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Many-body effects in praesodyminm core-level spectroscopies of Pr02
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The high-energy deep-core-level spectra of PrO& have been studied. Pr 3d x-ray photoemission
spectroscopy (XPS), Pr M4 5 x-ray-absorption spectroscopy (XAS) and Pr L3 XAS show many-body
effects. The data are analyzed in the framework of the filled-band Anderson-impurity model. Start-
ing from the many-body description of the ground-state, the final states of each core-level spectros-

copy are predicted. The effective relaxation energy in the final state decreases going from 3d XPS to
L3 XAS to M4, XAS because of the repulsive interaction between the excited electron and the 4f
electron in XAS spectra. It is shown that the ground state exhibits mixing of many-body
configurations 4f' and 4f'L, where L denotes a hole in the oxygen 2p-derived valence band,
separated by the energy b,E =0.5 eV. A nonzero probability of the occupation of the 4f L
configuration, giving a noninteger 4f count nf ——1.6, is found.

INTRODUCTION

The particular case in solid-state physics of cerium
dioxide (CeOz) has been the object of much interest in
these last ten years' ' because in this crystal the one-
electron approximation breaks down for large electronic
correlation, and the quantum-mechanics effect of the
multielectron configuration interaction plays a key role in
the description of its properties. Pr02 has a similar crys-
tal CaF2 structure but it is black and conducting' while
Ce02 is transparent and insulating.

In the framework of a one-electron description both
Ce02 and Pr02 exhibit a similar electronic structure.
They have a filled oxygen 2p band and because the metal
atoms contribute to the filling of this band with their four
electrons they can be considered in principle "tetra-
valent" compounds. But it has been shown that in these
compounds there is a breakdown of the band density for
an f partial wave both at the metal and the oxygen sites;
in other words there is strong covalent bonding and
therefore f states occur both in the oxygen 2p band,
which gives delocalized band behavior, and above the
valence band, which is more localized and does not con-
tribute to the bonding.

The presence of strong covalent bonding involving f
electrons cannot be explained in an uncoupled scheme in
which there are only two configurations 4f (4f') and
4f ' (4f ) well separated in energy without hybridization
in Ce02 (Pr02).

The ground state of Ce02 should be described by a
mixing of two electronic configurations 4f and 4f 'L,
where L indicates a hole in the oxygen (ligand) 2p valence
band, according to the cluster model of Fujimori and the
filled-band Anderson-impurity model. ' For cerium
metallic compounds the theoretical results for the
Anderson-impurity Hamiltonian have led to a unified in-
terpretation of much of the high-energy-scale spectro-
scopic and low-energy-scale transport data. ' ' Recent-
ly it has been proposed that Ce02 is a prototype of a class
of correlated covalent systems called interatomic
intermediate-valence (IIV) systems which are described
by inixing between 4f" and 4f"+'L configurations
separated by the energy hE, and where the hybridization
energy V is of the same order of magnitude as hE. "

Here we have studied the formally tetravalent rare-
earth compound Pr02 with several core spectroscopies in
order to probe the ground state by different final states.
We have measured the Pr 3d x-ray photoemission spectra
(XPS) and the L3-edge x-ray-absorption spectra (XAS).
All spectra show many-body effects.

Starting from the description of the ground state in
terms of mixing between the [4f '] and [4f2L ]
configurations separated by energy 5E it is possible to in-
terpret the different core-level spectroscopies by the
filled-band Anderson-impurity model. The final states
are different in each spectrum. The 3d XPS shows the sa-
tellites 3d4f2L and 3d4f'L at lower binding energy
than the 3d4f ' main line. The L3 XAS spectrum shows
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splitting of the white line at threshold due to excitation of
the photoelectron to the unoccupied 5, cd states, at the Pr
atomic site, at energy cz(k), derived from Sd atomic or-
bitals. ' It is shown that the two main peaks observed in
the PrOz L3 XAS are mainly due to 2p[4f']5, cd and
2p [4f L ]5,cd final states. Finally using the same
theoretical approach the final states in the 3d x-ray-
absorption spectra have been calculated and compared
with the experimental spectrum measured by Karnatak
et ai. "

In the final states the efFective perturbation energy in
core-level spectroscopy is —Uf, (the Coulomb attraction
between the core c and f electrons) in XPS; —Uf + Uj'd
(where Ufd is the Coulomb repulsion between the f and
the excited 5d electron) in L3 XAS; and —Uf, + Uff in

M45 XAS. Therefore the final-state perturbation de-
creases going from XPS to L3 XAS and to M&& XAS
spectra.

EXPERIMENT

XPS spectra were recorded by using a hemispherical
electron analyzer and the aluminum Ea x-ray-emission
line. The total instrumental energy resolution was 1.5
eV.

The samples were stoichiometric PrOz and CeOz poly-
crystalline powder prepared by L. Albert and P. E. Caro
at the Laboratoire d'Elements de Transition dans les
Solides at Meudon (France). The samples were pressed
on indium metal and introduced in the experimental
chamber without breaking the vacuum from a prepara-
tion chamber. The electron-energy distribution curves
were recorded rapidly after introducing the samples. The
3d XPS spectra were obtained by summing 80 scans to
get a good signal-to-noise ratio and no variation of the
spectra was observed during exposure to the x-ray beam.
The Auger and XPS spectra over a wide range do not
show the presence of either carbon contamination or oth-
er atomic impurities on the surface. The 3d XPS experi-
ment of PrOz was repeated at the Photon Factory syn-
chrotron radiation facility in Tsukuba using x-ray photon
energy tuned between 2000 and 3000 eV in order to de-
crease the surface sensitivity and to exclude the contribu-
tion of reduced atoms on the surface. No variation of the
Pr 3d XPS spectrum has been found by increasing bulk
sensitivity, therefore the spectrum can be associated with
bulk properties of PrOz.

The L3 absorption spectra were measured at the
Adone storage ring of the Frascati synchrotron radiation
facility using a Si(220) channel-cut crystal and by operat-
ing with the storage ring at 1.2 GeV to suppress high-
harmonics contamination of the monochromatized beam.
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spectrum shows the features A, 8, and C separated by

The peak A of the 3d&/z spectrum is partially over-
lapped by the peak C of the 3d3/p spectrum. The intensi-
ty ratio between the two spin-orbit components is in
agreement with the expected statistical ratio of —,. Using
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FIG. 1. XPS spectrum of Pr 3d core level of PrOz. The three
components A, B, and C of the 3d core spectrum (M4 & j are
split into 3d5/z and 3d3/p components by spin-orbit energy 20.6
eV.

RESULTS

Figure 1 shows the Pr 3d XPS spectrum of PrOz. The
binding energy is measured from the top of the valence
band. The XPS spectrum shows a shoulder in the high-
energy tail beyond 970 eV which is due to the tail of the
oxygen 1s Auger line that can be subtracted from the
spectrum of direct photoemission excitations. We ob-
serve a spin-orbit-splitting energy 5, , of 20.6 eV be-

-20 —10

RELA7IVE BINDING ENERGY (eVj

FIG. 2. XPS spectrum of Pr 3d, /& core level of PrO& com-
pared with the Ce 3d&zz XPS spectrum of CeO&. The spin-orbit
components 3d&/& and 3d3 jp have been separated by a similar
procedure.
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FIG. 3. Comparison between the 3d XAS absorption spec-
trum measured by Karnatak et al. (Ref. 15) (dotted line) and
the 3a5&& XPS spectrum (solid line) of Pr02.

this intensity ratio and the spin-orbit splitting of 20.6 eV
the 3d, z~ spectrum has been separated from the 3d3/7
spectrum as shown in Fig. 2.

Figure 2 reports the comparison between the 31 core-
level XPS spectra of Ce02 and Pr02. The spectrum of
the Ce 3d~&2 core level was obtained with the same
method, and it is in agreement with previous results.

The spectra have been aligned to the peaks A and the
energy of peak A is taken as zero of the energy scale.
The two spectra show similar series of satellites following
the excitation of the 3d core hole. Important differences
concern the intensity ratio of peaks B and C which is re-
versed and their energy splitting which is 6.2 eV in CeO~
and 4.4 eV in Pr02. Moreover the energy separation be-

tween peaks A and C increases from 15.8 to 17.2 eV go-
ing from Ce02 to Pr02. In analogy with the Ce02 spec-
trum we assign the peaks A, B, and C in the Pr02 XPS to
the 3d4f ', 3d4f L, and 3d4f L final-state
configurations, whereas the latter two configurations are
mixed with each other considerably.

In Fig. 3 the 3d ~&& XPS spectrum of Pr02 is compared
with the 3d5&2 XAS spectrum measured by Karnatak
et al. ' In the 3dsyp XAS final states the white lines are
due to dipole transition where one core Pr 3d electron is
promoted into a Pr 4f state giving the excited states of
the ¹lectron system because the number of electrons is
the same in the initial and final states. In this figure the
same energy scale indicates the binding energy, referred
to the Fermi level, of core levels for the XPS spectrum.
The energy of the XPS lines gives the energy of the excit-
ed configurations of the (N —I)-electron system; in fact,
in the XPS experiment one electron, emitted in the vacu-
um, is missing.

The XAS final-state configurations 3d4f and 3d4f L
which give origin to the white line and its satellite are
determined by core transitions from ground state
+g= ~4f')+b ~4f L) where one 3d core electron is
moved from the 3d core level into the 4f level. The

3d4f and 3d4f L final-state configurations are close in
energy and therefore are strongly mixed by the mixing
energy.

The energy separation between the ionic final states in
XPS and XAS which are only different for one L hole
give the energy required for the excitation of the ligand
hole, which is an important parameter for the description
of the ground state. In fact, the difference
ExpsI3d4f L I Ex~-s{3d4f I, where the brackets I I

in-

dicate the ionic configurations, gives the energy to add a
ligand hole to the 4f configuration. The energy to add a
ligand hole plays an important role in the determination
of the energy separation between 4f ' and 4f L ionic
configurations in the ground state. The observed energy
of the spectral features in the XPS and XAS spectra are
shifted by the mixing energy and therefore it is necessary
to make a theoretical many-body analysis of the spectra
to extract the ligand hole excitation energy.

The mixing energy increases the energy separation be-
tween the ionic XAS final states 3d4f L and 3d4f and
changes their intensity ratio in such a way that it is not
possible to separate the two configurations giving origin
to the main line and the satellite in the XAS spectra of
Fig. 3. Only for classification purposes are the two spec-
tral features sometimes indicated by (3d4f L ) and
(3d4f ), respectively.

The energy positions of the peaks in the 3d XAS ab-
sorption spectrum are found to be very close to the ener-

gy positions of peaks B and C in the 3d XPS spectrum.
The origin of the low-binding-energy XPS peaks is deter-
mined by mixing in the final state of the 3d4f2L ionic
configuration and of the shakedown 3d4f L . It is clear
that the energy separation between the XPS ionic
configuration of the shakedown 3d4f L and the XAS
3d4f L provides the energy to excite a ligand hole in the
4f configuration.

The energy difference between the average energy of
the XAS spectral features and the average energy of
peaks B and C in the 3d XPS, shown in Fig. 3, is very
small, indicating that the energy for ligand hole excita-
tion in Pr02 is small. In order to extract the f occupa-
tion number nf in the ground state it is necessary to cal-
culate the different final states in the 3d XPS, 3d XAS,
and L3 XAS by a many-body theory excited from the
same ground state.

The theoretical calculations of the Pr 3d XPS and 3d
XAS of Pr02, made by using the recently developed ap-
proach in the frame of the Anderson-impurity model
with a filled valence band (discussed in the next section),
are shown in Fig. 4.

The Pr L3 absorption spectrum is shown in Fig. 5.
The white line is mostly due to a resonance in the atomic
part of the total cross section for atomic 2p ~5, cd transi-
tions. " The two white lines have been assigned mainly to
2p[4f']5, cd and 2p[4f L]5,cd final states. The many-
body calculation for the 2p ~5, cd transition in Pr02 is
reported in the same figure.

THEORETICAL ANALYSIS

The Hamiltonian of our system is written as
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H = g e„(k)a„(k,v)a, (k, v)+ g s&(k)ad(k)ad(k)+sf g af(v)af(v)+e, a, a,
k, v

+ +[a„(k,v}af(v}+af (v)a„(k, v)]+ Uff g af (v)af (v)af (v')af(v ')V

N k„ V& V

(v) v')

g af(v)af(v)ad(k)ad(k') —(1—a, a, ) Uf, g af(v)af(v)+ g ad(k)ad(k')
Ufd Ude

3d XAS Pr 0)

Here, e„(k), ed(k), ef, and s, are the energies of the 0
2p valence band, Pr 51 conduction band, and the Pr 4f
level and core (31 or 2p} level, respectively. The electron
creation operators for these states are denoted by
a„(k,v), ad(k), af(v), and a„respectively, with the use
of the index k (k =1-N) of energy level in the valence
and conduction bands, and the index v (v= 1 —14) which
specifies the spin and orbital degeneracies. The interac-
tions Uff, Ufd, Uf„and Ud, denote, respectively, the
Coulomb interactions between 4f electrons, between 4f
and Sd electrons, between 4f electron and core hole, and
between 5d electron and core hole.

The Hamiltonian 0 is diagonalized exactly with a finite
value of N (N =6) and within the subspace including the
4f', 4f, and 4f configurations, both in the initial

(a, a, = 1) and final (a, a, =0) states of 3d XPS, 3d XAS,
and L3 XAS.

For instance, the ground state Ig) (i.e., the initial
state of these spectra) is obtained as a linear combination
of basis states

I f ' ), I f ), and
I f ), where

If' &= oaf(v') ga, (k, v) a, I
vac),

QNf

and
I f ) and

I f ) are obtained from
I f ') by transfer-

ring one and two electrons from the valence band to the
4f states. For more details on the diagonalization of H,
one can refer to the similar calculation for Ce02 given by
Jo and Kotani in Ref. 9.

When H is diagonalized, the spectra of 3d XPS, 3d
XAS, and L3 XAS are calculated in the following forms:

F3d xps(EB) g I (h
I a. I g & I L(Eq Eq+Ee—),

h

F3d xAs(ai} = X I & i
I
af(v}a. I g & I

'L (ai —E; +E,»

FL3 XAS()

=—g I (j I g ad (k)a,
I g ) I

'L (ai E, +—E, ),
J k

where Es is the ground-state energy,
I

h ) 's,
I
i ) 's, and

I
j)'s are, respectively, the final states of 3d XPS, 3d

XAS, and L3 XAS, with the energies EI, 's, E s, and E 's,
and L (x) is defined by

L, (x)= rt[~(x'+ r')],
where x =6) Ej +Eg for XAS and x =E~ —EI, +Eg for
XPS. Here Ez is the binding energy, co is the incident
photon energy, and I represents the spectral broadening

Pr 02
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FIG. 4. Calculated 3d XAS (upper curve) and 3d XPS (lower
curve) spectrum of PrO& using the many-body theory described
in the text showing the many-body final state.

ENERGY (eV)

FIG. 5. Experimental L3 XAS of PrO~ (dotted curve) and
theoretical many-body calculation of 2p~5d atomiclike transi-

tions in the L3 XAS spectrum (solid curve).



38 MANY-BODY EFFECTS IN PRAESODYMIUM CORE-LEVEL. . . 3437

due to the lifetime of the core hole, as well as the multi-
plet effect and the experimental resolution.

In Fig. 4 we show the calculated result of 3d XPS and
3d XAS. We take the following parameter values:

Ef —c.„=—10 eV, Uff ——10.5 eV, Uf, ——13 eV, V =0.45
eV, and I =2 eV where c., is the center of the valence
band and its width 8'is taken to be 3 eV. These values
are not very different from those used in the analysis for
Ce02 (Refs. 9—ll) except that cf is much lower and hy-
bridization energy Vis smaller than those of Ce02. Since
the energy separation (in the limit of vanishing V) hE be-
tween the 4f ' and 4f L ionic configurations in the initial
state is approximately given by hE =cf —c„+Uff,
hE =0.5 eV is found to be comparable with V =0.45 eV
in the present analysis.

Therefore, the 4f ' and 4f L configurations are mixed
strongly through V, giving the ground state and we ob-
tain the average 4f electron number nf 1.6 ——in the
ground state %s ——a

I
4f ')+b

I
4f L ). This value is in

good agreement with the value of nf ——1.58 predicted by
the energy-band calculation by Koelling et al. and also
with the value nf ——1.56 estimated from the L3 XAS
data. "

By this analysis it is found that the three peaks of the
3d XPS come mainly from the 4f ', 4f L and 4f L
configurations in the final state, in the order of decreasing
binding energy. The 4f L and 4f L final states are
mixed together considerably through V. The energy sep-
arations of the three peaks are in very good agreement
with the experimental result, and the agreement of their
relative intensities with experimental ones is also fairly
good, although the intensity of the highest binding-
energy peak seems to be somewhat larger than the experi-
mental result.

Finally, we show in Fig. 5 the result of L3 XAS. By
using the values of Ufd ——5 eV and Ud,

——7 eV, we obtain
the two-peak structure of L3 XAS with the higher-
intensity peak in the lower-energy side, in agreement with

experiment. (With smaller values of Ufd and/or Ud„we
have three-peak structure or two-peak and one shoulder
structure which does not agree with experiment. )

The role of —Ud, is to localize the excited 5d electron
near the core hole, and then by the effect of Ufd the ener-
gies of the 4f L 5, cd ' and 4f L 5, cd ' final states are
elevated by Ufd and 2Ufd with respect to that of the
4f '5, cd' state. As a result, the mixing between
4f L5,cd' and 4f L 5, cd' states decreases, and the L3
XAS exhibits two peaks mainly corresponding to the
[4f '] (higher-energy peak) and [4f L ] (lower-energy
one) configurations with a small contribution of 4f L
configuration overlapped with the 4f' peak. The situa-
tion is similar to the L3 XAS of CeOz, where the two
peaks correspond mainly to the 4fo and 4f 'L
configurations.

More details of the theoretical analysis, including the
calculation of the valence-band photoemission, resonant
photoemission, and bremsstrahlung isochromat spectros-
copy, will be published elsewhere.

CONCLUSIONS

The core-level spectra of PrOz clearly indicate the need
for a many-body description of its ground state. Evi-
dence for mixing of 4f ' and 4f L configurations in the
ground state is obtained by 3d XPS, 2p XAS, and 3d
XAS where the final states are quite different because the
effective perturbation energies on the localized 4f elec-
trons are

I Uf~ I I Uf. Ufd I

—and
I Uf. Uff I

re-—
spectively. Therefore the relaxation of the 4f orbital is
strongly reduced going from 3d XPS to 31 XAS but evi-
dence of mixing of the two many-body configurations in
each spectroscopy has been found.

In conclusion Pr02 has been found to be a highly
correlated and covalent oxide, like Ce02, for which a
many-body description of the core-level spectroscopies is
required.
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