the corresponding amplitudes. The weights c 79
€1y and ¢ s2) are, in general, not given directly by
the relative intensities of the “f°” “f1” and “f?”
peaks spectroscopy”®!®!! because there is some
mixing of the final-state configurations as well as of
the initial-state configurations. In a separate work,
a theory has been developed to calculate the relative
intensities of the XPS and Ce3d x-ray—absorption
spectroscopy (XAS) peaks as a function of the (csi)
and the hybridization A of the f electrons with the
conduction states. A is defined as 7V ?p,, where
Pmax is the maximum in the density of conduction
states and V is the hybridization matrix element.
The ¢, i) are varied by shifting the bare f-level posi-
tion with respect to Ep. It is also necessary to
choose values for Uy, the Coulomb interaction be-
tween the core hole and the 4f subshell, and U, the
Coulomb interaction between f electrons. These are
not freely variable parameters, but are fixed using
the separation of the core-level peaks in XPS and
also the f? peak in bremsstrahlung isochromat spec-
troscopy.?*~2* In general, we used U =6.40 eV and
Us=9.6 to 13.0 eV. The least important factor is
the shape of the conduction-band density of states,
which is estimated from XPS studies.”> Here we use
a semielliptical band with lower edge B~ and upper
B with respect to Er. In general, the choice of B~
and B is of secondary importance.

Figure 3 shows the calculated XPS spectra for a
range of €5 with A=120 meV, which is near the
upper limit of the hybridization suggested by our
comparison with experiment. Note that the f-
electron count (ny) is not l—c( 9 because of the
contribution of the f? configuration. ) is always
less than 0.05 in our calculations (it is largest for
small ¢, 7 and large A) and is probably not signifi-
cant in most physical properties.

We discuss first the determination of €59 from

0-—€f1~11, 6f1—€f2~4 .
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FIG. 3. Calculated Ce3d XPS spectra with the
ground-state weight of f° being varied parametrically.

the intensity of the i—f° XPS peak. It can be
judged from Fig. 3 that the f° peak intensity does
track €5 quite well. The physics behind this is

that distortion from proportionality is caused by
final-state mixing of the f°, f!, and f? configura-
tions. The energy of the f° configuration is approx-
imately 11 eV above the f! configuration in the final
state,* =12 and is mixed with it only via the hy-
bridization with the conduction states (with NyA <2
eV, where Ny is the degeneracy of the f level). The
final-state mixing is thus quite small and the devia-
tion from proportionality of ¢ 79 to the i — f° peak
intensity is not large. To illustrate this we applied a
graphic peak separation procedure by hand to the
calculated XPS spectra and plotted the relative area
of the f° peak as a function of €5 in Fig. 4. The

deviation from proportionality is small, but not
negligible, especially at very low weights of c 79"
This is partly due to the peak separation procedure
which involves drawing a line under the f° peak to
remove the background. The procedures adopted
underestimate the f° tails of the f° peaks, and small
f° peaks can be lost in the background. In the
theoretical calculation, the weight of the f° tails
could be included but this would result in a poor
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FIG. 4. Relative intensity of the f° peak in the calcu-
lated spectra as a function of the ground-state f° weight
for three different values of hybridization between the f-
electron level and the conduction states (given in eV).
Weight of the f° peak was estimated using the same
manual peak separation techniques as used later on the
experimental spectra.

simulation of experiment. Because of the problems
with background subtraction and inelastic losses the
XPS method is not reliable for determination of
€50 below 0.05. At higher values of €5 the rela-
tive intensity of the f° peak I ) in XPS will be up
to 50% less than € s0, and the difference is larger
for larger hybridization values.?’” For instance, with
A=120 meV, a relative f° intensity of 0.2 would
correspond to a ¢ £0) of ~0.3. We feel such devia-
tions justify previous caution about determination of
the f-electron count from core-level spectra.>!%!l
From the discussions of the f° peak, it is clear that
the total weight of the f! and f? peaks is primarily
determined by the f-level occupancy. The ratio
r :I(fl)/(l(fl)"'l(ﬁ))’ on the other hand, is depen-
dent mainly on A, where I 7 is the weight of the f*
peak in the spectrum. This is illustrated in Figs. 5
and 6. The reason for this dependence is twofold.
When A is increased, the final states (f2) of primari-
ly f2 character hybridize more strongly with f!
states. Since the f' final states have a relatively
large overlap with the initial state, this leads to a
larger weight of the f? peak. At the same time the
increase of A increases the admixture, €2y of f?
states in the initial state. Since these f? states have
a large overlap with the final f2-like states, the
weight of the f? peak is further increased. We can
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FIG. 5. Relative intensity of the f2 peak as a function
of the ground-state f° weight for two different values of
A (the hybridization between the f levels and the conduc-

tion states) and different band parameters (all given in
ev).

see from Fig. 6 that a change of A by a factor of 2
leads to a change of r by a factor of about 2 also.
Thus r provides a sensitive measure of A. The
dependence of r on other parameters, such as the f-
level occupancy or the band parameters B+ and B~
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FIG. 6. Calculated variation of the weight of the
“well-screened” f"*! peaks as a function of the hybridi-
zation between the f level and the conduction states for
La and Ce, also shown is the variation of ¢¥"*". The
semielliptical conduction band has B~ =4 eV, Bt =1.57
eV. For La the f-electron count is ¢ for Ce it was
kept at 0.8.

oy

is weaker. All the same, we note that the uncertain-
ties in the conduction-band parameters, the esti-
mates of the experimental peak weights, etc., as well
as uncertainties in the model itself, mean that we.
should not be surprised if the A values given here
differ by a factor of up to 2 from those found in
other experiments. We will discuss the utility of
such numbers later.

EXPERIMENTAL

The samples used in these studies were prepared
by melting the components together in the required
proportions using rf heating in a cold crubible. The
metals used were of 99.99% purity or better, as
specified by the procedures of Johnson and Matthey
or Hereaus. The samples were brittle and mostly air
sensitive. They were cut into 1.7-mm slices by spark
erosion and checked for the presence of secondary
phases by metallography and x-ray diffraction. If
necessary the samples were annealed for up to a
week in vacuo to reduce the concentration of peritec-
tic precipitates. No samples on which data is re-
ported here contained more than 5% of impurity
phases. All samples were stored in Pyrex glass am-
poules under vacuum or pure argon until use. Clean
surfaces were obtained by scraping the samples in
vacuo with an Al,O; file. The level of O and C con-
tamination, as judged by the Ols and Cls XPS
peak intensities, did not exceed 5 at. % in the sur-
face region. Further discussion of surface effects is
given in the Appendix. The measurements were
made in a ultrahigh-vacuum (UHV) photoelectron
spectrometer custom built by Kratos Ltd. (United
Kingdom). The instrument has typical operating
pressures of 5X 107! Torr in both measurement
and sample preparation chambers. AlKa x rays
from a homemade monochromator were used to ex-
cite the spectra. This monochromator has 54 quartz
single crystals on a 1-m-radius toroidal substrate to
utilize a large solid collection angle. In order to in-
crease intensity the slits in the electron optics were
opened which gave 600 meV total instrumental reso-
lution. Reflection electron energy loss spectra were
obtained by bombarding the samples with a primary
beam from a Vacuum Generators model LEG-22
electron gun and energy analyzing the (nonspecular)
backscattered electrons.

RESULTS AND DISCUSSION

La-Ni and Ce-Ni intermetallic compounds

Figure 7 illustrates the Ce3d XPS spectra form
CeNis. The ~18-eV spin-orbit splitting of the 3d
levels leads us to see six features, instead of just
three as in the calculated spectrum of Fig. 3. In the
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Ce 3d XPS Peak Assignments in CcNi5
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FIG. 7. 3d XPS spectrum of CeNis with peak assign-
ments.

case of Ce the 3d° f° and 3d° f? peaks strongly
overlap, so that the 3d;,, f° peak must be used to
estimate f© peak intensities. We multiply its mea-
sured intensity by % to allow for the 6:4 ratio of the
3d %% intensity ratios in order to make a compar-
ison with the % peaks.

The Ce3d spectra from Ce-Ni intermetallics are
presented in Fig. 8 and here the f? peaks grow in
relative intensity as the Ni concentration is in-
creased, indicating increased hybridization of the f
levels. In the CeNi, compounds the f° peaks be-
come distinct when x > 1 and increase in intensity as
the Ni concentration increases. Before proceeding it
is worth noting that the 4d XPS spectra of these Ce
alloys contain strong evidence for the assignment of
the peak at 914 eV to 3d°4f° final states. The
CeNi, spectra in Fig. 9 have intensity due to the
4d°4f' and 4d°4f? final states and Ni 3s ionization
in the region between 105 and 115 eV binding ener-
gy (BE). In addition, two weak peaks grow up at
120 eV in the Ce compounds with high Ni concen-
tration. Their splitting is almost equal to the 4d
spin-orbit splitting in La (Ref. 1) so that they are
unquestionably due to 4d°4f° final states. The
growth of the 3d peaks at 914 eV parallels the
growth of the 4d°4f° peaks at 120 eV and their
separation from the main d°f! peaks is similar.
Thus the 914-eV peaks can safely be assigned to ex-
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FIG. 8. 3d XPS spectra of the series of ordered Ce-Ni
intermetallic compounds studied. Note the growth of the
SO peaks with increasing Ni content.

citations to final states mainly 3d°4f° in character.
The shape of the 4d°4f! and 4d°4f? region cannot
be interpreted in detail because the 4d-4f interaction
is strong and introduces strong multiplet effects in
the 4d XPS peaks with complicated peak shapes
that must be treated in intermediate coupling.

In Table I we present the energies of the 3d XPS
peaks corresponding to f°, f!, and f? final states for
the La and Ce compounds. It is noteworthy that the
f"-f"+! peak separation remains constant in the
La-Ni and Ce-Ni intermetallic compounds, but as
will be seen later it varies as a function of
stoichiometry in the Pd compounds. Table II gives
the relative intensities of the peaks.

La and Ce intermetallic compounds with Pd and Sn

The anomalous properties of CePd; are often at-
tributed to mixed valence.®??8~3* CeSn; also has
many unusual properties that are not well under-
stood and have been attributed to mixed
valence?® 2838 and the compound does have a lattice
constant anomaly.’> These materials are thus suit-
able candidates for studies of group-B compounds.
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FIG. 9. 4d XPS spectra of the series of ordered Ce-Ni
intermetallic compounds studied. Structure between 105
and 115 eV in Ce is due to the 4d°-4f" multiplet interac-
tion. This distorts as the 4f hybridization is increased
but, in addition, the Ni 3s peak at 110 eV provides ~30%
of the total peak intensity in CeNis due to the 4d°4f° fi-
nal states.

Figure 10 shows the 3d XPS spectra of CePd, in-
termetallic compounds. We assign the component
at smaller BE to a transition to the final state with
an f-electron count increased by approximately 1
compared with the ground-state configuration. The
relative weight of this component increases with in-
creasing Pd concentration, both in LaPd, and
CePd, compounds. We interpret the increase to be
due to increased hybridization of the f electrons
with the valence electrons, in accord with Figs. 5
‘and 6.

All spectra were reproducible except the CePd;
spectrum, which is the most interesting; it has a
small peak at 914.7 eV which we attribute to £ -like
final states. In some cases the f° peak was
broadened and the f? peak less sharp. We tentative-
ly attribute this variation to small quantities of hy-
drogen in the sample because ~1 at.% hydrogen
could be degassed from many samples by heating to
600°C, and there may have been some surface segre-

gation of the hydrogen. The main source of hydro-
gen seem to be the impurities in the initial Ce,
cracking of hydrocarbons in the spark erosion pro-
cess, and hydrogen produced by reaction with at-
mospheric water. The spectrum shown is that from
a sample made with high purity Ce from Ames Lab-
oratory and with minimum exposure to air and
moisture. We do not have equipment, like SIMS
(stimulated ion-mass spectroscopy) to monitor the
surface hydrogen concentration but it would be in-
teresting to investigate the surface hydrogen concen-
tration as a function of temperature to check if it
could explain the anomalous temperature depen-
dence of the XPS spectra.*

Figure 11 contains expanded plots of the La and
Ce3ds/, peaks from the La-Pd and Ce-Pd interme-
tallics. Although the f™ and f"*! peaks overlap it
is clear that their separation is not constant, but first
decreases and then increases with increasing Pd con-
centration. The Ce peak widths are larger than
those for La and the peaks broader with increasing
Pd content. These shifts and broadening are due to
multiplet effects** and a special broadening mechan-
ism related to virtual-bound-state effects. These ef-
fects will be discussed in more detail elsewhere.*!

Plasmon effects, shown in the XPS spectra of
CeSnj; and LaSn; in Fig. 12 were identified by com-
parison of the La or Ce and Sn XPS peaks. A
plasmon loss of ~ 14 eV is observed on the Sn peaks
from the compounds so that plasmon loss satellites
of the 3d°4f! peaks explain most of the intensity
where the Ce3d°4f° peaks are normally found in
CeSn;. We cannot rule out a small 4f° contribution
but there is certainly not a large one. The most no-
ticeable feature of the spectra in Fig. 12 is the very
large increase in width of the peaks in CeSn;. We
believe this is again related to virtual-bound-state
broadening*! and makes it difficult to estimate accu-
rately the relative intensity of the f!- and f2-like
peaks in the spectrum, but the f? peak intensity
seems only a little larger than in Ce metal itself.

Compounds with group-4 elements: Au and Al

It is not necessary to show all the CeAu, and
CeAl, spectra here, but the peak binding energies
and relative peak intensities are given in Tables I
and II. All the group-4 compounds showed no
detectable 3d°4f° peaks and only weak 3d°4f?
peaks. We choose to illustrate the CeAl, spectrum
in Fig. 13 because this shows only weak virtual-
bound-state broadening. The f! and f? peaks are
clearly separated and the f! peak is nearly as narrow
as in Ce itself. The relative intensity of the f? peak
is of the same order as Ce itself [differences are not
larger than the accuracy of the deconvolution but in
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TABLE 1. 3d XPS peak binding energies for Ce intermetallic compounds (all values in eV with respect to E). Typical
accuracies for 3d;,; fO,f!~0.2—0.4 ¢V; for f2, 0.5—1.0 eV; and for 3ds,, f° f? ~0.5—1.0 eV (see Ref. 1 for more de-

tails).

3ds, 3dsp,
f° S 2 f° f! f? 8f0_f1
Ce 901.7 (896.4) 883.7 878.5
CeCo, 913.8 902.9 897.0 895.4 884.4 878.9 10.9
CeCos 914.1 902.8 897.8 895.4 884.4 879.3 11.1
Ce;Ni; 902.3 896.8 883.9 878.6
CeNi 913.8 902.4 896.3 884.0 878.5 114
CeNi, 914.0 903.0 897.4 895.6 884.5 878.8 11.0
CeNis 913.9 903.1 898.0 895.8 884.6 878.9 10.8
CeRu, 914.0 903.2 896.1 895.7 884.8 878.9 10.8
Ce;Pd; 902.7 (896.6) 884.2 878.2
CePd 903.1 898.8 884.6 879.8
Ce;Pd; 903.0 898.7 884.6 879.9
CePd; 914.7 902.9 898.5 884.3 879.6 11.8
CeSn; 902.9 884.6 878.0
CePt; 915.1 903.4 899.3 897.0 885.0 879.7 11.8
CeAu 903.0 896.4 884.4 877.7
CeAu, 903.2 884.7 878.1
CeAl, 901.9 883.5 877.8
CePdAl 902.5 896.5 884.0 878.0
CeCu,Si,? 902.1 897.3 883.6 878.8
CeSe? 903.9 899.6 885.3 879.8

2Reference 5.

the analogous Th compound XPS line-shape
analysis suggests that the f levels are even more
decoupled in ThAl, than in Th (Ref. 6)]. Plasmon
loss features dominate the region where the 3d°4f°
peak would be found so that nothing can be said
about the f° peaks in CeAl, except that they are not
very large (i.e., ~10%).

DISCUSSION

We first of all consider the problem of f-electron
counts and the f° peaks. In all cases, only the 3d 32
f° peak intensities can be accurately estimated; the
3ds;, f° peak overlaps the 3d;,, f? peak. We
thus multiplied the 3d;,, f° peak by % to compare
with the 3ds,, f! and f? peaks. The relative f° in-
tensities never reached more than ~16% in all the
alloys studied, so that even after correction using
Fig. 4, we only find €59 values ranging up to
~0.26. This is in marked contrast to much of the
traditional literature which gave f-electron—count
values down to 0 or 0.2 (i.e., ¢ fo)=0.8 to 1.0) for
many of the alloys studied, like CeCo,, CeNi,, or
CeRu, (Refs. 16 and 28—34). We cannot rule out
some contribution from surface effects in XPS.
However, we can use the fact that the kinetic energy
of the 4d photoelectrons is larger than the 3d, so

that they have a larger intensity. In general, the f°
peak intensities are lower for 4d than for 3d spectra
(see Table II). This discrepancy is probably due to
difficulties in background subtraction, but the low
4d f° peak intensity does mean that the bulk Ce f-
electron count cannot be substantially lower than at
the surface. This is in accord with a similar con-
clusion reached by Krill et al. from comparison of
XPS and x-ray absorption spectra.”~°

The size of the hybridization between the f elec-
trons and the conduction states A can be estimated
from the f? peak intensities with the use of Figs. 5
and 6. As described by Fig. 5, the f2 peak intensity
is mainly dependent on the value of A, but there is a
secondary dependence on the shape of the valence
band. This latter arises because the ground-state
mixing with the valence states decreases with in-
creasing separation from the bare f2 position. Thus
states just below Ep contribute more to the f? XPS
peak than states at the bottom of the valence band.
It is possible for us to use more realistic densities of
states in the calculation of A than a semiellipse. For
instance, we simulated the measured XPS valence
bands for certain especially important examples in
Ref. 42. However, in order to represent the general
trends we find it more appropriate to use a simple
semiellipse with B~ =4 ¢V and BT =1.57 ¢V. Sub-
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TABLE II. Relative intensities of peaks due to £, f!, and f? final states in La 3d, Ce3d,
and Ce4d XPS spectra (all values normalized to give total intensity equal to 1.0; comparisons
between compounds are reliable to ~10%, absolute values depend on deconvolution pro-

cedure).

La3d Ce3d Cedd
Compound for! ForLf? NV AE S )
R 0.83:0.17 <0.04:0.92:0.08 <0.03:1.0
aCe? <0.03:0.97
CeCo, 0.10:0.65:0.25
CeCos 0.07:0.70:0.23
R;Ni 0.82:0.18
R4Ni; 0.8:0.20 <0.04:0.85:0.15 <0.03:1.0
RNi 0.74:0.26 0.02:0.82:0.16 0.03:0.97
RNi, 0.06:0.72:0.22 0.05:0.95
RNi;s 0.69:0.31 0.12:0.72:0.17 0.06:0.94
R,Pd; 0.88:0.12 <0.04:0.93:0.07 <0.03:1.0
RPd 0.71:0.29 <0.04:0.80:0.20 <0.03:1.0
Ce;Pd; <0.04:0.74:0.26 <0.03:1.0
LaPd, 0.69:0.31
RPd; 0.58:0.42 0.05:0.65:0.30 ~0.04:0.96
CeRu, 0.12:0.61:0.27 ~0.06:0.93
CeRhy® ~0.16:0.53:0.32 ~0.07:0.93
RSn, 0.83:0.17 <0.06:0.94:0.06 <0.06:1.0
CePt; 0.07:0.64:0.29
RAu 0.92:0.08 <0.04:0.94:0.06 <0.03:1.0
RAu, 0.93:0.07 <0.04:0.97:0.03 <0.03:1.0
RAl, <0.10:0.93:0.07 <0.10:1.0
RPdAl 0.83:0.17 <0.10:0.91:0.09 <0.03:1.0
CeCu,Si, <0.04:0.91:0.09 <0.03:1.0

2Reference 12.
bReference 9.

stitution of the true density of states would normally
change the deduced values of A by less than 30%.
The weight of the f? peak also depends on the
separation between the £ and f? states.

The values of A and €50 deduced with the use of

Figs. 5 and 6 and the observed spectra are listed in
Table III, along with those deduced from previously
published data from Refs. 4 and 5. As previously
found,®!° the hybridization tends to be smaller in Ce
than in La compounds because the Ce 4f orbitals are
more contracted. The decrease is usually (30—50)%.
Using data for the RPd; alloys from Ref. 10, we
also estimate about a 50% decrease from Ce to Pr
and from Pr to Nd. The Ce average distance in-
creases with increasing dilution of Ce. Thus the in-
crease of A with increasing Ni or Pd concentration
is a strong indication that the f hybridization arises
from overlap with Ni or Pd d orbitals on the neigh-
boring atoms rather than f-f overlap.

In our opinion no experiment, least of all
valence-band photoemission,*> measures the size of
hybridization of the 4f levels with the conduction
states directly. Nevertheless, both valence-band

(see, e.g., Refs. 43—48) and core-level studies are in
accord in their indication that the hybridization is
not as small as indicated by experiments which
probe the spin dynamics of the f electron (e.g., neu-
tron scattering®® or time-dependent perturbed angu-
lar distribution of y rays®®). The latter probes the
spin-flip times while we probe the total hybridiza-
tion. It is of interest that although the absolute
values of A deduced from our experiments and those
on spin dynamics differ by at least a factor of 10,
there are similarities in trends. For instance, we
find A to be reduced by a factor of 5 between CeSnjy
and CeAu,, while Riegel et al. find the spin dynam-
ics for Ce in Au to be 3 times slower for Ce in Au
than for Ce in Sn.>

The interplay of hybridization and f-
electron—count effects is important for determina-
tion of f-electron counts from lattice constants. In
doing this it was until now assumed that the lattice
constant varied linearly with f-electron count be-
tween the value for 3% Ce(f') and 4+ Ce(f°), as
shown in Fig. 14. This assumed that the f-electron
hybridization energy was negligible so that, for in-



7338 J. C. FUGGLE et al. 27
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FIG. 10. 3d XPS spectrum of the ordered Ce-Pd in-
termetallic compounds studied.

stance, if the lattice constant was halfway between
that for an f° and f' compound, then one would
deduce a €5, value of 0.5 as indicated by the dash-
dot line in Fig. 14. Apart from the difficulty of de-
ciding on a lattice constant for Ce f° materials the

large values of the hybridization suggested by our

/
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FIG. 11. Main 3ds,, XPS peak from La-Pd and Ce-Pd
intermetallic compounds.
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FIG. 12. 3d XPS spectra from LaSn; and CeSn;.

XPS results would probably give a significant con-
tribution to the cohesion of the alloy. This would
reduce the lattice constant by an amount that is hard
to estimate, but as shown schematically by the
dashed curve in Fig. 14, the effect would lead to a
systematic reduction of the values of €5 derived

from lattice constant data.
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FIG. 13. 3d XPS spectrum from CeAl,, with associate
plasmon losses.
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TABLE III. 4f Hybridization widths in meV and ¢

)
coefficients for La and Ce compounds.
A4f(La) A.;,(Ce) C(fo)(Ce)
Compounds from XPS from XPS from XPS
R 70 30 <0.05
aCe? ~0.05
CeCo, 120 ~0.18
CeCos 110 ~0.13
La;Ni 80
R;Ni; 90 60 <0.05
RNi 120 70 ~0.05
CeNi, 100 ~0.12
RNis 160 70 ~0.16
CeRh;® 160 ~0.26
CeRu, 120 ~0.20
R,Pd, 50 30 <0.05
RPd 140 90 <0.05
CesPds 120 <0.05
LaPd, 160
RPd; 250 150 ~0.10
RSn; 70 50 <0.05
CePt; 150 ~0.14
RAu 30 25 <0.05
RAu, 25 15 <0.05
CeAl, 30 <0.05
RPdAl 70 35 <0.05
CeCu,Si, 35 <0.05
CeN ~0.2
CeSb 60 <0.05
CeSe 140 <0.05
2Reference 12.
bReference 8.
CONCLUDING REMARKS

We have used core-level XPS to derive a set of
values for the strength of hybridization between the
Ce4f levels and the conduction states and for the
contribution of the 4f° configuration to the ground
state in Ce intermetallic. A certain amount of com-

A=0
= -
S ”"’:A>0
1
;
N
. e
W ]
] Pty
=
<
=)
Traditional - |
Deduction Deduction
0 ! |

FIG. 14. Illustration of the effect of hybridization on
the derivation of f-electron counts from lattice constants.

mon sense is regarded in their use. On the one hand,
they are not without a good theoretical foundation.
On the other hand, they are only as good as the
model used to extract them and should not be taken
as a new dogma. We should be most pleased if oth-
er workers were to use the parameters we derive as
starting values in calculations of other physical
properties of Ce intermetallics. The clear message
of our data is that theories utilizing very small ( < 10
meV) total 4f hybridization widths for Ce are not
appropriate for describing the physical properties of
Ce intermetallics. Further, we find f-electron
counts greater than ~0.8 in all compounds studied
and cannot reconcile the concept of small f-electron
counts within the model used. We also believe that
the data in Table III can be useful in design of ex-
periments. For instance, if one wanted to compare
the properties of Ce compounds with very different
4f hybridization widths Table III gives a reasonable
guide to the choices available.

Another direction of study suggested by our work
would be investigation of the role of the density of
states near Er in different experiments. The hybrid-
ization measured by the f? XPS peak is only weakly
weighted to favor the effects of states near Er. In
contrast, resistivities and electronic specific heats are
more strongly influenced by the states near Er. In
CePd;, the density of sd states at Er suggested by
XPS is less than 710— of the maximum, so that hy-
bridization with states close to Ey is very small. In
CeSn;, the density of states near Ep suggested by
XPS valence-band studies is near to the maximum
in the band. Thus although the CeSn; f-electron
conduction-band hybridization given in Table I is
less than for CePd;, the hybridization with states
close to Er must be larger than in CePd;. Such ef-
fects must clearly be taken into account in calculat-
ing properties of Ce compounds which are related to
a small perturbation of the ground state.
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APPENDIX: SURFACE EFFECTS

What follows is a short discussion of the present
status of surface effects in photoelectron spectra and
possible artifacts of the sample cleaning methods
used. The main thrust of this discussion will be that
while it would be pointless to argue that no surface
effects are present, they do not dominate the effects
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we have observed.

The inelastic mean free path of electrons with
~600 eV kinetic energy (KE) is about 10 A (Refs.
51 and 52) so that, even with almost vertical takeoff
for the electrons as used here, approximately 20% of
the spectrum arises from the first atomic layer
where the Ce electrons might have different f-
electron count and electronic structure. However, as
pointed out by Krill et al.,® surface effects cannot
dominate XPS results because similar variations are
found in x-ray absorption studies, which are not
strongly surface sensitive. Note also that the f-
electron count and f-electron hybridization effects
derived from our XPS measurements also allow us
to rationalize synchrotron photoemission spectra of
Ce valence bands in which the photoelectron KE
was only 40—120 eV and surface sensitivity was
even greater.!>*? The implication is that if surface
effects are localized at the osurface, and measure-
ments using ~10- and ~3-A mean free paths give
consistent results, then the first atomic layer is quite
similar to all the rest.

Surface segregation can be a problem in photo-
emission studies. This is partially alleviated in or-
dered intermetallic compounds where the energy loss
due to breakdown of the (thermodynamically very
stable) compound is larger than the energy gain due

to drop in surface energy when the more volatile
component segregates to the surface.

We chose to clean the surfaces by filing in situ,
rather than ion etching, to avoid the effects of selec-
tive sputtering on the surface composition. We
checked the surface compositions in selective cases
using the relative intensities of the core-level peaks
from the two components and tabulations of pho-
toionization cross sections. This showed the absence
of any gross changes in surface composition.

The use of filing may conjure up a picture of
rough, craggy surfaces covered in debris, and possi-
bly atomically very rough. The samples used here
mostly cleaved easily so that most of the surfaces
examined consisted of small flat planes 0.1—1 mm?
in area and oriented at 20 deg to the average sur-
face. We examined a few samples under a micro-
scope and found that less than 10% of the surface
was covered by debris. There was more powdery
material on the surface of rare-earth rich intermetal-
lics like Ce;Nij3 or LaPd;, but these oxidized too rap-
idly for microscopic analysis. It is not possible to
examine the surfaces for roughness on the atomic
scale, but under the highest optical resolution possi-
ble in our reflection microscopes the individual
cleavage faces showed little structure other than a
few long straight steps.

*Present address: Institute for Low Temperature Studies,
50-950 Wroclaw, Poland.
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