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Abstract. The electrical transport properties of La1−xSrxCoO3 (0.03 6 x 6 0.07) have
been investigated using complex-plane impedance analysis and dielectric measurements with
measurements of four-probe dc conductivities and magnetic susceptibilities. The temperature
dependencies of the bulk conductivities obtained by impedance analysis, and dielectric relaxation
processes provide evidence of the hopping conduction below 60 K, which is remarkably different
from the hopping conduction in LaCoO3, despite the degree of doping with Sr being very
small. The features in the low-doping range are: (i) the emergence of the hopping conduction at
markedly lower temperatures in comparison with the case for non-doped LaCoO3; (ii) the abrupt
reduction of the activation energy required for the conduction, 0.042 eV atx = 0.03 to 0.021 eV
at x = 0.07, from 0.34 eV for LaCoO3; and (iii) a progressive decrease in the activation energy
with increasingx. The difference in conduction behaviour between La1−xSrxCoO3 and LaCoO3

is due to the alternation of the spin state of Co3+ caused by the Sr doping. The results have been
discussed in terms of a process of hopping of small polarons localized by the electron–lattice
interaction in tandem with the electron–magnon interaction.

1. Introduction

In comparison with other LaMO3 compounds (M= Ti, V, Cr, Mn, Fe, Ni) which are well
known as strongly correlated systems [1–14], LaCoO3 has been particularly extensively
studied; it exhibits the characteristic behaviour associated with the metal–insulator transition
as well as a spin-state transition due to a change in the spin state of the Co ions [15–27]. The
main feature of interest in LaCoO3 has been the magnetism due to the spin-state transition,
which is closely related to the electronic structure. However, conduction measurement is
also indispensable for elucidating the electronic structure, because transport properties and
the nature of the carriers depend very sensitively upon the electronic structure. We have
proposed that conduction occurs due to a process of hopping of small polarons of holes
which are created by electron excitation across the band gap of 0.2 eV over the temperature
interval 120 K6 T 6 300 K in LaCoO3 [28].

Recently, Saitohet al [29] have studied the electronic structure of LaCoO3 by
photoemission spectroscopy and x-ray absorption spectroscopy (XAS). Since the ground
state of LaCoO3 in the low-spin CoIII (t62ge0

g) state is found to have heavily mixed (∼30% d6,

∼50% d7L, and∼20% d8L2) character, the magnetic susceptibility has been analysed for
various level orderings of the low-spin CoIII (t62ge0

g), the intermediate-spin Coiii (t52ge1
g), and

the high-spin Co3+ (t42ge2
g) states. From the cluster-model analysis of the spectra as well as
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the analysis of the magnetic susceptibility, the magnetic transition in LaCoO3 at about 90 K
seems most likely to be due to a transition from a low-spin to an intermediate-spin state.

Substitution of Sr2+ for La3+ in LaCoO3 brings about remarkable changes in the system
[30–33]. Electrical neutrality requires one positive hole per Sr2+ ion. On the basis of the
valence of the Co ions, then, LaCoO3 is a monovalent system, while La1−xSrxCoO3 is a
mixed-valence system. Besides the spin-glass phases in La1−xSrxCoO3 (x < 0.2) at low
temperatures [34, 35], lightly Sr-doped compounds exhibit extrinsic magnetic properties
significantly different from those of LaCoO3. The major changes are: (i) the spin state of
the Co ions evolves toward the intermediate-spin state Coiii at x = 0.08 from the low-spin
state CoIII at x = 0 at low temperatures [25, 36]; and (ii) the susceptibility drop due to
the transition from a high-spin to a low-spin state which is characteristic of LaCoO3 is
suppressed, and instead a Curie-like contribution is predominant even in thex = 0.005
compound [26]. These results indicate a change in the electronic structure, and thus the
conduction behaviour of lightly Sr-doped compounds is expected to differ considerably from
that of LaCoO3 [28]. Though the main interest in La1−xSrxCoO3 has been in the magnetic
properties, which are very sensitive to the electronic structure [30–32, 37–39], it is of great
importance to elucidate the electrical transport associated with the change in the electronic
structure.

Recently, Sẽnaŕıs-Rodŕıguez and Goodenough [35] reported on magnetic and transport
properties of La1−xSrxCoO3 (0 < x 6 0.50). For x 6 0.20, they argue that a process of
hopping of small polarons of holes dominates the electrical transport over the temperature
interval 110 K6 T 6 350 K, but that the activation energies required for the transport
reduce remarkably to 0.08 eV atx =0.025∼0.04 eV atx = 0.150, from 0.34 eV for
LaCoO3 [28]. Such an abrupt reduction of the activation energy even at very smallx is
subject to debate. Measuring magnetic susceptibilities for lightly hole-doped specimens
with x 6 0.01, Yamaguchiet al [26] suggest that hole doping in the low-spin ground
state of LaCoO3 leads to the formation of localized magnetic polarons, i.e., spin polarons
associated with a strong exchange interaction between a 2p hole and 3d spins. Therefore
two candidates for the carrier have been proposed for the low-doping range, i.e., a small
polaron and a spin polaron. Below 110 K, Señaŕıs-Rodŕıguez and Goodenough [35] reported
another type of hopping conduction. This is also a subject of debate.

An attempt to account for these issues, i.e., the large reduction of the activation energy
and the nature of the majority carrier, should be made. An attempt such as this requires a
detailed measurement of the electrical transport as well as magnetic experiments, because
the conduction mechanism participates directly in these phenomena due to the change in
the electronic structure caused by a light Sr doping.

In the case wherex > 0.1, the relations between the magnetic structures and the
spin states of Co ions have been investigated in detail by means of neutron diffraction
measurements, ac magnetic susceptibility studies, resistivity measurements, and so on [40–
42]. Fundamentally, the paramagnetic states of Co ions in the predominantly diamagnetic
low-spin state in LaCoO3 are stable in this composition region. The coreS = 1 spin of
trivalent Co coupled ferromagnetically to an itinerant eg electron by the double-exchange
Co4+–O–Co3+ mechanism seems very likely to play an important role in the electronic
transport behaviour. These results forx > 0.1 should be helpful in the elucidation of the
electrical transport in the light-hole-doping regime, i.e., forx 6 0.07, which is however
expected to be a regime in which behaviour somewhat different from that of the heavily
doped materials is exhibited.

As described in the literature, in the materials in which hopping conduction dominates
the electrical transport, dielectric measurements provide important information, because
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a hopping process has a high probability of involving a dielectric relaxation [43–53].
Thus a combination of conductivity and dielectric measurements is very useful in the
investigation of hopping conduction. The ‘conduction’ described here is bulk conduction.
The grain boundaries in a sintered LaCoO3 specimen interfere with the study of the
transport phenomenon [28]. While the use of single crystals certainly alleviates most
problems, complex-plane impedance analysis can distinguish bulk conduction from other
types of conduction such as that across the grain boundaries even if a polycrystalline
ceramic specimen is employed [54–57]. Impedance analysis, then, provides very important
results, leading directly to the real features of the electrical transport in La1−xSrxCoO3

materials.
Since the discovery of high-Tc superconductivity in the layer perovskite La2−xBaxCuO4

[58], the investigation of polarons including spin polarons has attracted markedly increased
attention, because polaronic conduction plays an important role in electrical transport in
strongly correlated oxides. Although there are many ways of addressing polaron dynamics,
dielectric properties can also provide important information.

Motivated by these factors, in the present report we will elucidate the electrical transport
in La1−xSrxCoO3 materials following a somewhat different route from previous reports,
which have concentrated predominantly upon magnetic properties, using a combination
of impedance analysis and dielectric measurements with dc conductivity measurements.
Since the upper-limit temperature at which impedance analysis is possible decreases from
60 K at x = 0.03 to 30 K atx = 0.07, the present study treats the low-doping range of
0.036 x 6 0.07 at rather low temperatures.

2. Experimental details

Three sorts of La1−xSrxCoO3 specimen (withx = 0.03, 0.05, and 0.07) were prepared by
the solid-state reaction method. The appropriate mixtures of La2O3, Co3O4, and SrCO3

powders (4N) were ground and calcined in air at 1100◦C for one day, and then, after being
mixed very carefully, calcined again under the same conditions for two days. The second
process was then repeated. The powder was then pressed into pellets and finally sintered
at 1350◦C for one day, and then cooled at a rate of approximately 80◦C h−1 to room
temperature. The last heating process was carried out in pure flowing oxygen. This cooling
rate is nearly equal to those employed by Señaŕıs-Rodŕıguez and Goodenough (60◦C h−1)
[35] and Golovanovet al (100 ◦C h−1) [59], but Itoh et al employed a very slow rate
(100 ◦C per day) [34]. However, our preparation process reproduced specimens with the
same characteristics.

Every specimen was confirmed to be single phase with rhombohedrally distorted
perovskite structure by a Cu Kα x-ray powder diffraction analysis. The hexagonal cell
parameters were calculated from x-ray diffraction patterns at room temperature:aH =
5.446 Å and cH = 13.107 Å for x = 0.03, aH = 5.446 Å and cH = 13.114 Å for
x = 0.05, andaH = 5.447 Å and cH = 13.123 Å for x = 0.07. The oxygen deficiency in
La1−xSrxCoO3−δ should be considered whenx > 0.5 unless specimens are prepared under
high oxygen pressures [38, 39], butδ in La1−xSrxCoO3−δ for the present specimens must
be negligibly small becausex 6 0.07. The grain size of the specimens was found to be
∼8 µm on average by scanning electron microscope studies. The densities of the specimens
were about 90% of the theoretical values.

The capacitance and impedance were obtained as functions of the temperature above
around 15 K by the four-terminal pair ac impedance measurement method, using an
HP 4284A Precision LCR meter with a frequency range of 100 Hz to 1 MHz. The measured



9002 E Iguchi et al

values of the capacitance and impedance were corrected by calibrating the capacitance and
resistance of the leads to zero. The flat surfaces of the specimens were coated with an
In–Ga alloy in the ratio 7:3 by a rubbing technique applied to the electrodes. Evaporated
gold was also used for the electrode, but no significant difference was found. In order to
check for Maxwell–Wagner-type polarization, capacitance measurements were carried out
at 27 K and 38 K in the frequency range 1 kHz–1 MHz by changing the thickness of
the specimen withx = 0.05 from 1.0 mm to 0.5 mm, but the dielectric constants were
found to be independent of the thickness. Hence, Maxwell–Wagner-type polarization is
excluded.

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 the
four-probe method. A copper–constantan thermocouple pre-calibrated at 4.2, 77, and 273 K
was used for the temperature measurements.

Although a specimen withx = 0.09 was produced, impedance analysis and dielectric
measurements have required temperatures lower than 15 K.

Figure 1. The complex-plane impedance analyses for the La1−xSrxCoO3 specimen with
x = 0.03 at several temperatures: (a) 25.4 K, (b) 30.3 K, and (c) 34.8 K, whereZ′ and
Z′′ represent the real and imaginary parts of the total impedance at each applied frequency. The
highest resistance value of the highest-frequency arc corresponds to the bulk conduction.
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Figure 2. The Arrhenius relations ofσT and 1/T . The solid circles, triangles, and squares show
the bulk conductivities obtained by the impedance analyses for the specimens withx = 0.03,
0.05, and 0.07, and the open circles, triangles, and squares show the dc conductivities measured
by the four-probe method for the specimens withx = 0.03, 0.05, and 0.07. The straight lines
represent the linear portions in the Arrhenius plots of the bulk conductivities.

3. Experimental results

Following the detailed account of the theoretical treatment given in [54–57], complex-plane
impedance analyses have been carried out. Figure 1 depicts impedance plots at several
temperatures for the specimen withx = 0.03. The highest-frequency arc corresponding to
the bulk conduction is shown for each temperature in figure 1, and the resistance value of
the bulk conduction is obtained from the real-axis intercept, i.e., the highest resistance value
of this arc. Although the highest-frequency arc appears definitely below around 60 K for
the specimens withx = 0.03 and 0.05, and below around 35 K for that withx = 0.07, plots
of this arc at higher temperatures require frequencies much higher than the maximum one
in the present experiment, i.e., 1 MHz. Employing the bulk resistances, figure 2 illustrates
the Arrhenius relations ofσT and 1/T . The dc conductivities obtained by the four-probe
measurements are also plotted. Theoretically, the four-probe method measures the total
resistances in grains and boundaries, and consequently the bulk conductivities are higher
than the dc conductivities [54–57]. The dc conduction contains two activated processes for
every specimen and the slope changes at around 30 K. Such dc conduction behaviour is
very similar to that obtained by Golovanovet al [59].
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Figure 3. Frequency dependencies of (a) the loss tangent (tanδ) and (b) the electric modulus
(M ′′) at several temperatures, 25.4 K–34.8 K, for the specimen withx = 0.03.
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Figure 3 plots dielectric loss tangent (tanδ) and electric modulus (the imaginary part,
M ′′) as functions of the applied frequency,f , for the specimen withx = 0.03 at several
temperatures, i.e., 25.4 K–34.8 K. At each temperature, the resonance frequency of the
modulus,fM , is nearly equal to the frequency corresponding to the highest point in the
highest-frequency arc in the impedance analysis (see figure 1),fZ, while the resonance
frequency of the loss tangent,ftanδ, is lower thanfZ. This is due to the fact that the
sequenceftanδ < fZ 6 fM holds when a relaxation process takes place within the grains
[60]. The maximum of the loss tangent, (tanδ)max, increases with increasing temperature.
This behaviour suggests that the spectral intensity of the dielectric relaxation observed in
La1−xSrxCoO3 is thermally activated, like the dielectric relaxations occurring in various
other materials in which processes of hopping of non-adiabatic and/or adiabatic small
polarons dominate the electrical transport [46–53].

4. Discussion

4.1. Bulk conduction and dielectric relaxation processes

Each Arrhenius relation for the bulk conductivities gives a good straight line, as shown
in figure 2, but the temperatures at which the impedance analyses could be carried out for
La1−xSrxCoO3 were very low compared with the case for LaCoO3 [28]. Bulk conductivities
markedly higher than the four-probe dc conductivities indicate that the grain boundaries
formed in the sintered specimens interfere with the elucidation of the transport phenomena
for La1−xSrxCoO3. Hence the exclusion of the grain boundary resistances is a minimum
requirement for these specimens. As described before, plots of the highest-frequency arcs at
higher temperatures require frequencies much higher than the maximum one in the present
experiment.

The bulk conductivity increases monotonically with increasing temperature for every
specimen as shown in figure 2. The semiconducting La1−xSrxCoO3 compound with
x 6 0.20 shows a spin-glass regime below the spin-glass-freezing temperature,Tg [34,
35]. Tg ∼= 10, 15, and 20 K forx = 0.03, 0.05, and 0.07 [34]. For the specimen with
x = 0.07, bulk conductivities are obtainable even belowTg = 20 K, but there is no anomaly
due to spin-glass freezing.

The Arrhenius relations for the bulk conductivities shown in figure 2 are subject to the
temperature dependence of the hopping conduction [28], i.e.,

σ = A0 exp(−Q/kBT )/T
whereQ is the activation energy required for the conduction. The least-mean-square
analyses yieldQ = 0.042, 0.033, and 0.021 eV, andA0 = 6.5, 6.4, and 1.5 ×
103 �−1 cm−1 K for the specimens withx = 0.03, 0.05, and 0.07, respectively.

The transport features in figure 2 certainly favour the polaronic scenario of bulk
conduction. This is evident from the dielectric properties. The dielectric behaviour shown
in figure 3 is described approximately by Debye’s theory [60, 61]. At a temperatureT ,
there is a relation

(ftanδ)
2/fM = exp(−Q′/kBT )/2πτ0

where ftanδ and fM are the resonance frequencies for the loss tangent and the electric
modulus,Q′ is the activation energy required for the dielectric relaxation process, andτ0

is the pre-exponential term of the relaxation time. Figure 4(a) displays Arrhenius plots of
(ftanδ)

2/fM and 1/T . The least-mean-square analyses yieldQ′ = 0.039, 0.030, and 0.019 eV
for the specimens withx = 0.03, 0.05, and 0.07, respectively.
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Figure 4. (a) The Arrhenius relation between(ftanδ)
2/fM and 1/T (solid circles, triangles,

and squares for the specimens withx = 0.03, 0.05, and 0.07), and (b) the Arrhenius relation
betweenT (tanδ)2max/M

′′
max and 1/T (open circles, triangles, and squares for the specimens with

x = 0.03, 0.05, and 0.07).

As shown in figure 3, the maximum of the loss tangent increases with increasing
temperature. Such an increase suggests thermal activation in the amount of the hopping
carriers, as reported for various oxides [46–53]. There is another dielectric relation

T (tan δ)2max/M
′′
max∝ exp(−WO/2kBT )

where(tanδ)max andM ′′max are the maxima of the loss tangent and the electric modulus atT

[28, 60, 62]. If mobile polarons are created by releasing carriers trapped at imperfections,
WO is the trapping energy. The Arrhenius relations ofT (tan δ)2max/M

′′
max and 1/T shown

in figure 4(b) yieldWO/2= 0.005, 0.003, and 0.002 eV for the specimens withx = 0.03,
0.05, and 0.07.

Hence, the sum ofQ′ andWO /2 is nearly equal toQ for every specimen. When the
process of hopping of small polarons dominates the conduction,Q andQ′ are represented
asQ = WH + WO/2 andQ′ = WH , whereWH is the hopping energy [46–53, 62–64].
In these formulae, the disordered energy is omitted because this is, in general, negligibly
small in a crystalline lattice compared with the hopping energy [65]. In comparison with
LaCoO3, La1−xSrxCoO3 exhibits activation energies that are very low. Furthermore, the
bulk conduction and the dielectric relaxation processes in La1−xSrxCoO3 occur below 60 K,
whereas similar processes take place above 120 K in LaCoO3. These facts indicate that
even a very light Sr doping changes the conduction features, and also alters the nature of
the carriers.
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4.2. The nature of the charge carriers

On comparison to the results on LaCoO3 [28, 66], the present study on La1−xSrxCoO3 is
seen to show several significant points that require accounting for:

(i) the emergence of the hopping conduction in the low-temperature region where the
phonon-induced tunnelling effect of small polarons [67] dominates the electrical transport
in non-doped LaCoO3;

(ii) the large reduction of the activation energy required for the bulk conduction despite
the Sr doping being very slight; and

(iii) the decrease in the activation energy with increasingx.

One should note the following. Hole-doped LaCoO3 with perovskite-type structure [30,
31] is a member of the group of ferromagnets exhibiting double-exchange interaction [68–
70], in which the hole-type carriers in the hybridized 3d–2p bands strongly couple with 3d
spins. Although a strong Hund’s rule coupling between the charge carriers (eg-like states)
and the local spins (t2g-like states) determines most of the observable behaviour of hole-
doped LaMnO3, the absence of a half-filled t2g orbital in the low-spin Co ion gives rise to
weaker Hund’s rule coupling of the charge carriers (eg-like states) to the local spins (t2g-like
states) [71]. This is an important fact that distinguishes the hole-doped Co system from the
hole-doped Mn system.

In the magnetic experiment on La1−xSrxCoO3 carried out by Yamaguchiet al [26], the
susceptibility drop due to the transition from a high-spin to a low-spin state taking place in
LaCoO3 [15–24] is suppressed, and instead a Curie-like contribution is markedly increased
upon a light doping. In fact, even atx = 0.01, the susceptibility drop disappears and there is
only the Curie-like contribution. Asaiet al also observed no transition from a high-spin to
a low-spin state for La0.92Sr0.08CoO3 in the temperature dependencies of the paramagnetic
scattering and the lattice constant obtained by neutron scattering [25]. They ascribe this
phenomenon to the lattice expansion induced by the Sr doping, and argue that all or most of
the Co ions within the remaining LaCoO3 matrix in La0.92Sr0.08CoO3 are intermediate-spin
Coiii (t52ge1

g) ions [25, 36]. Such susceptibility behaviour in lightly doped LaCoO3 could be
explained by the Curie–Weiss law [32].

In order to check the Curie–Weiss law for the present system, the molar magnetic
susceptibilities (χ ) of the specimens withx = 0.03 and 0.07 were measured as functions
of the temperature using a Quantum Design superconducting quantum interference device
magnetometer with an applied field ofB = 10 mT after cooling the specimens in zero field.
Figure 5 demonstrates the relationships ofχ−1 andT . The straight lines atT > 35 K for
x = 0.03 and 80 K forx = 0.07 are indicative of a Curie–Weiss law with the formula
χ = C/(T −2), whereC is the Curie constant and2 is the Weiss temperature. If every
Co ion is in the intermediate-spin state, i.e., Coiii , C = 1.00 emu K mol−1 theoretically. On
increasing the number of tetravalent Co ions present, the magnitude of the Curie constant
increases. The straight lines in figure 5 yieldC = 1.11 and 1.38 emu K mol−1 for x = 0.03
and 0.07. Hence, the content of tetravalent Co ions increases as the hole doping proceeds.
This implies that tetravalent Co ions are created by the hole doping, and, moreover, the holes
are definitely localized. The least-mean-square analyses yield2 = 11 and 37 K forx = 0.03
and 0.07, respectively. The deviation from the Curie–Weiss law at low temperatures must
be due to the ferromagnetic component which increases withx, but the excessive deviation
in the specimen withx = 0.07 at around 20 K must contain the contribution of a spin-glass
effect in addition to the ferromagnetic effect.

Although an abrupt change in the hopping energy of small polarons on going from
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Figure 5. χ−1 versusT for the specimens withx = 0.03 (solid circles) and 0.07 (solid squares).
The straight lines represent the Curie–Weiss laws with2 = 11 K and 37 K forx = 0.03 and
0.07.

a monovalent system such as LaCoO3 to a mixed-valence system like La1−xSrxCoO3 is
normal, one should take account of the peculiar characteristic in La1−xSrxCoO3. The most
significant difference between LaCoO3 and La1−xSrxCoO3 is as regards the spin state of
Co3+. In LaCoO3, Co3+ ions are in the low-spin state (CoIII ; t62ge0

g) at temperatures below
90 K [29] whereas all or most of the Co3+ ions in La1−xSrxCoO3 are in the intermediate-spin
state (Coiii ; t52ge1

g) [25, 36]. The wave functions of eg electrons on Coiii ions extend straight
toward neighbouring O2− ions and eg electrons have a direct exchange interaction with O2−

ions, resulting in the formation of strongly hybridized 3d–2p bands. However, t2g electrons
in CoIII have no direct interaction with O2− ions. Consequently, the bandwidth, 2t ′, of Coiii

and O2− ions is broad if compared with the very narrow band of CoIII and O2− ions in non-
doped LaCoO3. Since the hopping energy of a small polaron is given asWH = WP/2− t ′
[62], an increment int ′ reducesWH , whereWP is the polaron binding energy. Although
the variation ofWP due to the alternation of the spin state is unknown, the increase in the
bandwidth due to the Sr doping must surely be one of the main reasons for the reduction
of the hopping energy in La1−xSrxCoO3. As x increases, the 3d–2p hybridization becomes
strong, and accordinglyt ′ increases, leading to a greater reduction ofWH . The tight-binding
bandwidth includes the number of nearest neighbours as a factor. The number of directly
interacting neighbours for dx2−y2 parentage of the eg state is twice that for d3z2−r2 parentage.
Furthermore, the crystal structure of La1−xSrxCoO3 being extended along thec-axis implies
that the energy level is lower for dx2−y2 parentage than for d3z2−r2 parentage. Thus the holes
with a strong component of dx2−y2 parentage move within the lattice by hopping.

Non-doped LaCoO3 contains only low-spin CoIII which does not include eg electrons at
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T < 90 K [29]. Since t2g electrons are less hybridized with O 2p states than eg electrons,
hopping motion of small polarons of t2g holes with a rather high activation energy is difficult
at low temperatures below 90 K, and instead the phonon-induced tunnelling effect must be
predominant in the electrical conduction of LaCoO3. As described above, eg electrons on
Coiii ions in La1−xSrxCoO3 markedly reduce the hopping energy of small polarons, and
consequently the Holstein polaronic model is realized for this material even in the low-
temperature region where the phonon-induced tunnelling of polarons occurs in LaCoO3.

4.3. Spin polarons

The magnetic properties of lightly Sr-doped LaCoO3 indicate that the carriers involve a
component from a spin polaron [26]. In ferromagnetic insulators, there is a high possibility
that carriers are spin polarons. Kasuya and Yanase [72] considered the behaviour of pure
spin polarons, defined as carriers localized at impurity centres by polarization clouds, the
transport mechanism being thermal hopping between sites. In this picture, the activation
energy responsible for the conduction is the energy of the trapping of carriers by impurity
centres, i.e.,WH = WO . For La1−xSrxCoO3, however, the present study distinguishes the
hopping energy from the trapping energy. Mott and Davis [73] argued that the mobility of
pure spin polarons was diffusive in nature, i.e., had a power-law temperature dependence
rather than a thermally activated one. Their spin polarons are not activated in spite of a
diffusive motion and not because of it. In La1−xSrxCoO3, however, the hopping process
takes place. Eminet al [74, 75] considered the nature of lattice polarons in ferromagnetic
insulators. In this model, spin polarons are carriers self-localized by the intra-atomic
exchange due to the electron–magnon interaction in tandem with the short-range component
of the electron–lattice interaction. Hence this model predicts a hopping process to take place.

In the temperature region where the dielectric relaxation due to a hopping process is
observed for the present system, a deviation from the Curie–Weiss law occurs as shown
in figure 5. This must be due to the ferromagnetic component as described before. Thus
the electron–magnon interaction is also expected in this temperature region. According to
Kusterset al [76], the electron–magnon interaction drives the carriers towards localization,
like the electron–lattice interaction, and becomes important particularly at temperatures
close to the onset of the ferromagnetism. By analogy with their result, the present system
is expected to experience a similar situation, namely both lattice and magnetic characters
govern the nature of the charge carrier. The electrical transport in La1−xSrxCoO3 at low
temperatures is then likely to be rather close to that in the conduction picture constructed
by Emin et al [74].

The present discussion is based upon a homogeneous intermediate-spin model at
temperatures above the spin-glass-freezing temperature,Tg. As regards the specimen with
x = 0.07, however, the dielectric relaxation process occurs in the spin-glass regime below
Tg = 20 K (see figure 4), and bulk conductivities are measured even belowTg, as shown in
figure 2. The spin-glass regime includes the existence of superparamagnetism and electronic
inhomogeneity. Despite this, the Arrhenius bulk conduction follows a straight line, as shown
in figure 2, and there is a good correlation between the activation energies for the bulk
conduction and the hopping process. These facts must imply that the hopping motion of
small polarons is rather insensitive to superparamagnetism and electronic inhomogeneity.
In fact, other materials containing spin-glass phases [77, 78] exhibit no peculiarities due to
spin-glass freezing in the temperature dependencies of their conductivities, like the specimen
with x = 0.07. As shown in figure 5, however, the relation ofχ−1 andT for the specimen
with x = 0.07 deviates remarkably from the Curie–Weiss law at aroundTg = 20 K. This
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deviation must be closely related to superparamagnetism and electronic inhomogeneity in
the spin-glass regime.

4.4. Hopping conduction

Even if electron–magnon interaction occurs to some extent in the present system, the
theoretical formulae representing the bulk conduction and the dielectric relaxation process
cannot change because electron–lattice interaction is involved. Thus the present experiment
yieldsWH = 0.039, 0.030, and 0.019 eV for the specimens withx = 0.03, 0.05, and 0.07,
andWO/2∼= 0.003 eV for every specimen.

According to Sẽnaŕıs-Rodŕıguez and Goodenough [35], in the low-doping range the
holes initially introduced by substitution of Sr2+ for La3+ create, formally, low-spin Co4+

ions (CoIV ; t52ge0
g) within a strongly covalent CoO6 octahedral-site complex. The Sr2+–CoIV

states are the trapping sites for holes in La1−xSrxCoO3. Under the action of the external
field, the trapped holes are thermally excited to the hybridized 3d–2p bands within the
remaining LaCoO3 matrix in La1−xSrxCoO3, and move via the bands by hopping.

The polaron theory predicts the following formula for the pre-exponential factor of the
conductivity:

A0 = n0e
2ωLOa

2
h/kB

wheree denotes the electronic charge,n0 is the density of Sr2+ ions, ωLO is the optical
phonon frequency, andah is the hopping distance [62–64]. Referring to experiments on
the optical frequencies in LaCoO3 [79], i.e., ωLO = (0.6–1.9)× 1013 s−1, and employing
ah = the spacing between the centres of cobalt–oxygen bonds because the carrier exhibits
strongly the character of a ligand hole, it is now possible to obtain numerical estimates for
A0: A0 = (2–7)× 103, (4–11)× 103, and (5–16)× 103 �−1 cm−1 K for the specimens
with x = 0.03, 0.05, and 0.07, respectively; these are of the same order of magnitude as
the experimental values.

At T = 60 K, the magnitudes forWO yield the densities of the mobile hopping polarons
in the range 6×1019–2×1020 cm−3 for the present specimens. Within the remaining LaCoO3

matrix in La1−xSrxCoO3, one should consider another type of conduction reported previously
[28], i.e., the hopping conduction of small polarons of holes which are created by electron
excitation from O 2p valence bands across the band gap of 0.2 eV. The density of the mobile
hopping polarons in this conduction at 60 K is however approximately 1×106 cm−3, which
is negligibly small in the temperature region investigated in the present study. Consequently,
the very small value ofWO for La1−xSrxCoO3 must be another reason for the emergence
of hopping conduction at considerably lower temperatures than for LaCoO3.

Golovanovet al [59] reported two thermally activated processes in the dc conduction
of La1−xSrxCoO3 with x 6 0.10, one above 30 K and another one below 30 K. Their
interpretation of the activated process above 30 K is based upon charge transport by hopping,
which is consistent with the present study. As shown in figure 2, at temperatures below
30 K, the temperature dependence of the dc conductivity deviates from Arrhenius cond-
uction above 30 K. This is in accord with their result [59]. However, the bulk conduction
involves only one thermal process in the temperature region investigated here. Thus the
grain boundaries must have a profound effect on the change in the dc conduction feature at
30 K.
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5. Conclusions

The electrical transport properties of La1−xSrxCoO3 (0.03 6 x 6 0.07) investigated
by complex-plane impedance analyses and dielectric measurements provide evidence of
hopping conduction, whose behaviour is however markedly different from the hopping
conduction in LaCoO3, even though there is only a very small amount of Sr-ion doping.
The features in the low-doping range of La1−xSrxCoO3 are:

(i) the emergence of the hopping conduction at very low temperatures, i.e., below around
60 K, in comparison with the corresponding temperature region of 300 K> T > 120 K for
non-doped LaCoO3;

(ii) the large reduction of the activation energy required for the conduction, 0.042 eV
at x = 0.03 to 0.021 eV atx = 0.07, from 0.34 eV for LaCoO3; and

(iii) the progressive decrease in the activation energy with increasingx.

Despite the hole doping being light, the susceptibility drop due to the transition from
a high-spin to a low-spin state which is characteristic of LaCoO3 is suppressed, and the
magnetic behaviour in the present system is explained by the Curie–Weiss law with a
positive value for2.

The huge reduction of the activation energy required for the conduction comes from
the alternation of the spin state of Co3+ caused by the Sr doping. Within the remaining
LaCoO3 matrix in La1−xSrxCoO3, all or most of the Co3+ ions are in the intermediate-spin
state (Coiii ; t52ge1

g), but they are in the low-spin state (CoIII ; t62ge0
g) in non-doped LaCoO3

at low temperatures. The strong 3d–2p hybridization due to eg electrons on Coiii ions in
La1−xSrxCoO3 markedly broadens the bandwidth of Coiii and O2−, and eventually leads
to the large reduction of the activation energy because the bandwidth makes a negative
contribution to the activation energy. With increasingx, the hybridized 3d–2p bands become
gradually broader, and accordingly the activation energy decreases. CoIII ions in non-doped
LaCoO3 have no direct interaction with neighbouring O2− ions, and thus the bands between
CoIII and O2− are very narrow.

The drastic change in the magnetic properties of La1−xSrxCoO3 indicates that the
electron–magnon interaction occurs, and drives the carriers towards localization in tandem
with the electron–lattice interaction even at temperatures above the Curie point.
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