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Occupancy and hybridization of the f level in Ce compounds
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We compare experimental and theoretical core-level and valence photoemission, bremsstrahlung iso-

chromat, and 3d 4f x-ray absoprtion spectra as well as susceptibility data for Ce compounds. Using the
Anderson impurity model and one set of parameters, we obtain an essentially consistent description of
these experiments. We deduce new values for the occupancy of the f level and its coupling to the conduc-
tion states. These values are substantially larger than the traditional ones.
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where e~ is the (bare) energy of the j' level, with orbital
(m ) and spin (cr) degeneracies, ek is the energy of a con-
duction state, and Vk is a hopping matrix element between
these states. The core level is described by e„U is the ef-
f'ecti ve f' fCoulomb interaction, and -U~, is the core-
h&&le —f-electron interaction. We use the model assump-

Ce and its compounds have many anomalous properties,
for which no quantitative (or sometimes even qualitative)
description exists. ' ' Similar effects are also observed in
uranium compounds. ' These properties are related to the
intermediate character of the Ce 4j' (and U 5f') electrons,
which show both localized and delocalized behavior. The
discussion has often centered on the population n~ of the f'
level and its coupling 5 to the conduction states. The pur-
pose of this paper is to report new results for nI and 6 from
a quantitative comparison of theoretical and experimental
core-level, valence-band, and 3d 4f x-ray absorption
spectra (XAS) as well as susceptibility data. The new values
are substantially larger than the traditionally accepted ones.

Thermodynamic, transport, and neutron scattering data
have led to estimates of 6 —0.01 eV. ' Values for ny have
usually been obtained from lattice parameter data, and
nf 0.55 has, for instance, been quoted for CePd3. ' CeRu2,
CeNi2, and Cewi5 have often been assumed to have ny= 0, '
but ny=0. 4 has also been proposed for CeRu2. ' Our new
values are not entirely without precedent, however, since
Compton scattering, core, valence, and L 3 x-ray absorp-
tion spectra suggested that both ny and 5 could be larger in
Ce intermetallics than generally assumed. '

Ce compounds are often described in an Anderson impur-
ity model,

H = QGkr&k~+ /&In + g (vk~&l&k &l&~ +H.c.)

tion
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We estimate F (e) from valence photoemission and define
5 as the average of F(e) over the occupied part of the con-
duction band.

We have developed a theory' for the core, valence, and
3d —4f x-ray absorption spectra, taking advantage of an
idea of Ramakrishnan' and Anderson, ' who pointed out
that the model (1) has a small parameter, N~ ', where N~ is
the degeneracy of the f level. Our method provides quite
accurate spectra for Ny~ 6, and for NI ~ (NFb =con-
stant), the method is exact.

In Fig. 1 we show 3d core spectra for CeRu2. ' The peaks
are classified according to the number of I' electrons in the
corresponding final states. The weight of the f' shoulder
depends sensitively on b, , and the weight of the fo peak
tracks 1 —n~. The experimental curve is well reproduced for
ny=0. 85 and 4 =0.10 eV, while n~=0. 54 gives too much
weight for the fo peak and b, = 0.05 eV leads to a very weak

shoulder. Due to the neglect of multiplet effects the cal-
culated f' peak is somewhat too narrow.

Figure 2 sho~s the valence spectrum of CeRu2. The ex-
perimental spectrum' was obtained at the resonance photon
energy (122 eV), where the f emission is enhanced. Since
the spectrum off resonance (e.g. , 115 eV) is fairly flat, 8 we
have not tried to subtract the conduction-band emission,
which is not included in the theory. The parameters ob-
tained from the core spectrum give a reasonable description
of the valence spectrum. The deviation around —2 and —3
eV could be due to the conduction-band emission.

It is controversial whether the peak close to the Fermi en-
ergy, eF, in many Ce compounds is due to I or d emis-
sion, ' where I' emission is the intensity proportional to
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FIG. 2. The valence spectrum of CeRu2. For the lower theo-
retical curve the same parameters as for the lower curve in Fig. 1

were used, and the other curves were obtained for the values of n~
and 6 indicated. We used a Gaussian broadening of 0.47 eV
(FWHM). The experimental spectrum is due to Allen et al. (Ref.
8).

FIG. 1. The core spectrum for CeRu2 according to experiment
(dots) and theory (full curve). To describe the spin-orbit splitting
of the 3d level, we have supe&imposed two calculated spectra with
the appropriate energy separation and weights. We have also added
an inelastic background (broken curve) and used a (Lorentzian)
broadening of 1.8 eV [full width at half maximum (FWHM)]. The
value of n& is varied by changing e~. BE stands for binding energy.

the square of the f-level dipole matrix element. We find
that the f emission always shows a peak at ~F with some in-
tensity, ' corresponding to transitions to final states where a
conduction electron close to e F has been removed. The
emission at higher binding energies corresponds to final
states, where configurations with an f electron have a small-
er weight. The parameters from the core spectrum lead to a

weight of the peak at eF which is comparable to the experi-
mental weight, ' strongly suggesting that for CeR.u2 this
peak has a large f character. Interference between f and d
emission is not included here. This effect in particular in-
fluences the peak at e F, and could lead to a different
photon-energy dependence for this peak than for the rest of
the f emission.

We have also calculated the 3d 4f x-ray absorption and
the bremsstrahlung isochromat spectra (BIS), using the
value of 5 determined from x-ray photoemission spectros-
copy (XPS). The value of n~ was varied to obtain good
agreement with experiment. We have performed similar
calculations for Cepd3, CeNi2, and CeNi5, and Table I sum-

TABLE I. The f-level hybridization 4 and the f occupancy n& as deduced from the core-level photoemis-
sion (XPS), the 3d 4f absorption (XAS), and the bremsstrahlung isochromat spectra (BIS) and the static,
T =0 susceptibility (X) (Ref. 18). "Traditional" estimates of n& correspond to n~=0 for CeRu2, CeNi2, and
CeNi5 and n~=0.5 for CePd3.

a (eV)

XPS XPS 3d XAS HIS

CeRu2
CePd3
CeNi2
CeNi5

0.10
0.11
0.10
0.09

0.83
0.91
0.84
0.79

0.86
0.79
0.81

—0.7
0.97
0.78

—0.8

0.78
0.82
0.74
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marizes the parameters found. Due to the large back-
ground, the importance of multiplet effects and the neglect
of d-f interference, we expect the values of n~ deduced
from BIS to be less reliable than the other results. The
description of experiment requires U —6—7 eV and

U~, —10—11 eV, in fair agreement with the ab initio esti-
mates' U=5 eV and Uy, =10.3 eV. The small differences
between the parameters deduced from different experiments
may be due to the simplicity of the model and to uncertain-
ties in the fit procedure and the experimental data. The ex-
periments also have different surface sensitivities and are
performed at different temperatures.

We now discuss how some previous estimates of n~ and 6
can be rationalized within the framework of our new param-
eters. Values of 4 —0.01 eV have been obtained from the
static, T =0 susceptibility X. The susceptibility has been cal-
culated" '3 to lowest order in I/N~ for U ~. For a con-
stant F(e) and a broad band, we obtain

ny
2

(3)a (1 —n~)

If the traditional small values of n~ are used, Eq. (3) re-
quires a small b, (say, 6 —0.01 eV) to explain the experi-
mental X. Such an estimate of 5, however, depends
dramatically on n~, and the values of n~ in Table I lead to
5 —0.1 eV. Since we now have estimates of 6 from the
core spectra, we can use x for the determination of n~. '

Such estimates are shown in Table I. There are substantial
uncertainties in both the experimental and the calculated f
electron susceptibility. However, even a reduction by a fac-
tor of 2 of the experimental susceptibility or the estimated
value of 5 would, for instance, only change the estimate of
n~ for CeRu2 by 0.09.

Also from the quasielastic peak width I /2 in neutron
scattering data, small values of 6 have been inferred. Cal-
culations of Kuramoto and Muller-Hartmann' suggest,
however, that 4 is substantially larger than I /2 for the large
values of ny found here. Using a model with spin degenera-
cy (N~=2), Oh and Doiniach deduced 5 —1 eV for CePd3

from the 3d core-level spectrum. In our calculation, which
includes orbital degeneracy, 4 enters in the combinations
(N~ 1)b—, (f' peak) or N~A (f peak), explaining why their
estimate of 5 is an order of magnitude larger than ours.

Small values of ny have been obtained from the lattice
parameter, L, assuming a linear relation24 between L and
ny.

' This assumption breaks down for large values of 6,
since the hopping between the f' level and the conduction
states can influence L substantially. If ny=0 or nj=L,
this effect is small, but for ny —0.5, hopping could lead to a
reduction L comparable to the difference between the hy-
pothetical three- and four-valent compounds. ' The neglect
of this nonlinear dependence of L on n& causes an underes-
timate of n~.

In conclusion, we have found that the Anderson impurity
model with one set of new values for n~ and 6+ can
describe a large body of experimental data. The traditional
values of b, ( —0.01 eV) are inconsistent with the core and
valence spectra, The old estimates for n~ disagree with the
core-level photoemission, the 3d 4f XAS, and the BIS
spectra and, if we use the new values for 5, the T =0 sus-
ceptibility data. We hope this paper will stimulate further
at tern pts to rationalize other experimental results of Ce
compounds, in particular thermodynamic and transport data,
in terms of the new values of n~ and A.
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