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a b s t r a c t

The magnetic and electric transport properties of La1�xBaxCoO3 (0oxr0.50) have been studied

systematically. Two effects of substitution divalent ions on the spin-state transition of Co3 + have been

differentiated for the substitution of Ba2 + for La3 + in La1�xBaxCoO3. The first is the transition from low-

spin state to high-spin state due to lattice expansion, and the second is the transition from low-spin

state to intermediate-spin state caused by the strong hybridization between ligand (oxygen) 2p and Co

3d orbital with introduction of holes in the oxygen 2p orbital. Based on the two different spin-state

transition mechanisms and experimental results, a phase separation model has been developed and a

very detailed magnetic and electric phase diagram of La1�xBaxCoO3 has been constructed.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

The perovskite cobaltite LaCoO3 undergoes unique spin-state
transitions on the changing of temperature, pressure and composi-
tion among transition metal oxide [1–3]. The magnetic susceptibility
of LaCoO3 exhibits two transitions at the temperature of about 100
and 500 K, which are always ascribed to spin-state transitions [1,4].
However, the nature of spin-state transitions has been a controversy
for a long time. At the beginning, the first transition near 100 K was
considered as low-spin (LS) (S=0, t6

2ge0
g) to high-spin (HS) (S=2,

t4
2ge2

g ) state transition of 50% of Co3+ while the second one near
500 K was ascribed to a transition from ordering to disordering of LS
and HS [4,5]. This opinion was supported by the theoretical analysis
of the traditional use of an ionic, ligand-field calculation [6]. But later
LDA+U calculation revealed that strong hybridization between
ligand (oxygen) 2p and Co 3d orbital stabilized the intermediate-
spin (IS) (S=1, t5

2ge1
g ) state with introduction of holes in the oxygen

2p orbital. As results, the first transition near 100 K was explained as
a transition from LS to IS state with orbital ordering whereas the
second transition near 500 K was believed to be connected with a
gradual disorder of occupied eg orbitals within the IS state [7]. This
explanation was so influential that most of the subsequent studies
on cobaltites materials were interpreted in the transition of LS to IS
state [8-11]. More recently both theory of a two-level model and
X-ray absorption spectroscopy (XAS) and neutron spectroscopy
experimental investigations confirm that the high-spin state inter-
ll rights reserved.
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pretation is more appropriate than the intermediate-spin state
[12–14].

Substitution of Sr2 + for La3 + in La1�xSrxCoO3 has been
extensively studied for this system exhibiting spin-state transition
and metal–insulator transition phenomena with different con-
centration x (and temperature changing), which is similar to the
temperature varying induced spin-state transition in LaCoO3, and
other exciting behaviors such as spin glass and colossal magne-
toresistance (CMR) [3,5,15–17]. Despite many achievements have
been obtained and even some phase diagrams are constructed, the
nature of spin-state transition in Sr2 +-doped LaCoO3 is still
controversial [10,14]. For the holes-doped transition metal oxides,
phase separation is a key towards understanding of their physical
properties. In La1�xSrxCoO3, several works confirm that this
system phase separates into hole-rich magnetic and hole-poor
nonmagnetic regions [18,19]. Ca2 + and Ba2 + with different ionic
radii can introduce holes into Co–O bonds as Sr2 + does [20].
Unfortunately, however, much fewer studies reported the spin-
state transition of Ca2 +- or Ba2 +-doped LaCoO3. Especially, most
studies for La1�xBaxCoO3 were focused on the transport proper-
ties [21–24]. In this paper the magnetization and resistivity of
La1�xBaxCoO3 were studied systematically and a phase separation
model was proposed to interpret the magnetic and electrical
phenomena.
2. Experimental procedure and results

Polycrystalline samples of La1�xBaxCoO3 (0.50Zx40) were
prepared by the standard solid-state reaction method using La2O3,
BaCO3 and Co3O4 powders. Structural characterization of the
prepared samples was carried out using X-ray powder diffraction
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Fig. 1. (a) Representative Rietveld refined patterns corresponding to La0.70Ba0.30-

CoO3 (R3̄c) and (b) dependence of Co–O–Co bond angle and Co–O bond length of

La1�xBaxCoO3 as a function of Ba concentration. The solid lines are guide to the

eyes.
Fig. 2. Temperature dependences of resistivity in zero field for (a) the light-doped

(xo0.18) samples and (b) the highly doped (0.18rxr0.50) samples.
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with CuKa radiation on a Rigaku diffractometer. Resistivity was
obtained via a standard dc four-probe method. Magnetization as a
function of temperature was measured in warming after cooling
in zero-field and in a field of 100 Oe from room temperature using
SQUID MPMS-7.

XRD patterns confirmed that the samples were in high purity
and Rietveld refinements were performed as represented by
Fig. 1(a) and detailed in our previous work [25]. In brief, the
Rietveld analysis revealed that the samples for xr0.35 had a
rhombohedral phase with space group R3̄c; whereas the samples
for xZ0.40 had cubic structure with space group Pm3̄m. One
point should be clarified here is that a cubic structure was
adopted for x=0.35 in our previous work based on the little better
refinement indices. Subsequent neutron powder diffraction
justified that a rhombohedral phase would be much better than
a cubic one for x=0.35 [25]. The evolution of the CoO6 octahedron
was redrawn as shown in Fig. 1(b). The evolution of the CoO6 can
be divided into three regions as indicated by the solid line in the
figure. For xo0.1, the Co–O bond length of the CoO6 octahedron
expands with increasing Ba content, and then levels off at
0.1rxo0.4, at the end of which the Co–O–Co bond angle
reaches 1801. The expansion of the Co–O bond length resumes
with further increase in Ba dopant when 0.4rxr0.5.

The temperature dependences of the zero-field resistivity (r)
with different Ba doping are displayed in Fig. 2. As the effect of
doping divalent Sr, doping Ba results in hole doping and the
eventual onset of metallic behavior. The samples for 0oxo0.18
display insulator behavior in the whole temperature as shown in
Fig. 2(a), whereas other samples for x40.18 behave as metal at
high temperature and metal–insulator transition (MIT) is
generated below a critical point at low temperature as shown in
Fig. 2(b). This MIT in the higher-doped samples may be caused
due to the grain boundary scattering in the poorly sintered
samples and it disappears in single crystals [26]. Considering the
mechanism of conductivity in the divalent ion-doped LaCoO3, the
minimum electrical resistivity should be reached at x=0.5 [15–17].
However, just like the previous reported works [21–23], the
minimum in the barium compounds was obtained at x=0.30 in
this work. This deviation may be caused by the oxygen deficient in
the high-doped samples.

Fig. 3 shows the representatives of the temperature dependences
of the dc magnetization. These data were taken on heating under an
external field of 100 Oe after cooling in zero magnetic field (ZFC) or
in a field of 100 Oe (FC). Just like the system of La1�xSrxCoO3,
La1�xBaxCoO3 can be divided into two groups due to the different
magnitudes of magnetization: 0oxo0.18 and 0.18rxr0.50. In
Fig. 3 the upper panels of (a), (b) and (c) are representatives of
all compositions in the range of 0oxo0.18, while the lower panels
of (d), (e) and (f) are specimens of the samples in the range
0.18rxr0.50. With decreasing temperature, in the range of
0oxo0.18 the ZFC curves increase and show very sharp peaks at
a temperature (the peak temperature, Tp) far below TC, while the FC
magnetization monotonically increases more prominently below the
irreversibility temperature Tirr, at which the bifurcation between ZFC
and FC occurs. This magnetic behavior has been interpreted in terms
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Fig. 3. Temperature dependences of the dc magnetization in a field of 100 Oe for

x=0.05 (a), x=0.10 (b), x=0.15 (c), x=0.18 (d), x=0.35 (e) and x=0.50 (f). ZFC curves

are shown as open symbols, whereas FC curves are shown as solid symbols.

Fig. 4. Representative temperature dependences of the inverse magnetic suscept-

ibility.

W. Luo, F. Wang / Journal of Solid State Chemistry 182 (2009) 3171–3176 3173
of spin glass by several authors in previous work on La1�xSrxCoO3

and La1�xBaxCoO3 in the corresponding range [19,27,28].
When x increases to a critical value of 0.18, the FC curves

increase prominently near TC with decreasing temperature and
level off at low temperature, showing a ‘‘Brillouin-like’’ tempera-
ture dependence of the magnetization. In contrast, the ZFC
magnetization is rather small and peaks at a little below TC.
These magnetic phenomena were interpreted as cluster glass in
previous studies [19,27,28]. On the other hand, some neutron data
suggest real long-range ordered ferromagnetism in the high-
doped LaCoO3 and the splitting between ZFC and FC curves are
explained as the symptom of the strong anisotropy of ferro-
magnets [29–31]. Considering the dynamic magnetic properties of
La1�xBaxCoO3 and La1�xSrxCoO3, it seems that the interpretation
of cluster glass is more appropriate than the ferromagnetism one
[32,33].

To clarify the critical problem of spin states in La1�xBaxCoO3,
we extracted the effective numbers of Bohr magnetons from the
Curie–Weiss law in the paramagnetic phase at T4TC. The
susceptibility of the paramagnetic phase follows the Curie–Weiss
law,

w¼ C

T � y
; ð1Þ
where

Cp
m2

eff

3kB
and meff ¼ g½JðJþ1Þ�1=2mB: ð2Þ

Here, w is the susceptibility, C is the Curie constant, yETC, kB is
the Boltzmann constant and meff is the effective numbers of Bohr
magnetons (mB). g is the Land�e g-factor, and J is the total spin
quantum number. For transition metals J equals to S due to the
orbital quenching. As shown in Fig. 4 derived from Fig. 3, for all x

values Eq. (1) describes the data very well above TC. The spin of
Co3 + and Co4 + in configuration of low-spin state, intermediate-
spin state, and high-spin state are 0, 1 and 2, and 1/2, 3/2 and 5/2,
respectively. Hereafter, for the convenience of description, the
ions of Co3 + and Co4 +, in the configurations of low-spin,
intermediate-spin and high-spin states, will be denoted as
Co(III)/Co(IV), Co(iii)/Co(iv) and Co3 +/Co4 +, respectively.
3. Spin-state analysis and discussion

Fig. 5(a) displays the effective Bohr magneton numbers derived
from the temperature dependence of magnetization by Curie–
Weiss law. To get insight on the spin state of the Co ions, the
formula (2) with Land�e g-factor g=2 and quantum number J=S,
assuming certain spin configurations, is adopted.

On the hypothesis of simple spin configurations as usually
used in previous works [8,28], the effective numbers are obtained
by

m2
eff ¼ ð1� xÞm2

Co3þ þxm2
Co4þ : ð3Þ

Different combinations of spin-state configurations are as-
sumed to reproduce the effective numbers and some representa-
tive results are shown in Fig. 5(a). Obviously, as shown in the
figure, simple spin-state configurations are not adequate to
reproduce the experimental data. In order to get better fitting to
the experimental data, many different configurations are trailed.
As a result, a phase separation model is developed and will be
described below.

Substitution of Ba2 + for La3 + in La1�xBaxCoO3 has two effects:
hole introducing and lattice expansion [34–37]. With substitution
of divalent Ba2 + ions for La, tetravalent Co with IS state Co(iv) is
induced and the surroundings of LS state Co(III) are converted to
IS Co(iii) due to strong hybridization between ligand (oxygen) 2p
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Fig. 5. x dependence of (a) the effective Bohr magneton numbers extracted from

the Curie–Weiss law above TC (open circles) and different calculations (lines), (b)

the percentage y of the high-spin state Co3+ in the nonmagnetic matrix and the

average number z of Co(iii) in the unit of Co(iv)zCo(iii). In (a), the dotted line

represents the calculated results assuming all Co ions in IS states. The broken line

assumes IS Co(iii) and HS Co4+. The solid curve is the results calculated from the

phase separation hypothesis as described in this paper.

W. Luo, F. Wang / Journal of Solid State Chemistry 182 (2009) 3171–31763174
and Co 3d orbital with introduction of holes in the oxygen 2p

orbital [7]. Naturally, a cluster unit of Co(iv)6Co(iii) is formed. The
cluster units are connected to each other by a link of Co(iii) with
increasing Ba2 + concentration. As a result the average number of
Co(iii) attached to Co(iv) is reduced and the form of the cluster
unit would be replaced by an average unit of Co(iv)zCo(iii). Thus, a
magnetic cluster, nCo(iv)zCo(iii), is constructed by n average
cluster units of Co(iv)zCo(iii). For light-doped compounds, there is
non-interaction between the clusters. Thus these clusters belong
to superparamagnetic cluster, which were proved in our previous
work [38]. With increase in concentration x, the size of clusters
increases and the magnetization becomes stronger and stronger,
while the distance between clusters decreases. Once the concen-
tration x reaches the magnetic critical concentration xc, the
interaction between neighboring clusters will be brought out, and
the samples behave as cluster glass [39].

At low temperature, the parent compound LaCoO3 is located at
the low-spin nonmagnetic ground state [5,7]. With temperature
increased to 100 K, 50% LS Co(III) transfers to HS Co3 + due to
thermal expansion. Thus, orbital ordered 50% LS Co(III) and 50%
HS Co3 + matrix is constructed in the temperature range from
about 100 to 300 K. With Ba2 + substitution for La3 + at low
temperature, two kinds of regions are formed: cluster region of
nCo(iv)zCo(iii) and hole-poor region. In the hole-poor region, part
of LS Co(III) ions transfer to HS Co3 + state due to the doping effect
of lattice expansion and the ratio of HS Co3 + increases with
increase in Ba2 + concentration. These Co(III) and Co3 + were
divided into two phases of orbital ordered Co(III)-Co3 + matrix and
antiferromagnetic (AF) Co3 +–Co3 + matrix, and their ratio varies
according to different concentrations x [5,8,40].

Based on the above description of phase separation, the
chemical formula of La1�xBaxCoO3 could be written as follows:

La1�xBax½CoðivÞCoðiiiÞz�xf½CoðIIIÞCo3þ
�1�yCo3þ

2y�1g1�xð1þ zÞO3 ðzZ1Þ;
and

La1�xBaxf½CoðivÞCoðiiiÞ�zCoðivÞ1�zgxCo3þ
1�xð1þ zÞO3; ðzo1Þ:

In the chemical formula, y represents the percentage of Co3 + in
the ordered matrix Co(III)–Co3 + and AF Co3 +–Co3 +, and that z

indicates the average number of Co(iii) attaching to Co(iv). The
physical properties of z and y are evident: z representing the
ability of introducing holes for Ba2 + ions and it ranges from 0 to 6,
and y indicating the lattice expansion effect due to a large ionic
radius of Ba2 + compared with that of La3 + ion [37].

Based on the above hypothetical phase separation description,
once the parameters of y and z are given, the effective Bohr
magneton numbers can be calculated as follow:

m2
eff ¼ xm2

CoðivÞ þzxm2
CoðiiiÞ þy½1� xð1þzÞ�m2

Co3þ : ð4Þ

The calculated results of phase separation hypothesis, as
illustrated by the solid curve in Fig. 5(a), are obtained by adopting
the values of y and z as shown in Fig. 5(b). The values of y and z are
determined as follow. First, y and z should be kept reasonable for
their physical properties: at the end compound LaCoO3 y equals to
50%, and it increases with increase in Ba2 + concentration, while it
should not exceed 100% for the ordered matrix changing from
Co(III)–Co3 + to Co3 +–Co3 +. The z value should range from 6 to 0
for the average cluster Co(iv)zCo(iii) starts from Co(iv)6Co(iii) to
Co(iv)Co(iv). Second, the results should be calculated by mini-
mizing the mean square error.

Obviously the phase separation results, assuming the spin-
state combination as described above, are far better than that of
others. The phase separation results confirm that LS Co(III) is
converted to HS Co3 + completely for the value of y reaches 100%
between Ba concentrations x=0.12 and x=0.15, and a fourth phase
of Co(iv)–Co(iv) appears at x40.40 for zo1. Both of the critical y

and z are corroborated by the three-phase expansion of CoO6

octahedron with doping as shown in Fig. 1(b): xo0.1, 0.1rxo0.4,
and 0.4rxr0.5. There are little differences between the critical
values deduced from the phase separation model and the
structural transition points of CoO6. The reason could be that
the values of phase separation model reflect the evolution of
partial Co ions while the later denotes the evolution of the average
value of all Co ions. On the other hand, they may be also caused by
the magnetic results derived from the oxygen deficiency in the
samples.

Combining the above analysis and the experimental results of
the magnetic and electrical measurements, a detailed phase
diagram of La1�xBaxCoO3 has been constructed as shown in Fig. 6.
The different meaning of all kinds’ abbreviations and the
boundaries between different regions in the phase diagram are
described in the explication of the figure. Addition to the
explication in the figure, several points should be marked. First,
there is paramagnetic insulator phase of Co(III)Co3 + in the region
of 0oxo0.15. Second, the boundary of the AF cluster insulator
plus superparamagnetic cluster metal is drawn roughly for it is
hard to differentiate the temperature of phase transition due to
the disturbance of the superparamagnetic cluster freezing effect.
Last, the evolution of the fourth phase Co(iv)–Co(iv) has not been
determined in that there are not enough data about it.

In the frame of phase separation model, the measurable
physical properties of a sample should be considered as collective
effect of all contributions from different phases plus the coupling
effect at the boundaries. At ground state T=0 K, the configurations
of Co(III) and Co3 + are t6

2ge0
g and t4

2ge2
g , respectively [5]. LS Co(III)

attaches to HS Co3 + via a smaller covalent bond and the matrix is
paramagnetic insulating system due to orbital ordering of Co(III)–
Co3 + below room temperature [38]. The interaction in the matrix
of Co3 +–Co3 + is AF superexchange. At low temperature for small x,
this matrix is short-range-ordered AF interacting cluster insulator
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Fig. 7. The x dependence for the sum concentration of the insulating phases

RI_phases and for the sum concentration of Co(iv) and C(iii) in the cluster of

nCo(iv)zCo(iii) Rcluster.Fig. 6. The magnetic and electrical phase diagram of La1�xBaxCoO3. PI1, PI2, PM,

SPCM, FCM, IAFI and SAFI denote paramagnetic insulator of the Co(III)–Co3 +

matrix, paramagnetic insulator of Co3 +–Co3+ matrix, paramagnetic metal of

Co(iv)zCo(iii), superparamagnetic cluster metal of nCo(iv)zCo(iii), ferromagnetic

cluster glass metal of nCo(iv)zCo(iii), intermediate-range-ordered AF interacting

insulator of Co3 +–Co3 +, short-range-ordered AF interacting insulator of Co3+–Co3 +,

respectively. The fourth phase is AF interacting Co(iv)–Co(iv). Tirr, TC, TB and TMI

represent the temperature of bifurcation between the dc magnetization of ZFC and

FC, the ferromagnetic Curie temperature, the freezing temperature of the

superparamagnetic cluster, and the metal–insulator transition temperature,

respectively. xc indicates the critical concentration. The dash–dot–dot line near

x=0.12 implies the disappearance of orbital ordered Co(III)Co3+. The short-dot line

at x=0.4 suggests the fourth phase is set.
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due to the isolation of nonmagnetic Co(III)–Co3 + matrix. When
the concentration reaches x=0.10, the short-range-ordered AF
interacting matrix becomes intermediate-range-ordered AF inter-
acting cluster insulator with Co3 + increasing. The AF interacting
matrix transfers to paramagnetic insulator with temperature
increasing. The phase of nCo(iv)zCo(iii) is superparamagnetic
cluster (which grows in size and number with increase in x)
dominated by ferromagnetic double-exchange interaction be-
tween Co(iv) and Co(iii) at low temperature for xo0.18. Once the
growing size of the cluster exceeds a certain value beyond the
critical value xc=0.18, the neighboring cluster interaction is
brought out due to the stronger and stronger magnetization and
shorter and shorter distance. With x increasing, a fourth phase of
Co(iv)–Co(iv) appeared at x40.40 for zo1. Another point should
be strengthened is that the competition between the ferromag-
netic cluster glass and the surrounding AF interacting matrix of
Co3 +–Co3 + makes the AF matrix to be short-range-ordered AF
cluster rather than intermediate-range-ordered AF cluster beyond
xc. In the whole range of x, the short-range-ordered AF insulator
converts to paramagnetic insulator at N�eel temperature TN, and
the clusters of nCo(iv)zCo(iii) transfer to paramagnetic metal at TC

with increase in temperature.
The quantitative change for different phases with increase in

x could be calculated based on the values of y and z, and their
two groups are shown in Fig. 7. RI_phases refers to the sum
concentration of insulated phases of PM Co(III)–Co3+, AF
Co3+–Co3+ and AF Co(iv)–Co(iv), while Rcluster represents the
concentration of FM nCo(iv)zCo(iii). According to the evolutions of
properties and quantity (indicated in Fig. 7) for different phases, it is
naturally educed that the temperatures (Tirr) of bifurcation between
the dc magnetization of ZFC and FC, and Curie temperature TC

indicate a transition of cluster from ferromagnetic to paramagnetic
phase. The metal–insulator transition temperature (TMI) reflects the
transition from AF insulator (Co3+–Co3+) to paramagnetic insulator.
On the other hand, the metal–insulator transition at low T for the
higher-doped samples could also be obtained in the poorly sintered
samples due to grain boundary scattering. The peak temperature
Tp in ZFC curves might be the blocking temperature of
superparamagnetic cluster. That is to say, the nature of freezing
effect might be the transition temperature superparamagnetic state
to blocking state in La1�xBaxCoO3 for xo0.18. The spin-glass like
phenomenon for the samples of xo0.18 could be originated from
the freezing effect of the local anisotropy in the superparamagnetic
cluster. The abnormal behavior beyond x=0.40 should be answered
by the fourth phase Co(iv)–Co(iv). The interaction between Co(iv)–
Co(iv) is AF superexchange. Therefore the short-range-ordered AF
effect has been strengthened and the ferromagnetic cluster
properties have been restrained.
4. Summary and conclusions

A phase separation model has been proposed to understand
the spin-state transition properties in La1�xBaxCoO3. Combining
the experimental data and the phase separation analysis, a
detailed phase diagram of La1�xBaxCoO3 has been constructed.
The hypothesis of phase separation favors that the spin-state
transition in LaCoO3 near 100 K is LS to HS transition. Based on the
properties and quantitative analysis of different phases, new
mechanisms are proposed to interpret the nature of the peak
temperature Tp and the irreversible temperature Tirr. The bifurca-
tion between ZFC and FC magnetization curves in cobaltites is the
Curie temperature of superparamagnetic clusters. The peak
temperature might be the blocking temperature for low concen-
tration x, and the spin-glass like behavior is ascribed to the
freezing effect of the local anisotropy field in superparamagnetic
clusters.
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