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In order to understand the origin of good thermoelectric (TE)

properties in the transition metal oxides with the lattice structure

isomorphous to the 232-structure, the bond nature between Co

and O ions in Bi1:5Pb0:5Ca2�xMxCo2O8�d-system has been tried

to vary by replacing M with Sc3þ; Y3þ or La3þ and by changing

x from 0 to 0.3. The resistivity is minimum at x= 0.1 in Sc- and

Y-systems, but very high in La-system. The large thermopower

is obtained in every compound. The experimental TE properties

have been discussed mainly within the framework of the charge-

transfer scheme in which the ionic radii of Sc3þ and Y3þ smaller

than Ca2þ reduce the energy between O 2p levels and Co eg
parentages but the large ionic radius of La3þ expands it. The

oxygen solubility in the compounds and the lattice distortion

peculiar to the 232-structure are also likely to contribute

somewhat to the experimental results. # 2002 Elsevier Science (USA)
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1. INTRODUCTION

Thermoelectric (TE) materials have recently attracted a
renewed interest as an application to a clean energy-
conversion system that utilizes the waste heat of high
temperature (1). The conversion efficiency of a TE material
is characterized by the TE figure of merit Z ¼ S2=rk;
where S; r and k are thermopower (Seebeck’s coefficient),
resistivity and thermal conductivity. A good TE material
involves then high thermopower and low resistivity with
low thermal conductivity. A high magnitude for Z is
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however difficult to realize because these parameters do not
change independently. In most materials where band
conduction dominates electronic transports like degener-
ated semiconductors and intermetallic compounds, a high
concentration of carriers responsible for low resistivity
generally results in high thermal conductivity (2). Owing to
this reason, the utilization of the conventional TE materials
is unfortunately restricted within narrow limits. They are
used either at rather low temperature or in vacuum because
they contain serious problems of oxidation, decomposition
and melting at high temperature in air. TE materials
applicable to a clean energy-conversion system require a
function to overcome these problems.

From this view, metal oxides are of great advantage to
material syntheses and also to a long-term use at high
temperature in air. The development of new metal oxides
with high Z is then of great importance. The layered
perovskite cobalt oxides such as (Na,Ca)Co2O4 (3, 4) and
Ca3Co4O9 (5) are promising candidates for high tempera-
ture-TE materials. The recent study on (Na,Ca)Co2O4

indicates the importance of a misfit structure resulting from
bidimensional matching of two different structures, such as
rock-salt-typed layers and CdI2-type layers, in TE proper-
ties (6). Bi2�xPbxSr3�yYyCo2O9�d also involves high
potential for a high TE figure of merit Z; as our previous
report indicates (7). Since our previous study on
Bi2�xPbxSr3�yYyCo2O9�d mostly concentrated only on
developing of a high temperature material with a high
TE figure of merit (7), an elucidation to clarify the reasons
for the concomitant emergence of low resistivity and high
thermopower is now required.

Abbate et al. (8, 9) point out the importance of the
charge-transfer (CT) scheme so as to understand electrical
transport properties in Co-oxides of the strongly correlated
electron system. This suggests that the Co–O network plays
an important role in TE properties and must be mainly
responsible for low resistivity and high thermopower. If
layer structures of upper and lower sides of the Co–O
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networks in a crystal lattice are modulated artificially so
that a smooth variation in the bond nature between Co and
O ions may take place in progression, then, it would be
possible to obtain significant knowledge as to the
emergence of low resistivity and high thermopower.

Based upon the strategy like this, the present study has
prepared the compounds in Bi1:5Pb0:5Ca2�xMxCo2O8�d-
system by replacing M with Sc3þ; Y3þ or La3þ; and also by
employing x ¼ 0; 0.1, 0.2 and 0.3. Sc3þ; Y3þ and La3þ have
the similar electronic structures, i.e., ns2np6; and the
ionic radius increases progressively with increasing
n from 3 (Sc3þ) to 5 (La3þ) (10). Instead of
Bi1:5Pb0:5Sr2�xMxCo2O8�d-system, Bi1:5Pb0:5Ca2�xMxCo2

O8�d-system has been employed because the ionic radius
of Ca2þ is larger than those of Sc3þ and Y3þ and smaller
than that of La3þ whereas Sr2þ has the ionic radius larger
than the radii of all of these trivalent ions (10). These
procedures are expected to enable a smooth variation in
the nature of the Co–O bonds in the networks. In
comparison with ðBi;PbÞ2(Ca,MÞ3Co2O8�d system, there
must be other appropriate oxide-systems which include
the significant knowledge on the correlation between
Co–O networks and good TE properties. The present
study has carried out, however, the TE experiments on
Bi1:5Pb0:5Ca2�xMxCo2O8�d-system because we want to
understand the emergence-kinetic of the good TE proper-
ties in Bi2�xPbxSr3�yYyCo2O9�d investigated in our pre-
vious report (7).

The present study has investigated TE properties of
Bi1:5Pb0:5Ca2�xMxCo2O8�d; not Bi1:5Pb0:5Ca3�xMxCo2

O9�d; because of the following reasons. Polycrystalline
Bi2Ca3Co2O9�d ceramics contain often unexpected impur-
ity phases (11). In fact, Bi2�xPbxSr3�yYyCo2O9�d with the
structure nearly isomorphous to Bi2Ca3Co2O9�d is not a
single phase and impurity phases like Bi2Sr2O5 and
SrCoOy segregate along boundaries (12). The volume
fractions of these impurity phases are never negligibly
small and moreover, these phases interfere with the
elucidation of TE properties of the bulks in the ceramics
specimen very seriously as described in our previous report
(7). Ceramic compounds of a single phase are, however,
rather easy to produce in ðBi;PbÞ2Sr2Co2O8�d-system
(6, 13). Furthermore, even in Bi2Sr2�xMxCo2O8�d; the
main XRD pattern corresponds very well to that of
Bi2Sr3Co2O9�d (the 232-typed lattice) (12, 14, 15),
although the XRD pattern includes very weak satellite
lines due to impurity phases. Therefore, TE properties
obtained experimentally in Bi1:5Pb0:5Ca2�xMxCo2O8�d-
system are expected to result mainly from Bi1:5
Pb0:5Ca3�xMxCo2O9�d:

Referring to these arguments, the measurements
of TE properties (resistivity and thermopower) on
Bi1:5Pb0:5Ca2�xMxCo2O8�d-system have been carried out
with the magnetic measurements. Some knowledge on Co
spin states available from the magnetic measurements
would be important even if the oxygen deficiency in the
compounds bring about mixed valence states of Co ions.

2. EXPERIMENTAL DETAILS

Bi1:5Pb0:5Ca2�xMxCo2O8�d polycrystalline ceramics spe-
cimens (M ¼ Sc3þ; Y3þ or La3þ) were prepared by the
conventional solid-state synthesis technique. Bi2O3; PbO2;
CaCO3; Y2O3; Sr2O3; La2O3; and Co3O4 powders were
used. The present study changes x from 0 to 0.3 for M ¼
Sc3þ and Y3þ: In the case of M ¼ La3þ; x ¼ 0:2 is
employed. First, mixed powders were calcined in air at
770–7901C for 12 h in air. The heating temperature
depends on the ionic species of the substitute for Ca2þ

ions and their amounts, i.e., x: After being ground very
carefully and mixed well, powders were pressed into pellets
and sintered finally in air at 830–8501C for 12–18 h.

After investigating lattice structures using Cu Ka X-ray
diffraction (XRD), four-probe dc resistivity and thermo-
power (Seebeck’s coefficient) below room temperature have
been measured as a function of temperature in the
following way. A Keithley 619 resistance bridge, an
Advantest TR 6871 digital multimeter and an Advantest
R 6161 power supply were used for dc-resistivity measure-
ments. Thermopower measurement was carried out on a
sample placed between two blocks of oxygen-free high
conductivity (OFHC) copper. Both ends of the sample
were coated with silver paste and then placed in contact
with thin copper plates. Copper–constantan thermocouples
were welded to the reverse sides of the copper plates to
measure temperature and thermopower. The temperature
difference between both ends of a specimen is 10–15 K. The
magnetic susceptibilities, w; were measured with the
magnetic field of 1 kOe by a SQUID (Quantum Design
MPMS) in the temperature range up to 300 K. The copper–
constantan pre-calibrated at 4.2, 77 and 273 K was used for
the temperature measurements.

3. EXPERIMENTAL RESULT

The main XRD pattern of Bi1:5Pb0:5Ca2�xMxCo2O8�d

prepared in the present study agrees with that in
Bi2Ca3Co2O9 reported by Vashuk et al. (11) and Tarascon
et al. (14). Figure 1 demonstrates one example, i.e., the
XRD pattern for Bi1:5Pb0:5Ca1:7Y0:3Co2O8�d (x ¼ 0:3 and
M ¼ Y3þ), and the XRD pattern of Bi2Ca3Co2O9 (the 232-
typed structure) is also attached for reference (11). Despite
Bi1:5Pb0:5Ca2�xMxCo2O8�d; the main XRD pattern is
nearly the same as that of the 232-structure. Since satellite
lines due to impurity phases are difficult to detect in Fig. 1
compared with the Bi2�xPbxSr3�yYyCo2O9�d-system (7),
the XRD patterns in the present study give an indication of
small volume fractions of impurity phases even if they



FIG. 1. X-ray diffraction (XRD) pattern of Bi1:5Pb0:5Ca1:7Y0:3Co2

O8�d with XRD of Bi2Ca3Co2O9 with the 232-structure.
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coexist with the main phase of the 232-typed structure. The
lattice parameter c is estimated by the least-squares
methods, using (00l) family. In every specimen except the
FIG. 2. Four-probe dc resistivity r against T as a parametric function

La3þ (c).
La-system (M ¼ La3þ), the lattice parameter c decreases
linearly with x: When x = 0, c is 29.497 (A but it decreases
to 29.439 (A at x ¼ 0:3 for the Sc-system (M ¼ Sc3þ) and
to 29.398 (A at x ¼ 0:3 for the Y-system (M ¼ Y3þ). In the
La-system, c ¼ 29:565 (A at x ¼ 0:2:

Figures 2(a)–2(c) depict the relations of the four-probe
dc resistivity r and temperature T as a parametric function
of x in Bi1:5Pb0:5Ca2�xMxCo2O8�d: It is noteworthy that
both of the Sc- and Y-systems have the common feature,
i.e., the minimum resistivity at x ¼ 0:1 and an increase in r
with x increasing from 0.1 to 0.3. The minimum resistivity
in the both systems is about 0:1 O cm which is however
large approximately by one order, in comparison with the
minimum resistivity in the Bi2�xPbxSr3�yYyCo2O9�d

system (x ¼ y ¼ 0:5) (7). The La-system (x ¼ 0:2) involves
the high resistivity, which is larger than the resistivity of the
Sc- and Y-systems (x ¼ 0:2) by more than one order. Every
specimen exhibits the semiconductive electrical transport
of x for Bi1:5Pb0:5Ca2�xMxCo2O8�d where M ¼ Sc3þ (a), Y3þ (b) and
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except the x ¼ 0:1 and 0.2 compounds in the Sc-system and
the x ¼ 0:1 compound in the Y-system, which show the
metallic behavior.

Figure 3 plots thermopower S against T for the x ¼ 0:2
compound in each system with the x ¼ 0 compound.
The magnitudes for S in the present series are nearly
in the same order as the thermopower in the
Bi2�xPbxSr3�yYyCo2O9�d-system (7). As well as the
resistivity, the La-doped compound shows the peculiar
thermopower-behavior, i.e., the steep drop with T decreas-
ing from 160 K.

Figure 4a and 4b demonstrate temperature dependencies
of the inverse molar magnetic susceptibility w�1 for the
Sc- and Y-systems. In these systems, the Curie–Weiss law
holds, i.e., w ¼ C=ðT �YÞ; where C is the Curie constant
and Y the Weiss temperature. Such magnetic behavior
is very different from that of the Bi2�xPbxSr3�yYyCo2O9�d-
system (7). This must imply the nearly single phase in
every compound of the Sc- and Y-systems because the
Bi2�xPbxSr3�yYyCo2O9�d-system exhibits the very compli-
cated magnetic behavior due to the impurity phases such as
Bi2Sr2O5 and SrCoOy (7). In both of Sc- and Y-systems,
w�1 is maximum at x ¼ 0:1 and decreases when x increases
from 0.1 to 0.3. Using the theoretical relation of
meffD

ffiffiffiffiffiffi
8C

p
mB (16), the experimental values for the Curie

constant C obtained by the least-squares methods yield
meff ¼ 1:29 mB at x ¼ 0; 1:14 mB at x ¼ 0:1; 1:44 mB at x ¼
0:2 and 1:67 mB at x ¼ 0:3 for the Sc-system, while 1:27 mB

at x ¼ 0:1; 1:43 mB at x ¼ 0:2 and 1:46 mB at x ¼ 0:3 for the
Y-system, where mB is the Bohr magneton. It is interesting
that r and meff are minimum at x ¼ 0:1 in both of the
Sc- and Y-systems. As well as other 232-typed lattice such
as Bi2Sr3Co2O9�d (15), meff in the present systems are larger
in values than the expected ones. The mixed valences of
FIG. 3. S vs T for Bi1:5Pb0:5Ca2Co2O8�dðx ¼ 0Þ and Bi1:5Pb0:5

Ca1:8M0:2Co2O8�dðx ¼ 0:2Þ where M ¼ Sc3þ; Y3þ and La3þ:
Co ions due to the oxygen deficiency must be one of the
reasons for the high effective magnetic moment.

Figure 4c shows the temperature dependencies of
susceptibility (w) in field cooling run (FC) at H ¼ 1 kOe
and field warming run after zero-field-cooled (ZFC) for the
La-compound (x ¼ 0:2). At T > 200 K; the FC curve and
the ZFC curve are in agreement and the Curie–Weiss law
also holds with meff ¼ 1:89 mB: At To160 K; however, the
ZFC curve has a maximum around 50 K whereas the FC
curve exhibits the monotonous increase with T decreasing.
Such magnetic behavior at low temperature is similar to
that of Pb-doped Bi-Sr-Co–O misfit layer compound that
involves antiferromagnetic interactions (17).

4. DISCUSSION

4.1. Lattice Structure

Despite Bi1:5Pb0:5Ca2�xMxCo2O8�d; the main XRD
pattern in every compound agrees with that of the
Bi2M3Co2O9 (232-type) structure as shown in Fig. 1 (11,
14, 15). In XRD pattern in each specimen, there are also
satellite peaks due to impurity phases but they are very
weak in comparison with Bi2�xPbxSr3�yYyCo2O9�d (7).
These results coincide with the description in the Introduc-
tion. According to the nominal compositions, Co-impurity
phases and Bi-impurity phases must be involved in these
compounds, but their contributions to the electronic
and magnetic properties must be not so serious as
Bi2�xPbxSr3�yYyCo2O9�d because their volume fractions
are presumed very slight as the XRD results show. Then
the electronic and magnetic properties in Bi1:5Pb0:5Ca2�x

MxCo2O8�d-system are mainly ascribed to the 232-typed
crystal lattice.

4.2. Resistivity in Sc- and Y-systems

It is interesting to investigate whether there is some
correlation between the (CT) and the electronic transport
properties in the present systems as well as other 232-typed
compounds investigated previously (14, 18–22). If the CT
scheme is realized, the relative positions of the energy levels
in Bi1:5Pb0:5Ca2Co2O8�d (x ¼ 0) are; Co 3d t2g o O 2pr
Co 3d eg: It is noteworthy that the oxygen deficiency must
result in some amount of eg electrons even at x ¼ 0:

When Sc or Y ions are doped, the lattice constant along
the c-axis decreases gradually with the amount of the
doped ions, owing to the ionic radii of Sc3þ and Y3þ

smaller than Ca2þ (10). The decrease in the lattice
parameter c leads to the reduction of the ionic spaces
between Co and O ions. The theoretical calculation
predicts the shrinkage of the CT energy gaps between O
2p and Co eg levels by the reduction in Co–O spaces (23).
This prediction is also supported by the metal-insulator



FIG. 4. Relations of w�1 and T as a parametric function of x for M = Sc3þ (a) and Y3þ (b), and relations of w and T for the La-doped compound

(x ¼ 0:2) in field cooling (FC) run at H ¼ 1 kOe and in the warming run after zero filed cooling (ZFC) with the result of the x ¼ 0 compound (c).
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(MI) transition in LaCoO3 by the decrease in the ionic
spaces between Co3þ and O2� ions at high temperature
(23, 24).

In each of Sc- and Y-systems, the resistivity is minimum
at x ¼ 0:1; but it increases with x increasing from 0.1 as
shown in Fig. 2. Though the reason responsible for this
result is still unknown, there are three possibilities to
consider. Sc- or Y-doping has two functions; one is to
reduce the Co–O ionic spaces as described just above and
another one is electron-doping. The first possibility is that
the reduction effect of the Co–O spacing may be stronger
than the electron-doping effect at x ¼ 0:1 but the latter
effect may exceed the former one at high x: This is not
inconsistent with the CT scheme as described below.

When the CT gaps shrink, the electron excitation from O
2p to Co eg levels is enhanced. Then the hole-density in O
2p levels increases whereas Co eg parentages contain the
electrons excited from O 2p levels besides the electrons due
to the oxygen deficiency. Since the O 2p holes are itinerant
and have high mobility compared with the 3d electrons
which are rather localized even in Co eg levels, the O 2p
holes predominantly dominate the electronic transport
properties in Sc- or Y-doped compounds as the positive
thermopower in Fig. 3 shows. When x is high, the density
of the O 2p holes must decrease because the electrons
doped by Sc- or Y-substitution occupy preferentially O 2p
levels and compensate O 2p holes, and, as a result, the
resistivity increases. The CT scenario then seems possible
to describe the resistivity behaviors in the present systems.
This must imply that the number of oxygen vacancies is not
so large as the number that changes the main electronic
conduction from the CT scheme to others, although the
oxygen deficiency may bring about various Co states with
different coordination.

The second possibility is the effect of oxygen content in
the compounds. If a Sc- or Y-doped compound of x ¼ 0:1



TE PROPERTIES IN Bi1.5Pb0.5Ca2�xMxCo2O8�d 477
could accommodate oxygen ions the amount of which is
larger than the oxygen content at x ¼ 0; then the minimum
resistivity in the compounds of x = 0.1 would be possible
because the excess oxygen ions have the hole-doping effect,
increasing the density of the O 2p holes. The last possibility
is the lattice distortion. On the analogy of other 232-typed
oxides (25), there must be also some lattice distortion in the
Bi1:5Pb0:5Ca2�xMxCo2O8�d compounds. If the lattice dis-
tortion is minimum at x ¼ 0:1; the mean free path of the
itinerant O 2p holes would become large and then the high
mobility would yield the minimum resistivity at x ¼ 0:1:

As shown in Fig. 2a and 2b, Sc-doped compounds
(x ¼ 0:1 and 0.2) and the Y-doped compound (x ¼ 0:1)
have low resistivity. As temperature increases, the resistiv-
ity in these compounds decreases like others but increases
slightly with a further increase of temperature. Then a
weak MI transition occurs in these specimens. In the high
temperature range in which the metallic conduction takes
place, the orbits of the O 2p holes and the 3d eg electrons
are extended thermally and then both of O 2p and Co eg

bands energetically somewhat broaden. Since the CT gaps
shrink by Sc- or Y-doping, there is a high possibility that a
partial overlap of O 2p levels and Co eg parentages takes
place. This must be the main reason for the weak MI
transition observed in these compounds.

4.3. Magnetic Behaviors in Sc- and Y-Systems

The magnetic measurements on the present systems
provide the only indirect knowledge on Co valence states
because of the oxygen deficiency as described before.
However, some speculation over the general outline of the
magnetic structures would be possible even if the results in
Fig. 4a and 4b are employed. If the electrons doped by Sc-
or Y-substitution occupy Co eg levels preferentially, the
effective magnetic moment meff would increase in propor-
tion to the amount of Sc or Y ions. In the experiments on
both the systems, however, the effective magnetic moments
relatively decrease when x increases from 0 to 0.1.
Furthermore, the resistivity is also minimum at x ¼ 0:1 in
each system as described before. In order to account for
these facts, the CT scheme is likely to need some
contribution from the effect of oxygen content. The oxygen
contents in the specimens of x = 0.1 must be larger than
that at x = 0 as described before and the hole-doping effect
due to the oxygen increases the density of O 2p holes
whereas some excess O 2p holes are compensated by eg

electrons based upon the requirement of the thermal
equilibrium.

At xZ0:2; the increase in the amount of the electrons in
O 2p levels due to Sc- or Y-doping decreases the
concentration of the O 2p holes and increases the number
of the electrons excited to Co eg: Then both of r and meff

increase with x increasing from 0.1.
4.4. Two-band model

The arguments described above indicate that the Sc- or
Y-doped compounds contain not only the itinerant O 2p
holes but also the 3d eg electrons. The electronic and
thermopower properties in the present systems are then
described by the two-band model, i.e., O 2p holes and 3d eg

electrons (26–28). The following formulae hold in the
two-band model, 1=r ¼ 1=r1 þ 1=r2 and S ¼ ðr=r1ÞS1 þ
ðr=r2ÞS2 (29, 30). The first formula implies that both of O
2p holes and 3d eg electrons formally contribute to the
electrical transport properties. However, the effective
contribution results mainly from the O 2p holes because
of the low mobility of 3d eg electrons compared with the
high mobility of O 2p holes. Though both of O 2p holes
and eg electrons also contribute to the thermopower as the
second formula indicates, eg electrons yield negative
thermopower whereas O 2p holes positive thermopower.
Then the contribution of eg electrons to the thermopower
has a more direct effect than the contribution to the
resistivity. In such a meaning, the thermopower due to the
localized 3d eg electrons cannot be neglected experimen-
tally. In Sc- or Y-doped compounds, however, the positive
thermopower in Fig. 3 indicate that O 2p holes dominate
predominantly not only the electronic conduction but also
the thermopower.

4.5. La-Doped Compound (x ¼ 0:2)

The resistivity of the La-doped compound (x ¼ 0:2) is
larger than that of Sc- or Y-doped one (x = 0.2) by more
than one order as shown in Fig. 2. The effective magnetic
moment at T > 200 K is also considerably large, meff ¼
1:89 mB: Since the ionic radius of La3þ larger than Ca2þ

expands the CT gaps through the enlargement in Co–O
spaces (10, 23), the electron excitation from O 2p to Co eg

levels becomes less active and accordingly the concentra-
tions of O 2p holes and 3d eg electrons excited from O 2p
levels are small in comparison with those in Sc- or Y-doped
compounds. Consequently, the electrons doped by La-
substitution cannot help occupying Co eg parentages
because the amount of the electrons which O 2p levels
with small hole-densities can accommodate is less than that
of O 2p levels in Sc- or Y-doped compounds. The high
resistivity due to the decrease in the densities of mobile
carriers and a large effective magnetic moment due to the
increase in the number of 3d eg electrons are then expected
in the La-doped compound. The experimental results show
that these are actually realized.

The contribution of 3d eg electrons to the thermopower
is recognized clearly in the La-doped compound (x ¼ 0:2).
Since the resistivity in this compound is very high, large
thermopower is also expected. Experimentally, however,
the thermopower of the La-doped specimen is in the same
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order as that of Sc- or Y-doped compounds as shown in
Fig. 3. This is due to the two-band model in which the
negative thermopower originated from 3d eg electrons
counterbalances effectively the positive thermopower
created by O 2p holes. Consequently the total thermopower
is suppressed by La-doping.

The electronic and magnetic properties in the La-doped
compound (x ¼ 0:2) change remarkably around 160 K. As
for the thermopower, there is the onset of a steep drop at
TD160 K as shown in Fig. 3, in spite of the semiconductive
behavior above 160 K. There is an anomaly in magnetic
susceptibility and the onset temperature of this anomaly is
also approximately 160 K (see Fig. 4c). In the Arrhenius
relation of r and 1=T plotted in Fig. 5, there is also some
transition around 160 K, implying that the conduction
kinetic at low temperature is different from that at high
temperature. The transitions in these properties around
160 K are likely to suggest a change in the electronic
structure. One of the reasons for the rapid increase in the
resistivity at To160 K may be the decreases in the densities
of the mobile carriers.

The magnetic behavior of the La-doped compound is
very similar to that in Pb-doped Bi-Sr-Co–O misfit layer
compound (17). Then the results in Fig. 4c suggest that the
La-doped compound involves antiferromagnetic inter-
actions as well as Pb-doped Bi-Sr-Co–O compound.
Since such an interaction restrains 3d electrons, they are
localized more deeply and become less mobile at low
temperature. The increase in the number of the less-mobile
localized 3d electrons creates large negative thermopower
(31) and counterbalances remarkably the positive
thermopower due to the O 2p holes, resulting in the steep
drop of the total thermopower at To160 K: The less
FIG. 5. Arrhenius plots of r and 1=T for the La-doped compound

(x ¼ 0:2).
mobile localized 3d electrons due to the antiferromagnetic
interactions raise the energy levels of Co eg parentages.
Then the antiferromagnetic interactions assist in expanding
the CT gaps.

5. SUMMARY

In order to understand the origin of low resistivity and
high thermopower in the transition metal oxides with the
lattice structure isomorphous to the 232-structure, the
present study has prepared the compounds of
Bi1:5Pb0:5Ca2�xMxCo2O8�d by replacing M with Sc3þ;
Y3þ or La3þ and also by employing x ¼ 0; 0.1, 0.2 and
0.3. These procedures enable a smooth variation in the
bond nature between Co and O ions in the crystal lattices
through the changes in the lattice parameter, which
promises significant knowledge as to the emergence of
low resistivity and high thermopower. The XRD study
indicates that the main lattice structure in these com-
pounds is nearly isomorphous to Bi2Ca3Co2O9

(the 232-typed lattice), although there are satellite
lines due to impurity phases but undetectably weak. As
well as other 232-typed lattice such as Bi2Sr3Co2O9�d; the
effective magnetic moment in Bi1:5Pb0:5Ca2�xMxCo2O8�d-
system are larger in values than the expected ones.
The mixed valences of Co ions due to the oxygen defici-
ency must be one of the reasons for the high effective
magnetic moment.

As for the Sc- (M ¼ Sc3þ) and Y-systems (M ¼ Y3þ),
the lattice parameter c decreases with x; and the
resistivity decreases when x increases from 0 to 0.1, but
increases with a further increase in x from 0.1 to 0.3. The
thermopower in these compounds is large just like
Bi2�xPbxSr3�yYyCo2O9�d: In every specimen, the Curie–
Weiss law holds. The experimental value for the Curie
constant estimates the effective magnetic moment which
does not increase monotonously with x in both the systems.
These behaviors are discussed in terms of the CT scheme
with the effect of oxygen content.

In the La-doped compound (x ¼ 0:2), the resistivity is
very high, but there is a transition around 160 K in the
electrical transport. The thermopower is in the same order
as that in Sc- or Y-system, but there is a steep drop
at To 160 K. This compound exhibits the magnetic
behavior very different from that in Sc- or Y-system,
although the Curie-Weiss law holds at T > 200 K, yielding
a large effective magnetic moment. These phenomena are
ascribed to the large ionic radius of La3þ which expands
the CT gaps and results in antiferromagnetic interactions
at low temperature. Though the two-band model
holds in every system of the present study, the contribution
of 3d eg electrons is recognized most obviously in the steep
drop of the thermopower in the La-doped compound at
To160 K:
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