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Hole doping to the Co3+ ion in cobaltite perovskites can significantly modify the
electromagnetic properties. The hole-doped cobaltite perovskites La0.5Ba0.5CoO2.75+x
(x = 0.08 and x = 0.16) has been prepared by standard solid-state reaction. Neutron
powder diffraction and dc-magnetization experiments were performed to investigate
the crystal structure and magnetic properties. It is found that both samples have the
cubic crystal structure with space group Pm3m in all the measured temperatures.
Ferromagnetic transition occurs at 160 K in x = 0.16 sample. For x = 0.08, found
that the short-range ordered ferromagnetic state and a long-range ordered
antiferromagnetic state coexist in low temperature.
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INTRODUCTION
The cobaltite perovskites demonstrate many
unusual properties such as spin-state transition,
metal–insulator transition, large magnetoresistance,
negative thermal expansion and so on [1-4].
The Interplay between the spin, charge, orbital,
and lattice degrees of freedom has been found
to play an essential role. For example, the single
perovskite LaCoO3 with nominal Co valence
being 3+, exhibits the spin-state transition
upon heating, where the Co3+ ion transforms
from the low-spin (LS) state (t2g6, S = 0) to
the high-spin (HS) state (t2g4eg2, S = 2) via
the intermediate-spin (IS) state (t2g5eg1, S = 1)
[1,5,6].
There are extensive investigations on the
hole-doping effect to LaCoO3 through substitution
of divalent ion A (A = Ca, Sr, Ba) for La [7].
It is well established that the LS nonmagnetic
ground state of LaCoO3 undergoes a transition to
IS or HS ferromagnetic (FM) state in La1-xAxCoO3
[8]. Also, a large magnetoresistance effect has


Corresponding author.
E-mail address: miao@post.kek.jp; takashi.kamiyama@kek.jp
DOI: https://doi.org/10.17146/aij.2018.781

1

been reported in La1-xAxCoO3 [3]. On the
other hand, hole doping to Co3+ ion can
also be introduced by varying the oxygen
content, which has not been widely exploited.
For example, the nominal valence of Co
ion in La0.5A0.5CoO2.75 is 3+, and holes can
be filled to the band by increasing the
oxygen content. In previous report [9-13],
the A-site disordered La0.5Ba0.5CoO2.75+x (x = 0.25),
shows FM transition at Curie temperature (TC)
190 K. As the doping decreases to x = 0.12,
the
antiferromagnetic
(AFM)
correlation
develops coexists with the FM state at low
temperature. When the oxygen content is
further lowered to an electron doping side
(x = -0.15), it shows pure AFM state with
the Neel temperature (TN) above room temperature.
Since the properties of cobaltite perovskites are very
sensitive to chemical compositions (rare-earth
element, oxygen content etc.) or external stimulus
(temperature and pressure etc.), this work aims to
synthesized the sample La0.5Ba0.5CoO2.75+x with
lighter hole doping level (x = 0.08 and x = 0.16) and
characterized their magnetic properties by dc
magnetization and high-resolution neutron powder
diffraction (NPD).
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EXPERIMENTAL METHODS

RESULTS AND DISCUSSION
Figure 1 shows the temperature dependence
of magnetization for x = 0.08 and x = 0.16 under
100 Oe. The FC magnetization (see Fig. 1(b))
of x = 0.16 exhibits a ferromagnetic transition at
about 160 K. For the sample x = 0.08, below 130 K
the decrease of FC magnetization with decreasing
temperature indicates the AFM state at low
temperature. However, the divergence between
the magnetization of ZFC and FC in Fig. 1(a)
and the hysteresis loop of the M/H curve (see the
inset) at 13 K suggest that FM state also exists
at low temperature. From the view point of
phase diagram, at x = -0.15 [10] the sample
shows the long range antiferromagnetic order,
however as the doping increase to x = 0.25 [9],
it exhibits long range FM order. Near the phase
boundary of AFM and FM, it is natural to see the
coexistence of AFM and FM state, which comes
from the electronic origin. Because in vicinity
of the boundary, the energy of AFM and FM state
is very close.
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The samples of La0.5Ba0.5CoO2.75+x was
prepared by standard solid-state reaction. Pre-anneal
the La2O3 oxides at 900 °C to eliminate possible
traces of carbon dioxide and water. The raw
materials La2O3, BaCO3 and CoO were mixed with
the stoichiometric ratio. The mixed powder was
ground and pressed into pellet, followed by heating
at 1200 °C in air for 12 h. Temperature increasing
and decreasing rate were 2 °C/min. Grinding and
heating were repeated for 3 times. We could
obtain the single-phase A-site disordered sample
La0.5Ba0.5CoO2.75+x (x = 0.16). The sample with
x = 0.08 was obtained by annealing the attained
samples x = 0.16 under Ar flowing at 250 °C for
12h. We determined the oxygen content by analysis
of neutron powder diffraction pattern.
The high-resolution NPD measurement was
carried out by Super High Resolution Powder
Diffractometer (SuperHRPD) at Materials and
Life Science Experimental Facility (MLF),
Japan Proton Accelerator Research Complex
(J-PARC). The best resolution of SuperHRPD is
∆d/d = 0.035 % at 2θ = 172°. The neutron
diffraction patterns were analyzed by the Rietveld
refinement method using both Z-Rietveld [14,15]
and FULLPROF [16]. The magnetization
under field cooled (FC) and zero-field cooled
(ZFC) was investigated by using a dc
superconducting quantum interference device
(SQUID) magnetometer (MPMS).
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Fig. 1. Temperature dependence of magnetization for
La0.5Ba0.5CoO2.75+x under 100 Oe in the ZFC and FC processes
respectively (a) x = 0.08, (b) x = 0.16. The inset of (a) shows
the MH curve of x = 0.08 sample at 10 K.

The NPD patterns of La0.5Ba0.5CoO2.75+x
(x = 0.08 and 0.16) were collected by SuperHRPD
from 13 K to room temperature. The transition
temperature TC = 160 K for x = 0.16 and TN = 210 K
for x = 0.08 are estimated from the temperature
dependence of integrated intensity of the magnetic
reflection, as shown in Fig. 2. According to the
magnetization data and the integrated intensity, at
room temperature both samples are in the
paramagnetic state and only nuclear crystal structure
contributes to the diffraction pattern. Therefore, the
room-temperature pattern of the two samples can be
described solely by the nuclear crystal structure, i.e.,
the cubic structure with the space group Pm3m.
No Bragg peak splitting is observed at low
temperature, indicating that the crystal structure
does not change and remains in the cubic structure
with space group Pm3m during the whole
temperature range.
From the temperature-dependent NPD pattern
of x = 0.08, we observed the superlattice reflections
(1/2 1/2 1/2) and (3/2 1/2 1/2) initiating at about
210 K upon cooling (see Fig. 2(b)). The superlattice
reflections signify the magnetic ordering
with propagation vector k = (1/2, 1/2, 1/2) and
TN = 210 K. The increase of the magnetic reflection
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Integrated intensity (arb. unit)

(1 0 0) intensity in La0.5Ba0.5CoO2.75+x (x = 0.16)
upon cooling, indicates the ferromagnetic state
with propagation vector k = (0, 0, 0) initiates from
TC =160 K.
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The non-zero IRs and the corresponding basis
vectors, ψn for the x = 0.08 sample are given in
Table 1. Next we carried out the Rietveld
refinement using the different combinations of ψ n so
as to determine the magnetic structure. The results
for the refinement are listed in Table 2 and fitted
pattern is shown in Fig. 3(a), which reveals that
the magnetic structure for x = 0.08 sample is the
G-type AFM. However, the spin orientation
cannot be identified from neutron powder
diffraction (Table 2). In the G-type AFM structure,
every Co ion aligns antiparallelly with the nearest
Co neighbors, as shown in the inset of Fig. 3(a).
As mentioned above, the magnetization data of the
x = 0.08 sample suggests that existence of FM
component. Throughout the temperature range, we
did not observe any ferromagnetic Bragg peak in the
NPD pattern, indicating that there is no long-range
ordered FM structure. Therefore, we think the FM
state occurs in forms of short range ordering
together with a long-range ordered AFM state at low
temperature of the x = 0.08 sample.
Table 1. The basis vectors of irreducible representations (IRs)
for the Co: (0.5, 0.5, 0.5) of the x = 0.08 sample. The crystal
structure is cubic Pm3m and the magnetic propagation vector k
is (1/2, 1/2, 1/2).
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Fig. 2. The temperature dependence of integrated intensity of
(a) AFM reflection (1/2 1/2 1/2) for La0.5Ba0.5CoO2.75+x
(x = 0.08) and (b) the FM reflection (1 0 0) for
La0.5Ba0.5CoO2.75+x (x = 0.16).

Using the Pm3m cubic crystal structure and
magnetic propagation vector k, the symmetry
analysis for the magnetic structures has been carried
out based on the representation theory. The space
group symmetry elements, g, which leaves the
propagation vector k invariant was firstly
determined. These elements form the little group Gk.
Then the magnetic representation of a
crystallographic site can be decomposed in terms of
the irreducible representations (IRs) of Gk:
,

(1)

where nν is the number of times that the IR
of
order μ appears in the magnetic representation
for the Co crystallographic site (0.5, 0.5, 0.5).
According to Landau theory, the magnetic ordering
from a second-order phase transition will condense
to a single IR. So the symmetry-allowed magnetic
structures corresponds to the non-zero ( ≠ 0) IRs
of Gk, from which we can calculated its magnetic
basis vectors, ψn. The whole calculation was
performed using the program Sarah [17].

1

Basis Vectors
(0 0 1)
(1 0 0)
(0 1 0)

Table 2. Refined magnetic moments (μB) for the Co ion of the
x = 0.08 sample based on the basis vectors from Table 1. RM
is the magnetic R factor for Rietveld refinement.
Model
mx
my
mz
mtot
RM (%)

ψ1
0
0
1.49
1.49
6.71

ψ1+ ψ2
1.05
0
1.05
1.49
6.65

ψ1+ ψ2+ ψ3
0.86
0.86
0.86
1.49
6.66

For x = 0.16, we also perform the symmetry
analysis with propagation vector k = (0, 0, 0).
The resultant non-zero IRs and the corresponding
basis vectors, ψn are presented in Table 3. The result
of Rietveld refinement using the different
combinations of ψn are listed in Table 4. Finally, the
simple FM structure was found for x = 0.16 as
depicted in the inset of Fig. 3(b) and the fitted
pattern is shown in Fig. 3(b). Also, we cannot
determine the spin orientation by neutron powder
diffraction (Table 4). In the NPD pattern of
La0.5Ba0.5CoO2.75+x (x = 0.16) at low temperature we
could not observe reflections (1/2 1/2 1/2) and
(3/2 1/2 1/2). So, there is no long-range ordered
AFM state at low temperature in this sample. It has
been reported that FM state and small AFM clusters
coexist in ground state in La0.5Ba0.5CoO2.75+x
51
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(x = 0.25) [18]. In case of x = 0.16, a short-range
ordered AFM state, which cannot be detected by
NPD, may coexist with the long-range ordered FM
state at low temperature as well. To clarify whether
there is short-range ordered AFM state at low
temperature, further experiments are needed, such as
the muon-spin-relaxation experiment.
Table 3. The basis vectors of irreducible representations (IRs)
for the Co: (0.5, 0.5, 0.5) of the x = 0.16 sample. The crystal
structure is cubic Pm3m and the magnetic propagation vector k
is (0, 0, 0).
IRs
ψ1
ψ2
ψ3

10

Basis Vectors
(0 0 1)
(1 0 0)
(0 1 0)

Table 4. Refined magnetic moments (μB) for the Co ion of the
x = 0.16 sample based on the basis vectors from Table 3. RM is
the magnetic R factor for Rietveld refinement.
Model
mx
my
mz
mtot
RM (%)

ψ1
0
0
1.77
1.77
8.40

ψ1+ ψ2
1.25
0
1.25
1.77
8.63

ψ1+ ψ2+ ψ3
1.02
1.02
1.02
1.77
8.41

CONCLUSION
The A-site disordered perovskite cobaltite,
La0.5Ba0.5CoO2.75+x (x = 0.08, 0.16) has been
successfully synthesized by solid state reaction.
The refinement result of the NPD shows that the
crystal structures remain in the cubic structure with
space group Pm3m in the temperature range of 13 K
to room temperature. The x = 0.16 sample shows
FM state at low temperature with the transition at
160 K. For the x = 0.08 sample, the short-range
ordering FM state occurs together with a long-range
ordered AFM state at low temperature. The sample
with x = 0.08 shows a similar magnetic behavior
with the sample x = 0.05. By increasing the doping
slightly from x = 0.12 to x = 0.16, it leads to the
change from two phases with coexistence of long
range order AFM and FM to only one phase with
long range order FM.
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