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Abstract
The relationship between electronic and magnetic properties and the lattice
effect due to replacement of A-site cations with size mismatch has been
studied in the La0.5Ca0.5−xBaxMnO3 system with the amount of Mn4+ fixed
at 0.48. Three sorts of compound (x = 0, 0.1 and 0.2) have been prepared,
and resistivity, magnetic susceptibility, thermopower and x-ray photoelectron
spectroscopy (XPS) measurements were carried out. Every compound exhibits
the metal–insulator transition at TMI and a ferromagnetic–paramagnetic phase
transition at Tc, which is different from TMI. Decrease of Tc and increase of the
magnetic susceptibility below Tc with increasing x, and complex behaviour
of the resistivity are observed. It is possible to explain these results on
the basis of the assumption of a phase separation into ferromagnetic metal
and insulator phases. The XPS measurement result indicates that in the
x = 0.2 compound, the insulator phase exists at the temperature at which
ferromagnetism is observed. I find that a good fit of the thermopower data
for the x = 0.2 compound is obtained by taking into account contributions
of both ferromagnetic metal and insulator phases at T < Tc. It is suggested
that the lattice effect with large values of not only t but also σ 2 promotes the
phase separation into ferromagnetic metal and Jahn–Teller insulator phases at
T < Tc.

1. Introduction

The mixed-valence perovskite manganites La1−xAxMnO3 (A = Ca, Sr and Ba) have been
investigated for many years due to their interesting magnetic and transport properties, especially
the colossal-magnetoresistance (CMR) effect [1–3]. As is well known, the parent compound
LaMnO3 shows basically an antiferromagnetic (AFM) insulator behaviour. Upon deviation
of the oxygen stoichiometry and by substituting a divalent cation (A2+), such as Ca2+,
Sr2+ or Ba2+, in place of La3+, La1−xAxMnO3 exhibits a ferromagnetic (FM) ground state;
meanwhile, a metal–insulator transition occurs near the magnetic transition temperature Tc.
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These phenomena have been traditionally explained with double-exchange (DE) theory based
on the exchange of electrons between Mn3+ and Mn4+ ions [4]. However, it is suggested that
DE alone is not sufficient to explain all of the physics of these mixed-valence compounds. The
importance of lattice distortion due to strong electron–phonon coupling in addition to DE has
been stressed and discussed intensively [5, 6]. This electron–phonon coupling is due to the
fact that the Mn3+ ion is of Jahn–Teller (JT) type. Localization of the charge carriers with JT
distortion is very likely to be a key factor in discussion of the physical properties.

Furthermore, the lattice distortion created by replacing A-site cations with various ions has
attracted strong interest [7–9]. This substitution mainly causes a distortion of the Mn–O–Mn
bond angle which influences the transfer of eg electrons between Mn sites. Hwang et al have
investigated (La, Pr, Y)0.7Ca0.3MnO3 with fixed carrier concentration, and found that with
reduction of 〈rA〉, which represents the average ionic radius of A-site cations, Tc and the
conductivity decrease [9]. It is suggested that the principal effect of decreasing 〈rA〉 is that of
decreasing the Mn–O–Mn bond angle, thereby weakening the DE and reducing the transfer of
eg electrons between Mn3+ and Mn4+.

Recently, Rodriguez-Martinez and Attfield suggested that the electronic and magnetic
properties depend sensitively not only on 〈rA〉 but also on the variance (second moment) σ 2.
They have found that as σ 2 increases, local deformations of Mn–O6 octahedra are induced and
Tc decreases for a constant 〈rA〉 value [10]. The lattice effect of σ 2 has been studied in series
such as R3+

0.7A2+
0.3MnO3 (R = La, Pr, Nd, Sm; A = Ca, Sr, Ba) with constant 〈rA〉 = 1.23 Å

[10], Th0.35(Ba, Sr, Ca)0.65MnO3 with constant 〈rA〉 = 1.255 Å [11] and (La, Dy)0.7Ca0.3MnO3

[12] in which La3+ is replaced by the smaller Dy3+.
In almost all of the reports, the lattice effects have been investigated by the means of the

replacement of A-site cations giving σ 2 various values with constant 〈rA〉 and the substitution
increasing σ 2 with reduction of 〈rA〉 in manganites which have the ferromagnetic metal (FMM)
ground state below Tc. Each decrease of 〈rA〉 and increase of σ 2 suppresses the transfer of
eg electrons between Mn sites. However, the lattice effect when the A-site cation is replaced
by a larger ion in the FMM ground state is not yet clear. Therefore, the lattice effect caused
by the replacement of an A-site cation with a larger ion, which increases σ 2 with 〈rA〉, is
still under investigation. Moreover, it is suggested that the local deformations of the Mn–O6

octahedra due to the A-site-cation disorder and size effect act as ‘preformed JT distortions’
which promote the localization of eg electrons [10]. Hence, there is a possibility that an
electrical phase separation into the FMM and JT insulator phases is caused by the local lattice
distortion with a large value of σ 2. Recently, the electrical phase separation has attracted
strong interest [13–16]; it is important to study the correlation between the phase separation
and the local lattice distortion.

In view of these points, I substituted Ba2+ for Ca2+ in La0.5Ca0.5MnO3, fixing the Mn4+

fraction. The reason for choosing La0.5Ca0.5MnO3 as a starting material is that the electronic
and transport properties of this compound are expected to be very sensitive to the lattice effect
because La0.5Ca0.5MnO3 is under the FMM–AFM insulator phase boundary [17]. The present
study has employed measurements of the electrical resistivity, magnetic susceptibility and
thermopower, and x-ray photoemission spectroscopy (XPS).

2. Experimental details

Polycrystalline specimens of La0.5Ca0.5−xBaxMnO3 (x = 0, 0.1 and 0.2) were prepared by
the conventional solid-state reaction method. Stoichiometric proportions of La2O3, CaCO3,
BaCO3 and MnO2 powders with 99.99% purity were mixed and calcined in air at 1250 ◦C for
24 h and, after being ground very carefully, calcined again in air at 1300 ◦C for 24 h. The
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powders were then pressed into pellets and finally sintered in air at 1450 ◦C for 48 h. The grain
size of the compounds was found to be ∼7 µm by scanning electron microscope studies.

The chemical analyses by the wet process yielded the chemical compositions, and the
oxygen contents were determined by redox titration. I determined the Mn4+ fraction to be
±1% Mn4+ for each compound. As shown in table 1, the Mn4+ fractions in every compound
are equal within the experimental errors. The mean valence of Mn is Mn3.48+. Powder
x-ray diffraction measurements were made for all compounds, and the diffraction patterns
obtained indicate that every compound has orthorhombic perovskite structure without any
other secondary or impurity phases. As shown in table 1, the lattice constants, a, b and c, at
room temperature increase with Ba doping.

Table 1. Lattice parameters (a, b and c) at room temperature, Mn4+ fractions ([Mn4+]) and the ratios
of the oxygen content to the manganese content ([O]/[Mn]) for La0.5Ca0.5−xBaxMnO3 compounds.

x a (Å) b (Å) c (Å) [Mn4+] [O]/[Mn]

0 5.441 7.655 5.429 0.477 3.03
0.1 5.473 7.675 5.446 0.480 3.03
0.2 5.494 7.711 5.469 0.480 3.02

The dc resistivity measurements were performed by the standard four-probe method,
using a Keithley 619 resistance bridge and an Advantest TR 6871 digital multimeter with an
Advantest R 6161 power supply. The magnetic susceptibilities (χ ) were measured by using a
Quantum Design superconducting interference device magnetometer (SQUID) with an applied
field of 0.01 T at temperatures in the range 10–330 K. Thermopower (Seebeck coefficient)
measurements were carried out between 80 and 310 K on a sample placed between two blocks
of oxygen-free high-conductivity (OFHC) copper across which a constant temperature gradient
was applied. Electrical contacts were achieved with silver paste. XPS spectra were obtained
at room temperature and 133 K by using a commercial x-ray photoelectron spectrometer with
a monochromatized Al Kα line, at 1486.6 eV (PHI ESCA−5600). The base pressure in the
chamber was about 10−12 atm and the cleanliness of the compound surface was checked by
examining the C 1s peak at 248.6 eV. Core-level binding energies were referenced to this C 1s
peak to account for the surface charging.

3. Results and discussion

For all compounds, as shown in table 1, the amounts of Mn4+ and the ratios of the oxygen
content to the manganese content are nearly equal: [Mn4+] ∼= 0.48 and [O]/[Mn] ∼= 3.03.
Therefore, Ba substitution for Ca mainly changes the three-dimensional network of Mn–O6

octahedra, and does not change the Mn valence. Hence, the correlation between the transport
and magnetic properties and the lattice distortion created by the substitution can clearly be
seen. Checking the Mn valence is very important in this study, because Roy et al report
that the electronic and magnetic properties of La1−yCayMnO3 near y = 0.5, which is the
metal–insulator phase boundary, are very sensitive to the Mn4+ fraction [18].

3.1. Electronic and magnetic properties

The measured temperature dependence of the ZFC (zero-field-cooled-run) and FC (field-
cooled-run) magnetic susceptibilities for all of the compounds are shown in figure 1. The
applied magnetic field was 0.01 T. A transition from a low-temperature ferromagnetic phase
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Figure 1. The temperature dependence of χ for La0.5Ca0.5−xBaxMnO3 where χ is the magnetic
susceptibility obtained from ZFC (solid) and FC (open) runs at 0.01 T: circles, triangles and squares
for x = 0, 0.1 and 0.2, respectively.

to a high-temperature paramagnetic phase occurs. The magnetic transition temperature Tc is
determined as the temperature at which dχ/dT is a minimum, and its values are summarized
in table 2. An increase of χ below Tc and a decrease of Tc with increasing x are observed. In
this work, the increase of χ at T < Tc suggests that the ferromagnetic DE interaction becomes
stronger with increasing x. It is noteworthy that a large difference between the ZFC and FC
magnetic susceptibilities is observed below Tc for all of the compounds. This result is similar
to the spin-glass behaviour observed for other compounds, such as (La, Tb)2/3Ca1/3MnO3

[19], (La, Dy)0.7Ca0.3MnO3 [12] and La0.7Pb0.3(Mn, Fe)O3 [20]. Spin-glass states arise due to
a strong competition between the ferromagnetic DE interaction and the antiferromagnetic
superexchange interaction, which prevents the occurrence of long-range magnetic order.
Therefore, it is considered that there is a competition between the FM and AFM interactions
at T < Tc.

Table 2. Tolerance factors (t), variances of the A-site-cation size mismatch (σ 2), magnetic
transition temperatures (Tc), metal–insulator transition temperatures (TMI) and the activation
energies required for electronic conduction in the paramagnetic insulator region above Tc (Ehop)
for La0.5Ca0.5−xBaxMnO3.

x Tc (K) TMI (K) t σ 2 (Å2) Ehop (meV)

0 242 211 0.9245 0.0003 130

0.1 232 181 0.9348 0.0068 113

0.2 220 135 0.9451 0.0117 106
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In figure 2, the temperature dependence of the resistivity is shown. The metal–insulator
transition temperature TMI is obtained as the temperature where ρ is maximum, and its values
are summarized in table 2. TMI lowers with increasing Ba doping. It is noticed that Tc is
not the same as TMI, and the discrepancy between Tc and TMI increases with increasing x.
All of the compounds show the metallic behaviour, dρ/dT > 0, below TMI and insulating
behaviour, dρ/dT < 0, above TMI. It is worth noting that FM insulator behaviour is observed
at TMI < T < Tc. The ρ–T curves have a shoulder at Tc, and this result indicates that the
transport properties should change at this temperature.

Figure 2. The temperature dependence of the resistivity for La0.5Ca0.5−xBaxMnO3: open circles
for x = 0, triangles for x = 0.1 and squares for x = 0.2. The arrows show the magnetic transition
points (Tc) determined from magnetic susceptibility measurement.

In this system, the lattice distortion is created in the three-dimensional network of Mn–O6

octahedra by replacement of Ca2+ with Ba2+. Because Ba2+ has a larger ionic radius than Ca2+,
the Mn–O–Mn bond angle increases toward 180◦ with x. This is explained by the tolerance
factor t , defined as

t = 〈rA〉 + rO√
2(rMn + rO)

(1)

where 〈rA〉 is the average ionic radius of A-site ions, rO is the ionic radius of O2− and rMn is the
average ionic radius of Mn ions at the B site. This factor represents the microscopic distortion
from the ideal cubic perovskite structure (t = 1). For t = 1, the Mn–O–Mn bond angle should
be 180◦. For t < 1, the Mn–O6 octahedra tilt and rotate to fill the excess space around the
A site; this results in a decrease of the bond angle from 180◦. Table 2 includes the tolerance
factor t calculated from tabulated values [21], and t increases with x. The Mn–O–Mn bond
angle influences the transfer integral of eg-electron hopping between Mn3+ and Mn4+. Increase
of the Mn–O–Mn bond angle enhances the transfer of eg electrons between Mn sites and the
DE interaction [9]. Therefore, it is considered that the FMM feature becomes stronger with
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increase of x. In fact, ρ below TMI decreases when x increases from 0 to 0.1 as shown in
figure 2. However, increasing of Ba doping from 0.1 to 0.2 causes an unexpected upturn in the
resistivity at variance with the increase of the magnetic susceptibility. The DE theory indicates
that the effective charge transfer t̃ij between the neighbouring Mn sites depends on the relative
angle �θij of the local t2g spins as t̃ij = tij cos(�θij /2) [22]. Thus, the FM spin arrangement
tends to increase the effective conduction. The behaviours of ρ and χ for x increasing from
0.1 to 0.2 imply that the tolerance factor t alone is not sufficient to explain the behaviour of
the present system.

It must be noted that the tolerance factor t is a value estimated from 〈rA〉. It should be
taken into consideration that A-site-ion replacement by ions with very different radii, such
as replacement of Ca2+ (rCa = 1.18 Å) by Ba2+ (rBa = 1.47 Å), makes the network of
Mn–O6 octahedra microscopically inhomogeneous. Furthermore, large local distortion is
expected to occur in the three-dimensional network of Mn–O6 octahedra because the ideal
〈rA〉 yielding t = 1 is 1.41 Å, which is smaller than rBa. To quantify the size mismatch effect,
Rodriguez-Martinez and Attfield have used the variance (second moment) of the distribution
of the A-site-cation radii, σ 2, defined as

σ 2 =
∑

yir
2
i − 〈rA〉2 (2)

where i labels the three kinds of A-site ion, ri is the radius of each A-site ion and yi is
the fractional occupancy of ion i (

∑
yi = 1) [10]. It is suggested that there are large local

lattice distortions around Ba ions, because A-site-cation size disorder results mainly in random
displacements of oxide ions from their average crystallographic positions. The size mismatch
effect with a large value of σ 2 causes a local distortion of Mn–O6 octahedra [10, 23], which
corresponds to a local and random deformation of the Mn–O–Mn bond angle; thereby it is
considered that the transfer of eg electrons between Mn sites is depressed around Ba ions. It
is highly probable that the local lattice distortion tends to make eg electrons localize, leading
to the JT distortion when σ 2 is large. As tabulated in table 2, σ 2 increases with x. The
decrease of Tc with increasing σ 2 observed in the present system is consistent with previous
reports [10–12]. This result indicates that there is some relationship between the decrease of Tc
and the local localization of eg electrons, which prevents long-range ferromagnetic ordering,
because it is hard to see how the double-exchange interaction can occur without eg-electron
hopping between Mn3+ and Mn4+. One of the predominant reasons for ρ increasing with x
from 0.1 to 0.2 is that the local lattice distortion created by the substitution is accompanied
with localization of eg electrons. However, it is impossible to explain this by considering only
the σ 2-effect decrease of ρ with increasing x from 0 to 0.1 and the increasing of χ at T < Tc
with x.

Therefore, it is considered that two opposing effects are operative for compounds
containing Ba ions below Tc. One effect enhances transfer of eg electrons between Mn sites,
and the other effect localizes eg electrons locally. It is not unexpected that the coexistence
of these two opposing effects causes a phase segregation into FMM and insulator phases
below Tc, because the coexistence of FMM and charge-ordered insulator phases was found
in La0.5Ca0.5MnO3 [15, 16]. Taking the phase separation into account, I give a possible
explanation for the complex resistivity behaviour. ρ below TMI decreases for x increasing
from 0 to 0.1 because the contribution of the insulator phase is relatively small; the effect
of enhancing the FMM feature is stronger. And the unexpected upturn in the resistivity
with x increasing from 0.1 to 0.2 occurs because the effective metallic path reduces due
to the increase of the contribution of the insulator phase. It is considered that the FM
insulator behaviour obtained between Tc and TMI reflects the competition between the two
phases.
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In order to obtain more information on magnetic properties,�χ = (χFC − χZFC)/χZFC is
plotted as a function of the T/Tc for every compound, and shown in figure 3. A decrease of
�χ with increasing x is observed. �χ reflects the spin response to the applied magnetic field
because the Mn valence is not changed by Ba doping. The large value of�χ implies that there
is a FM component whose magnitude is determined by the strong competition between the FM
and AFM interactions, and FM spin arrangement is easily enhanced by cooling in an applied
field of 0.01 T. �χ decreasing with increasing χ below Tc indicates that the ferromagnetic
interaction is strengthened more than the antiferromagnetic one, and an AFM component
which is influenced by field cooling decreases with increasing x. It is suggested that the AFM
component enhanced by localization of eg electrons, whose enhancement is promoted with
increase of x, is less sensitive to an applied magnetic field such as 0.01 T. Therefore, it is
considered that the presence of the insulator phase prevents long-range FM ordering in spite of
the increasing of the FM component. This is one of the predominant reasons for the reduction
of Tc, in contrast to the increasing of the magnetic susceptibility below Tc, when σ 2 increases.

Figure 3. �χ = (χFC − χZFC)/χZFC against T/Tc for La0.5Ca0.5−xBaxMnO3: open circles for
x = 0, triangles for x = 0.1 and squares for x = 0.2. χZFC and χFC are the ZFC and FC magnetic
susceptibilities, respectively.

Figure 4 displays the measured temperature dependence of the thermopower (Seebeck
coefficient) for every compound, and large differences between compounds are not observed,
although there is a slight variation below 150 K. The Seebeck coefficient S is independent of
temperature at T > Tc, and this result suggests that the carrier concentration is nearly constant
above Tc. Such a behaviour is very similar to that obtained for La0.55Ca0.45MnO3 [24]. I
assume, in accordance with current thought, that the conductivity in the paramagnetic regime
could be described using the Emin–Holstein theory of the adiabatic small-polaron model [25].
In the temperature regime above Tc, the temperature dependences of ρ and S are described,
respectively, by ρ(T ) = ρ0T exp(Ehop/kBT ) and S(T ) = (kB/e)(ES/kBT + α), where kB
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Figure 4. S (thermopower) versus T plotted for every compound: open circles for x = 0, triangles
for x = 0.1 and squares for x = 0.2.

is Boltzmann’s constant, e is the electron’s charge and α is a sample-dependent constant. By
fitting the experimental data to these equations, I obtain the activation energies Ehop and ES ,
respectively. The values of Ehop are also summarized in table 2. It is difficult to obtain an
exact value of ES because S is nearly constant at T > Tc; however, ES could be estimated as
about 5 meV for every compound. It is clear that the activation energy for conductivity, Ehop,
is much larger than the thermopower, ES , as was reported before and has been considered as
evidence of small-polaronic motion [26, 27]. A lot of recent experimental results, including
transport measurements [28] and results obtained by microscopic techniques [14, 29] and from
the isotopic effect [30], have given strong evidence that the polaron existing in the paramagnetic
phase is of JT type. Therefore, it is considered that the JT distortion is the origin of the polaron
above Tc in this system, too.

3.2. XPS measurement

In order to obtain information on the electronic structures, XPS measurement was carried
out. Figure 5(a) illustrates the Mn 2p core-level XPS spectra of the x = 0 (A) and 0.2 (B)
compounds at 133 K. The spectra display 2p3/2 and 2p1/2 peaks located around 642 and 654 eV
binding energy, respectively. The most striking feature in this figure is the difference spectrum
(C) for the x = 0 and 0.2 compounds, which is obtained by subtracting spectrum (A) from
spectrum (B). This difference of the spectra indicates that the Mn 2p3/2 and 2p1/2 core levels
shift to the higher-binding-energy side upon Ba doping.

In figure 5(b), the Mn 2p core-level XPS spectra for the x = 0.2 compound are shown.
In this illustration, (A) and (B) indicate the results measured at room temperature and 133 K,
respectively, and (C) is the difference spectrum: (C) = (B)− (A). There is no large difference
in the XPS spectra between room temperature and 133 K. This result suggests that the electronic
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(a) (b)

Figure 5. (a) Mn 2p XPS spectra for x = 0 (A) and x = 0.2 (B), and the difference spectrum
(C) for the x = 0 and 0.2 compounds at 133 K. (b) Mn 2p XPS spectra at room temperature (A)
and 133 K (B), and the difference spectrum (C) for the room temperature and 133 K spectra of the
x = 0.2 compound.

structure is almost unchanged in the x = 0.2 compound even if temperature is lowered to 133 K
from room temperature. As discussed above, the transport property at room temperature is
dominated by the JT-type small polaron. Therefore, it is considered that in the x = 0.2
compound the JT distortion is present at temperatures at which the FM behaviour is observed,
such as 133 K. It is suggested that there is a close relationship between the existence of the JT
distortion at 133 K in the x = 0.2 compound and the shift of the Mn 2p3/2 and 2p1/2 core levels
with Ba doping. The existence of the JT distortion at 133 K suggests that there is an insulator
phase in the FM region in the x = 0.2 compound. It is highly probable that the replacement
of Ca with Ba causes the phase separation into the FMM and insulator phases at T < Tc.

3.3. Fitting of the thermopower data

When carriers of two different kinds are present, each with a well-defined Seebeck coefficient
S and conductivity σ , the measured thermopower is given by

S = σ1S1 + σ2S2

σ1 + σ2
(3)
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where 1 and 2 denote the ferromagnetic metal and the insulator phases, respectively [31]. The
quantities in equation (3) are approximated by

σ1 = 1

ρ1
= 1

ρa + ρbT 2.5
(4)

S1 ≈ kB

e

π2

3

kBT

EF
(5)

σ2 = A

T
exp

(
−Ehop

kBT

)
(6)

S2 = kB

e

(
ES

kBT

)
+ S∞. (7)

The form ρ1 = ρa + ρbT
2.5 in equation (4) is used by Schiffer et al to fit empirically to

the resistivity data for the FMM region observed in La0.75Ca0.25MnO3 [32]. Here ρa is
the resistivity due to the domain boundaries and other temperature-independent scattering
mechanisms, and the ρbT

2.5 term represents a combination of electron–electron, electron–
phonon and electron–magnon scattering. In a degenerate metal, the Seebeck coefficient is
proportional to the first power of temperature and is given by the expression (5), in which EF
is the Fermi energy [31]. S∞ in equation (7) is the Seebeck coefficient at asymptotically high
temperatures—a measure of the entropy of crystalline and magnetic disorder. In the present
study, two kinds, model A and B, of fitting are performed. In model A, the data are fitted
over the entire temperature range for which the thermopower was measured. In this case, it is
assumed that the phase separation occurs not only below Tc but also above Tc. This assumption
leads to the suggestion that there is a ferromagnetic cluster in the paramagnetic region. The
existence of a ferromagnetic cluster above Tc has been reported [33] and, to investigate this,
the model A fitting is carried out. In model B, the thermopower data are fitted below Tc. In
this model, it is assumed that the coexistence of the two phases is observed only below Tc.

A fit of equation (3) to the thermopower data on the x = 0.2 compound in which the
phase separation is clearly observed is shown in figure 6. The open squares are the measured
data, and the dashed and solid lines are the fits to the data using models A and B, respectively.
As shown in figure 6, good fits with each model are obtained, and the parameters used for the
fittings are summarized in table 3. It is necessary to confirm the relevance of the parameters
obtained. A, Ehop, ES and S∞, which are the experimental data obtained here above Tc, are
5 × 105  −1 cm−1 K, 106 meV, 5 meV and −33.3 µV K−1, respectively. Comparing the
fitting parameters of models A and B with the measured data, A and Ehop for model A are
much larger and ES smaller. A for model B is nearly equal to the experimental result, but
Ehop is larger. This is explained as follows. In the small-polaron model, Ehop is normally
assumed to be the sum of two relevant parameters, Ehop = WH + ES [28, 34]. WH is an
activation energy and corresponds to the minimum energy that will achieve equivalence of
the two neighbouring sites involved in the polaron hopping. From this equation, one can
straightforwardly calculate WH , and the values of the model B fitting and the experimental
data are 126 and 101 meV, respectively. It is suggested that A, Ehop and ES for the model B
fitting are appropriate parameters to compare with the measured data which are obtained at
T > Tc.

It is impossible to obtain the parameters for the FMM phase directly from the measured
resistivity data, because these results reflect the competition between the FMM and insulator
phases. Therefore, to confirm the relevance of the parameters ρa and ρb, the parameters
obtained for each model are compared to the experimental result for La0.75Ca0.25MnO3 which
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Figure 6. A fit of equation (3) to the thermopower data for La0.5Ca0.3Ba0.2MnO3. Open squares
are the measured data, and the dashed and solid lines are the fits to the data with model A and B,
respectively.

Table 3. Parameters used in equation (3) to fit the thermopower data for the La0.5Ca0.3Ba0.2MnO3
compound using models A and B.

A Ehop ES S∞ ρa ρb

Model ( −1 cm−1 K) (meV) (meV) (µV K−1) ( cm) ( cm K−2.5)

A 4.5 × 106 238 0.07 −33.5 1.0 × 10−3 4.6 × 10−5

B 4.5 × 105 146 20 −33.3 1.0 × 10−3 2.7 × 10−7

is reported by Schiffer et al [32]. In their study, ρa and ρb obtained from fitting to the resistivity
data are about 1.7×10−3 cm and 1.3×10−8 cm K−2.5, respectively. Comparing the fitting
parameters for models A and B with these values, ρa from this study is nearly consistent with
the previous one. The values of ρb for both models are larger, but the parameter for model B is
near in order of magnitude. This indicates that the parameters of model B are practical values.
It is probably impossible for the properties of the two phases to be exactly characterized by
model B parameters. However, it is suggested that all of the parameters used for the model B
fitting are physically acceptable values. This result is evidence that the phase separation takes
place below Tc in the x = 0.2 compound.

4. Conclusions

So as to investigate the relation between electronic transport and magnetic properties
and the lattice distortion in the Mn–O6 octahedral network, I substitute Ba for Ca in
La0.5Ca0.5−xBaxMnO3 while keeping the fraction of Mn4+ at 0.48. Three sorts of compound
(x = 0, 0.1 and 0.2) have been prepared and the four-probe dc resistivity, magnetic
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susceptibility, thermopower and XPS were measured. Each compound exhibits a metal–
insulator transition at TMI and a magnetic transition at Tc, which is not the same as TMI, and
ferromagnetic insulator behaviour is observed for T in the range TMI < T < Tc.

To quantify the lattice distortion in the Mn–O6 octahedral network, the tolerance factor
t and σ 2 are used. t and σ 2 both increase with x. Increasing t results in enhancement of the
eg-electron hopping between Mn3+ and Mn4+. On the other hand, increase of σ 2 promotes the
localization of eg electrons. It is difficult to find an explanation of the results by considering
just one effect. However, the coexistence of two competing effects accounts for the observed
behaviours, and it is speculated that the phase separation into the FMM and insulator phases
is caused by Ba doping below Tc.

A shift of the Mn 2p core level to the higher-binding-energy side on Ba doping is observed
by XPS measurement at 133 K. On the other hand, there is no large change of the electronic
structure between room temperature and 133 K for the x = 0.2 compound. These results
suggest that the insulator phase exists at the temperature at which ferromagnetism is observed.

I find that a good fit of the thermopower data for the x = 0.2 compound is obtained by
taking into account both the FMM and insulator phase contributions below Tc. It is suggested
that the local lattice distortion created by Ba doping causes the phase separation at T < Tc,
and it is considered that the complex behaviours observed in the resistivity and magnetic
susceptibility measurements are affected by the competition between the two phases.
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