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Abstract

The resistivity and magnetization of La0.5Sr0.5�xBaxCoO3 (x=0.0 and 0.25) system have been investigated. The resistivity of
La0.5Sr0.5�xBaxCoO3 has increased with Ba substitution. Magnetization curves of La0.5Sr0.5�xBaxCoO3 (x=0.0 and 0.25) have

showed the large difference between field cooled MFC and zero field cooled MZFC below Tc. X-ray and neutron diffraction mea-
surements have been also performed. The crystal structure of La0.5Sr0.5CoO3 at room temperature is rhombohedrally distorted
perovskite belonging to the space group R3c (No. 167) with the a�a�a� type tilt system. From the results of powder X-ray and
neutron Rietveld analysis, it is demonstrated that the lattice parameter along the a-axis increases and the rhombohedral angle

decreases with the Ba substitution. It is also shown that the octahedral tilting becomes smaller with the Ba substitution. # 2001
Published by Elsevier Science Ltd.
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1. Introduction

Perovskite oxide La1�xSrxCoO3 is a mixed ionic and
electronic conductor and has been widely investigated
for use in various high-temperature electrochemical
devices, such as in solid oxide fuel cells1,2 or oxygen
permeation membranes.3 The compound with x=0.5
has the largest conductivity4 and is rhombohedrally
distorted.5 To discuss the stability of the perovskite-type
compounds ABO3, Goldshmit introduced the tolerance
factor (t) defined by

t ¼
rA þ rO
ffiffiffi

2
p

ðrB þ rOÞ
ð1Þ

where rA, rB and rO are the radii of the A and B cations
and oxygen ion, respectively.6 For tolerance factors less
then unity, two types of distortion from the cubic
structure, the rhombohedral and the orthorhombic
structure, commonly occur.7 La0.5Sr0.5CoO3 is a rhom-

bohedral perovskite with t=0.9736. The properties of
La0.5Ba0.5CoO3 are similar to that of La0.5Sr0.5CoO3 in
many aspects. It is found that the crystal structure of
La0.5Ba0.5CoO3 is cubic.8 The radii of Ba2+ and Sr2+ is
1.74 Å and 1.54 Å, respectively. When Ba substituted
La0.5Sr0.5CoO3 is formed, its tolerance factor becomes
closer to unity. Therefore it is expected that the distor-
tion of the solid solutions becomes smaller with the Ba
substitution. Sathe et al.9 carried out neutron diffraction
studies on La0.5Sr0.5CoO3. Although extensively stu-
died, there is scarce published information about the
structural, electrical and magnetic properties of Ba sub-
stituted La0.5Sr0.5CoO3. In this paper, we have studied
the electrical and magnetic properties of La0.5Sr0.25

Ba0.25CoO3 and compared with those of La0.5Sr0.5

CoO3. We will present a detailed determination of the
structure of La0.5Sr0.5CoO3 and La0.5Sr0.25Ba0.25CoO3

by X-ray and neutron powder diffraction.

2. Experimental

The samples were prepared using standard ceramic
technique. The starting materials were La2O3 (99.9%),
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SrCO3 (99.9%), BaCO3 (99.9%) and CoO (99%). They
were ground, pressed into pellets and fired in air at
1000�C for 12 h. This process was repeated three times.
The samples were finally sintered at 1250�C for 24 h.
The resistivity of the samples was measured using the
standard four-probe technique. The dc magnetic sus-
ceptibilities were measured with a SQUID (Quantum
Design, MPMS model) via zero field cooling and field
cooling processes in the temperature range 5–300 K.
The applied external magnetic field was 50 Oe. Powder
X-ray diffraction patterns were measured at room tem-
perature (2� ¼ 20�80�) on a Rigaku Rotaflex dif-
fractometer, using CuKa radiation (l ¼ 1:5406 Å)
equipped with a graphite monochromator. The neutron
powder diffraction was collected at room temperature
on a high-resolution powder diffractometer (HRPD)
(l ¼ 1:8339 Å, 2� ¼ 20 � 140�) at the Hanaro reactor,
Korea Energy Research Institute. Structure refinements
were carried out by fitting the combined X-ray and
neutron profiles with the program Fullprof which
adopts the Rietveld method.10 The lattice parameters,
fractional coordinates, and displacement parameters of
the cations were determined by the Rietveld refinement
of X-ray profile. The fractional coordinates and dis-
placement parameters of the oxygen atoms were deter-
mined from the neutron profile.

3. Results

3.1. Electrical and magnetic properties

The resistivity of La0.5Sr0.5CoO3 sample is 150 m�cm
at room temperature. The resistivity of La0.5Sr0.25-

Ba0.25CoO3 is increased with the Ba substitution to 730
m�cm.

Fig. 1 shows the temperature dependence of dc mag-
netization for La0.5Sr0.5�xBaxCoO3 (x=0.0 and 0.25) in
the zero field cooled and field cooled conditions. It is
seen that the large difference between field cooled MFC

and zero field cooled MZFC exists below Curie tem-
perature Tc (	225 K) for both specimens and the
Curie temperature Tc decreases by Ba2+ substitution.
According to the phase diagram suggested for La1�xSrx
CoO3 on the basis of magnetization measurements,
La0.5Sr0.5CoO3 belongs to the cluster glass phase.11 The
absence of a true long range order is manifested by the
large difference between MFC and MZFC below Tc.

12

Therefore, it is expected that the difference between
MFC and MZFC is related the cluster glass phase, indi-
cating the presence of the short range ferromagnetic
order within a cluster.

3.2. Structural studies

Fig. 2 shows the X-ray diffraction profiles of
La0.5Sr0.5�xBaxCoO3 (x=0.0 and 0.25) at room tem-
perature. All the La0.5Sr0.5�xBaxCoO3 (x=0.0 and 0.25)
samples are of single perovskite phase without pyro-
chlore phase. Neutron diffraction measurements were
performed for La0.5Sr0.5�xBaxCoO3 (x=0.0 and 0.25) to
determine the precise crystal structure at room tem-
perature. They are shown in Fig. 3. In addition to the
fundamental reflection lines of a typical simple per-
ovskite, extra diffraction lines are also observed in the

Fig. 1. Temperature dependence of magnetization of La0.5Sr0.5�xBax
CoO3 (x=0.0 and 0.25).

Fig. 2. The room temperature X-ray diffraction profiles of La0.5Sr0.5�x

BaxCoO3 (x=0.0 and 0.25). Residual lines may be identified by the

indices based on a simple cubic cell.

Fig. 3. The room temperature neutron diffraction profile of La0.5

Sr0.5�xBaxCoO3 (x=0.0 and 0.25). Open and filled circles represent

Co-rich peak and extra reflection lines, respectively.
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neutron profiles. It is expected that these extra diffrac-
tion lines imply some degree of deviation from the cubic
symmetry. Under the topological and geometrical con-
straints, three structural degrees of freedom of distor-
tion from the ideal cubic perovskite structure are
considered to be possible:13 (i) displacements of the
cations A and B from the centers of the polyhedra, (ii)
distortion of the anion octahedra and (iii) tilting of the
BO6 octahedra. Neutron diffraction provides more
information about oxygen octahedra tilting than X-ray
because the neutron scattering power of O is compar-
able to that of the cations. With the low atomic number,
the oxygen contribution to the diffraction lines is negli-
gible in X-ray diffraction while its contribution is clearly
recognizable in neutron diffraction. The pronounced
presence of superlattice lines in the neutron diffraction
profile rather than in the X-ray diffraction indicates that
they are attributed to the change in oxygen arrangement
in the crystal, either due to the distortion of the octahe-
dra or more so to the tilting of the BO6 octahedra. We
analyzed our data on the assumption that these super-
lattice reflections are the result of the BO6 octahedra
tilting. The open circle in Fig. 3 indicates the peak which
is related to a Co-rich phase.14 Filled circles in Fig. 3
denote the extra reflection lines which are defined by the
odd-odd-odd indices such as (3=2 1=2 1=2), (3=2 3=2
1=2) and (3=2 3=2 3=2). These results mean that the anti-
phase (a�) octahedra tilting is along all the Cartesian
coordinate axes (a�a�a�) by Glazer’s notation.15

According to Woodward, the rhombohedral space
group R3c results when an a�a�a� type tilt is present.
Our refinements were performed in this space group.
The observed and the fitted patterns are shown in Fig. 4.
The final crystallographic data are listed in Table 1. The
refined lattice parameters of La0.5Sr0.5CoO3 are a=b=
5.41795(2) Å, c=13.25965(7) Å. When the solid solu-
tion La0.5Sr0.25Ba0.25CoO3 is formed, the length of a-
and c-axis [a=b= 5.45527(2) Å, c=13.35097(6) Å] is
larger than that of La0.5Sr0.5CoO3. We find that the
space group R3c defines the room-temperature crystal
structure of La0.5Sr0.5�xBaxCoO3 (x=0.0 and 0.25) well.
Fig. 5 shows schematic views of the room-temperature
structure of La0.5Sr0.5�xBaxCoO3 (x=0.0 and 0.25),
based on Table 1. We can clearly distinguish between
the upper side and the lower side CoO6 octahedra tilt-
ing, as shown in Fig. 5(a)–(c) for x=0.0. The pictures
indicate a�a�a� tilting take place. The reason why the
oxygen octahedra tilting occurs originates from the size
difference between the A- and octahedral sites. Since the
Sr space volume of the A-site in Sr substituted LaCoO3

is smaller than that of the oxygen octahedral site, the
perovskite cubic structure becomes unstable. To com-
pensate for the instability, oxygen octahedra tilting
takes place. As a consequence, the size difference
between the A- and octahedral sites decreases. Ba2+

(1.74 Å ionic radius) substitution for Sr2+ (1.54 Å)

diminishes the mismatch in size between the A-site and
octahedral space volumes. Therefore we suppose that
the degree of tilting decreases with increasing Ba2+

substitution. As shown Fig. 6(a) and (b), the octahedra
tilting becomes smaller on Ba2+ substitution. The

Fig. 4. Powder neutron diffraction patterns (circles: observed; line:

calculated) of La0.5Sr0.5�xBaxCoO3 (x=0.0 and 0.25) with the differ-

ence profiles shown below.

Table 1

Crystallographic data for La0.5Sr0.5CoO3 and La0.5Sr0.25Ba0.25CoO3 at

room temperature from powder neutron diffraction profiles

Atom x y z B

x=0 space group R3
-

c (No. 167)

a=b=5.41795(2) Å c=13.25965(7)

Rwp=5.84 (neutron) RBragg=3.71 (neutron)

Rwp=14.6 (X-ray) RBragg=2.85 (X-ray)

La, Sr 0.0 0.0 0.25 0.4323(4)

Co 0.0 0.0 0.0 0.3783(4)

O 0.4814(3) 0.0 0.25 0.9657(6)

x=0.25 space group R3c (No. 167)

a=b= 5.45527(2)Å c=13.35097(6)

Rwp=7.59 (neutron) RBragg=4.70 (neutron)

Rwp=18.3 (X-ray) RBragg=8.81 (X-ray)

La, Sr 0.0 0.0 0.25 0.4323(3)

Co 0.0 0.0 0.0 0.3783(3)

O 0.4921(3) 0.0 0.25 0.9657(6)
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Co–O–Co bond angles reach almost 180� in La0.5Sr0.25

Ba0.25CoO3 (173.976�; x=0.0 and 177.482�; x=0.25).
This result coincides with the assumption that the dis-
tortion of La0.5Sr0.25Ba0.25CoO3 may be smaller than
that of La0.5Sr0.5CoO3.

4. Conclusions

The conductivity of La0.5Sr0.25Ba0.25CoO3 is smaller
than that of La0.5Sr0.5CoO3. In field cooled and zero
field cooled magnetization curves, both La0.5Sr0.5CoO3

and La0.5Sr0.25Ba0.25CoO3 show large difference
between MFC and MZFC which is a manifestation of
cluster-glass like behavior. The crystal structure of
La0.5Sr0.5�xBaxCoO3 (x=0.0 and 0.25) at room tem-
perature is rhombohedral with space group R3c show-
ing superlattice diffraction lines in the neutron
diffraction profiles, in addition to the fundamental
reflection lines of a typical simple perovskite. This
means that the a�a�a� type oxygen octahedra tilting is

present. It is clearly seen that the oxygen octahedra tilt-
ing decreases by Ba2+ substitution.
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Fig. 5. Schematic projections of the La0.5Sr0.5CoO3 crystal structure

on the plane normal to the octahedral along three Cartesian coordi-

nate axes: (a), (b) and (c). The a�a�a� tilting characteristic is clearly

seen.

Fig. 6. Schematic projections of the crystal structures of (a)

La0.5Sr0.5CoO3 and (b) La0.5Sr0.25Ba0.25CoO3 along one of the three

Cartesian coordinate axes. We can see the almost cubic symmetry of

La0.5Sr0.25Ba0.25CoO3.
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