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The intermediate valence of formally tetravalent compounds has been detected by L; x-ray-
absorption near-edge structure (XANES) in CeO; and in PrO, but not in UO,, which have the same
CaF, structure and large f and ligand mixing. The intermediate valence has been found both in
CeO, and in Ce(SO,),-4H,0, which have similar local structure but different crystal structure. We
show that L; XANES final states are a direct probe of configuration interaction between 41" and
4f"+1L configurations in the ground state and that the weight of the 4/"*!L in the ground state
can be deduced. The many-body final states arise from the characteristic properties of these materi-
als: (i) the presence of localized 4f level above the oxygen 2p band separated by a gap 8¢ with
relevant correlation energy Uy (Uss > 8€) and (ii) mixing of 4f localized states with ligand valence
orbitals such that the hybridization energy V is of the same order of magnitude as the energy
separation AE between the many-body configuration 4" and 4" *!L (V > AE). These insulating
materials, which cannot be classified as standard mixed-valence systems, are called here interatomic
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intermediate-valence systems.

I. INTRODUCTION

The unexpected presence of mixed-valence behavior in
hard spectroscopies, like x-ray photoemission spectros-
copy (XPS) and in x-ray-absorption near-edge structure
(XANES), of an insulating 4f compound like CeO, (Refs.
1—6) and more recently also in Sm in an argon matrix’
and in EuO under high pressure® has attracted a great
amount of interest. A controversy has arisen between the
proposed mixed-valence state of insulating CeO, in the
ground state* and the role of final-state effects.*> On the
other hand, a controversy has arisen on the interpretation
of the data in terms of a many-body configuration theory
for a local cluster (CeQg), predicting configuration in-
teraction in the ground state,”'% or in terms of one-
electron band structure of the crystal.!!

According to the table of transition metals proposed by
Smith and Riseborough,‘2 there is a crossover region of
materials going from cerium through palladium between
the regions where the d and f electrons are localized and
where they are itinerant. Here we have investigated Ce,
Pr, and U compounds which belong to this crossover re-
gion. In UO,, PrO,, and CeO,, with CaF, crystal struc-
ture and eightfold metal coordination, evidence of large
mixing of metal f and oxygen 2p orbitals has been found
both from band-structure'® and molecular-orbital calcula-
tions for CeOg (Ref. 14) and UO; (Ref. 15) clusters.

The Ce L; XANES spectrum of CeO, remained an un-
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solved puzzle for many years since the first experi-
ment.">® In fact, the L; XANES of transition metals,
actinides, and lanthanides exhibit a single white line at
threshold which is due to a resonance in the 2p-—5d cross
section modified by local density of unoccupied states.
This resonance can be obtained by one-electron theories'®
both using multiple-scattering approach of XANES in the
real space!” as well as in the k space in the frame of
band-structure approach.'® On the contrary, the spectrum
of CeO, shows two well-resolved white lines like the spec-
tra of mixed-valence Ce intermetallics. But the energy
separation of only 7 €V between 4f' and 4f° configura-
tions (to be compared with 11 eV in intermetallics)
remained unexplained as pointed out in Ref. 5.

In this experiment we have measured the spectra of a
set of systems with similar local structure
MOg(M =Ce, Pr, and U), and therefore with similar
one-electron absorption cross sections. The one-electron
cross section has been obtained from the spectrum of UO,
and the many-body effects in the other compounds have
been determined experimentally.

We interpret the data by a many-body calculation of
the oscillator strength of the core 2p—5d excitations in
the x-ray absorption which predicts the splitting of the
white line and the line shape of experimental features in
the cases where the many-body description in the frame-
work of the theory of configuration interaction of the
ground state of insulating oxides is required.
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This theory allows us to obtain a picture of configura-
tion interaction for a local cluster model as well as for the
band-structure limit. The band structure effects are
predicted by the theory and verified experimentally by
comparison between the spectra of CeO, and cerium sul-
fate. The value of the Coulomb interaction Uyzr=5 eV
between the 5d photoelectron and the 4f electron has been
found in CeO, and it plays a key role in XANES.

This work shows that there is a set of systems: CeO,,
cerium sulfate and PrO,, which show configurations in-
teraction in the ground state. In these systems the corre-
lation energy Uy is not negligible and at the same time
the hybridization between the two configurations V is of
the order of magnitude as their energy separation AE. We
call these systems interatomic intermediate-valence (IIV)
insulating systems to be distinguished from the metallic
mixed-valence systems, which, as defined by Varma,'"
show the spectral weight of the 4f states in a single peak
of the density of states at the Fermi level. In the one-
electron language the 4f weight in insulating IIV systems
is distributed between occupied and unoccupied states
separated by the energy gap because of large hybridization
between f and ligand orbitals.

EXPERIMENT

The experiment has been performed on well-
characterized stoichiometric samples both at Frascati syn-
chrotron radiation facility and in LURE at Université
Paris Sud. Experimental details have been described else-
where.?%2!

RESULTS AND DISCUSSION

In Fig. 1 we report the L; XANES spectra of UO,,
PrO,, CeO,, and Ce(SO,),-4H,0. The zero of the energy
scale of UO, has been fixed at the white line maximum
and the other spectra have been aligned to superimpose
the EXAFS oscillations and the XANES multiple-
scattering feature at about 40 eV in Fig. 1. UQ,, PrO,,
and CeO, have the same crystal structure and similar
one-electron band structure.!?? In fact, the valence-band
photoemission and BIS spectra of UO, and CeO, show
many similarities.!">> We have found that the gross
features of EXAFS and XANES above the white line are
similar. The discussion of subtle differences between
XANES and EXAFS spectra of these systems will be dis-
cussed in a forthcoming paper. The main differences be-
tween the spectra in Fig. 1 appear at threshold.

In Fig. 2 we report the spectra of CeO, and cerium sul-
fate which have similar cerium oxygen distance and the
same site geometry as shown by EXAFS and XANES
spectra. The large variation of intensities and line shapes
of the peaks 4 and B appears clearly.

The UO, spectrum shows at threshold a single white
line due to a core transition to the unoccupied U 6d orbi-
tals enhanced by the resonance in the atomic absorption
cross section for 2p — 6d transitions.

We have measured also the M; absorption spectrum of
UO, where the core hole lifetime is different and experi-
mental resolution is better, and we have found a similar
single white line. The one-electron XANES multiple-
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FIG. 1. XANES spectra of CE(SO4),+4H,0, CeO,, PrO,,
and UO, at the metal L; threshold. The spectra have been
aligned to overlap the high-energy XANES and EXAFS
features. The zero of the energy scale is fixed at the first main
absorption feature.
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FIG. 2. L; absorption spectra of cerium in CeO, (solid line)
and Ce(SO4),+4H,0 (dotted line).
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scattering theory for a small cluster ErQg¢ including only
the nearest neighbors!” gives an account of the 2p—5d
white line at threshold and for the main multiple-
scattering MS resonance at about 40 eV. Because all other
samples have the same local structure we expect similar
one-electron multiple-scattering XANES resonance.'®
The L; spectrum of CeO, in Fig. 1 shows two well-
known white lines in agreement with previous works.!™
The comparison between the L3 spectra of UO, and CeO,
shows that the peak B of CeO, spectrum is the fully
screened configuration of valence electrons which is the
static single configuration of the one-electron model for
core transitions.'® The presence of two white lines shows
the breakdown of the one-electron description for core
transition in these systems. The different peaks corre-
spond to different final-state configurations with different
configurations of valence electrons.

These many-body features in the final state can be
determined by configuration interaction in the final state
induced by the relaxation effects around the core hole
and/or by configuration interaction in the initial state
when correlation effects are important.

Final-state satellites in XANES are very weak when
compared with x-ray photoelectron spectroscopy (XPS).
This has been shown experimentally®?%2* and it can be
demonstrated in the frame of the many-body theory
presented below.

We will show that the many-body features in the
XANES of tetravalent Ce compounds are determined by
the configuration interaction mainly in the initial state.
The electronic structure of correlated systems where there
is a large mixing between localized 4f levels and more
delocalized ligand (O 2p in our case) levels can be
described by mixing of localized ionic multielectron con-
figurations: 4f° and 4f'L, where L denotes a ligand hole.
The ground state is described by the wave function
W,=a |[4f°)+b|4f'L). The two ionic configurations
before hybridization are separated by AE. The hybridiza-
tion energy V between the atomiclike localized 4f and
delocalized O 2p states determines the mixing between the
multielectron configurations. Here we extend the mean-
ing of the notation L, introduced by Fujimori’ for a hole
in the molecular O 2p states of the CeOg cluster, to a hole
in O 2p band of a crystal with large dispersion. Finally
the electronic Coulomb repulsion Uy, describes the corre-
lation of localized f states.

Now we discuss the final states at threshold of L;
XANES for IIV systems. In the final state, at the white
line maxima, a core hole is in the metal atom and a pho-
toelectron is excited at the first 5d unoccupied band. The
final state is determined by the Coulomb interactions Q4
between the 5d electron and the core hole, and @, be-
tween the f electrons and the core hole, and the Coulomb
repulsion Uy, between the 5d and f electrons. As first
pointed out by Kotani and Toyozawa?® because of the
large Qy/ interaction the f states are deepened by the core
hole, as in XPS but because the Coulomb repulsion Uy,
the f levels are pushed up in the x-ray absorption. This
last effect is absent in XPS, i.e., U;, =0, and therefore the
XPS core final states are different from the XANES final
states.®?%27 This explains the fact that each core spectros-

copy gives different final states with different energy
separation and mixing of final-state configurations.
Therefore the intensity ratio between multielectron final
states in XPS, M, s XANES or N,s XANES, are quite
different and the deduction of ground-state intermediate
valence requires a theoretical description of the final
states.

The final states in XANES of IIV systems can be cal-
culated, within the cluster model starting with a 4f level,
a single (N =1) O 2p orbital with a mixing parameter V'
between them, and a single unoccupied 5d orbital. The
eigenstate, with the lowest energy E, which is assumed to
be a singlet state, of the initial-state Hamiltonian is denot-
ed by |g) and the L; absorption final state at energy E r
by |f). For details of these quantities we refer to Ref.
26. Then the L; edge spectrum F;(w) is expressed such
that

Frlo)=3|(flaja.|g) |’Lio+E,—E,), (1)
f

where L(x)=T/[m(x?+T?)] and o is the photon energy.
I" represents the spectral broadening due to finite lifetime
of the core hole, a; denotes the creation operator of atom-
ic Ce 5d orbital, and a, expresses the annihilation of the
core electron.

The band-structure effects determine an oxygen 2p
bandwidth in MO, (M=Ce, Pr, and U), W=3
eV.11:13:22.23 T take account of this effect in the calcula-
tions we treat the valence band with energy €} as a finite
system consisting of N discrete levels given by

gh=—W/24+(W/N)k—7) (k=1,2,...,N)

where W is the valence-band width and we put W =3 eV;
the center of the valence band is taken as the origin of en-
ergy. The Ce 5d band is similarly replaced by N discrete
levels with the bandwidth 6 eV. Therefore the N =1
model is similar to the Fujmori cluster model (in the case
of XPS) and by increasing N we obtain the band-structure
model. With the fixed value of N, we have exactly diago-
nalized the model Hamiltonian of our Ce compounds,

H= Yein,(k,0)+ ze?nf(o)—k Eeind(k)
o'k o k

+en,+(V/VN) Sla)(k,0)as(o)+h.c.]
o,k

+Ugnp(Dnp()+(Uye /N) S nplodaf(Kag(k’)
o,k,k’

+(1=n.) | @y Snp(0)+ (Qpa/N) Saj(kagk’) |,
4 k,k’

(2)

where €}, s}, s’i, and €. are energies of the valence band,
4f level, 5d band, and core level, and n,(k,0),
ng(o), ng(k), and n, and their occupation number opera-
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tors (the spin o in the 5d and core states is disregarded).
The operators aJ (k,0) and as(0) represent the creation of
the valence electron and the annihilation of the 4f elec-
tron, respectively, and a;(k) and ay(k') represent the
creation and annihilation of the 5d electron. For the
method of diagonalizing H, we refer to Ref. 27. By using
the ground state |g) of the Hamiltonian H with n, =1
and the final state | f) of H with n =0, the absorption
spectra F; (w) of Eq. (1) are calculated, and the calculated
F; (w) for increasing values of N are found to converge
for N>4and '=1eV.

The energy separation between the 4f level e} and the
O 2p level (center of the O 2p valence band) is assumed to
be 6e6=1.6 eV which in the many-body picture corre-
sponds to the energy separation AE between 4/° and 4f'L
configurations. The values of Usr=10.5 eV and V'=2.0
eV (in agreement with finding from XPS core spectra)?”2}
have been assumed to describe the ground state. These
values of 8¢, V, and Uy, determine the interatomic inter-
mediate valence in CeO,.

In the final state for the excitation of a 2p core hole and
a 5d photoelectron we expect three configurations 4f°,
4f', and 4f% The energy separations are approximately
given by

E(fH—E(f))=8e+Q+ Uy , (3)
E(f)—E(f))=28e+ Qs+ Uyp)+ Uys . 4)

We assign the many-body features B and A4 of CeO, in
Fig. 1 to the 4f'L and the feature 4 to the 4/° (mixed
with 4f2L2) configurations, respectively. The interaction
Qns plays a key role in the final states of XPS spectra of
3d core lines. Qs and Uy are essential to describe the
L; XANES final states. Here the value of Q= —12.5
eV was determined from Ce(3d) XPS spectra as
represented in Ref. 27. The two quantities Qyy and Uy
were obtained as -6 and 5 eV, respectively, to reproduce
the energy separation and relative intensity of experimen-
tal peaks 4 and B in L; absorption spectra of CeO,. The
results of the many-body calculations are plotted in Fig. 3
for the cluster model N =1 and for the band model
N =6. The energy separation between peaks A4 and B in
the calculation shown in Fig. 3 is in good agreement with
the energy separations of the white lines in CeO, and ceri-
um sulfate. Previous studies of L; XANES (Ref. 29) did
not take account of the Coulomb interaction Uy, and they
obtained an energy separation of the white lines in
disagreement with the experiment.

As found from Eq. (4), the 4f? configuration in the fi-
nal state is pushed at high energy by Uy and 2u,4, contri-
butions therefore the low-energy feature B is mostly pure
41! and probes only the weight of the |4f'L ) configura-
tion in the ground state. On the contrary the 4/° and 42
configurations are very close and mixed.

This is an important point that makes L; XANES and
core-level XPS complementary methods for the deter-
mination of ground-state properties of IIV systems. In
fact, in the final state of the 3d XPS spectroscopy of
CeO, we have a different situation because the 4f! is
mixed with the 4f2 configuration and well separated from
410 configuration.

The finite bandwidth (see the difference between the
N =6 and the N =1 spectrum) determines a broadening
of the 4! (low-energy B feature) and the 4/ final states.
This effect is much larger for the 4f state which cannot
be anymore identified as a sharp spectral feature in the
band model calculation.

The line shape of white lines at threshold has been
analyzed by a fitting procedure. We have subtracted from
the L, absorption spectrum of UO, an arctangent curve
to simulate the absorption jump from the pre-edge value
to the atomic value of the absorption coefficient well
above the edge u,.. The residue of the subtraction is
shown in Fig. 4. A good fit of the residue of the UO,
spectrum by a single Lorentzian has been obtained as
shown in Fig. 4. This peak is assigned to the single 52
configuration. The spectrum of UO, does not show
many-body effects, and it looks like that of condensed
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FIG. 3. Calculated core absorption spectra (solid lines) for
many-body excitations with a 2p core hole and one electron in
5d states, in the limit of the molecular cluster (N =1, curve a)
and in the limit of finite width for filled valence and 5d bands
(N =6, curve b). The theoretical parameters are Ugr=5 eV,
QOnr=—12.5 eV, Qua=—6 €V, and 8e¢=1.6 eV. In the upper
part of the figure we report the L; absorption edge of CeO,
after subtraction of an arctan line. After a removal of the
arctan curve, which simulates the atomic absorption jump, the
structures 4 and B correspond to transition to the unoccupied d
states.
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ENERGY (eV)

FIG. 4. L, absorption threshold of studied samples after sub-
traction of an arctan curve and the results of fitting with
Lorentzians.

materials where the XANES spectra can be fully
described by a one-electron model.

The spectra of PrO, and cerium sulfate have been
analyzed in the same way. The residue of the subtraction
of a single arctan curve from the spectrum of CeO, in
Fig. 2 is reported in Fig. 3 for comparison with theoreti-
cal results. The fitting by several Lorentzians of the resi-
dues are shown in Fig. 4.

The spectrum of CeO, has been fitted with four
Lorentzians which, however, are not enough to give ac-
count of all details of the line shape of the absorption
peaks. Two Lorentzians have been introduced to fit peak
B taking account for a shoulder on the low-energy side of
peak B. This shoulder is at the energy position of the
white line of Ce** compounds, but 3d-XPS spectra of the
same CeO, sample show no presence of Ce’* ions there-
fore partial reduction can be excluded. Moreover, on the
high-energy side of peak A of the CeO, spectrum there is
a shoulder that is not fitted with a simple Lorentzian n°1.
Following the theoretical discussion the feature n°l is
determined by 4/° and 42 final states and feature n°2 by
4f! final state. The peak n°3 is not predicted by the
present theory for transitions to d states therefore we as-
sign this last peak to a 2p —6s transition.

The usual experimental method to extract the inter-
mediate valence in mixed-valence intermetallics is to fit
the L; edges with two arctangent and two Lorentzian
curves using the same intensity ratio and energy splitting
for both curves.3=>3 This procedure is justified where
U;y=0. In those cases the energy separation between the
4f" and 4f"*! x-ray absorption white lines and the XPS
core lines are the same but this is not the case for CeO,.
Where the Coulomb interaction between the photoelectron
in a state c in the continuum (above we have studied only
the case ¢=5d) and the localized 4f electron cannot be
disregarded, the energy separation and intensity ratio be-

tween 2p(4f™)c! and 2p(4f"+!L)c! final-state configura-
tions for each different state ¢! of the photoelectron at
different energies in the XANES are different. Therefore
a different energy splitting and different relative intensi-
ties of many-body configurations by changing the wave
function of the excited photoelectron in the XANES spec-
trum are expected. Therefore the energy position and the
intensity of the second arctangent should be left free in
fitting procedure in agreement with the above discussion.
We have used this approach but because of the many free
parameters several good fittings of the spectra can be ob-
tained with different set of parameters. An alternative fit-
ting procedure, using a minimum number of parameters
for these IIV systems, is to neglect the second arctangent
and to use the results of Fig. 4. The values of the inter-
mediate valence obtained by this method should be con-
sidered as upper limits for the intermediate valence.

Using the standard two Lorentzians and two arctan fit-
ting procedures, we obtain a value of 4f occupancy of
CeO, x=0.68 is found (intermediate valence v=3.32)
and the shoulder B in the CeO, spectrum can be fitted
with a particular choice of the arctangent in agreement
with previous studies.>* Using the results of the fitting in
Fig. 4 we have measured the ratio r between the integrals
of the oscillator strength of the experimental features
B /(A +B). This has been used to measure the 4/ number
x=n+r (where n =0,1, and 2 for Ce, Pr, and U, respec-
tively®), because the feature B is pure 4f' and the weight
of the 4f° is distributed only on the experimental feature
A. The value of r is obtained by the integrals of the
Lorentzians of the fitting, where the feature B is given by
the sum of the two Lorentzians and we obtain x =0.54
for CeO, (v =3.46). This value of x is smaller than that
given by the standard two arctangent, two Lorentzians
procedure but is consistent with the band-structure calcu-
lations'? giving 4f occupancy x =0.47, with the analysis
of the 3d XPS spectrum in terms of the many-body
configuration-interaction theory x =0.46.%’

The peaks B and A4 in the PrO, spectrum can be as-
signed to the 4f2L and 4f' configurations, respectively,
which are similar to the final-state configurations in
CeO,. Comparing the spectra of CeO, and PrO, we can
see the effects due to increasing localizations of 4f states.
Going from CeO, to PrO, we expect a decrease of the hy-
bridization energy V with increasing localization of 4f or-
bitals and a variation of the energy separation AE between
the two configurations. We observe a sharpening of B
and A features and the experimental spectra can be fitted
with only two Lorentzian curves shown in Fig. 4. From
Fig. 4 we obtain x =1.56 for PrO, which is close to the
value of x =1.58 predicted by Koelling et al.!3

Comparing the spectra of cerium sulfate and CeO, we
can see the effects due to the different crystal structure
for similar local clusters. The sharpening of the 4 and B
features in cerium sulfate is in qualitative agreement with
the theoretical predictions shown in Fig. 3 for the decreas-
ing of the dispersion of the O 2p band going from CeO,
to cerium sulfate.

Finally we want to discuss the conditions for interatom-
ic intermediate valence in the ground state. In order to
have localized states, Uy, should not be negligible, there-
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fore the condition Uy > 8¢ should be verified. When this
condition is satisfied, the mixing between the localized
configurations is determined by the hybridization energy
V. The intermediate valence is present where ¥V~ AE on
the contrary the integral valence corresponds to V << AE,
where AE=E(f"+!'L)—E(f") is the energy of electron
transfer from valence band to the f level with many-body
description, i.e., AE is the energy difference between f" *!
and f" many-body systems in the limit of vanishing V.
The value n is (for nominally tetravalent compounds)

0, for Ce compounds
n= i1, for Pr compounds

2, for U compounds

and AE is expressed as

de= e? —¢eY,  for Ce compounds
oe + Uff,
58+2Uff,

AE= for Pr compounds

for U compounds .

Here 88 is the center of the valence band, and s? is the f
level in the absence of the f electron interaction Ugy.

The intermediate-valence state in CeO, and PrO, satis-
fies both conditions AE ~V and Uy, > 8¢. In the case of
UO; the correlation energy Uy decreases to the value be-
tween 2 (Ref. 31) and 4 eV but it is not negligible, there-
fore we are in the regime Uys ~8¢. Because we do not ob-
serve splitting of the many-body configuration, the condi-
tion ¥V << AE should be verified in UO,.

CONCLUSION

This experiment has demonstrated that there are insu-
lating correlated systems, like CeO,, which exhibit specif-
ic ground-state properties in the initial state requiring a
many-body picture. These systems are different from the
common metallic mixed-valence systems where the Fermi
level crosses the single peak of f levels, and there is mix-

ing between 4/™(5d,6s)™ and 4" *1(5d,6s)™ ~! configura-
tions with energy separation AE which can be zero. Insu-
lating interatomic intermediate-valence systems exhibit
configuration interaction between f” and f"*!L configu-
rations separated by AE (before hybridization). In these
systems there is a gap which gives AE5£0. The hybridiza-
tion energy V between localized metal and delocalized
ligand orbitals and the energy separation AE are of the
same order of magnitude (V' ~AE) (some eV), and the
correlation energy satisfies the rule Uy, > 8¢.

For these systems the L; XANES spectra show mul-
tielectron final states and probe directly the ground-state
weight of the f" *!L configuration. This result is relevant
also for the correct interpretation of the saturation of the
valence in formally tetravalent intermetallic compounds.
In order to obtain the corrected intermediate valence in
these IIV systems the contribution of the f” 2L ? configu-
ration to the 4 peak for each system has to be calculated
and a careful comparison between all possible final states
in core-level spectroscopies K XANES, M XANES, and
XPS has to be carried out.

Concerning the recent controversy we have shown
that L; XANES is a direct probe of configuration in-
teraction in the ground state and therefore a simple one-
electron band-structure interpretation of the spectra of
IIV systems is not enough because of large-4f correlation
energy. The local metal-ligand bonding plays a key role
in the determination of the IIV properties as deduced
from the comparison between CeO, and cerium sulfate.
The dispersion of the ligand-derived valence band induces
a broadening of the f"+!L configuration and a change of
hybridization.

Finally we have shown that in UO,, where the Uy
correlation energy decreases, such that Uy ~06e and
V << AE, the absorption spectra do not exhibit many-body
intermediate-valence effects.
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