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Abstract

We studied the electronic structures of rare-earth sesqui-oxides R,O3 (R: rare-earth element) with a core hole, both
experimentally and theoretically. The experimental study was made by measuring the rare-earth 3d X-ray photo-
emission spectra (XPS) of these oxides. Clear double-peak structures were observed for La,0;, the shoulder or broad
foot of the low-binding-energy side of 3d XPS were observed for Pr,0;, Nd,03, and Sm,0;, and single-peak structures
were observed for Eu,0;, Gd,0;, and Dy,0;. The calculation of electronic structures was performed for the ground
state and the 3d ! core-hole states by the spin-unrestricted DV-Xo molecular-orbital method for model clusters chosen
as [ROg]* for R,0;. The calculated results show the difference of the electronic structure in the ground state and the
core-hole states. In the creation of the core hole, the number of unpaired 4f electrons increases by less than one due to
the weak charge-transfer effect for La,O; and Ce,0s3, and this corresponds to the clear double-peak structure of the
rare-earth 3d XPS. For Eu,0; and Yb,Os, the number increases and decreases by less than 1 due to the restricted
charge-transfer effect by filling 4fT and 4f orbitals with electrons. Due to the strong charge-transfer effect, the number of
unpaired 4f electrons increase by more than 1 for Pr-Sm oxides, and this effect produces, the shoulder or broad foot in
the low-binding-energy side of the rare-earth 3d XPS peak. The decrease by more than 1 for Gd-Tm oxides results in
clear single peak structures. The present results indicate that rare-earth sesqui-oxides can be classified into the four
groups by spin response. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction fermion, and Kondo-like behaviors due to the in-
teraction between the localized 4f electrons and

Rare-earth compounds show interesting physi- delocalized conduction bands. Electron spectro-
cal properties such as mixed valency, a heavy scopies, such as X-ray photoemission spectroscopy

[1-9], bremsstrahlung isochromat spectroscopy

[2-4], X-ray absorption spectroscopy [2,3], and

electron-energy-loss spectroscopy [8] are effective

.. i i to study 4f electronic states of rare-earth com-
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spectrum (XPS) is a powerful tool to investigate
the electronic states of rare-earth compounds. In
experimental core-hole XPS, the existence of a
core hole plays an important role. When a core
hole is created, the localized 4f level is pulled down
by the attractive Coulomb potential of the sud-
denly created core hole and, the relaxation of the
4f charge distribution occurs through the hybrid-
ization between the 4f states and the valence
(conduction) states in order to screen the core
hole. Tanaka and Kotani [10] called this phe-
nomenon valence-mixing relaxation. The valence-
mixing relaxation effects cause characteristic
spectral structures in the XPS. These structures are
attributed to the first-order optical process [10].

It was especially interesting that the double-
peak structures have been observed in both the
rare-earth 3ds;, and 3ds;, core-level spectra of
some rare-earth compounds [1,11-19]. The inten-
sity ratio of the high- to low-binding-energy peaks
showed a dramatic change for rare-earth sesqui-
oxides (R,03), for R =La, Ce, Pr, and Nd [11,17-
19]. Each of the double peaks corresponds to the
bonding or the antibonding state in the final state.
However, the quantitative information for such
changes has not been obtained directly from the
experimental spectra. It was reported that, for
Sm, 03, the double-peak structure disappears and
changes to the single peak [20-22]. The rare-earth
3d XPS of Eu,0;-Tm,0; were also studied [22].
However, the rare-earth 3d XPS of Sm—Tm oxides
reported in various papers were measured with
different instruments in different experimental
conditions. In addition, for Eu,O3-Tm,0;3, quite a
few experimental data of rare-earth 3d XPS have
been reported. Therefore, in order to compare the
spectra of rare-earth oxides, it is necessary to
measure the spectra with the same instrument in
similar conditions.

Theoretically, the core-hole XPS of these rare-
earth oxides have been interpreted [23-26] within
the Gunnarsson—-Schonhammer model [3-5] of the
Anderson impurity Hamiltonian [27]. However, in
this model, some parameters and measured values
were needed to obtain wave functions of the initial
and final states. The wave functions of the core-
hole state have, especially been found only with

some fitting parameters, and these parameters are
decided arbitrarily to fit the theoretical spectra to
the experimental spectra.

To understand core-hole XPS, it is necessary to
know the difference of the electronic state between
the ground state and the core-hole state among the
compounds. In particular, for rare-earth com-
pounds, it is important to take into consideration
the charge transfer from ligand to rare-earth 4f
orbitals in the creation of the core hole. To esti-
mate the difference of the electronic states in the
ground and the core-hole state among rare-earth
sesqui-oxides without experimental results and
fitting parameters, it is necessary to perform the
first-principle calculation.

We have already clarified the difference of the
electronic states in the ground state and the core-
hole state among La halides and oxides [28], and
showed that the intensity ratios of La 3d XPS of
these compounds correspond to the charge-trans-
fer effect, according to ligand changes. In the case
of La halides [1,12], there are two results for the
spectra measured with the same instrument in the
same condition. The fact allows one to establish
these spectra and to compare them with the the-
oretical results. However, it is not the case for
some rare-earth oxides. In addition, it is necessary
to show quantitative information directly from the
experimental spectra in order to check or compare
with the results of the first-principles calculation.

In this work, we study the electronic structures
of the rare-earth oxides in the presence of a core
hole. For this purpose, we measure the rare-earth
3d XPS of rare-earth oxides and perform the first-
principles calculation. From the obtained results,
the difference of the electronic state in the ground
and the core-hole state among the rare-earth ses-
qui-oxides is clarified and the relations of such
difference and the rare-earth 3d XPS of these ox-
ides is obtained. We apply the method developed
by Kawai and coworkers for 3d transition-metal
oxides [29,30] by the spin response in the creation
of the core hole, to the case of rare-earth oxides
and classify them with the spin response of 4f or-
bital in the creation of the 3d core hole and show
the correlation between the classification and the
experimental results.
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2. Experiment

We measured rare-earth 3d XPS of La,0;,
PI‘203, Nd203, Sm203, EUZO3, Gd203, and DyZO3.
The powder samples of rare-earth sesqui-oxides
with 99.9% purity for Pr,O;, and 99.99% for
Nd203, Sm203, Eu203, Gd203, and DY203 were
commercially obtained from Soekawa Chemistry
Co. Ltd., and those with 99.99% for La,O; were
obtained from Furuuchi Chemistry Co., Ltd. A
sample of Pr,O; was prepared by smearing powder
directly on to a conductive tape adhesive. Samples
of other oxides were prepared as pellets annealed
at 1000°C for 12 h. All samples were measured
immediately after the sample preparation to avoid
deterioration of samples. XPS measurements were
conducted at the Material Analysis Center, the
Institute of Scientific and Industrial Research,

Osaka University. The instrument we used was Mi-
crolabo Mark III made by VG Scientific, Ltd. The
photon sources used were Mg Ko (hv =1253.6 V)
and Al Ko (hv=1486.6 eV). All binding energies
were referenced to the main C 1s component
(aliphatic hydrocarbon) at 285.0 eV.

3. Experimental results

The typical examples of the observed rare-earth
3d XPS spectra of rare-carth sesqui-oxides are
shown in Fig. 1. For La,0; (Fig. 1(a)), there are
clearly a pair of two separate peaks in La 3d XPS.
The shape of La 3ds, and La 3ds;, spectra re-
semble each other. The 3d spectra for Pr and Nd
oxides have a similar shape, but only the latter is
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Fig. 1. Observed rare-earth 3d X-ray photoemission spectra for (a) La,0;, (b) Nd,0;, and (c) Sm,0s.
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plotted in Fig. 1(b). There is a shoulder on the low-
energy-side of the peak of both Pr and Nd 3d XPS.
Further, the other shoulders are observed at the
high-energy side of 3ds;, as reported previously
for Pr,0; [20]. Except for such shoulders as found
in the 3d;, region, the difference between the
shapes of 3ds;, and 3d;,, for both oxides is not
remarkable. As the peak shape is not so different in
Sm,03, Eu,0;, Gd,0;, and Dy,0;, we show only
the 3d XPS for Sm,0O; in Fig. 1(c). The shape of
the rare-earth 3d;;, spectra for these oxides is
mostly similar to that of the corresponding 3ds/,
spectra.

For all oxides, satellites are observed at about
10 eV lower binding energy side from the 3ds),
peak. They are caused by the Koajs4 line of the
photon source. Other satellites are observed at
about 10 eV higher binding energy side from the
3ds/, peak. These satellites are thought to be the
energy-loss peaks. The energy-loss peaks of rare-
earth trihalides are discussed in detail in Ref. [1].
However, such peaks are not remarkable for Pr,0O;
and Nd,Os. This is because the energy-loss peaks
of 3ds,; and the satellite of 3d;/, attributed to the
Koy 4 line of photon source are located close to
each other.

For simplicity, we discuss only the rare-earth
3ds/, region. Two components have been extracted
by a Lorenzian-function fitting of the 3ds,, region.
The intensity ratios of the high- to low-binding-
energy peak were estimated to be 1.02, 2.06, and
2.38 for La,03, Pr,03, and Nd,O5. The value for
Ce,03 was estimated to be 1.4 from the reported
spectra [18] by comparing the peak heights. For
Sm,0;, the double-peak structure disappears and
changes to the single peak, but the foot on the low-
binding-energy side of 3ds;, line is broad. For
Eu,0;, Gd,03, and Dy,0s3, no distinct satellite is
observed in our measurements except for the
satellites due to both Ko 4 line of photon source
and the energy loss, and a clear single peak is
observed.

4. Calculations

To clarify the effect of the creation of the core
hole, we have calculated the electronic structures

Table 1

Oxides and their corresponding clusters
Oxide Model Cluster Bond Reference

cluster symmetry length (A)

La203 [Laodgi Oh 2.54 [33]
Ce,0; [CeOs’~ Oy 2.59 [32]
PI'203 [Pr06]9’ Oh 2.26 [32]
Nd,0; [NdOs]’~ Oy 2.27 [32]
Sm, 04 [SmO¢]’~ Oy 2.24 [32]
Eu,04 [EuO(J]"’ Oy 2.23 [32]
Gd,0; [GdO¢P~ O 2.22 [32]
Dy,03 [DyOe]’~ O 2.19 [32]
Ho,0; [HoO¢’~ Oy 2.22 [32]
Er,O; [Er06]9’ Oy 2.17 [32]
Tm,0; [TmO¢’~ Oy 2.14 [32]
Yb,0; [YbO(,]KF Oy 2.14 [32]

of both the ground state and the 3d~' core-hole
states for model clusters, using the DV-Xa mo-
lecular-orbital method [31]. The model clusters
contained one rare-earth atom and neighboring
oxygen atoms and were taken as [ROg]°~ (R = La—
Nd, Sm-Gd, and Dy-Yb). The basis sets used
were, the rare-earth 1s—6p, and O 1s-2p. These
model clusters have an Oy, symmetry, and the ge-
ometry of these model clusters is given in Table 1.
The bond length of each cluster is the average of
lengths between the central atom and the first
sixth- or seventh-nearest atom as in Sm-Yb-O
[32], or La—O [33], Ce-O, Pr-O, and Nd-O [32].

Kimura et al. [34] calculated silicon clusters of
various sizes, and summarized the effect of cluster
size. Kaneyoshi et al. [35] compared X-ray emis-
sion spectra of graphite calculated by the large
cluster model with those by the small one. In these
calculations, the effect of cluster size did not give
fundamentally different results, even though the
wave functions of their valence band are delocal-
ized. Therefore, we adopted the model clusters
containing one rare-earth atom and neighboring
oxygen atoms as shown above.

The number of random sampling points in
the DV-Xa calculations was 2100, 300 points
per atom. Slater’s exchange parameter (x) was
fixed at 0.7 for all the atoms in the cluster. All
atoms were situated in a well potential of ra-
dius 4.0 bohrs (1 bohr=0.529 A) and depth
—2.0 hartrees (1 hartree =27.2 eV) to converge the
atomic basis sets for negatively charged clusters.
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5. Calculated results and discussion
5.1. Densities of states

To clarify the behavior of 4f orbitals of rare-
earth oxides in the creation of the core hole with
the unempirical method, we used the DV-Xa
molecular-orbital method [31].

We first show the calculated electron densities
of states of the rare-earth 4f and 5d—6p, and O 2p
components in the ground state, in the 3d{ ' core-
hole state, and in the 3dT~! core-hole state for Ce
oxide in Fig. 2, and those in the ground state and
in the 3dd ! core-hole state for Nd, Eu, and Tm
oxides in Figs. 3-5 in order to see the electronic
structures. The plotted density of states (DOS)
have been reduced to R-O (equivalent atomic
percent) instead of ROg¢ (R: rare earth atom); O
DOSs were reduced to one-sixth to compare
the DOS between rare earth and O on the same
scale. The gross atomic-orbital populations [36] of
the rare-earth 4f, and 5d-6p, and O 2p are plot-
ted against the molecular orbital Xa energy in
Figs. 2-5, where the level width is broadened by a
Lorenzian function (0.5 eV full width at half
maximum) to mimic the solid state.

We have omitted the DOSs of the 3dT~! core-
hole state except for Ce oxide, though we calculated
them. The reasons are the following: For Tm and
YDb oxides, their spins are simply reversed to the
spins of the 3dl ' core-hole state. For Nd and Sm
oxides, the energy of the unoccupied 4fl compo-
nents in the 3dT~! core-hole state is lower than that
in the 3dd ! core-hole state by 0.7 ¢V, but the other
differences between the electronic structures in both
core-hole states are negligible. For Eu and Gd ox-
ides, the shapes of the DOSs of the 3dT-! and
3dd ! core-hole state are almost the same.

In the case of Ce oxide, the difference between
the energies of the unoccupied Ce 4f components
in the 3dT-" and 3dl ! core-hole states cannot be
ignored, and therefore, for example, the difference
between the spin states in both the core-hole states
is significant, as shown later. Therefore, we show
both the DOSs in the 3dT~! and 3dl~' core-hole
states only for Ce oxide.

We had already discussed La oxides in our
previous article [28]. The electronic structures of Pr

oxides are similar to those of Nd oxides. More-
over, for Gd-Tm oxide, there are some differences
among the electronic structures of these oxides,
but they are not remarkable. We do not show the
DOSs of La, Pr, Dy, Ho, and Er oxides.

The spin configuration of [TmOg]’~ is reversed
from the ground state in the 3dT~! core-hole state,
which is not true for other model clusters, but is
conserved in the 3dy ' core-hole state. Therefore,
it is more useful to compare DOSs in the ground
state with DOSs in the 3dl ' core-hole state than
in the 3dT! core-hole state. For this reason, we
discuss only the 3dl ! core-hole state as the core-
hole state except [CeOg]’~ though we have calcu-
lated 3dT~! core-hole state. Moreover, this is the
reason why we use the 3dd ! core-hole state as the
core-hole state to calculate the intensity ratios of
two components in the rare-earth 3ds,, region, as
shown later.

For [CeOg]’~, [NdOg]’~, and [SmO4]°~, most of
the rare-earth 4fl components are almost empty.
For these clusters, little charge is transferred to the
rare-earth 4fl components in the creation of the
core hole except for [CeO4]’~, but such charge
transfer is not remarkable for [CeOg]’~. On the
contrary, the rare-earth 4fT components are hy-
bridized with O 2p components especially in the
core-hole state and some charge is transferred to
the rare-earth 4fT components in the creation of
the core hole. Therefore, we consider only the rare-
earth 4T and O 2p components for [CeOg]’",
[NdOg]°~, and [SmOg¢]’~. For [GdO¢]’~ and
[TmOg]°", the rare-earth 4fT components are hy-
bridized with O 2p but filled with electrons, and no
charge was transferred to 4fT components in the
creation of the core hole. Therefore, we consider
only the rare-earth 4fl and O 2p components for
[Gd06]97 and [TmOG]g’.

As shown in Fig. 2, Ce 4f components are hy-
bridized with O 2p components in the core-hole
state though those in the ground state are little
hybridized. The energy of unoccupied 4fl com-
ponents of [CeO4]°~ in the 3dT~" core-hole state is
lower than in the 3dd ! core-hole state by 0.7 eV,
which is of the same value as those of [NdOg]’~
and [SmOg]°~. However, less 4f electrons are oc-
cupied for [CeOg]’~ than for other clusters, and the
difference between the energies of the rare-earth



32 C. Suzuki et al. | Chemical Physics 253 (2000) 27-40

Density of states (arb. units) Density of states (arb. units)
up spin down spin up spin down spin
T T T T 55 T T T T

60

S5 50+ —

|

50+ - 45

45 40}

Cedfl
40 = gff.j—cj—yﬂfrﬂ/ H:DDIDID:D’ = 35+ Ce4fl
02p E;
5| % I 2 |

1

Molecular-orbital Xo energy (eV)
1
Molecular-orbital Xo energy (eV)

30 1 1 1 1 25 I 1 1 L
(@) (b)
Density of states (arb. units)
up spin down spin
55F T T T T 9
50| _
=
L
>
g 45+ _
=
o
3
5 40 N
8
g
g 35
Elall Cedfl
3 Ce 4f1 h]]]]]mjfb
]
s |E
30 02 .
25 Il I Il |
(©

Fig. 2. Calculated Ce 4f, 5d, 6s, and 6p and O 2p DOS of [CeO4]°~ cluster in the (a) ground state, (b) the 3dJ ! core-hole state, and (c)
3dT-! core-hole state. Horizontally hatched range: O 2p, vertically hatched range: Ce 4f, full range: Ce 4f, 5d, 6s, and 6p, and O 2p.

4fT and 4fl components of [CeO¢]’~ is smaller creation of the 3dT-! and 3d{ ! core holes is much
than those of these clusters. Therefore, the differ- larger for [CeOg]’~.
ence between the charge-transfer effects in the
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The Nd 4fT components are hybridized with the
O 2p components in the core-hole state, though
those in the ground state are a little hybridized as
well as the Ce 4fT components. However, the en-
ergy of the O 2p components is similar to that of
the Nd 4fT components and this hybridization of
[NdOg]’~ is stronger than that of [CeOg]’~ in the
core-hole state.

As shown in Fig. 3, in the ground state, Sm 4fT
components are somewhat hybridized with O 2p,
which is not true for Ce and Nd oxides. In the
core-hole state, Sm 4fT components are hybridized
with O 2p components strongly, and the energy of
Sm 4fT components is a little lower than that of O
2p components, and Sm 4fT components are
nearly filled with electrons due to charge transfer.
Therefore, O 2p components of Sm oxide are
larger than that of Ce and Nd oxides above Fermi
level in the core-hole state. In addition to this re-
sult, for Sm,O;3, the foot of the low-binding-energy
side of 3ds), line is broadened, as described before.
From this calculated result, it is thought that the
low-binding-energy peak is very small and hidden
in the foot of the high-binding-energy peak.

From the results for Ce, Pr, Nd, and Sm, it can
be said that the more the rare-earth atomic num-
ber increases, the deeper the rare-earth 4f compo-
nents become in the creation of the core hole,
compared with O 2p components.

The results for Eu are shown in Fig. 4. The Eu
4fT components are hybridized strongly with O 2p
in the ground state. In the core-hole state, the
energy of Eu 4fT components of [EuO¢]’~ becomes
much deeper than [CeOq]°~, [NdO4]’~, and
[SmOy]°~, compared with O 2p components. As a
result, Eu 4fT components are filled with electrons
and the ligand hole is created in O 2p components.
Moreover, some charge is transferred to the Eu
4fl components. From this fact, the energy of the
Eu 4fT components are crossed with the energy of
the O 2p components completely in the creation of
the core hole.

In the case of Gd oxide, the Gd 4fl components
are strongly hybridized with O 2p in the core-hole
state, though those in the ground state are little
hybridized. In addition, the energy of Gd 4fl
components is a little higher than that of O 2p
components, but, as a whole, DOSs of the Gd 4fl
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and O 2pl components can be regarded as similar
to DOSs of Nd 4fT and O 2pT components in the
core-hole state. However, the Gd 3ds;, line is a
single peak. This is because the hybridization
strength between rare-earth 4f and O 2p [26] be-
comes weak due to lanthanide contraction.

As shown in Fig. 5, in the ground state, Tm 4fl
components are somewhat hybridized, which is
not true for Gd oxides. In the core-hole state, Tm
4fl components are hybridized with O 2p com-
ponents strongly. In addition, the energy of Tm
4fT components is a little lower than that of O 2p
components, and Tm 4fT components are nearly
filled with electrons due to charge transfer.
Therefore, O 2p components of Tm oxide are
larger than those of Gd oxides above Fermi level
in the core-hole state.

For [DyO¢]’~, [HoOg]’~, and [ErOq]°~, the char-
acteristics of electronic structure are intermediate
between [GdO4]’~ and [TmO4]’~, and we think
there are no important characteristics to discuss in
detail.

For [YbO4]*~, the Yb 4fT and 4fl components
are hybridized strongly with O 2p components in
the ground state. In the core-hole state, the energy
of the Yb 4fl components becomes much deeper
than [GdOg]*~ and [TmOg]’~, compared with O 2p
components. As a result, Yb 4f components are
filled with electrons and the ligand hole is created
in O 2p components. From this fact, the energy of
Yb 4f components is completely crossed with the
energy of O 2p components in the creation of the
core hole, similar to the case of Eu,0s.

5.2. The energy deepening of the rare-earth 4f
and O 2p components

The calculated values of the energy deepening
of the rare-earth 4f and O 2p components in
the creation of the 3dl~' core hole are shown in
Table 2. The energy of O 2p components becomes
deeper in the creation of the 3dl~' core hole by
4.1-5.0 eV for all oxides except for Ho oxide,
which is by 3.8-3.9 eV. (These values are similar
except for Ho oxide.) The energy deepening of O
2p components for Ho oxide is a little smaller than
those for other oxides.
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The energy deepening of O 2p components is
smaller than the rare-earth 4f components for all
oxides in the creation of the 3dl~! core hole. This
indicates that the core-hole Coulomb attraction is
more influential on the rare-earth 4f components
than on O 2p components.

The energy deepening of the rare-earth 4fT
components is larger than the 4fl components for
Ce—Eu oxides, but this tendency is reversed for
Gd-Yb oxides. This is because the 4fl compo-
nents for Ce-Eu oxides or 4fT components for
Gd-Yb oxides are almost empty or completely
filled with electrons and little or no charge is
transferred to these components in the creation of
the core hole and 4fl-4fl or 4fT-4fT exchange
interaction dose not increase for Ce-Eu or Gd-Yb
oxides. From these results, we discuss only the 4fT
components for La—Eu oxides and the 4fl com-
ponents for Gd-Yb oxides.

The value of the energy deepening of 4fT or 4fl
is 6-8 eV for La-Sm or Gd-Tm oxides, and this
ordering of 4fT components is [LaOg]*~ > [CeO4]*~
> [PrOg]’~ > [NdO¢]’” =[SmOq]°~ and that of 4fl
components is [GdO4]’~ =[HoOg]’~ > [DyOg]’~
= [ErO¢]~ = [TmOq]’~. From this fact, the or-
dering of the screening of core-hole Coulomb at-
traction by O 2p electrons is [LaOg]’~ < [CeO¢]*~
< [PI‘O(,]‘F < [Nd06]97 = [SmOé](’* or [GdO6]9*
= [HoOg]”~ < [DyO¢’~ = [ErO¢]’~ = [TmOg]".
This indicates the ordering of the hybridization of
the rare-earth 4f and O 2p; in other words, the
electron correlation order is La,03; < Ce,O; <
PI‘203 < Nd203 = Sm203 or Gd203 = H0203 <
Dy,0; = Er,O; = Tm,O;. This ordering corre-
sponds to the rare-earth atomic number, but the
case of Ho,Oj; is exceptional.

The energy deepening of Ho 4fl or O 2p com-
ponents of Ho,Oj is larger or smaller than what is
expected from the rare-earth atomic number. For
H,03, Ho 4f and O 2p components play more or
less important roles to screen the core hole than
what is thought as a function of rare-earth atomic
number. For Eu or Yb oxide, the energy deepening
of the rare-earth 4f components is 9-10 eV and
remarkably larger than for other oxides. This is
because the Eu 4fT components of Eu oxide or the
Yb 4f components of Yb oxide are filled with
electrons in the creation of the core hole, and less
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Table 2

Value of the energy deepening of the rare-earth 4f and O 2p components in the creation of the 3dl ' core hole (in eV)
Oxide Model cluster Rare-earth 4T 0 2pT Rare-earth 4fl 0 2pl
La, 05 [LaOg]*~ 8.1 4.3 7.4 44
Ce,04 [CeOq)*~ 7.9 4.3 6.7 4.5
Pr,0; [PrOg]*~ 7.0 4.2 5.7 4.5
Nd,04 [NdOg]*~ 5.9 4.2 4.4 4.5
Sm, 05 [SmOg]*~ 6.2 4.3 4.7 4.6
Eu,0; [EuOq]*~ 9.4 4.7 8.5 43
Gd,04 [GdOg]*~ 7.5 4.7 7.8 4.5
Dy,0; [DyOg]’- 6.1 4.8 6.6 4.5
Ho,0; [HoOg]*~ 7.1 3.8 7.5 3.9
Er, 04 [ErO¢]~ 5.6 4.7 6.2 4.5
Tm,0; [TmOg)~ 5.6 4.8 6.1 4.5
Yb,04 [YbO]*~ 9.8 5.0 10.2 4.8

charge is transferred to the rare-earth 4f compo-
nents of Eu or Yb oxide than those of other oxides
from O 2p components. Therefore, the rare-earth
4f and O 2p components in these calculations play
more or less important roles to screen the core hole
than do other clusters.

Core-hole Coulomb attraction energies to the
rare-earth 4f state from the Anderson impurity
model of rare-earth oxides were estimated to be
11-13 eV [26], which indicate that the core-hole
effects were similar among these oxides. On the
contrary, the energy deepening of unoccupied 4f
components in our calculations is much smaller
than these values. This is because the model clus-
ters were simple and the calculation was nonrela-
tivistic. Also, the similarity among core-hole
Coulomb attraction energies of various rare-earth
oxides which have an effect on the rare-earth 4f
states in the Anderson impurity model was
thought to be attributed to the negligence of
the core-hole creation effect to the O 2p compo-
nents.

5.3. The correspondence of the peak intensity ratios
to the charge-transfer effect and the classification
of rare-earth oxides

The double-peak structures of the 3d XPS are
observed for La, Ce, Pr, and Nd oxides, as de-
scribed above. This structure can be ascribed to
the charge-transfer effect from the ligand to the
rare-earth 4f orbitals due to the creation of the 3d

vacancy. The peak corresponding to a lower
binding energy corresponds to the bonding orbital
in the final state, whereas, that for a higher binding
energy, to the antibonding orbital.

In rare-earth compounds, the ground state is
expressed as

|g) = aoldf") + bol4f" L) + -,

where n represents nominal number of 4f electrons
and L the ligand hole in O 2p. On the contrary, the
final state are the bonding or antibonding state of
|4f"¢), |4""'L ¢), and so on configuration (¢ rep-
resents a core hole), and expressed as, respectively

If)) = al4f"c) + bl4f"™ 'L ¢) + - -,

|f,) = b|4f"c) — al4f"™ 'L ¢) + - -

In the sudden approximation, the photoemis-
sion spectrum is represented [10] by

_ o2 r'/n
FE) = WD oyt

where |f;) represents the core-hole state (final
state), I’ represents half width at half max
(HWHM), and AE; represents the difference be-
tween the energy of the ground state (initial state)
|g) and that of the core-hole state (final state) |f;).
Therefore, the intensity ratios of the high- to low-
binding-energy peak represents

I _ [{f2lg)P
I~ |(filg)P
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The details of the calculated intensity ratio were
shown in the review of Ref. [37] and in our pre-
vious paper [28].

In Table 3, we show the calculated intensity ra-
tios of the high- to low-binding-energy peak, which
are 0.49, 0.56, 0.67, and 0.73 for La,0;, Ce,03,
Pr,0;, and Nd,0;, considering only 7-9¢,,, and 1,
2t,, level because the effects of other levels are
minor. We use the 3d\ ! core-hole state as the core-
hole state to calculate the intensity ratios. This was
already discussed earlier. The observed ordering of
the intensity ratios is Nd,O; > Pr,O; > Ce, O34 >
La,05 and has the same tendency as the calculated
one, though the calculated ratios are much smaller
than the measured ratios because of the simplicity
of models and the negligence of relativistic effects.

As pointed out by Kawai and coworkers
[29,30,38], the difference between the numbers of
unpaired 3d electrons in the ground state and the
core-hole state was a good index of the charge-
transfer effect in 3d transition-metal compounds; in
a similar way, we consider the quantity of [4fT—4fl|
in the ground state and the 3d~! core-hole state.

In order to clarify the correspondence of the
intensity ratio of the double-peak structures to the
charge-transfer effects, we list the relation between
the measured and calculated intensity ratios, and
the numbers of unpaired 4f electrons in the ground
state and the 3dl~! core-hole state in Table 3. The
numbers of unpaired 4f electrons in the 3dJ!
core-hole state increase from the ground state by
0.48, 0.86, 1.08, and 1.24 for La, Ce, Pr, and Nd
oxides. From this fact, it is found that the charge-
transfer effect order is La,O; < Ce,O; < Pr,0; <
Nd,Os in the creation of the core hole. We can find

Table 3
Calculated effective number of unpaired 4f electrons and in-
tensity ratio of the rare-earth 3ds,, XPS

Oxide L2‘1203 C6203 PI'203 Nd203
Model cluster [LaOg]’~ [CeOs]’~ [PrOg*~ [NdOg]’~
Ground state  0.00 1.03 2.07 3.18
3dd! core- 0.48 1.89 3.15 4.42
hole state

Observed 1.02 1.4 2.06 2.38
ratio

Calculated 0.49 0.56 0.67 0.73
ratio

that the intensity ratios correspond to the charge-
transfer effect.

To see the charge-transfer effect of all oxides,
we list the numbers of [4fT—4fl| in the ground state
and the 3d~' core-hole state in Table 4. The cal-
culated effective numbers of 4f unpaired electrons
(4fT—4fl) in the ground state are almost nominal
values for La, Ce, Pr, Gd, and Ho oxides, and
intermediate values between those of |4f") and
|4f"“> for Sm, Eu, Er, Tm, and Yb oxides. The
spin states of the 3dT-! and 3dl ' core-hole state
for La, Tm, and Yb oxides are reversed to each
other. Therefore, the numbers of unpaired 4f
electrons in both core-hole states are equal for
these oxides. For Ce oxide, the difference between
the numbers of unpaired 4f electrons in the 3dT-!
and in the 3dl~' core-hole state is remarkably
larger than the other oxides, as described before.
However, the numbers of unpaired 4f electrons in
both core-hole states are those of intermediate
|4f") and |4f""'). The difference between the
numbers of unpaired 4f electrons in the 3dT~! and
3d~! core-hole states for Pr oxides is 0.1 and
those for Nd-Er sesqui-oxides is less than 0.1.
These values showed that whether the spin of the
3d core hole is up or down is almost out of the
question for these oxides from the point of
the charge-transfer effect. The electronic states in
the 3d~! core-hole state for Pr, Eu, Gd, Dy, Ho,
and Yb oxides are almost |[4f""'), and those for
Sm, Nd, Er, and Tm oxides are intermediate
between [4f"') and [4f""?).

In Fig. 6, we have plotted the correlation be-
tween the calculated number of unpaired 4f elec-
trons of rare-earth in the ground and the 3d~!
core-hole state. The solid straight line in this figure
indicates the conservation of spin state. The bro-
ken line indicates the increase or decrease of the
number of unpaired 4f electrons by one in the
creation of the 3d~! core hole. The difference be-
tween the numbers of unpaired 4f electrons in the
ground state and in the 3d~! core-hole state is less
than one for La,0;, Ce;O03, Eu, 03, and Yb,0s.
Moreover, for La,O; and Ce,03, the ground state
is expressed as |4f") and the 3d~! core-hole state is
expressed as

a|3d7" 4f") + by|3d 7" 4" L),
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Table 4

Calculated effective number of unpaired 4f electrons
Oxide Model cluster Nominal number Ground state 3dT hole state 3dd" hole state
La,0; [LaOg]’~ 0 0.00 0.48 0.48
Ce,04 [CeO4]’~ 1 1.03 1.63 1.89
Pr,0; [PrOg]°~ 2 2.07 3.04 3.15
Nd,04 [NdOg)’~ 3 3.18 437 4.42
Sm,0; [SmOg)’~ 5 5.21 6.37 6.41
Eu,0; [EuO¢)’~ 6 6.44 6.62 6.67
Gd,04 [GdOg)~ 7 6.89 5.82 5.88
Dy,0; [DyOs)’~ 5 4.84 3.68 3.73
Ho,0; [HoOg)’~ 4 3.96 2.88 293
Er, 04 [ErOg]’~ 3 2.76 1.58 1.63
Tm,0; [TmOg]*~ 2 1.73 0.59 0.59
Yb,04 [YbOsI~ 1 0.78 0.00 0.00

1

Number of unpaired 4f electrons in the 3d " core-hole state

0 AVl | | | ] | 1

Y

0 1 2 3 4 5 6 7
Number of unpaired 4f electrons in the ground state

Fig. 6. Plot of the calculated number of unpaired 4f electrons in the ground state and the 3d~' core-hole states. The 3d~! core-hole is
either the 3dT! or the 3dd~! core-hole for each oxide.
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where L denotes the ligand hole in O 2p. The
charge transfer occurred weakly for these oxides,
which are indicated by solid squares. These com-
pounds show the clear double-peak structure of
the rare-earth 3d XPS. For Eu,0; and Yb,Os, the
ground state is expressed as

aol4f") + bol4f™ L),
and the 3d~! core-hole state is expressed as
|3d~" 4L,

The charge transfer is restricted by filling 4fT or
4f components with electrons in the creation of the
core hole for these oxides, which are indicated by
solid triangles. For Pr,O3;, Nd,03;, Sm,0O;, the
numbers of unpaired 4f electrons increase by more
than one in the creation of the 3d~! core hole. The
ground state is expressed as

aol4f") + bo|4f™! L),
and the 3d~! core-hole state is expressed as

by|3d7" 4" L) 4 ¢|3d 7" 4672 L2,
For Pr,0s, since |bo|> and |¢|* is small, the
ground state and the 3d~! core-hole state are ex-
pressed as almost |4f") and [3d~' 4f""' L), re-
spectively. The charge transfer occurred strongly
in these oxides in the creation of the core hole.
These oxides are indicated by an open rhombus
and show the shoulder or broad foot of the low-
binding-energy side of the rare-earth 3d XPS. For
Gd-Tm sesqui-oxides, the numbers of unpaired 4f
electrons decrease in a creation of the 3d~' core-
hole state by more than one. The ground state and
the core-hole state are expressed in a similar way
to Pr—Sm sesqui-oxides. Moreover, for Gd,0; and
Ho,0;, the ground state and the 3d~! core-hole
state are expressed in a manner similar to that for
Pr,O;. The charge transfer occurred strongly in
these oxides in the creation of the core hole. These
oxides are indicated by open circles. However, they
show the clear single peak structures of the rare-
earth 3d XPS because of weak hybridization
strength between rare-earth 4f and O 2p due to
lanthanide contraction. Consequently, it is now
clear that the response in the creation of the core
hole is a measure of classification of the rare-earth

oxides into the four groups. This classification re-
flects the change of the rare-earth 3d XPS among
rare-earth oxides.

6. Conclusions

We measured the rare-earth 3d XPS of rare-
earth oxides and calculated their electronic struc-
tures. From the measurement, it is found that the
shapes of the rare earth 3ds;, spectra show a dra-
matic change for La—Sm oxides and that no dis-
tinct satellite is observed for Eu—Dy oxides.

The calculations of the electronic structures
were performed with respect to the ground state
and the 3d~! core-hole state, using spin unre-
stricted DV-Xa method with cluster model ap-
proximation. The calculated results clarified the
difference of the electronic structure in the ground
state and the core-hole states among various rare-
earth sesqui-oxides. With respect to La—Nd oxides,
where the double-peak structures are observed in
rare-earth 3d region, the calculated intensity ratio
of two peaks has the same ordering as the exper-
imental one. Therefore the ordering of XPS in-
tensity ratios was explained by these calculations.
In addition, from the increase in the numbers of
unpaired 4f electrons in the creation of the core
hole, it is shown that the shapes of the rare-earth
3d XPS correspond to the charge-transfer effect.

We also calculated for other oxides and could
classify rare-earth oxides into the four groups: In
the first group, oxides containing La,O; and
Ce,0; showed that the numbers of unpaired 4f
electrons increase in the creation of the 3d~! core
hole by less than one due to the weak charge-
transfer effect. The second group consists of Eu,0;
and Yb,0; and the numbers of unpaired 4f elec-
trons increase and decrease in the creation of the
3d~! core hole by less than one due to the re-
stricted charge-transfer effect by filling 4fT and 4f
orbitals with electrons. The third one containing
Pr,03, Nd,O3, and Sm,0; showed that the num-
bers of unpaired 4f electrons increase in the cre-
ation of the 3d~' core hole by more than one, due
to the strong charge-transfer effect. The fourth
contains Gd-Tm sesqui-oxides and the numbers of
unpaired 4f electrons decrease in the creation of
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the 3d~! core hole by more than one, due to the
strong charge-transfer effect like the third one.
This classification reflects the change of the shape
of the rare-earth 3d XPS. It was found in the
present study that the core-hole calculation is a
method useful to classify the rare-earth oxides.
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