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Crystal Structure and Metal-Insulator Transition of La;_,Sr,CoO;
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Crystal structure of perovskite La;_,Sr,Co0O; (0.0 = x < 0.7)
was precisely determined by powder X-ray Rietveld analysis,
and its correlation with the electrical properties was discussed.
The space group was assigned to rhombohedral R3c in the
range 0.0 = x = (.5 and to cubic Pm3m in the range 0.55 =
x = 0.7. At x ~ 0.25 the Co-O distance and Co—O-Co angle
of this system showed an abrupt decrease and increase with
increasing x, respectively, and the conductivity behavior
changed from semiconducting to metallic. The abrupt changes
in crystal structure were attributed to a change in the band
structure at the transition from semiconducting to metallic,
that is, an increase in the overlap between the valence band
and doped hole sates. 01996 Academic Press, Inc.

1. INTRODUCTION

Doped lanthanum cobaltite, in particular, strontium-
doped La;_,Sr,CoOj3 has high electrical and ionic (O*")
conductivities, and hence is a promising material for use
as a cathode in solid oxide fuel cells (1, 2) and for oxygen
permeation membranes (3). The crystal structure, and elec-
trical and magnetic properties of undoped and Sr-doped
lanthanum cobaltite have been studied for several decades
(4-12). Furthermore, La,_,Sr,CoOj; has recently attracted
much attention of many workers because it exhibits metal—
insulator (M-I) transition by Sr-doping or temperature
rise (13-17).

Although many workers have stressed that the metal—
oxygen distance and the metal-oxygen—metal angle play
an important role in the electrical conduction of transition-

1'To whom correspondence should be addressed.
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metal compounds, there have been few precise crystallo-
graphic studies for La;_,Sr,CoQOs;, in particular, on the
variation with Sr-doping. In order to understand the origin
of the M-I transition, it is important to clarify the correla-
tion between the crystal structure and electric conductivity.
In the present work, we precisely determined the lattice
parameters and interatomic distances and angles of La;_,
S1,CoO; using the powder X-ray Rietveld method. The
correlation of the changes in crystallographic parameters
with the electrical properties was also discussed.

2. EXPERIMENTAL

La,_,Sr,CoOj; samples were prepared by a conventional
solid phase reaction. Mixtures of La,0O3;, CoCOj;, and
SrCO; powders in the desired ratios (0.0 = x = 0.7) were
pressed into pellets. Two kinds of firing patterns were used
in this study. In the first pattern, the pellets were fired at
1473 K for 12 h in air, and cooled at ca. 600 K/h to room
temperature (fast-cooled samples). This process was re-
peated, usually three times, until each lattice constant of
the perovskite converged within 0.1%in relative difference.
In the second pattern, the pellets of the mixtures were
fired at 1473 K for 5 h in air, annealed at 1273 K for 12
h, and then cooled to room temperature at 42 K/h (slowly
cooled samples). These fired samples were ground for 2 h
prior to X-ray diffraction measurements. A perovskite sin-
gle phase was obtained for each sample.

X-ray diffraction patterns were obtained at room tem-
perature using a Rigaku RAD-B system. MoK« radiation
was used as an X-ray source in order to avoid the dispersive
and absorption effects of CuKa radiation on Co atoms.
The accelerating voltage and current were 45 kV and 40
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mA, respectively. To obtain diffraction patterns, 26 angle
was step-scanned from 10° to 60° with a step width of 0.01°
and an integration time of 15 s. The crystal structures of
the samples were refined using a powder X-ray Rietveld
program RIEVEC (18-22). Rhombohedral R3¢ was used
as a space group for Rietveld refinements for samples in
the range 0.0 = x = 0.5 (8), and cubic Pm3m was used in
the range 0.55 = x = 0.7. Interatomic distances and angles
were calculated from the oxygen coordinates obtained by
the Rietveld method.

The ratio of the cations of each sample was determined
by inductively coupled plasma spectrometry (ICP), and
the mean valence of cobalt by iodometry (4).

The pellets of fast-cooled samples were cut into bars
and used for electric conductivity measurements. The con-
ductivity was measured from room temperature to 1473 K
in air by a standard d.c. four-probe method (9, 12). To
minimize joule heating (12), a small current was applied
so that the potential difference between the inner two
probes was maintained less than 5 mV. The relative density
of each sample was higher than 85%.

3. RESULTS AND DISCUSSION
3.1 Nonstoichiometry

The cation ratio of each sample determined by ICP was
almost in agreement with that of the starting mixture. Mean
valences of cobalt (1) determined by iodometry are plotted
against Sr content (x) in Fig. 1. While the values were close
to the stoichiometric ones and an approximately linear
relationship with x was observed at x < (.55, the deviation
from the stoichiometry became significant at x > 0.55.
The excess charge induced by Sr-doping to LaCoOj is
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FIG. 1. Relation between mean valence of cobalt n and x in La;_,Sr,
CoO; samples; (O) cooled at ca. 873 K/h, and (+) annealed at 1273 K
for 12 h and cooled at 42 K/h. The solid line shows a theoretical curve
for stoichiometric compositions.
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compensated by the creation of holes, that is, the oxidation
of Co®" to Co*', or by the creation of oxygen vacancies.
The deviation from the stoichiometry means the presence
of oxygen vacancies. Jonker and Van Stanten (4) studied
the oxygen nonstoichiometry of La;_,Sr,CoO; prepared in
an oxygen atmosphere and reported that the oxidation of
Co®* ions was preferable to the creation of oxygen vacan-
cies at x < 0.5, while the creation of oxygen vacancies was
predominant at x > 0.5. A similar tendency was observed
in this study; however, the presence of oxygen vacancies
was recognized even at x < 0.5 in our samples, although
the amount was small. The samples should therefore be
described as La;_,Sr,CoOs_;. The § values were 0.01 (x =
0.0), 0.02 (x = 0.1), 0.04 (x = 0.3), 0.08 (x = 0.5), and 0.16
(x = 0.7) for fast-cooled samples, respectively.

We used two firing patterns for sample preparation, aim-
ing to change the concentration of oxygen vacancies in the
samples. However, the cooling rate sparingly affected the
concentration of oxygen vacancies. It is known that the
diffusion coefficient of oxygen vacancy in La;_,Sr,CoOj; is
very large (D, ~ 107> cm?/s at 1273 K) (23). Hence, the
oxygen vacancy of the samples may have been nearly in
equilibrium with the atmosphere even during fast-cooling,
or equilibrium may have been attained during grinding.

3.2 Lattice Parameters, and Interatomic Distances
and Angles

Figure 2 shows representative experimental and calcu-
lated XRD profiles for the fast-cooled Lag;Sty3Co0O; sam-
ple (Rw, = 7.7%). The Rietveld profile refinement gave
precise fitting for each sample with a reliability factor (Ry,,)
less than 8%. The crystal structure of La;_,Sr,CoO; is
shown in Fig. 3 and the lattice parameters refined by the
Rietveld method are shown in Fig. 4, where a;, and ¢, refer
to the lengths of a axis and c axis in the hexagonal system,
respectively, and a, and o, refer to the length of a axis and
rhombohedral angle of La;_,Sr,CoOj; in the rhombohedral
system, respectively. The rhombohedral lattice parameters
of the sample with x = 0.0 in this study were in good
agreement with those of undoped LaCoOs at 293 K (a, =
5.3778(1) A and a, = 60.798(1)°) determined by neutron
diffraction (10). The cooling rate in firing sparingly affected
these lattice parameters, which is in agreement with the
results shown in Fig. 1. The «, value decreased almost
linearly with x and became 60° at x = 0.55 (Fig. 4d), which
shows that the phase changed from rhombohedral to cubic
at x = 0.55. The observed linear dependency of «;, on x
shows that rhombohedral distortion is reduced by Sr-dop-
ing; hence, a;, ¢, and a, are expected to change monoto-
nously with a change in x. As shown in Figs. 4a—4c, how-
ever, these lattice parameters showed anomalous behavior
in the range 0.2 < x < 0.4; a,, decreased abruptly and the
increase in ¢, and a, were suppressed in this region.
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Figure 5 shows the structure of R3c La;_,Sr,CoO; based
on a simple cubic unit cell. Only oxygen atoms (6e site)
can change their position in the R3c space group; the other
atoms are fixed at the equivalent positions (La or Sr; 2a
site, Co; 2b site). All Co-O distances and Co—O-Co angles
in Fig. 5 are equal, whereas there are three kinds of La-O
distance because of the tilting of adjacent CoOg octahedra
along the cubic axis. The La—O distances, Co—O distance,
and Co—-O-Co angle were calculated from the optimized
fitting parameters and are plotted against x in Fig. 6. For
the sample with x = 0.0, the values were in good agreement
with the data reported for undoped LaCoO; at 293 K
(drao = 2.451,2.702, and 2.992 A, dco_o = 1.932 A, and
Co-0O-Co angle = 163.91°) determined by neutron diffrac-
tion (10). The three La—O distances gradually came closer
to one another with an increase in x and became equal in
length at x = 0.55 (Fig. 6a) because of the phase transition
from rhombohedral to cubic. After a slight increase at
x < 0.1, the Co-O distance decreased with x in the range
0.1 <x < 0.5 and changed abruptly at x = 0.55 due to the
phase transition (Fig. 6b). The Co—O-Co angle increased
slightly at x < 0.5 and changed abruptly to 180° at x =
0.55 (Fig. 6¢).

Closer examination of these parameters in the rhombo-
hedral region (0.0 = x = 0.5) in Fig. 6 reveals that in all
cases the changes in the range 0.25 < x < 0.3 were more
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FIG. 2. Rietveld refinement plot for fast-cooled Lag;Sry3C0QOs5. The
calculated and observed patterns are shown by solid line and dots, respec-
tively. The vertical marks show the positions of calculated reflections.
The trace in the bottom is a plot of the differences between the observed
and calculated intensities. R, is 7.7%.

425

® laorSr
o Co
O 0

FIG. 3. The cubic and rhombohedral unit cells of La;_,Sr,CoOj5 in
the cubic region (0.55 = x = 0.7). The rhombohedral and hexagonal
lattice parameters are indicated in the figure. In the rhombohedral region
(0.0 = x = 0.5), «, increases from 60°, and a, and ¢, show an increase
and decrease with x, respectively.

drastic than those in the other range; the three La—-O dis-
tances came closer to one another, the Co—-O distance
showed an abrupt decrease, and the Co—O-Co angle in-
creased abruptly in the range 0.25 < x < 0.3. The abrupt
decrease in the Co-O distance caused lattice contraction
and was responsible for the anomalous behavior of lattice
parameters observed in the range 0.2 < x < 0.4 in Fig. 4.
It should be noted that no change in lattice symmetry was
observed in this range. The abrupt changes observed in
Fig. 6, in particular, the Co-O distance and Co-O-Co
angle, are considered to be closely related to the electric
properties of La;_,Sr,CoO;, and this correlation is dis-
cussed in the following sections.

3.3 Electrical Conductivity

The temperature dependences of conductivity (o) of the
system La;_,Sr,CoQO; are shown in Fig. 7. The conductivity
of the samples with x < 0.25 showed semiconductive behav-
ior in the vicinity of room temperature; that is, it increased
with temperature. When temperature was raised further,
o showed a maximum and decreased with temperature;
that is, the conductive mechanism changed from semicon-
ducting to metallic. The conductivity at room temperature
increased with an increase in x for the samples with
x < 0.25. This increase is attributed to an increase in the
concentration of the charge carrier, hole, by Sr-doping as
indicated by iodometry. The M-I transition of La;_,Sr,
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FIG. 4. Variation of (a) a-axis length, ay,, (b) c-axis length, cy,, in the hexagonal system, (c) a-axis length, a,, and (d) rhombohedral angle, «,
in the rhombohedral system of La;_,Sr,CoOs3; (O) cooled at ca. 873 K/h, and (+) cooled at 42 K/h after annealed at 1273 K for 12 h. Standard

deviations are much smaller than the sizes of the symbols.

CoO3; at room temperature occurred at x ~ 0.25, because
o of the samples in the range 0.25 < x = 0.7 showed
metallic behavior even at room temperature. It should
be noted that the abrupt changes in Co-O distance and
Co-0O-Co angle in Fig. 6 were observed in the same region
of x.

Mizusaki et al. (12) measured the electric conductivity
of La;_,Sr,CoOj; under 1 atm O, atmosphere. They ob-
served the M-I transition at room temperature in the range
0.3 <x < 0.5, which was slightly higher than that observed
in this study. Since the conductivity was measured in air
in this study, our samples would have contained more
oxygen vacancies than those of Mizusaki et al., the presence
of which was confirmed by iodometry. Hence oxygen non-
stoichiometry may play an important role in M—I transition
as Sr concentration and temperature also do.

O 0

o Co

@ LaorSr

FIG. 5. “Distorted” cubic structure of La;_,Sr,CoOj; perovskite. All
Co-0 distances and Co—O-Co angles are equal. Three kinds of La-O
distances exist because of the displacement of oxygen atoms (1, 2, and 3).
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3.4 Correlation between the Crystal Structure and M-I
Transition of La,-,Sr.CoO;

The conduction mechanism of La;_,Sr,CoO; has been
discussed for several decades (4, 6-8, 11). Since d—d Cou-
lomb repulsion energy disturbs the motion of electrons
(electron correlation effects), many transition-metal oxides
behave as insulators (or semiconductors), although they
are expected to be metallic based on the band theory.
The M-I transition of LaCoOs; has been attributed to an
overlap of the Co-3d-derived 1,, level with the 3d-derived
e, band by Goodenough (6-8). However, the description
of the M-I transition in LaCoOj; has not been satisfactorily
explained, being described only in terms of the electronic
structure of cobalt.

Recently, Zaanen, Sawatzky, and Allen (ZSA) (24) sum-
marized the band gaps and electronic structures of transi-
tion-metal compounds in a diagram and proposed a theory
for the M-I transition. Figure 8 shows a schematic elec-
tronic structure for transition-metal oxides (13). According

to the ZSA framework, insulating (as well as semiconduct-
ing) transition-metal compounds are classified into two
groups. The first group is a Mott—Hubbard insulator shown
in Fig. 8b. Because of the Mott—Hubbard splitting (U),
the d-bands of transition metal are separated into upper
and lower Hubbard bands, which creates a band gap be-
tween the two Hubbard bands. The other group is a charge-
transfer (CT) insulator (25) shown in Fig. 8d), which has
an energy difference (A) as a band gap between the p-bands
of ligand anions and an upper Hubbard band of transition
metal. Metallic conductivity will be attained if either of
these two gaps (U or A) becomes smaller than bandwidth
(W) as shown in Figs. 8a and 8e. Over the past few years,
Sarma et al. (26, 27) proposed that it should be necessary
to modify the ZSA diagram for transition-metal oxides
that have strong covalent bonds and to include a third
category of insulators, that is, a covalent insulator. In this
regime, the compounds are characterized by strong cova-
lency effects and have a large U and a small or negative
A values, being located in a low A metal (Fig. 8e) if they
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FIG.7. Temperature dependencies of electrical conductivity of fast-
cooled La;_,Sr,CoO; (0.0 = x = 0.7) samples measured by d.c. four-
probe method in air.

have no covelant bonds. Owing to sizable coavalency ef-
fects, the covalent insulator has a similar electronic struc-
ture as a CT insulator (26) while it is expected to have
metallic behavior from the values of U and A in the ZSA
framework. Torrance et al. (13) calculated the values of U
and A for many transition-metal oxides using a simple ionic
model and explained the reason why these oxides show
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metallic or insulating behavior. They showed that LaCoO;
is a CT insulator, and this was later confirmed by a soft-
X-ray absorption study (14) and optical reflectivity spec-
troscopy (15).

In the present crystallographic study of La;_,Sr,CoO;,
the Co-O distance and Co—O-Co angle changed abruptly
at x ~ 0.25 as shown in Figs. 6b and 6¢c, where the M-I
transition at room temperature occurred as shown in Fig.
7. Hence, it is expected that there is a correlation between
these anomalies and the M-I transition. Torrance et al. (28)
reported that lattice contraction occurs at a temperature of
the M-I transition of RNiO; (R = Pr, Nd, Sm) CT insula-
tor, or it may be well described as a covalent insulator in
the modified-ZSA diagram (29). They inferred that the
M-I transition is most probably caused by the closing of
the CT gap, which is located between the occupied O-2p
valence band and the unoccupied Ni-3d conduction band,
due to an increase in the electronic bandwidth with temper-
ature. The M-I transition in La,_,Sr,CoOj; system with
increasing x is considered to be caused in a manner similar
to that of RNiOs, that is, by an increase in the electronic
bandwidth, although the effects arising from doping of
charge carriers are not described in the ZSA framework.
Replacing La®* with Sr** induces doped states within the
band gap (A) of the LaCoO; CT insulator and the states
broaden into a band with increasing x, overlapping with
the valence band at M-I transition (14). The increase in
electronic bandwidth and the enhancement of the overlap

U<W
Low U U<A
Metal Mott-Hubbard |  _ A
Insutator A<U
Charge- A<W
Transfer Low A
Insulator Metal

FIG. 8. Schematic diagrams for the electronic structure of transition metal oxides. U, A, and W denotes the Mott—Hubbard splitting, charge

transfer energy, and bandwidth, respectively.



STRUCTURE AND TRANSITION OF La;_,Sr,CoO;

between the valence band and doped states at the M-I
transition lead to a decrease in the Co-O bond length
and an increase in the Co—O-Co angle. It is therefore
concluded that the abrupt changes found in the present
work were caused by a change in the electronic band struc-
ture at the M-I transition, that is, an increase in the overlap
between the valence band and doped states.

4. CONCLUSIONS

The crystal structure of La;_,Sr,CoO; (0.0 = x = 0.7)
was precisely determined by a powder X-ray Rietveld
method. At around x = 0.25 the Co-O distance and Co-
O-Co angle of this system showed an abrupt decrease and
increase, respectively, and conductivity behavior changed
from semiconducting to metallic. These abrupt changes
found in the present crystallographic work were caused
by a change in the electronic band structure at the M-I
transition, that is, an increase in the overlap between the
valence band and doped states.
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