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The effects of oxygen defects on the electronic states in the
perovskite-type oxide, StCoO;_;, were investigated by the DV-
Xa molecular orbital method. The oxygen-defect model was con-
structed on the basis of the brownmillerite-type structure. We
calculated four kinds of cluster models, corresponding to & = 0,
%, 4, and 4. The calculated energy of Ols state in SrCoO;_; splits
into two levels with the energy difference of 2 eV, which is consis-
tent with the experimented results in La;_,Sr,Co0O;_; by X-ray
photoelectron spectroscopy. © 1995 Academic Press, Inc.

1. INTRODUCTION

Perovskite-type oxides (ABO-) are interesting materi-
als, changing their properties drastically by the substitu-
tion of metal ions for other metal ions at A and/or B
sites. In La,_,Sr,Co0Q;, the partial Sr substitution for La
exhibits high activity as oxygen electrodes (1) and oxida-
tion catalyst (2). Recently the electronic structures of
La,_,Sr,CoO; have been investigated intensively. Seiy-
ama and co-workers observed the splitting of the O1s peak
in La,_,Sr,CoO, using X-ray photoelectron spectroscopy
(XPS) (3). They assigned the peak with lower binding
energy to the lattice oxygen and that with high binding
energy to the oxygen weakly bound to the surface (3).
Richter et al. claimed that the origin of the high binding
energy state was the absorbed hydroxyl or oxygen bound
to La,0; or SrO (4). Tabata and Matsumoto showed the
possibility that it was due to the surface composition
which was different from the bulk composition (5). Thus,
the origin of the splitting of the Ols state in La,_ Sr,CoQO;
is considered to be unclear yet.

On the other hand, the partial Sr substitution for La
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causes the oxidation of Co** to Co** and the formation
of 0%~ vacancies (6). Then we assumed that the origin of
Ols splitting may be not only the surface states but also
the oxygen defects, and we applied the DV-Xa cluster
calculation method with the oxygen-defect model to in-
vestigate the origin of Ols splitting in La,_,Sr,Co0;_;.

Previously, the DV-Xea cluster calculation method was
applied to oxides including perovskites (7) and several
cases of oxygen-defect models, such as TiO, (8) and NbO
(9). However, oxygen defects in the perovskite-type ox-
ides have not been investigated by the DV-Xa method yet.

In the present paper, we report the application of the
the DV-Xa method to the investigation of the oxygen
defects in the perovskite-type oxide, La, ,Sr,.CoO,, and
discuss the calculated results in comparison with the re-
ported experimental data by XPS measurement.

2. CALCULATION METHOD

The DV-Xa method is the molecular orbital cluster
method, using a local one electron effective potential to
approximate the exchange correlation effect. The ex-
change potential V,_ is given by the following formula

Vie = —3aldp]'?, (1]

where p is the electronic density. The parameter « was
fixed at 0.7 in the present calculation. The calculation was
carried out by CRAY-YMPS.

We made the following simplifications to calculate the
electronic state of La;_ Sr,CoO;_; with oxygen defects:
(i) SrCo0,_; was used instead of La,_,Sr,Co0O,_j, (ii) the
crystal structure was assumed not to deform by the intro-
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(a) Calculated structure of SrCoOs;,, which shows the half of the Sr;Co;sOs model. A, B, B’, and C denote the zx planes with the

different configuration. Strontium atoms locate on all the corners of the small cubic lattice. (b) The configuration of the atoms on the zx planes,

A, B, B’, and C.

duction of oxygen defects (i.e., the distance between Co
and O was the same as the value of SrCoQ;, 0.384 nm
(9)), and (iii) the effects of the local bond states (the color
centers) were ignored.

LaCoO, shows the low-spin state below room tempera-
ture and the high-spin state above it (10); we calculated
low-spin and high-spin configurations of SrCoO;_j.

The oxygen-defect structure in SrCoOs;, (SrCoO,;_;,
& = 1) was constructed on the basis of the brownmillerite-
type oxide, Ca,Fe,O; (11). The oxygen defects in the
structure are symmetrically ordered. The cluster model
SrsCo0,40s, was shown in Fig. 1. The actual model
Sr;Co0,405, consists of two clusters which are shown in
Fig. 1a, connected in the x direction. Five strontium atoms
in the y direction were taken into account in the calcula-
tion. Figure 1b shows the configuration of the atoms on
the zx planes. A, B, and C planes show the equivalent zx
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FIG. 2. Calculated structure of oxygen-deficient SrCoQy;, which
shows half of the Sr;Co,,0,, model. Strontium atoms locate on all the
corners of cubic unit cells. On the B plane, oxygen defects are induced
the same as in Fig. 1b.

planes. On the A plane, cobalt and oxygen atoms were
located without defects. On the B or B’ plane, oxygen
defects were induced in a straight line. On the C plane,
oxygen atoms and strontium point charges were located.

To investigate structures with fewer oxygen defects,
SrCo0g/3 (6 = %), SrCo0,4,, (6 = %), and SrCo0, (6 = 0)
were calculated. The SrCoQyg;; model was constructed on
the basis of Sr,LaFe;0q4 (11). The oxygen defects are eas-
ily introduced and modeled by decreasing the number of
the B plane with oxygen defects in brownmillerite-type
SrCo0s),. SrCo0,6 (6 = %) model was constructed in
the same way as the construction of SrCoOg,; model.
SrCo0y,;and SrCo0;,,, models are shown in Figs. 2 and 3.

A Madelung potential was also taken into account in the
calculation by the summation of the point charge Coulomb
potential (12). The point charge of strontium atoms was
assumed to be +2e, that of oxygen to be —2e, and that
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FIG. 3. Calculated structure of oxygen-deficient SrCoQ,, Which
shows half of the Sr;Co,O5, model. Strontium atoms locate on all the

corners of cubic unit cells. On the B plane, oxygen defects are induced
the same as in Fig. 1b.
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FIG. 4. Basic cubic structure (unit cell) of a perovskite oxide ABO;.
A, La, Sr, etc.; B, Co, Fe, Ni, etc; O, oxygen.

of the oxygen defect to be neutral. The charge of cobalt
atom was decided by the electric neutral condition: +3e
in SrCoOQy,,, +% e in SrCoOgj5, and +% e in SrCoO,;/
We distributed the point charges, the number of which
corresponded to two unit cells, symmetrical around the
cluster model.

3. RESULTS AND DISCUSSIONS

First, we show the calculated results using the cluster
model shown in Fig. 4 to demonstrate the accuracy of
the present calculation method. The experimental (3) and
calculated Ols orbital energies are summarized in Table
1. The experimental value, i.e., —528.0 eV corresponds
to the 1s energy of lattice oxygen (O?) in Fig. 5 (3). The
calculated Ols energy was converted by the transition
state method (13) to about —527.5 ¢V measured from the
energy level of HOMO. Then the energy difference be-
tween the experimental and calculated Ols levels was
only 0.5 eV. Therefore, the present calculation method
is concluded to be able to calculate the Ols state in the
perovskite-type oxides with high accuracy.

The calculated charges by Mulliken population analysis
are shown in Table 2. The calculated strontium charge is
+1.98e, which is very close to the designed charge, +2e.

TABLE 1
Ionization Energies (in eV) Calculated Using SrCoQO;
Model Cluster

Transition state

Orbital energy energy
(up/down) (up/down) Experimental value (2)
Co 2p —765.3/-763.2 —785.8/-784.1 —780.0
o1s —503.2/-503.2 —529.4/-529.4 —528.0
HOMO -2.2/-2.0 — —
LUMO +9.0/-1.0 — —

Note. High-spin states were considered. For comparison, the experi-
mental values obtained by XPS measurement were also shown.
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FIG. 5. XPS spectra of Ols states in La,_,Sr,CoO;_;.

Therefore, when all strontium atoms in the cluster model
are replaced by +2 point charge, there is little change in
the calculated result.

Next, we show the calculated results using the oxygen-
defect model clusters . The calculated results of the high-
spin configuration of SrCoO,_; were almost the same with
the low-spin configuration, so we discuss the calculated
results of the high-spin configuration. The Ols energy
levels of each oxygen-defect model are summarized in
Table 3, where oxygen atoms at the edge of the cluster
model were out of consideration. Ols energy states in
SrCo0,;_; were shown as density of state (DOS) curves
in Fig. 6. The DOS was obtained by convolution of the
molecular orbital levels using Gaussians with FWHM 0.5
eV, after HOMO was shifted to 0 eV. The obtained DOS
curves fit the experimental XPS results in Fig. 5, except
for the absolute values and the energy gap of two Ols
peaks.

The absolute value of the Ols energy is about 28 eV
lower than the experimental data; however, the lower
state corresponds to the Ols state with the experimental
value —528.0 eV, as already mentioned.

The energy gaps of two calculated O1s peaks are smaller
than the experimental values, 4 eV (3) and 3 eV (5). This
result may be due to the neglected structural deformation
caused by the substitution of Sr atoms for La atoms.

TABLE 2
Electronic Charges (in e) of the
Atoms in SrCoQO; Obtained by
Mulliken Population Analysis

Designed Calculated
Sr +2 +1.98
Co +4 +2.64
0 -2 -1.79
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TABLE 3
Calculated Ionization Energies (in eV) of Oxygen Atoms Using
the SrCoO;_; Model Clusters

5=0 5=14 8=4%
A —_ c — c’ — C
C (-5135) A (-5052) A (~49%9.7) B
A 5145 C’ —505.6 C  —498.7 C
C  -5144 A —505.6 A —4988 A
A 5147 C  -5082 C 5009 C
C -—5145 B 5056 B —498.8 B
A 5147 C  —508.3 C  -5009 C
C -5144 A —505.6 A —4988 A
A -5143 C' —505.6 C' —498.7 c
C (-513.4) A (=5053) A (-4999) B’
A — c — C — C —
HOMO —12.30 —3.04 +3.69 +2.04
LUMO —12.28 -3.00 +3.70 +2.05

Therefore, we consider that the origin of the splitting
of the Ols state is the introduction of the oxygen defects
in La,_ Sr,Co0;_;.

The calculated charges by Mulliken population analysis
are shown in Fig. 7. Two kinds of oxygen atoms were
found. One is the oxygen atom with —1.37e. The other
is oxygen atom with —1.27e . The former oxygen atoms
locate on the C plane, adjoin the oxygen defects on the
B plane, and are considered to correspond to the oxygens
with the higher energy (O?) in Fig. 6. On the other hand,
the latter oxygen atoms locate on the C plane without the
adjoining oxygen defect, or locate on the A or B plane .
These corresponded to the oxygens with lower energy
(0% in Fig. 6. Therefore, the excess electrons are consid-
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FIG.6. Calculated density of states of Olslevelin SrCoO;_s. HOMO
was shifted to 0 eV.

® : Cobalt
O : Oxygen
© : Oxygen defect

FIG.7. Electronic charges of oxygen electrons in SrCoQ;_gobtained
by Mulliken population analysis.

ered to fiow into the former kind of oxygens from the
oxygen defects. This electron transfer may stabilize the
former kind of the oxygens atoms, the 1s state of which
is shifted to the higher binding energy than the others.

4. CONCLUSION

The origin of the splitting of the Ols state observed in
La, ,Sr,Co0O,_; by XPS measurement was investigated
by the DV-Xa molecular orbital calculation method. Even
though we use several simplifications in the calculation,
the calculation showed the possibility that the origin of
the splitting is considered to be due to the oxygen defects.
Further investigation of the effects of the oxygen defects
on the electronic structures in the perovskite-type oxide
should be conducted.
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