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Praseodymium 3d- and 41-core photoemission spectra of Pr203
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Experimental data and theoretical calculations are shown for Pr 3d and 4d x-ray photoemission spec-
tra (XPS) of Fr&03. The observed spectral structures are well explained by the theoretical results that
are obtained with the impurity Anderson model by combining intra-atomic multiplet coupling with
solid-state hybridization between the Pr 4f and 0 2p states. For 3d XPS the main spectral structures are
caused by the hybridization efFect, while for 4d XPS the interplay between the multiplet coupling and
the hybridization is essential.

I. INTRODUCTION

Praseodymium ions in Prz03 are trivalent with a 4f
configuration in the ground state, but in the finale state of
Pr 3d x-ray photoemission spectra (XPS), the 4f and
4f v (u being a hole in the oxygen 2p valence band)
configurations are strongly mixed through the covalency
hybridization, which is induced by a core hole potential
acting on the 4f electrons. Recently, Ikeda and co-
workers' carried out a systematic analysis of experimen-
tal 3d XPS spectra for various rare-earth sesqui ox-
ides, with the impurity Anderson model, and showed the
importance of the final-state hybridization effect for
Pr203, as well as for La203 and Cez03. They disregarded
the effect of intra-atomic multiplet coupling, which is
considered to be less important than the effect of the hy-
bridization for 3d XPS. For 4d XPS of Pr203, on the
other hand, the multiplet coupling is expected to be very
important, because the exchange interaction between 4d
and 4f states is much larger than that between 3d and 4f
states. It is the purpose of the present paper to study,
both experimentally and theoretically, the interplay be-
tween the intra-atomic multiplet coupling and the solid-
state hybridization in the 4d XPS (and also 3d XPS) of
Pr203.

Experimentally, the 4d XPS of the Pr203 were mea-
sured by Burroughs et al. about 15 years ago. Howev-
er, the accuracy of the data is not sufticient for detailed
study of the multiplet structures. Therefore, we per-
formed more precise measurements of 4d XPS, as well as
3d XPS, with a good quality Pr203 sample. For the
theoretical analysis, we recently developed a method of
calculating x-ray absorption and photoemission spectra,
taking account of both the multiplet effect and the hy-

bridization, by combining Cowan s atomic-multiplet pro-
gram with the impurity Anderson model calculation.
We have applied our technique to the analysis of 3d and
41 x-ray-absorption spectra ' in Ce02 and Pr02, this is
an application to the analysis of XPS of rare-earth sys-
tems. As shown later on, the 4d XPS of the free Pr + ion
exhibits very complicated multiplet terms which are ex-
tended over an energy range of about 30 eV. Our method
has made it possible to combine such complicated multi-
plet terms with the solid-state hybridization in the impur-
ity Anderson model, extending the recent analysis of 4d
XPS for less complicated systems La203 and Ce203 to
systems with 4d 4f u final states. Thus, the 4d XPS of
Pr203 is not only an interesting object in the study of the
interplay between multiplet coupling and hybridization
but also one of the most appropriate systems in testing
our new calculation method.

In Sec. II experimental procedures and the observed
data of Pr 3d and 4d XPS are given, and in Sec. III these
data are analyzed theoretically. Section IV is devoted to
some discussion.

II. EXPERIMENT

A pressed pellet of black Pr60&& was reduced under
Aowing hydrogen at 850'C for 20 h and subsequently
quenched to room temperature. ' The so obtained pale
green pellet was identified with x-ray diffraction as the
hexagonal single phase with ce11 constants a =3.86 A and
c=6.02 A. " In this phase the Pr ion is surrounded by
seven oxygen ions: four at a short and three at a some-
what longer distance. (There also exists a cubic phase in
which the Pr ion is surrounded by six oxygen ions in a
strongly distorted octahedron, and this phase occurs
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similar to those observed by Burroughs et ah. , but some
spectral structures are found more clearly with better
resolution. The observed 3d XPS shows the main peaks
m and m ', and the satellites s and s' for 3d»z and 3d 3/2
components, respectively. In the 4d XPS, we recognize
spectral shoulders a, b, d, and e, and also a broad bump
f, which will be compared in detail with the theoretical
results in the next section.

III. THEORY
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FIG. 1. Experimental result of Pr 3d XPS for Pr203. The
spectra consist of 3d3/2 and 3d5/2 components with higher and
lower binding energies, respectively. The arrows m and m' in-

dicate main peaks, s and s' satellites, and t' indicates an extra
structure which exists only in the 3d3/p component.
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FIG. 2. Experimental result of Pr 4d XPS for Pr203. The
spectra cannot be divided into 4d3/2 and 4d&/2 components be-
cause they overlap each other. The arrows a, b, d, and e indi-
cate shoulders, c the highest peak, and f indicates a broad
bump.

when we reduce to temperatures below 700'C. )

The pellet was attached to a sample holder and mea-
sured with a commercially available X-Probe 300 from
Surface Science Instruments. The x-ray source is the
monochromated Al Ka (1486.6 eV) line. The spectra
were recorded at a pressure of (10 Torr with a spot
size of 600 pm. Pr203 is a large-band-gap insulator. Due
to charging effects peak broadening and peak shifts oc-
curred. By heating the sample to 300 C and using a
floodgun with low-energy electrons the broadening due to
charging was minimized. Because of remaining charging
and the inAuence of the Aoodgun the absolute binding en-
ergies are accurate to only a few eV. By scraping the
sample with a diamond file in ultrahigh vacuum the
shoulder on the oxygen 1s peak due to surface hydroxide
formation could be strongly reduced.

The experimental results for 3d and 4d XPS of Pr203
are shown in Figs. 1 and 2, respectively. These data are

where H& is the Hamiltonian of the usual impurity An-
derson model,

~1 XEk kv k +Ef X f af +Ed g dPdg
k, v v

+ y(+f ak ++kv f

ff + f&f f'f'
v)v

&k =~v + (k —
—,'), k= 1, . . ., X (3)

where c., and 8' are, respectively, the center and the
width of the valence band. The index v represents the
spin and orbital magnetic quantum numbers of the f
state, and g those of the 3d (or 4d) state. The interactions
V Uff and —Uf„respectively, are the hybridization be-
tween 4f and valence-band states, the Coulomb interac-
tion between 4f electrons, and the core hole potential
acting on the 4f electron.

The parameter values in the impurity Anderson model
are taken to be the same as those estimated by a previous
analysis (without multiplet coupling) of 3d XPS by Ikeda
et al. 5=10.5 eV, V=0.56 eV, and U&, (3d)=13.0
eV, where the charge-transfer energy 6 is defined by5—:c&

—c, +2U&f The value U&, for the 4d core state is
taken to be 80%%uo of U&, (3d). Some discussion on this
reduction factor will be given in Sec. IV. The main
effects of valence band ck are obtained with a single level
(%=1),but the efFect of its finite width will also be stud-
ied with %=3 and 8'=2. 5 eV. Slater integrals and
spin-orbit coupling constants included in H2 are calculat-
ed by an atomic Hartree-Fock program with relativistic
corrections, and then the Slater integrals F"(4f4f ),
F"(3d4f), G"(3d4f), F"(4d4f ), and G "(4d4f) are re-
duced by 20%, 20%, 20go, 25%%uo, and 33%%uo, respectively.
The values of the reduced Slater integrals and the spin-

Uf g Qf af ( 1 —
a&pe&)

v, g

and Hz describes the atomic Coulomb, exchange, and
spin-orbit interactions, as given in Ref. 7. The energies
ek, E&, and Ez represent the 0 2p valence band, the Pr 4f
level, and the Pr 3d (or 4d) level, respectively. We as-
sume that c,k is given by N discrete levels in the form
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TABLE I. Slater integrals and spin-orbit parameters (a11 values in eV).

3d
4d

2F(4f 4f)

11.0
11.0

4F(4f 4f)

7.0
7.0

6
F(4f,4f)

5.0
5.0

(4f

0.13
0.13

8.1

1.4

2
F(nd, 4f)

6.9
11.2

4
F(nd, 4f)

3.2
7.2

1
G(nd, 4f)

4.8
11.7

3
G(nd, 4f )

2.8
7.3

5
G(nd, 4f)

1.9
5.2

orbit coupling constants are listed in Table I. The Hamil-
tonian matrix elements both for the ground state and the
final state and the optical transition matrix elements be-
tween these states are obtained using Cowan's program.
The Hamiltonian matrices arp diagonalized numerically
within the subspace of 4f and 4f u configurations
(d 4f and d 4f u configurations for the final state),
where u is a state of f symmetry, and between the eigen-
states the XPS spectra are calculated.

The calculated 3d and 4d XPS are shown in Figs. 3 and
4, respectively. Here we use %=1, and the origin of the
binding energy is taken arbitrarily. The continuous spec-
tra are obtained by convoluting the line spectra with a
Lorentzian function with the width I (HWHM) =0.7 eV
where HWHM is the half-width at half maximum. The
results are in satisfactory agreement with the experimen-
tal data. When we compare Fig. 3 with Fig. 1(c) of Ref.
1 where the multiplet effect was neglected, we find that
the main spectral structures are almost unchanged; the
satellite s (or s') is mainly caused by the effect of the co-
valency hybridization, and the mujitiplet effect gives some
modification of the spectral shape and broadening. One
of the important roles of the multiplet effect is to cause a
difference in the spectral shape between 3d5/z and 3d3/2
components. As shown in Fig. 1, the observed 3d3/2
spectrum exhibits an intensity rise t on the higher-energy

tail of the main line, which is absent for the 3d5/2 spec-
trum. This feature is well reproduced in our calculation
(Fig. 3). However, the calculated spectrum includes some
additional structures near t' and r in Fig. 3 that are not
observed in Fig. 1.

The calculated 4d XPS (Fig. 4) exhibits the spectral
features a —f, which nicely correspond to those observed
in Fig. 2. In order to see the effects of the multiplet cou-
pling and the solid-state hybridization separately, we cal-
culate 4d XPS by changing the value V. The results for
V=O, 0.2, 0.4, and 0.8 eV are shown in Figs. 5(a), 5(b),
5(c), and 5(d), respectively. Figure 5(a) corresponds to
the 4d XPS of free Pr + ion, which has wide spread mul-
tiplet structures due to the strong Coulomb and exchange
interactions. This spectrum is very different from the ex-
perimental one for Przo~. From Figs. 4 and 5(b) —5(d), it
is clearly seen that the effect of V strongly changes the
atomic multiplet structure of Fig. 5(a). The experimental
result (Fig. 2) is reproduced well only for the value
V-0.56 eV (Fig. 4). Therefore, we conclude that the in-
terplay between the atomic multiplet coupling and the
solid-state hybridization is essential in forming the 4d
XPS spectrum.

The agreement between the theoretical and experimen-
tal results is further improved by taking account of the
finite width of the 0 Zp valence band. The results of 3d
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FIG. 3. Theoretical result for 3d XPS. The line spectra are
convoluted with a Lorentzian function with I (HWHM)=0. 7
eV. The arrows m and m' indicate main peaks, s and s' satel-
lites, and t' indicates an extra structure which is caused by the
multiplet e6'ect. The arrow r indicates an additional shoulder
which cannot be seen in the experimental result. The solid-state
parameters used are N = 1, b = 10.5 eV, Uf, = 13.0 eV, V =0.56
eV. The Slater integrals and the spin-orbit parameters are given
in Table I.

FIG. 4. Theoretical result for 4d XPS. The line spectra are
convoluted with a Lorentzian function with I (HWHM)=0. 7
eV. The arrows a, b, d, and e indicate shoulders, c the highest
peak, and f indicates broad structures due to large exchange
splittings. The solid-state parameters used are N=1, 6=10.5
eV, Uf, =10.5 eV, V=0.56 eV. The Slater integrals and the
spin-orbit parameters are given in Table I.
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FIG. 6. Theoretical result for 3d XPS with finite width of the
0 2p valence band. The number of levels in the valence band is
N=3, and the bandwidth is 8'=2. 5 eV. The other parameters
are the same as those in Fig. 3.
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and 4d XPS calculated with %=3 and 8'=2. 5 eV are
shown in Figs. 6 and 7, respectively. The effect of the
6nite band width is to smear out some structures which
occurred in Figs. 3 and 4. For instance, the structure r in
Fig. 3 is smeared out in Fig. 6, and the kink b and some
fine structures near f in Fig. 4 are rounded in Fig. 7, in
better agreement with experimental results.

IV. DISCUSSION
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In the ground state of Pr203, the Pr ion is almost
trivalent with 4f configuration. The convalancy mixing
between the 4f and 4f v configurations is quite small,
because the charge transfer energy b, ( = 10.5 eV) is much
larger than the hybridization V ( =0.56 eV). In the final
state of XPS, on the other hand, the charge transfer ener-

gy decreases down to 5f —=6—Uf, due to the existence of
the core hole potential, so that 6f becomes comparable
with V. For 3d XPS, the value of 6f is estimated to be
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FIG. 5. Theoretical results for 4d XPS with different hybridi-
zation strength. The other parameters are the same as those in
Fig. 4. (a) is the result for V=O eV, which corresponds to the
spectrum of the free Pr + ion. In (b), (c), and (d), the values of V
are 0.2, 0.4, and 0.8 eV, respectively.
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FIG. 7. Theoretical result for 4d XPS with a finite width of
the 0 2p valence band. The number of levels in the valence
band is N=3, and the bandwidth is 8'=2. 5 eV. The other pa-
rameters are the same as those in Fig. 4.
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—2.5 eV, and we have a strong covalency mixing; the
final states contributing to the main peak of 3d XPS are,
on the average, a 0.76:0.24 mixture of 4f and 4f v

configurations, while those of the satellite are a 0.24:0.76
mixture.

In the case of 4d XPS, the core hole potential—
U&, (41) is weaker than —

U&, (31). According to the
Hartree-Fock calculation, the ratio U&, (41)/UI, (31) is
about 0.8. In our calculation we have changed U&, (41)
as an adjustable parameter around 0.8 U&, (31), but actu-
ally the calculated 4d XPS agrees best with the experi-
ment for U&, (41)=0.8U&, (31)=10.5 eV. With this
value of U&, (41), we obtain b.&

——6—
U&, (41)=0. This

means that the covalency mixing in the final state of 4d
XPS is extremely strong; the mixing rate between 4f
and 4f v should be about 0.5:0.5. In order to see the
effect of the strong covalency mixing on 4d XPS, we re-
move from Fig. 4 the multiplet effect except the 4d spin-
orbit coupling. Then the 41 XPS reduces, as shown in
Fig. 8, to four discrete lines: the m and s lines associated
with the 4d5&2 core level and their 4d3/2 partners m' and
s . Figures 5(a) and 8 correspond to two limiting situa-
tions, where the intra-atomic multiplet coupling and the
solid-state hybridization, respectively, play a dominant
role in the 4d XPS. However, both of them fail in ex-
plaining the spectral features a-f of the observed 41
XPS, which are reproduced only in an intermediate situa-
tion (Fig. 4) between the two extremes.

In conclusion, the 4d XPS of Pr203 originates from the
interplay between the strong intra-atomic multiplet cou-
pling and the strong solid-state hybridization. We believe
that the successful calculation of the spectral features
a —f in Pr 41 XPS shows that the impurity model is not
only capable of reproducing charge transfer satellite ener-
gy positions and intensities but also the detailed changes
in the multiplet structure. There is still no apparent need
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FIG. 8. Theoretical result for 4d XPS without the multiplet
effect. The lines m and s indicate the main line and the satellite,
and m' and s' are their spin-orbit partners.

for refinements of the model. Our new technique of cal-
culating XPS multiplet structures in covalent systems, us-
ing more group theory, is capable of treating more com-
plicated f shell configurations than before and has al-
ready been applied successfully to the XPS spectra of
transition-metal compounds. '
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