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Abstract. Electrical transport properties of polycrystalline ceramic specimens of the system
LaCo1−xTixO3 (x = 0.05, 0.10, and 0.15) have been investigated as functions of temperature
by means of complex-plane impedance analysis, dielectric properties, four-probe dc conductivity,
Seebeck coefficients, and magnetic susceptibilities. The type of the majority carrier changes from
electrons to holes whenx increases from 0.10 to 0.15, because the Seebeck coefficient changes
from negative to positive withx increasing from 0.10 to 0.15. The complex-plane impedance
analysis distinguishes the bulk conduction from the conduction across grain boundaries. In a
specimen withx = 0.15, the activation energy in the bulk conduction is nearly equal to that
for the dielectric relaxation. This implies that the hopping process of small polarons of holes
dominates the transport properties in this specimen above 190 K. The temperature dependencies
of the magnetic susceptibilities indicate that the number of high-spin Co3+ ions(S = 2) decreases
with increasingx. The expansion of the lattice parameters and the increment of thecH/aH ratio
with increasingx suggest that Ti4+ ions are preferentially substituted for low-spin CoIII , which
relaxes the rhombohedral structural distortion in the LaCo1−xTixO3 system. The change in the
type of the charge carrier has been discussed in terms of the electronic structures deduced from
these experimental results.

1. Introduction

Perovskite LaCoO3 exhibits very interesting physical features such as magnetic properties
due to the spin-state transition, the structural transition, the insulator–metal transition, and
valence band states which have been investigated extensively [1–16]. The spin-state transition
indicates that LaCoO3 involves various spin states of Co ions, the relative ratios of which
depend on temperature [4, 16]. The relative stability of these spin states has been studied
from the theoretical point of view [17–20]. In order to investigate the electronic structures,
the electrical transport properties have been elucidated, because the spin state of the Co ions
governs the nature of the carrier [16, 21]. Referring to polaron theory [22–24], our previous
study has shown that the dominant conduction in LaCoO3 atT > 120 K is due to a hopping
process of small polarons of holes which are created by electron excitation through the band gap
of 0.2 eV [21]. Hole-doped La1−xSrxCoO3 exhibits similar polaronic conduction as well [25].

Electron doping in LaCoO3 by substitution of Ti for Co must induce remarkable changes
in transport properties and electronic structures, i.e., spin states. LaCoO3 is a monovalent
system but LaCo1−xTixO3 is a mixed-valence system, because the charge neutrality requires
divalent Co ions. Thus, LaCo1−xTixO3 is expected to be a mixture of LS CoIII (t62g), LS CoII

(t62ge
1
g), HS Co3+ (t42ge

2
g), and HS Co2+ (t52ge

2
g), the relative ratios of these spin-state Co ions being
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dependent on bothx andT , where LS and HS are abbreviations for low- and high-spin states. It
is noteworthy that the type of the majority carrier changes with increasingx in LaCo1−xTixO3,
because the Seebeck coefficient in the temperature range 300 K to 450 K is negative for
x = 0.05 but positive atT > 300 K forx = 0.15 [26]. This change is probably caused by the
alternation of the electronic structure due to the spin-state transition. Usually, electron doping
enhances n-type semiconductivity, but this is not realized in this system. The relationship
between the change in the type of the majority carrier and the spin-state transition is the main
subject of the present study, which requires thus both transport and magnetic measurements as
functions of temperature. Although Bahadur and Parkash carried out such measurements on
this system above room temperature [26], experiments below room temperature are essential.

In view of the conduction due to the hopping processes of small polarons in LaCoO3

and La1−xSrxCoO3 [21, 25], one expects similar conduction in LaCo1−xTixO3. Among the
various experimental means that can be used to address the polaron dynamics, investigating
dielectric properties provides particularly important knowledge, because a hopping process of
small polarons has a high probability of involving a dielectric relaxation. Our previous reports
[21, 25, 27–38] show that a dielectric relaxation study provides significant results, leading
directly to an electrical characterization, particularly of localized carriers such as polarons,
and also to a transport kinetics via the hopping carriers. In order to investigate the charge
dynamics (and/or polaron dynamics), a high-quality single crystal is required, because grain
boundaries in sintered specimens hinder the study of transport phenomena [21, 25]. Even
if a polycrystalline ceramic specimen is employed, however, the complex-plane impedance
analysis distinguishes the bulk conduction from the conduction across the grain boundary and
the transport across the electrode–specimen interface, if they exist [39–42]. The combination
of the complex-plane impedance analysis and the dielectric measurements could thus be one of
the most reliable means for investigating electrical transport in polycrystalline LaCo1−xTixO3.

In view of this, the present study carries out complex-plane impedance analyses and
measurements of four-probe dc conductivity, Seebeck coefficients, dielectric properties, and
magnetic susceptibilities for LaCo1−xTixO3 (x = 0.05, 0.10, and 0.15) as functions of
temperature up to 330 K, then discusses the possibility of electrical transport due to the hopping
process of small polarons, and speculates on the origin of the change in the type of the majority
carrier whenx increases from 0.10 to 0.15.

2. Experimental details

Polycrystalline specimens of LaCo1−xTixO3 (x = 0.05, 0.10, and 0.15) were prepared by the
conventional solid-state synthesis technique. La2O3, Co3O4, and TiO2 powders were used.
La2O3 was first fired in air at 1273 K for 10 h on Al2O3 boats. Then the appropriate mixtures
of these powders were calcined in air at 1373 K for 24 h. This heating process was performed
in total three times. Then, the powders were pressed into pellets and finally fired at 1623 K
for 48 h in air. The Cu Kα powder x-ray diffraction pattern indicates a single phase of a
rhombohedrally distorted perovskite structure with hexagonal cell parametersaH = 5.449 Å
andcH = 13.114 Å for x = 0.05, aH = 5.456 Å andcH = 13.134 Å for x = 0.10, and
aH = 5.468 Å andcH = 13.167 Å for x = 0.15. These lattice parameters correspond
well to the ones reported by Bahadur and Parkash [26]. It is noteworthy that both of the
lattice parameters,aH andcH, enlarge as the number of Ti ions increases. Furthermore, the
cH/aH ratio also increases from 2.406 to 2.408 withx increasing from 0.05 to 0.15. The
densities of the specimens were about 80% of the theoretical values. Chemical analyses by
redox titration [43] determined the oxygen contents of the specimens, i.e., LaCo0.95Ti0.05O2.99,
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LaCo0.90Ti0.10O3.00, and LaCo0.85Ti0.15O2.98, slightly oxygen deficient in every specimen‡.
The experimental error of the oxygen content is within±3%.

A Keithley 619 resistance bridge, an Advantest TR 6871 digital multimeter, and an
Advantest R 6161 power supply were used for the dc conductivity measurements by four-
probe method. Using an HP 4284A LCR meter with the frequency range 20 Hz to 1 MHz,
the capacitance and conductance were obtained as functions of temperature by the four-
terminal pair ac impedance measurement method. The measured values of the capacitance
and conductance were corrected by calibrating the capacitance and resistance of the leads as
zero. An In–Ga alloy in a 7:3 ratio was used for the electrode. Evaporated gold was also used
for the electrode, but no significant difference was found in the experimental results.

In order to check the surface capacitance effect, capacitance measurements were carried
out at 200 K over the frequency range 10 kHz to 1 MHz by changing the thickness of the
specimen from 1.2 to 0.6 mm, and the dielectric constants were independent of the thickness.
Thus, surface effects were not included in the dielectric properties obtained in the present
experiment. Seebeck coefficients were measured using a home-made device atT < 330 K.
A copper–constantan thermocouple, precalibrated at 4.2, 77, and 273 K, was used for the
temperature measurements. The magnetic susceptibilities were measured by using a SQUID
(Quantum Design, MPMS).

Figure 1. Arrhenius relations betweenσdc and 1/T for the LaCo1−xTixO3 specimens with
x = 0.05 (solid circles),x = 0.10 (solid squares), andx = 0.15 (solid triangles), whereσdc
is the dc conductivity obtained by the four-probe method. The temperature dependencies of the
Seebeck coefficients (α) are also shown forx = 0.05 (open circles),x = 0.10 (open squares), and
x = 0.15 (open triangles). The transverse broken line indicatesα = 0µV K−1.

‡ The chemical analysis was carried out at the Nissan Arc Company, Limited.
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3. Results

Figure 1 shows the temperature dependence of the four-probe dc conductivity (σdc) for every
specimen. The conductivity decreases with increasingx. The Seebeck coefficients (α) are also
plotted in figure 1. The negative magnitudes for the Seebeck coefficients for the specimens
with x = 0.05 and 0.10 indicate that electrons are the majority carriers, whereas holes are the
majority carriers in the specimen withx = 0.15 atT > 190 K as indicated by the positive
Seebeck coefficients. The Seebeck coefficient is for each specimen nearly independent of
temperature forT > 230 K. Bahadur and Parkash reported a similar result forx = 0.05 and
0.15 for the temperature range 350 K to 450 K [26].

Figure 2. Complex-plane impedance analyses for the specimen withx = 0.15 at 105 K (a),
155 K (b), and 205 K (c), whereZ′ andZ′′ represent the real and imaginary parts of the total
impedance at each applied frequency. The highest resistance value of the highest-frequency arc is
the resistance within the grains.

Following the theoretical procedures of the complex-plane impedance analysis [39–42],
impedance plots at 105, 155, and 205 K for the specimen withx = 0.15 are shown in figure 2
in which the imaginary part of the total impedance (Z′′) is plotted against the real part (Z′) as a
parametric function of frequency. The plots each contain a two-semicircular-arc structure, with
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the highest-frequency arc crossing through the origin (the bulk conduction) and through the
intermediate-frequency one (the conduction across the grain boundary). The full curves were
obtained by least-mean-squares analyses. Since the lowest-frequency arc was not observed
over the whole temperature region investigated here, there must be no electrode polarization in
the interface barrier between the electrode and the specimen throughout the range of frequencies
employed in the measurements. Theoretically, the highest resistance value of the intermediate
arc is the total resistance in the grains and boundaries [39–42].

Figure 3. Frequency dependencies of the dielectric loss factorε′′ for 10 K increments in the range
205 K to 275 K for the specimen withx = 0.15.

Figure 3 displays the frequency dependencies of the dielectric loss factor (ε′′) for the
specimen withx = 0.15, for 10 K increments in the range 205 K to 275 K. In the specimens
with x = 0.05 and 0.10, dielectric relaxation processes also occur atT < 200 K for the
specimen withx = 0.05 and atT < 230 K for that withx = 0.10; these temperatures values
are considerably lower than the resonance temperatures for the specimen withx = 0.15.

Employing the bulk conductivity (σ ) determined from the highest resistance values of the
highest-frequency arcs in the impedance analyses, figure 4 plots the Arrhenius relations ofσT

and 1/T . At T > 210 K for x = 0.05,T > 220 K for x = 0.10, andT > 190 K for x =
0.15, each relation contains a linear portion with an activation energy of 0.21 eV forx = 0.05,
0.23 eV forx = 0.10, and 0.24 eV forx = 0.15. Like those for various oxides reported
previously [21, 25, 27–38], the four-probe dc conductivities for these specimens overlap the
conductivity estimated from the highest resistance values of the intermediate-frequency arcs,
which are theoretically the total resistances in the grains and boundaries [39–42].

Figure 5 shows the temperature dependencies of the reciprocal molar magnetic
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Figure 4. Arrhenius relations betweenσT and 1/T for the specimens withx = 0.05 (solid circles),
x = 0.10 (solid squares), andx = 0.15 (solid triangles). The straight lines represent linear portions
in the Arrhenius plots of the bulk conductivity.

susceptibilities (χ−1) for these specimens. The susceptibilities were measured at temperatures
in the range 10–330 K with the magnetic field of 1 T after the specimens had been cooled down
in a field of 10 mT. The relation ofχ−1 andT for each specimen contains a linear portion, at
T > 130 K for x = 0.05, T > 185 K for x = 0.10, andT > 205 K for x = 0.15; this is
indicative of the Curie–Weiss law with the formulaχ = C/(T − 2), whereC is the Curie
constant and2 is the Weiss temperature.

4. Discussion

4.1. Hopping conduction

The present study has succeeded in distinguishing the bulk conduction from the conduction
across grain boundaries, using complex-plane impedance analyses. As described before, the
linear relations in the Arrhenius plots of the bulk conductivity in figure 4 certainly favour
adiabatic hopping conduction in the LaCo1−xTixO3 system, because the polaron theory [22–
24] predicts the following formula for such conduction:

σT ∝ exp(−WH/kBT ) (1)

whereWH is the hopping energy of small polarons, andkB is Boltzmann’s constant, but the
disordered energy is omitted because this is, in general, negligibly small in a crystalline lattice
compared withWH [44].
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Figure 5. χ−1 versusT for the specimens withx = 0.05 (solid circles),x = 0.10 (solid
squares), andx = 0.15 (solid triangles). The straight lines represent the Curie–Weiss laws with
2 = −205.9 K, −168.1 K, and−117.5 K for the specimens withx = 0.05, 0.10, and 0.15,
respectively.

The transport result in figure 4 certainly favours the polaronic scenario of bulk conduction.
This is also evident from the dielectric properties, which are approximately described by
Debye’s theory, which formulates the dielectric loss factor as

ε′′ = (ε0 − ε∞) ωτ

1 + (ωτ)2
(2)

whereε0 andε∞ are the static and high-frequency dielectric constants, andω is the applied
angular frequency, i.e.,ω = 2πf [45]. The relaxation time of the dielectric loss factor is given
asτ = τ0 exp(Q/kBT ), whereQ is the activation energy required for the dielectric relaxation
process and 1/τ0 is the jump frequency. At a temperatureT , the dielectric loss factor has
its maximum at the resonance frequencyfε′′ = 1/2πτ . These relations yield the dielectric
resonance condition as follows:

fε′′ ∝ exp(−Q/kBT ). (3)

Figure 6 plots the Arrhenius relation offε′′ and 1/T for every specimen. A good straight
line is obtained for the specimen withx = 0.15 at temperatures in the range 190 K to 280 K,
and the least-mean-squares analysis yieldsQ = 0.24 eV which agrees very well with the
activation energy required for the bulk conduction in figure 4. The majority carriers are holes
in this specimen atT > 200 K because the Seebeck coefficients are positive. When a hopping
process of small polarons is responsible for a dielectric relaxation, the activation energy,Q, is
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Figure 6. Arrhenius relations betweenfε′′ and 1/T for the specimens withx = 0.05 (solid circles),
x = 0.10 (solid squares), andx = 0.15 (solid triangles).

the hopping energy, i.e.,Q = WH [21, 25, 27–38]. The agreement of the activation energies
obtained independently leads to the conclusion that the hopping process of small polarons of
holes dominates the electrical transport in the specimen withx = 0.15. It is very interesting
that the hopping process of small polarons of holes also dominates the electrical conduction
in LaCoO3 atT > 170 K with the hopping energyWH = 0.25 eV [21].

As shown in figure 4, the onset of a non-Arrhenius bulk conduction at low temperatures
is found for each specimen. This is a general feature of small-polaron hopping [46, 47]. It
arises as multiphonon jump processes are frozen out. The conduction at lower temperatures is
then described by an extension of the Arrhenius small-polaron hopping into the non-Arrhenius
regime. The temperature regions of the Arrhenius bulk conduction in the specimens with
x = 0.05 and 0.10 are very narrow. This is because the impedance analyses for these
specimens at higher temperatures require frequencies much higher than the maximum one
in the present study, i.e., 1 MHz. In figure 6, there are also non-Arrhenius regimes for the
specimens withx = 0.05 and 0.10 because the dielectric relaxation peaks appear at lower
temperatures in the frequency range employed here. If frequencies much higher than 1 MHz
were available, Arrhenius regimes at higher temperatures would appear. The non-Arrhenius
regime of every specimen in figure 6 exhibits behaviour very similar to those in figure 4.
Usually, Arrhenius relations of bulk conductivity like those shown in figure 4 have similar
features to Arrhenius relations for dielectric resonances like those in figure 6, because the
energies required in the two processes are nearly equal if conduction by small-polaron hopping
is dominant [21, 36].
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4.2. Spin states of Co ions

In the Curie–Weiss relation in the paramagnetic regime of figure 5, the magnitude of the Curie
constant (C) decreases with increasingx, i.e.,C = 1.28, 1.10, and 0.91 emu K mol−1 for
x = 0.05, 0.10, and 0.15. This indicates that the relative ratio of Co3+ (S = 2) ions decreases
with increasingx, because the effective magnetic moments (µeff '

√
8CµB) are estimated to

be 3.19µB for x = 0.05, 2.97µB for x = 0.10, and 2.70µB for x = 0.15, whereµB is the Bohr
magneton. These experimental results are obtained at 130 K< T < 330 K for x = 0.05,
185 K< T < 330 K forx = 0.10, and 205 K< T < 330 K forx = 0.15. In the temperature
regions for which the magnetic moments are estimated, the hopping process of small polarons
dominates the electrical conduction in each specimen as described before. Señaŕıs-Rodŕıguez
and Goodenough have reported that the parent system LaCoO3 is in the LS CoIII –HS Co3+

ordered state in the temperature range 110–350 K in which the electronic transport is also
due to the hopping process of small polarons of holes in narrowπ∗-bands [16]. Since the
state being ordered means that the ratio [CoIII ]/[Co3+] is fixed and thus the number of Co3+

ions does not increase over the range 110 K< T < 350 K, the Curie constants obtained in
these temperature ranges are reliable. As for LaCo1−xTixO3, the present discussion starts from
their proposal, i.e., the LS CoIII –HS Co3+ ordered state in LaCoO3 for 110 K < T < 350 K
[16], employing the Curie constants obtained in the paramagnetic regime of figure 5 under the
assumption that the number of Co3+ ions does not change in the paramagnetic phase, as for
LaCoO3.

In the 50% CoIII (S = 0) and 50% Co3+ (S = 2) ordered states of LaCoO3 (x = 0.00), the
theoretical effective magnetic moment isµeff = 2.83µB which is larger in magnitude than the
effective magnetic moment for the specimen withx = 0.15 but less than that for the specimen
with x = 0.10. The charge neutrality in LaCo1−xTixO3 requires divalent Co ions, i.e., CoII

(S = 0.5) or Co2+ (S = 1.5). The ratio of divalent Co ions is related to the number of Ti4+

ions. If a divalent Co ion is replaced with a Ti4+ ion, then one of the trivalent Co ions has
to change into a divalent ion. Consequently, Ti4+ ions are substituted for CoIII or Co3+. The
ionic radius of Ti4+ (r = 0.60 Å) is nearly equal to that of Co3+ (r = 0.61 Å) but markedly
larger than the radius of CoIII (r = 0.52 Å), wherer is the ionic radius of Shannon and
Prewitt [48]. As described before, the lattice parametersaH andcH, and also thecH/aH ratio,
increase with increasingx. Antibonding electrons at Co2+ or CoII ions certainly contribute
to the lattice expansion. However, it appears that substitution of Ti4+ for CoIII must also be
partly responsible for lattice expansion, like the antibonding electrons at divalent Co ions. This
assertion requires further support. Based upon a fully ionic model, the shell-model calculation
employed in our previous studies [32, 49–53] indicates substantial overlapping of the wave
functions of Co3+–O2− and CoIII –O2− pairs. However, the potential difference is only 0.4 eV
in spite of such a large difference in ionic radii between Co3+ and CoIII . In oxides of strongly
correlated electron systems, the covalent component in the nature of the bonding looks greater
than the ionic component. Thus the substantial overlapping of the wave functions revealed
in the ionic model leads to a high degree of Co 3d–O 2p hybridization in real crystals, which
means that CoIII (t62g) is less stable than Co3+ (t42ge

2
g). The stabilization of lattices requires

substitution of Ti4+ for CoIII .
In the specimen withx = 0.10, two Ti-substitution arrangements are possible. One is

LaCo3+
0.5CoIII

0.3CoII
0.1Ti4+

0.1O3 in which Ti4+ ions are substituted for CoIII ions and 10% of the
CoII ions (t62ge

1
g: S = 1/2) are transferred from CoIII because of the charge neutrality. The

theoretical effective magnetic moment in this arrangement is 2.93µB which agrees well with
the experimental value, i.e., 2.97µB. Furthermore, eg electrons in CoII are itinerant, and thus
could be the majority carriers which move within the lattice by hopping. This suggestion is
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consistent with the negative Seebeck result. Another arrangement is LaCo3+
0.4CoIII

0.4Co2+
0.1Ti4+

0.1O3

in which 10% of the Co2+ ions (t52ge
2
g: S = 3/2) are transferred from Co3+. In this arrangement,

µeff = 2.72µB, which is very small compared with the experimental value.
The Seebeck and magnetic measurements shown in figures 1 and 5 suggest that

the electronic structure changes drastically whenx increases from 0.10 to 0.15. For
the specimen withx = 0.15, there are also two ionic arrangements possible. One is
LaCo3+

0.35CoIII
0.35Co2+

0.15Ti4+
0.15O3 in which Ti4+ ions are also substituted for CoIII and 15% of

the Co2+ ions are transferred from Co3+. The theoretical magnetic moment in this arrangement
is 2.67µB, which is comparable with the experimental result, 2.70µB. Then t2g bands in
HS Co ions are partially occupied, and thus the holes in these bands could be the majority
carriers, as the Seebeck effect in this specimen suggests. Electrons in t2g bands must be
rather hard to move, because of strong electron–electron interactions. Another arrangement
is LaCo3+

0.50CoIII
0.20CoII

0.15Ti4+
0.15O3 in which 15% of the CoII ions are transferred from CoIII .

This arrangement has the effective magnetic moment 2.99µB, which deviates greatly from
the experimental moment. Despite the large number of doped Ti ions, the conductivity in the
specimen withx = 0.15 is lower than that in the specimen withx = 0.10. In comparison
with holes in narrow t2g bands, itinerant eg electrons are rather mobile. This must be one of
the main reasons for the lower conductivity in the specimen withx = 0.15.

The spin state of transition metal oxides generally depends on the competition between
the crystal-field-splitting energy (10Dq) and the exchange interaction (J ), which favours HS
ground states for Hund’s rule couplings [54]. In LaCoO3, however, 10Dq is just large enough
to quench these interactions, stabilizing LS ground states, because of the rhombohedrally
distorted perovskite structure [4]. In the LaCo1−xTixO3 system, the rhombohedrally distorted
lattice becomes less distorted with increasingx, because thecH/aH ratio increases. Since the
idealized hexagonal ratio iscH/aH =

√
6, the specimen withx = 0.15 is less distorted than

that with x = 0.10. In fact, the specimens withx > 0.30 become cubic perovskites [26].
The decrease in the lattice distortion leads to the decrease in 10Dq [19]. Zhuanget alpredict
theoretically that a decrease in 10Dq favours HS ground states in LaCoO3 [19, 20]. This is one
of the reasons for the ionic arrangement in the specimen withx = 0.15 and also the change in
the type of the majority carrier from electrons to holes whenx increases from 0.10 to 0.15.

In the case wherex = 0.05, the arrangement in which Ti4+ ions are substituted for CoIII

and 5% of the CoII ions are transferred from CoIII , i.e., LaCo3+
0.50CoIII

0.40CoII
0.05Ti4+

0.05O3, has the
theoretical effective magnetic moment 2.88µB, remarkably less than the experimental value,
3.19µB. So as to fit the theoretical moment to the experimental result, 7% more of the Co3+

ions have to be transferred from CoIII , i.e., the arrangement is LaCo3+
0.57CoIII

0.33CoII
0.05Ti4+

0.05O3.
Though this is just speculative, the smallest mean ionic radius of Co and Ti ions on B sites
in this ionic arrangement, i.e., 0.58 Å, in comparison with 0.59 Å and 0.60 Å for the ionic
arrangements proposed forx = 0.10 and 0.15, supports the suggestion, because the smallest
ionic radius of B-site ions results in the largest rhombohedral distortion for the specimen with
x = 0.05.

5. Conclusion

The present study has succeeded in distinguishing the bulk conduction from the conduction
across grain boundaries in the LaCo1−xTixO3 system, using complex-plane impedance
analyses. Seebeck coefficients and the magnetic properties have been measured at temperatures
below 330 K. The Seebeck coefficient changes from negative to positive withx increasing from
0.10 to 0.15—i.e., the change in the type of the majority carrier from an electron to a hole
is indicated. The Arrhenius relation betweenσT and 1/T for x = 0.15 above 190 K yields
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0.24 eV for the activation energy in the bulk conduction, which is nearly equal to that for
the dielectric relaxation. This implies that the hopping process of small polarons of holes
dominates the transport properties forx = 0.15 above 190 K.

The temperature dependence of the magnetic susceptibilities indicates that the number
of HS Co3+ ions decreases with increasingx. The expansion of the lattice parameters in
LaCo1−xTixO3, aH and cH, with increasingx requires the replacement of LS CoIII with
Ti4+. Furthermore, substitution of Ti for CoIII relaxes the rhombohedral distortion in the
LaCo1−xTixO3 system, and thus leads to a decrease in magnitude for the crystal-field-splitting
energy 10Dq. The decease in 10Dq favours HS ground states. The effective magnetic
moments estimated from the Curie constants in the relations betweenχ−1 andT suggest
that itinerant eg electrons on CoII could be the majority carriers in the specimen withx = 0.10,
and the holes in the partially occupied t2g bands could be the majority carriers forx = 0.15.
These majority carriers move in the lattices by hopping.
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[16] Sẽnaŕıs-Rodŕıguez M A and Goodenough J B 1995J. Solid State Chem.116224
[17] Korotin M A, Ezhov S Yu, Solovyev I V, Anisimov V I, Khomskii D I and Sawatzky G A 1996Phys. Rev.B 54

5309
[18] Mizokawa T and Fujimori A 1996Phys. Rev.B 545368
[19] Zhuang M, Zhang W and Ming N 1998Phys. Rev.B 5710 705
[20] Zhuang M, Zhang W, Hu C and Ming N 1998Phys. Rev.B 5710 710
[21] Iguchi E, Ueda K and Jung W H 1996Phys. Rev.B 5417 431
[22] Emin D and Holstein T 1969Ann. Phys., NY53439
[23] Lang I G and Firsov Yu A 1968Zh. Eksp. Teor. Fiz.54826
[24] Austin I G and Mott N F 1969Adv. Phys.1841
[25] Iguchi E, Ueda K and Nakatsugawa H 1998J. Phys.: Condens. Matter108999



1722 H Nakatsugawa and E Iguchi

[26] Bahadur D and Parkash Om 1983J. Solid State Chem.46197
[27] Iguchi E, Kubota N, Nakamori T, Yamamoto N and Lee K J 1991Phys. Rev.B 438646
[28] Iguchi E and Akashi K 1992J. Phys. Soc. Japan613385
[29] Lee K J, Iguchi A and Iguchi E 1993J. Phys. Chem. Solids54975
[30] Iguchi E and Jung W H 1994J. Phys. Soc. Japan633078
[31] Jung W H and Iguchi E 1995J. Phys.: Condens. Matter7 1215
[32] Iguchi E, Hashimoto T and Yokoyama S 1996J. Phys. Soc. Japan65221
[33] Jung W H and Iguchi E 1996Phil. Mag.B 73873
[34] Iguchi E, Nakamura N and Aoki A 1997J. Phys. Chem. Solids58755
[35] Jung W H, Nakatsugawa H and Iguchi E 1997J. Solid State Chem.133466
[36] Iguchi E, Nakamura N and Aoki A 1998Phil. Mag.B 7865
[37] Jung W H and Iguchi E 1998J. Phys. D: Appl. Phys.31794
[38] Iguchi E, Nakatsugawa H and Futakuchi K 1998J. Solid State Chem.139176
[39] MacDonald J R 1974J. Chem. Phys.613977
[40] MacDonald J R 1976Superionic Conductorsed S D Mahan and W L Roth (New York: Plenum) p 81
[41] Bauerle J E 1969J. Phys. Chem. Solids302657
[42] Franklin A D 1975J. Am. Ceram. Soc.58465
[43] Kurusu K, Takami H and Shintomi K 1989Analyst1141341
[44] Dominik L A K and MacCrone R K 1967Phys. Rev.163756
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