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Electrical properties of La;_.Sr.CoO; (LSC) change with
variations in Sr content, temperature, and oxygen partial pres-
sure. With a change in each variable, LSC showed metal-insula-
tor transition (MIT). The changes in electrical properties of LSC
were correlated here with those of its crystal structure. The
variations of crystallographic parameters such as the length of
a-axis, the rhombohedral angle, the Co—O distance, and the
Co-0-Co angle (0) were precisely determined by powder X-ray
Rietveld analysis. Of these, the variation of 6 described most
consistently the variation of conduction state, metallic or insulat-
ing, of LSC. The Co—O-Co angle increased whenever the con-
duction state changed from insulating to metallic by changing
each variable, Sr content, temperature, and oxygen partial pres-
sure. In addition, MIT took place at a critical Co—O-Co angle
of ca. 165° in each case. It was concluded that the transition from
insulator to metal is caused by the closing of the charge transfer
band gap, induced by broadening of the electronic bandwidths of
the Co-3d and O-2p bands with an expansion of the Co—O-Co

angle. © 1999 Academic Press

1. INTRODUCTION

Perovskite oxide La; _,Sr,CoO; (LSC) is a mixed ionic
and electronic conductor and has been widely investi-
gated for use in various high-temperature electrochemical
devices, such as solid oxide fuel cells (1-5) or oxygen per-
meation membranes (6—8). Furthermore, LSC has attracted
the attention of many workers because it exhibits
metal-insulator transition (MIT) by Sr doping [MIT(x)] or
temperature rise [MIT(T)]. Although a number of studies
on the electrical properties of LSC have been reported since
the 1950s (9—18), there has been little research to correlate
MIT of this system with a subtle change in its crystal
structure except our previous work (19). In the previous
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study, we investigated precisely the change in the crystal
structure of LSC by Sr doping using a powder X-ray Riet-
veld method (19). We observed that a contraction of the
Co-0 distance and an expansion of the Co—O-Co angle
appear discontinuously atca. x ~ 0.25in La; _ ,Sr,CoO3, at
which the conduction state changed from insulating
(semiconducting) to metallic. These results suggested that
the mechanism of MIT can be discussed from a crystallo-
graphic viewpoint.

In high-temperature electrochemical devices, LSC is used
at different oxygen partial pressure [P(O,)] and temper-
atures (7). Since both variables significantly affect the
electrical conductivity of LSC (16), it is very important to
clarify the behavior of the electrical conductivity and to
correlate it with its crystal structure over a wide range of
T or P(O,). In the present work, we precisely determined
crystallographic parameters of LSC at different T and
P(O,) using a powder X-ray Rietveld method. The changes
to crystallographic parameters were correlated with those
to electrical properties. The mechanism of MIT observed in
this system was discussed in relation to crystallographic
changes.

2. EXPERIMENTAL

La;_,Sr,CoO; (x = 0.0 and 0.3) samples were prepared
by a conventional solid phase reaction. Mixtures of La,O;
(Wako Pure Chemicals), CoCO5 (Hayashi Pure Chemicals),
and SrCO; (Hayashi Pure Chemicals) powders of desired
ratios were pressed into pellets and fired at 1473 K for 12 h
in air. No evidence of impurity phases could be found in
X-ray diffraction (XRD) patterns of the samples. The rela-
tive density of each sample was higher than 85%. The ratio
of cations was confirmed by inductively coupled plasma
(ICP) spectrometry, and it was almost in agreement with
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To investigate the effect of temperature, a sintered sample
of LaCoO; [LSC(x =0.0)] was ground finely, and its
XRD patterns were obtained at elevated temperatures
(773-993 K) in air using a Rigaku RAD-3TR system. MoK«
radiation was used as an X-ray source. The accelerating
voltage and current were 40 kV and 35 mA, respectively.
Data were collected in the range 9° < 20 < 35° with a step
width of 0.01° and an integration time of 12 s. The crystal
structure of the sample at each temperature was refined
using the powder X-ray Rietveld program RIEVEC (19, 20).
Rhombohedral R3¢ was used as a space group (11) and the
occupation number of oxygen atoms was assumed as unity
over the experimental temperature range (16). The Rietveld
profile refinement gave a precise fitting result at each tem-
perature with a reliability factor (R,,,) less than 7%. In-
teratomic Co—O distances and Co—-O-Co angles were
calculated from oxygen coordinates obtained by Rietveld
analysis.

To examine the effect of P(O,), La, -Sry.3CoO5 [LSC
(x = 0.3)] samples were used. The samples were annealed at
temperatures in the 1073—-1473 K range in argon/oxygen
gas mixtures of desired ratios (1x 1073 < P(O,)/atm <
2 x 10~ 1). After the samples had annealed sufficiently, the
electrical conductivity was measured by a standard d.c.
four-probe method on cooling at 100-500 Kh~! from the
annealing temperature to room temperature (RT). P(O,)
was kept constant during cooling. The annealed samples
were ground and then subject to XRD measurements. XRD
patterns were obtained at RT using a Rigaku RAD-B sys-
tem. MoK« radiation was used as an X-ray source, and the
accelerating voltage and current were 45 kV and 40 mA,
respectively. Data were collected in the range 9° < 20 < 60°
with a step width of 0.01° and an integration time of 15 s.
The crystal structure of the samples was refined by
RIEVEC. The R,,,, value was less than 8% in each case. The
mean valence of cobalt n in each annealed sample was
determined by iodometry (9), and the resulting occupation
number of oxygen atoms [(3 — 9)/3] was taken into consid-
eration for Rietveld refinement.

3. RESULTS

3.1. Effect of Temperature on Electrical Properties and
Lattice Parameters

We previously studied the effect of Sr content on the
crystal structure and electrical conductivity () of LSC
(0.0 < x <0.7) (19). Figure 1 shows temperature depend-
encies of ¢ in air obtained in the previous study. Although
LSC has a high oxide ion conductivity as well as an elec-
tronic one, the electronic transference number is nearly
unity (16,21, 22), and hence ¢ shown in Fig. 1 can be
regarded as the electronic one. LSC samples with
0.25 < x < 0.7 showed metallic behavior (da/0T < 0) over
the whole temperature range studied, whereas samples with
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FIG. 1. Temperature dependencies of electrical conductivity of

La; _,Sr,CoO; (0.0 < x < 0.7) samples measured in air.

x <0.20 showed insulating (semiconducting) behavior
(0a/0T > 0) in the vicinity of RT. These facts showed that
MIT of La;_,Sr,CoO; at RT [MIT(x)] is located at
x ~ 0.25.

LSC crystallizes in either cubic or rhombohedral struc-
ture depending on Sr content and temperature. The crystal
structure of LSC is shown in Fig. 2, where a, and «, refer to
the length of a-axis and the rhombohedral angle, respective-
ly, of the rhombohedral unit cell, and g, and ¢, refer to the

@® LaorSr
o Co
O o

FIG. 2. Crystal structure of La; _ ,Sr,CoO3; perovskite. Symbols a, and
o, denote the a-axis length and the rhombohedral angle of the rhombohed-
ral unit cell, respectively. Symbols a, and ¢, denote the a-axis and c-axis
lengths of the hexagonal unit cell, respectively. In the cubic region
(0.55 < < x <0.7atRT), o, is equal to 60°, whereas it is greater than 60° in
the rhombohedral region.
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length of a-axis and c-axis, respectively, of the hexagonal
unit cell. In the rhombohedral region, the ratio ¢,/a, de-
creases gradually with increasing o,. The o, value of LSC
(x = 0.0) is about 60.8° at RT (11, 14, 16, 19). It decreases
with an increase in x or T, and becomes 60° (cubic region)
are x =0.55 (at RT) (11,16,19) or at T ~ 1673 K (at
x = 0.0) (16).

As shown in Fig. 1, the electrical conductivity of LSC
(x =0.0) increased with T up to ca. 1000 K, and then
decreased with T; that is, it showed metallic behavior at
temperatures above 1000 K. This indicates that MIT of
LSC (x = 0.0) by temperature rise [MIT(T)] is located at
T ~ 1000 K in air. Figure 3 shows XRD patterns of LSC
(x = 0.0) at elevated temperatures. No significant changes
(e.g., change in symmetry) were observed except for slight
peak shifts in the whole temperature range tested. The
temperature dependencies of a, and «, of LSC (x = 0.0) are
shown in Fig. 4. The lattice constant a, increased monotoni-
cally with increasing T to 943 K due to thermal expansion.
The expansion coefficient of lattice obtained by XRD was
240x107°K ™! (RT < T <943 K), which was in good
agreement with a reported thermal expansion coefficient of
LSC (x=0.0) [23.7x10"°K™!, RT < T <1373 K (23)].
The linear increase in a, with T was suppressed at
T ~ 973 K, where a, discontinuously changed. It should be
noted that this temperature coincides with that of MIT(T)
as shown in Fig. 1. Above 973 K, «, increased again linearly
with an increase in temperature, where LSC (x = 0.0)
showed metallic behavior as displayed in Fig. 1. Although
the crystal structure of LSC at elevated temperatures has
been studied so far by XRD (10) and neutron diffraction
(14), such a discontinuous change at MIT(T') has not been
reported. A similar discontinuous change was observed for
the rhomobohedral angle o, at T ~ 973 K.

Intensity/ a.u.

Degree (20 Cu-Ka)

FIG. 3. XRD patterns of LaCoOj; in the temperature range 773 <
T/K <993.
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FIG. 4. Variations of ((J) a-axis length a, and (@) rhombohedral angle
o, in the rhombohedral system of LaCoOj at elevated temperatures.

3.2. Effect of P(O;) on Electrical Properties and
Lattice Parameters

Since MIT(x) of LSC at RT occurs at x ~ 0.25 as shown
in Fig. 1, the electrical property of LSC (x = 0.3) in air
should be located just at the metallic side of the boundary
between metal and insulator. Hence its conduction state is
expected to be easily changed to insulating by a subtle
change of other variables such as P(O,). Thus we chose LSC
(x = 0.3) samples to examine the effects of P(O,) on their
electrical properties and lattice parameters. Table 1 shows
the mean valences of cobalt (n) of LSC (x = 0.3) after an-
nealed at elevated temperatures in various P(O,) gas mix-
tures. Oxygen nonstoichiometry (3 —¢ in Lay ,Sry 3Co
O3 _,) is also listed. The excess negative charge introduced
by Sr doping to LaCoQj is compensated either by creation
of holes, that is, oxidation of Co** to Co*™*, or by creation
of oxygen vacancies. If the excess charge is compensated
only by oxidation of Co®** to Co**, the n value of LSC
(x =0.3) should be 3.3 according to electroneturality.
Values of n less than 3.3 imply the presence of oxygen
vacancies. After annealing at T = 1473 K and P(O,) =
1 x 10~ 2 atm (sample 8), an n value less than 3 was obtained,
which resulted from the decomposition of the sample. While
LSC (x =0.3) decomposed at P(O,) <1072 atm (at
1473 K), or P(O,) <4 x 10~ 2 atm (at 1273 K), no decompo-
sition product formed in the present experimental P(O,)
range at 1073 K.

Figure 5a shows the effect of P(O,) on the electrical
conductivity of LSC (x =0.3) (samples 3-5) annealed
at 1073 K under atmospheres in the range 1x1073 <
P(O,)/atm <4 x 1073, After annealing at P(O,)>
2x 1073 atm, LSC (x = 0.3) showed metallic behavior over
the whole temperature range, whereas after annealing at
P(O,) = 1x 1073 atm, the conducting state changed from
metallic to insulating at 473 K upon cooling. These facts
indicate that the conduction state of LSC is affected by
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FIG. 5. Temperature dependencies of electrical conductivity of
Lay ;Sry.3Co0;5; measured on cooling after annealed at 1073 K under
various P(O,) atmospheres (a) cooled at 100 Kh™! and (b) cooled at
various rates after annealing at P(O,) = 2 x 10~ 3 atm.

P(O,) [MIT(P)] as well. In the case of LSC (x = 0.3), the
conduction state at RT changed from metallic to insulating
after annealing at P(O,) <2 x 10~ 3 atm.

No significant changes indicative of phase transition were
observed in XRD patterns of the annealed samples 2—5. The
P(0O,) dependencies of lattice parameters a, and o, of LSC
(x = 0.3) after annealing at 1073 K are shown in Fig. 6. The
rhombohedral angle o, decreased with decreasing P(O,),
while the a-axis length a, increased. The oxygen non-
stoichiometry of LSC (x =0.3) is sharply affected by
a change in P(O,) when the sample is annealed at low P(O,)
as shown in Table 1. The sample annealed and cooled at
P(O,) = 1 x 10~ % atm, which is insulating at RT, has many
oxygen vacancies and described as Lag ,Sry 3C00; g4.

Figure 5b shows the effect of cooling rate on the electrical
conductivity of LSC (x = 0.3) (samples 4, 6, and 7) after
annealing at T = 1073 K and P(O,) =2x10"%atm. At
a cooling rate of 100 Kh™! the LSC (x = 0.3) sample
showed metallic behavior over the whole temperature
range. In contrast, when the cooling rate was faster than
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FIG. 6. Variations of ((J) a-axis length a, and (@) rhombohedral angle

o, in the rhombohedral system of La, ;Sry3CoO; after annealing at
1073 K under various P(O,) atmospheres and cooled to RT at 100 Kh ™!,

100 Kh ™!, MIT appeared on cooling. The MIT temper-
ature shifted to a higher temperature with increasing cool-
ing rate. This phenomenon can be correlated with the
oxygen nonstoichiometry as shown in Table 1. During cool-
ing oxygen is incorporated into an annealed sample accom-
panying the oxidation of Co®" to Co*", but when the
cooling rate is high, oxygen vacancies are frozen at a high
temperature on cooling. The higher the cooling rate is, the
more oxygen vacancies remain at RT. Sample 5, which was
annealed and cooled in the P(O,) =1x10"%atm atmo-
sphere and showed MIT on cooling, was reheated at 730 K
in air (sample 9). Sample 9 showed metallic behavior
(0o/0T < 0) over the whole temperature range on cooling.
Its n value was nearly equal to that of as-sintered sample in

TABLE 1
Mean Valence of Cobalt » and Nonstoichiometry 3—¢
in La,,Sry;C00;_; Annealed under Various Conditions

Annealing conditions

Cooling
Sample T (K) P(O>)(atm) rate (Kh™1) n 3—0 MIT (K)
14 1473 2x107! 100 322 2.96 m®
2 1073 2x107! 100 323 297 m®
3 1073 4x1073 100 320 295 m®
4 1073 2x1073 100 320 295 m®
5 1073 1x1073 100 3.18 2.94 473
6 1073 2x1073 200 318 294 310
7 1073 2x1073 500 315 293 373
8 1473 1x1072 100 229 250 —
9¢ 730 2x10°! 100 323 297 m®

“As-sintered sample.

PMetallic over the whole temperature range.
‘Decomposed.

4Sample 5 was reannealed.



378

air (sample 1), which shows that it had almost no oxygen
vacancies. From these facts it is reasonable to say that the
conduction state of LSC is dominated by the concentration
of oxygen vacancies, rather than by oxygen partial pressure
itself.

3.3. Variations of Interatomic Distance and
Angle with x, T, and P(O,)

In the rhombohedral LSC (space group: R3c), only oxy-
gen atoms (6e site) can change their positions, while La, Sr,
and Co atoms are fixed at their equivalent positions (La and
Sr: 2a site, Co: 2b site). The Co—O—Co angle 0 is 180° in the
cubic region; that is, CoOg forms an equilateral octahedron.
In the rhombohedral region, 0 is less than 180° because of
oxygen displacement by tilting of adjacent CoOg¢ octahedra
to opposite directions with each other along each (pseudo-)
cubic axis (24). Figures 7 and 8 show the variations of the
Co-O distance and Co-O-Co angle, respectively, with
x (19), T, and P(O,). The Co—O distance decreased with an
increase in x (19) or P(O,), whereas it increased with an
increase in T. In each case, a discontinuous contraction of
the Co—O distance was observed at MIT, that is, at x ~ 0.25
(at RT in air), at T ~973K (x=0.0 in air) or at
P(O,) ~2x107%atm (x = 0.3 at RT). The approach of
neighboring cobalt and oxygen atoms at the metallic side of
each MIT is responsible for the contraction of the lattice
parameter described above.

In contrast to the variations of the Co—O distance, the
Co—O-Co angle 0 incresed with increasing each variable, x,
T or P(O,); that is, whenever the conduction state changed
from insulating to metallic, 0 increased. At around each
MIT, the change in the Co—O—Co angle was discontinuous
as was observed for the Co—O distance.

4. DISCUSSION

Some intuitive models based on chemical bonding have
been proposed to explain the MIT mechanism of transi-
tion—metal oxides (10, 25-27). Goodenough et al. (10) con-
sidered that the degree of the overlap of cation—anion or
cation—anion—cation electron orbitals decides the character
of d-electrons, collective or localized, in the vicinity of the
Fermi level in materials with narrow d-bands. On the basis
of this consideration, they introduced the concept of critical
lattice parameter and suggested that materials that have
lattice parameters shorter than critical ones have metallic
conductivity. Goodenough et al’s approach is very useful
and intuitive for explaining systematically electrical and
magnetic properties of many transition-metal oxides. How-
ever, the description of MIT in LSC has not been satisfac-
torily explained only in terms of this model.

The variations of crystallographic parameters a,, o,, the
Co-O distance, and 0, with an increase in each variable, x,
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(c) x = 0.3 and RT after annealing at 1073 K in different P(O,).

T, or P(O,), are summarized in Table 2. The conduction
state changed from insulating to metallic with an increase in
x, T, or P(O,); hence, Table 2 shows how these parameters
change when the conduction state changed from insulating
to metallic. With an increase in P(O,), a, decreased and
the conduction state changed from insulating to metallic,
which is in agreement with the concept of the critical lattice
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379

o 1801 (8) .
B
3 Insulator [MIT] Metal
-~ 175} J
(5]
?
8 170 + 4
O' II x L}

165 f - :
3 rxxX™?t |

00 01 02 03 04 05 06 0.7
X
167 T T T T T

- ()

]
i

Co-0-Co angle / degree
2
o

164 | 1
163k E Insulator| MIT Metall
162 1 Il L 1
750 800 850 900 950 1000
Temperature / K

©

InsulatorlM| TMetal

35 30 25 20 15 10 05 00
log[P(O,) / atm]

FIG.8. Co—O-Co angle 0 of LSC as functions of x, T, and P(O,): (a) at
RT and P(O,) =2 x 10~ atm (19); (b) x = 0.0 and P(O,) =2 x 10~ ! atm;
(c) x = 0.3 and at RT after annealed at 1073 K in different P(O,).

[
[=,)
~

—_
=)
%]

Co-0-Co angle / degree
2
-y
.

—
N
H

parameter proposed by Goodenough et al. However, when
x or T increased, a, increased; nevertheless, the conduction
state changed from insulating to metallic. The a-axis length
a, kept increasing with x or temperature even in the metallic
region although a discontinuous contraction of a, was ob-
served at MIT (x or T'). It should be noted that no change in
lattice symmetry (space group) was accompanied by MIT.
Hence a subtle change in atomic configurations caused MIT

Variations of Crystallographic Parameters with an Increase
in Variables, x, T, or P(O)

Crystallographic parameters

Variable a, o, Co—O0 distance 0
x* 1 ! ! T
T 1 ! i i
P(O,) 1 T ! T

Note. Symbols T and | mean an increase and decrease of the parameter,
respectively, with an increase in each variable, x, T, or P(O,). In each case,
the conduction state changed from insulating to metallic when each vari-
able, x, T, or P(O,), was increased.

“RT and P(O,) =2x 10~ atm (19).

bx = 0.0 and P(O,) =2x 10" ! atm.

‘x = 0.3 and at RT after annealing at 1073 K in different P(O,).

of LSC. With an increase in x or P(O,), Co—O distance
decreased, whereas it increased with an increase in T. In
addition, the values of Co—O distance at three kinds of
MITs were rather different from one another as shown in
Fig. 7. These facts show that the concept of the critical
lattice parameter cannot be applied directly to MIT of LSC.

The rhombohedral angle o, decreased with increasing
x or T; that is, the symmetry of crystal was improved when
the conduction state changed from insulating to metallic.
On the contrary, when the conduction state became metallic
by an increase in P(O,), o, changed in the opposite direc-
tion. Hence the change in o, does not systematically explain
the variation of the conduction state, either.

In contrast to the above cases, the Co—O—Co angle 0 ex-
panded with increasing each variable, x, T, or P(O,); that is,
the transition from insulator to metal is always accom-
panied by an increase in 0. Here a discontinuous change in
0 was also observed at each MIT. It should be noted that
MIT took place at 0 ~ 165° in each case as shown in Fig. 8.
Since each MIT can be consistently discussed by crystallo-
graphic consideration using 6, the variation of 0 is the most
probable origin of MIT in LSC. This means that the degree
of tilting in CoQOgy octahedra determines whether the con-
duction state is metallic or insulating.

The Co—O-Co angle or the degree of the tilting of CoOg
octahedra should be closely related to rhombohedral distor-
tion. From this point of view, it would be possible to
consider that the degree of rhombohedral distortion domin-
ates the conduction state. However, it is not the case for
the change in P(O,) because the change in «, showed the
opposite tendency as discussed earlier. This is due to the
presence of a large amount of oxygen vacancies in samples
annealed at low P(O,) because not only the Co—O-Co
angle but also oxygen vacancies should affect the symmetry
of the crystal.
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Zaanen et al. (28) summarized the band gaps and elec-
tronic structures of transition-metal compounds in a dia-
gram (the so-called ZSA diagram). The ZSA diagram
predicts that there are two general types of gap. One is the
Mott—Hubbard gap due to the Coulomb correlation energy
(U) between the d-bands of transition metal (the upper and
lower Hubbard bands). The other is the charge-transfer (CT)
gap due to an energy difference (A) between the p-band of
ligand anions and the upper Hubbard band of transition
metal (29). According to these two types of band gaps,
insulators are classified into two groups: Mott—Hubbard
insulators and CT insulators. Transition from insulator to
metal occurs when the Mott—Hubbard gap or the CT gap
closes; that is, the energy difference U or A, respectively,
becomes smaller than the bandwidth (7). On the basis of
their model, Torrance et al. (30) systematically accounted
for the conduction state, metallic or insulating, for a wide
variety of transition-metal oxides using a simple ionic
model. They showed that LaCoO3 is a CT insulator, which
was later confirmed by soft X-ray absorption (31) and by
optical reflectivity spectroscopy (32).

Torrance et al. (33) studied MIT in RNiO; (R = Pr, Nd,
Sm, and Eu) CT insulators and concluded that transition
from insulator to metal is most probably caused by the
closing of the CT gap, induced by an increase in the elec-
tronic bandwidth of the occupied O-2p valence band and
the unoccupied Ni-3d conduction band. They also pointed
out that the Ni-O—Ni angle plays an important role in MIT
since the electronic bandwidth is closely related to cos 6 (34).
In this study, MIT of LSC is consistently described by the
change in the Co—O—Co angle. Therefore, transition from
insulator to metal of LSC takes place in a manner similar to
that of RNiO; system.

Figure 9 shows a model showing the correlation of the
electronic structure of LSC (x = 0.0) and the Co—O-Co
angle when the temperature is raised. Insulating LSC
(x = 0.0) has a band gap between O-2p and Co-3d bands as
shown in Fig. 9a (30), where 0 is less than 165°. With
increasing T, the degree of tilting of CoOg octahedra reduc-
es and thereby 0 increases, which results in broadening of
the bandwidths as shown in Fig. 9b. When the Co—O-Co
angle reaches ca. 165°, the CT gap A becomes smaller than
the bandwidth W, giving rise to a metallic state (Fig. 9c).
The broadening of O-2p and Co-3d bands and resulting
enhancement of their overlap cause a discontinuous con-
traction in the Co—O bond length and an expansion in 0 at
MIT. Hence, the discontinuous contraction of the lattice
observed at MIT is not the origin of MIT, but can be
regarded as a consequence of MIT. When T is raised fur-
ther, 6 becomes closer to 180°, and thereby the overlap is
enhanced further (Fig. 9d) even if the Co—O distance in-
creases with T in the case of MIT (T).

Senaris and Goodenough (35, 36) showed that Co®* ions
in LSC (x = 0.0) alter their spin state by temperature rise:
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(a) (b) (c) {d)
O- Co-

P(O2)

FIG. 9. Schematic model showing the correlation of the electronic
structure of LSC and the Co—O-Co angle at MIT. (a, b) CT insulator
region; (c, d) semimetal region. The bandwidth broadens and 0 straightens
out with an increase in each variable. At 0 ~ 165° between (b) and (c),
insulator-to-metal transition takes place by overlapping of O-2p and Co-3d
bands.

they are essentially all low-spin configurations at 0 < T/K

< 35, a mixture of low-spin and high-spin configurations
at 110 < T/K < 350, and a mixture of intermediate-spin
and high-spin configurations at T > 650 K, respectively.
Since the electronic structure of LSC is significantly affected
by the spin state of cobalt, the diagram shown in
Fig. 9 should be modified somewhat to describe its exact
electronic structure as a function of temperature. Senaris
and Goodenough considered that the conversion of low-
spin to intermediate-spin cobalt ions by temperature rise
causes the transition from semiconducting to metallic
[MIT(T)] (35). However, MIT(T) of LSC (x = 0.0) was
observed at T ~ 973 K; the temperature is much higher
than that for the spin conversion. In addition, no spin
conversion was reported at MIT(T'). Hence, it is reasonable
to think that the expansion in 0 causes MIT(T) with an
increase in the electronic bandwidth regardless of the spin
state of cobalt.

In cases of MIT(x) and MIT(P), the presence of doped
states introduced by Sr doping and oxygen vacancies should
be considered, and they may change the electronic structure
significantly. In addition, Raccah et al. (11) pointed out that
segregation of LSC may take place upon doping of Sr.
Senaris and Goodenough (36) described that LSC segre-
gates into hole-rich (metallic and ferromagnetic) regions,
which are created by Sr doping, and a hole-poor matrix
similar to LSC (x = 0.0). They considered that when the
coupling between the hole-rich regions reaches a magnetic
percolation thereshold, LSC undergoes the transition from
semiconducting to metallic [MIT(x)]. However, no evid-
ence indicative of such segregation was seen in the XRD
patterns in the present study.
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In the present study, 0 is the only parameter that consis-
tently describes the change in the conduction state of LSC
by a change in each variable, and the conduction state
changed from insulating to metallic at 6 ~ 165°, as was
observed for MIT(T). These facts indicate that the three
MITs can be systematically explained by the model in
Fig. 9; that is, the increase in the electronic bandwidth is the
most probable origin of MIT for each case [MIT(x, T, or

P)].
5. CONCLUSIONS

We studied the electrical conductivity and crystal struc-
ture of La; _ .Sr,CoQj5 as functions of three variables [x, T,
and P(O,)] and found that MIT appears by a change in
P(0O,) as well as x and T. The variations of crystallographic
parameters, a,, o,, the Co—O distance, and 0, were deter-
mined using an X-ray powder Rietveld method. The
Co—O—Co angle, that is, the degree in the tilting of CoOy
octahedra, is the only parameter that consistently describes
MIT caused by a change in each variable, x, T or P(O,). In
each case, 0 increased when the conduction state changed
from insulating to metallic, and MIT(x, T, or P) appeared
when the Co—O-Co angle reached a critical value of
0 ~ 165°. From these facts, we concluded that the transition
from insulator to metal of LSC is caused by the closing of
the charge-transfer gap, which is induced by broadening of
the electronic bandwidth of the Co-3d and O-2p bands.
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