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Abstract
Measurements of bulk conductivity and dielectric relaxation processes by ac
methods including complex-plane impedance analyses have been carried out
on insulating Nd1−x Pbx MnO3 (0.10 � x � 0.25), together with measurements
of four-probe dc conductivity and magnetic susceptibility, so as to investigate
the correlation between bulk conduction and short-range ferromagnetism due to
double-exchange(DE) interactions working even above ferromagneticordering
temperature (Tc). In bulk conduction, there are three temperature regimes where
different processes dominate the electronic conduction: (i) the paramagnetic
regime above the temperature at the onset of deviation of inverse magnetic
susceptibility from the Curie–Weiss law, (ii) the intermediate regime and (iii) the
temperature region below Tc. Though the polaronic conduction occurs in
both high-temperature and intermediate regions, the hopping energy and the
energy required to create a free hopping polaron differ considerably in these
regimes. An anomaly emerges in both bulk conduction and dielectric relaxation
processes around Tc at x = 0.20 and this anomaly becomes more clear at
x = 0.25. By taking account of electron–phonon interactions, these results are
discussed mainly in terms of the DE mechanism that brings about short-range
ferromagnetism.

1. Introduction

Hole-doped perovskite manganites have attracted much attention in the sense that they exhibit
unusual magnetic and transport properties [1]. In particular, the colossal magnetoresistance
effect and the metal–insulator (MI) transition with the ferromagnetic to paramagnetic transition
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are not only very interesting from the scientific point of view but also significantly important
industrially [2–4]. Besides magnetic and transport properties of hole-doped perovskite
manganites, structural investigations using the small-angle neutron scattering method and
so on have been carried out very carefully because they are related each other very closely [5].

Two end members of the perovskite manganites which are of great interest at the
moment are LaMnO3 and NdMnO3. Because the ionic radius of La3+ is larger than
Nd3+, LaMnO3 is less distorted than NdMnO3. When divalent alkaline elements are
substituted for La3+ or Nd3+ in these oxides, the differences in ionic sizes ease lattice strain
or increase distortion. In less strained manganites like La1−x Ax MnO3, Mn-eg electrons
are more itinerant because of the short Mn–O bond length and the small deviation of
Mn–O–Mn bond angle from 180◦ and, consequently, the conductivity is high, where A is
a divalent alkaline element [6, 7]. Furthermore, these manganites exhibit metallic conduction
due to double-exchange (DE) interactions in ferromagnetic regimes [2, 3, 8–10]. In more
distorted manganites such as Nd1−x AxMnO3, however, the long Mn–O bond length and the
rather large deviation of Mn–O–Mn bond angle from 180◦ attenuate the DE interactions even
at low temperature. In such manganites, electron–phonon (EP) interactions are active and
then the insulating behaviours with weak ferromagnetism are predominant [11]. As a feature
of manganites, Jahn–Teller (JT) distortion must make some significant contribution to EP
interactions [12–14]. The subtle competition between DE and EP interactions must be one of
the most important parameters in creating the MI transition, where both the interactions are
governed by lattice parameters such as Mn–O bond length and Mn–O–Mn bond angle.

Below the ferromagnetic ordering temperature (Curie temperature; Tc), many manganites
involve charge orderings that bring about antiferromagnetic or ferromagnetic insulator
phases [15–20]. On the other hand, short-range ferromagnetic interaction due to the DE
mechanism works even at T > Tc and causes macroscopic deviation from the Curie–Weiss
law [5]. Furthermore, short-range ferromagnetism gives rise to the anomalous expansible
volume lattice distortion which has relevance to localized carriers at T > Tc [5, 21–23]. A
negative magnetoresistance and a shift of the MI transition point to a higher temperature in
most manganites under the action of an applied magnetic field are also ascribed to short-range
ferromagnetism [5].

Because of these complicated phenomena, transport properties in many manganites are
very difficult to clarify and still in dispute. At higher temperature, manganites contain
paramagnetic regimes subject to Curie–Weiss law. Since short-range ferromagnetism must
be annihilated in the paramagnetic regime, some change in the conduction process is expected
at the transition from the paramagnetic regime to the region including the deviation from the
Curie–Weiss law because the short-range ferromagnetism alters the natures of carriers. There
is, however, no literature that observes such a change of the conduction process. This change
must be then very difficult to recognize in measurements of the dc conductivity that includes
the boundary effect. The bulk conductivity obtained by the complex-plane impedance analysis
could detect this change of the conduction process [24–31]. From this point of view, therefore,
it is of great interest to elucidate the correlation between the conduction and the short-range
ferromagnetism working even at T > Tc by measuring the bulk conductivity.

Nd1−x CaxMnO3 exhibits insulating conduction, but Nd1−x Srx MnO3 involves metallic
conduction in the ferromagnetic regime at T < Tc even if x is very small, because Sr2+ has
an ionic radius bigger than Ca2+ [18, 32]. This indicates a strong relationship between the
electronic conduction and the lattice distortion. Since DE and EP interactions depend upon
the lattice distortion, the competition between these interactions is one of the parameters that
dominate the conduction type. Variation of the lattice distortion by changing the amount of
the substitute A could clarify the relationship of DE and EP interactions in the electronic
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conduction. Despite the different conduction types in Nd1−x Cax MnO3 and Nd1−x SrxMnO3,
the majority carriers in electronic transport and magnetic properties are Mn-eg electrons.

Referring to our previous reports indicating that the ac measurement including the
complex-plane impedance analysis provides significant knowledge of transport properties in
insulating oxides [28, 33–35], the present study treats Nd1−x Pbx MnO3 (0.10 � x � 0.25)
because this oxide system in this composition range exhibits insulating behaviours with rather
high resistivity. Moreover, variation of the lattice distortion is possible by changing the amount
of Pb. When x is greater than 0.30, the high conductivity interferes with ac measurements
because of the large electronic polarization effect.

2. Experimental details

Polycrystalline Nd1−x PbxMnO3 specimens (x = 0.10, 0.15, 0.20 and 0.25) were prepared by
the conventional solid-state reaction technique using Nd2O3, PbO2 and Mn2O3 powders (4 N).
The mixtures were calcined in flowing pure oxygen at 900 ◦C for one day. After grinding the
powders, this heating treatment was repeated. The powders were then pressed into pellets,
and finally sintered in flowing pure oxygen at 1150 ◦C for one day. The powder diffraction
using a Cu Kα x-ray indicates a single phase for every specimen. The lattice constants at
room temperature are a = 5.443 Å, b = 5.522 Å, c = 7.689 Å at x = 0.10, a = 5.448 Å,
b = 5.501 Å, c = 7.706 Å at x = 0.15, a = 5.452 Å, b = 5.496 Å, c = 7.691 Å at x = 0.20
and a = 5.468 Å, b = 5.511 Å, c = 7.693 Å at x = 0.25. Though NdMnO3, the end member
in the present system, is orthorhombic, the crystal structure becomes close to rhombohedral
with increasing x [36].

Ac measurements (capacitances and impedances) have been carried out in the same way
as the previous reports [28, 35] using HP 4284A LC R meters with a frequency range of 50 Hz
to 1 MHz. Flat surfaces of the specimens were coated with an In–Ga alloy in a 7:3 ratio by a
rubbing technique for the electrodes. Evaporated gold was also used for the electrode, but no
significant difference was found in experimental results. A Maxwell–Wagner type polarization
due to heterogeneity in a specimen is excluded because there are no significant differences in
frequency dependence of dielectric constant at room temperature even if the thickness of the
specimen is reduced to half. The details of the dc measurement by the four-probe method are
described elsewhere [28, 29]. A copper–constantan thermocouple precalibrated at 4.2, 77 and
273 K was used for the temperature measurements.

The molar magnetic susceptibilities, χ , were measured using a Quantum Design
superconducting interference device magnetometer (SQUID) with an applied field of B =
0.01 T in the temperature range of 10–300 K.

3. Experimental results

Figure 1 shows the temperature dependences of χ−1 for the specimens with x = 0.10 and 0.25.
Others (x = 0.15 and 0.20) exhibit similar behaviours. The susceptibility χ in every specimen
is plotted against T in the inset, which shows an increase in χ with increasing x . The relation
of χ−1 and T contains a linear portion at T > 222 K for x = 0.10, T > 226 K for x = 0.15,
T > 207 K for x = 0.20 and T > 210 K for x = 0.25. Then the Curie–Weiss law holds
in every specimen. The temperature which marks the onset of the deviation of χ−1 from the
Curie–Weiss law is abbreviated as Tp. Such a deviation is often observed in manganites which
include short-range ferromagnetism owing to the DE interactions above the ferromagnetic
ordering temperature Tc [5, 21–23]. Though NdMnO3 exhibits antiferromagnetism at lower
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Figure 1. χ−1 versus T at x = 0.10 and 0.25 with arrows of Tp which mark onsets of deviation
from the Curie–Weiss law. Other specimens with x = 0.15 and 0.20 exhibit similar behaviours.
The inset shows the relation of χ versus T for every specimen.

temperature, Nd1−x Pbx MnO3 contains the ferromagnetic regime as shown in figure 1. Arrott
plots yield Tc = 107, 117, 124 and 139 K for x = 0.10, 0.15, 0.20 and 0.25. As x increases,
Tc rises.

The conductivity measurements of single crystals provide very significant knowledge of
electronic transport, but the present study uses sintered polycrystalline specimens. Even in such
a polycrystalline specimen, however, the complex-plane impedance analysis can distinguish
the bulk conduction from others [24–30]. Following the detailed account of the theoretical
treatment of the impedance analysis [24–27], the resistance values in bulks and grain boundaries
are estimated.

Figure 2 depicts complex-plane impedance plots at 110, 150 and 190 K for the specimen
with x = 0.15. These plots contain a two-semicircular-arc structure, i.e., the highest-frequency
arc due to the bulk conduction and the intermediate-frequency arc resulting from the conduction
across boundaries.

Employing three sorts of conductivity, i.e., the bulk conductivity, the total conductivity
transformed from the sum of the resistances in bulks and boundaries, and the four-probe dc
conductivity [28–31], figure 3 demonstrates three Arrhenius relations of σ · T and 1/T for
the specimen with x = 0.10. These plots are based upon the theoretical formula for the
conductivity due to a hopping process of adiabatic small polarons, which will be described
in the discussion section. Though the straight lines are also obtained if these conductivities
are plotted in the Arrhenius relation of σ and 1/T , the activation energies differ from the real
values required for the hopping processes. Though the total conductivities are experimentally
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Figure 2. Complex-plane impedance analyses for the specimen with x = 0.15 at 110, 150 and
190 K.

available only at T > 140 K, they are in very good agreement with dc conductivities. This fact
indicates the legitimacy of the impedance analysis and then the bulk conductivities obtained
by this analysis are very reliable. The bulk conduction consists of three processes, i.e., the
high-temperature process above ∼225 K, the intermediate one between ∼225 K and Tc and
the low-temperature one below Tc. The transition around 225 K is enlarged in the inset of
figure 3. The four-probe dc conductivity measurement never recognizes this transition. Since
the transition temperature, ∼225 K, is nearly equal to Tp = 222 K, the onset of the deviation
from the Curie–Weiss law and the change of the conduction process around 225 K must have
the same origin.

The impedance analysis is possible to carry out in the range 82–260 K for the specimen
with x = 0.10. There is then a limited frequency region in which bulk conductivities are
measurable. Other specimens exhibit similar behaviours. Employing the bulk conductivities,
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Tc

Figure 3. Three Arrhenius relations of σ T versus 1/T at x = 0.10: the bulk conductivity (◦), the
conductivity estimated from the highest resistance of the intermediate semicircular arc (�) and the
four-probe dc conductivity (�). The inset enlarges the Arrhenius relation of the bulk conductivity
around 225 K. Tp and Tc are indicated on the bulk conductivity.

Figure 4. Arrhenius plots of σ T versus 1/T for x = 0.10 and 0.25 with arrows marking Tp and
Tc, where σ is the bulk conductivity.
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Figure 5. Frequency dependence of the dielectric loss factor ε′′ with the realistic dielectric loss
factor for the specimen with x = 0.25 at 176 K, where the realistic dielectric loss factor is the
magnitude after the low-frequency contribution has been subtracted. The straight line represents
the low-frequency contribution.

figure 4 demonstrates the Arrhenius plots of σ · T and 1/T for the specimens with x = 0.10
and 0.25.

A relaxation process shows up in dielectric properties such as loss factor for every
specimen. Figure 5 displays the frequency dependence of dielectric loss factor ε′′ at 176 K for
the specimen with x = 0.25 with the realistic dielectric loss factor obtained by subtracting low-
frequency contributions in a similar way to the previous treatment [33, 34, 37]. The realistic
dielectric loss factor is also plotted as a function of applied frequency f as a parametric
function of temperature at 2 K increments for the specimen with x = 0.10 in figure 6. The
loss factor at the applied frequency of 50 Hz to 1 MHz is measurable in the temperature
region of 150–290 K at x = 0.10. At each temperature, the dielectric loss factor has the
maximum ε′′

max at the resonance frequency fε′′
max

. In the region of 170–290 K, fε′′
max

and ε′′
max

increase regularly with increasing T , although the slope of (dε′′
max/d f ) changes around

Tp
∼= 226 K. Below 170 K, fε′′

max
is less than 103 Hz and there is some disarray in the relative

positions of the peak heights ε′′
max. It is rather difficult to subtract low-frequency contributions

properly at fε′′
max

< 103 Hz, but fε′′
max

is definitely determinable even below 170 K. Other
specimens exhibit dielectric behaviours similar to that of x = 0.10, but the temperature region
in which the loss factor is measurable changes from specimen to specimen.

4. Discussion

4.1. Bulk conduction in high-temperature region at T > Tp

The most significant aspect of the bulk conduction in figure 4 is that there are three temperature
regimes where different processes dominate the conduction as described in the previous
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Figure 6. Frequency dependences of realistic dielectric loss factor ε′′ as a parametric function of
temperature at 2 K increments for the specimen with x = 0.10.

section. The bulk conductivity increases as hole doping proceeds with increasing x . In many
insulating oxides, a hopping process of small polarons dominates the electronic conduction
in paramagnetic regimes [5, 28, 29, 33–35, 38–43]. The conductivity due to the hopping
process of adiabatic small polarons has the form of σ = (A0/T )exp{−(WH + WO/2)/kBT },
where A0 is a constant, kB is the Boltzmann constant, WH is the hopping energy of a polaron
and WO is the energy required to create a free hopping polaron, i.e., the potential difference
between a polaron bound to a trap and a free hopping polaron [44–46]. Small polarons of holes
created by Pb substitution for Nd are bound to traps at low temperature and they are thermally
activated to mobile hopping polarons. Then WO is the trapping energy. The concentration of
the free hopping polarons in thermal equilibrium is proportional to exp(−WO/2kBT ). From
this point of view, figure 4 plots the Arrhenius relation of σ · T and 1/T . In the paramagnetic
regime at T > Tp, each specimen contains a linear portion. The least squares methods yield
(WH + WO/2) = 0.24, 0.20, 0.18 and 0.17 eV for x = 0.10, 0.15, 0.20 and 0.25.

The transport result in figure 4 then certainly favours the polaronic scenario in the bulk
conduction at T > Tp and this scenario is also evident from ac experiments. The dielectric
behaviours in the present study are approximately described by Debye’s theory [47]. The
dielectric resonance condition due to polaron hopping has the form of fε′′

max
∝ exp(−WH/kBT )

at a temperature T [31, 41]. Using the experimental values for fε′′
max

determined in the relation
of ε′′ and f , the Arrhenius relations of fε′′

max
and 1/T are illustrated in figure 7, where only the

plots above ∼150 K are available at x = 0.10 and 0.15. In every specimen, an appreciable
transition is found at Tp and there is a linear portion at T > Tp. The least-squares methods
yield WH = 0.21, 0.17, 0.16 and 0.14 eV for x = 0.10, 0.15, 0.20 and 0.25. The hopping
energy decreases with increasing x because the lattice becomes less distorted.

The increase in the maximum of the dielectric loss factor ε′′
max with increasing T in

figure 6 suggests thermal excitation in the intensity of the dielectric relaxation. The maximum
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Figure 7. Arrhenius relation between fε′′
max

and 1/T for every specimen with arrows indicating Tp
and Tc.

Figure 8. Arrhenius relation between ε′′
max · T and 1/T for every specimen with arrows indicating

Tp and Tc.

of the dielectric loss factor ε′′
max is theoretically proportional to the amount of the hopping

carriers in the polaronic conduction [31, 45]. At a temperature T , one has the relation
ε′′

max ∝ exp(−WO/2kBT )/T . Figure 8 depicts the Arrhenius plots of ε′′
max · T and 1/T .

In every specimen, the marked transition is found at Tp and there is a linear portion above
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Tp and also below Tp. The activation energies WO at T > Tp are 0.036, 0.036, 0.034 and
0.028 eV for x = 0.10, 0.15, 0.20 and 0.25. Then the sum of WH and WO/2, both obtained
in ac measurements, is nearly equal to the activation energy required for the bulk conduction
above Tp. Consequently, a hopping process of small polarons governs the conduction in
Nd1−x Pbx MnO3 (x � 0.25) at T > Tp as well as many insulating paramagnetic oxides.
Referring to the intrinsic nature of Mn3+ [5, 6, 19], one expects some important contribution
of the JT effect in polaron formation and the polaron in the present oxide system must involve
a rather strong JT component. However, the means employed here cannot distinguish the JT
component from others.

4.2. Bulk conduction in intermediate region between Tp and Tc

Every specimen undergoes the transition from the high-temperature region to the intermediate
process at Tp. Since this transition seems impossible to observe in the four-probe dc
measurements, the impedance analysis and ac measurements are indispensable in the present
oxide system. In the intermediate region between Tp and Tc, the bulk conductivity and the
dielectric loss factor are also subject to the theoretical behaviours based upon a hopping process
of adiabatic small polarons. The least-squares methods in this region of figures 4, 7 and 8 yield
(WH + WO/2) = 0.19, 0.16, 0.13 and 0.12 eV, WH = 0.17, 0.13, 0.098 and 0.084 eV, and
WO = 0.050, 0.059, 0.074 and 0.080 eV for x = 0.10, 0.15, 0.20 and 0.25. Then the sum of
WH and WO/2 is nearly equal to the activation energy in the bulk conduction (WH + WO/2)

for every specimen. In comparison with the high-temperature region at T > Tp, however, the
hopping energy WH is low and decreases more rapidly with increasing x .

Such a low hopping energy is probably ascribable to the DE interactions due to the
magnetic coupling between Mn3+ and Mn4+ through O2− resulting from the motion of an
electron between the two partially filled d shells with strong on-site Hund coupling [8].
Hole doping increases the amount of Mn3+ which plays an essential role in the DE
mechanism. Magnetic moments on Mn sites under the action of the DE interactions tend
to line up parallel to each other, consequently resulting in short-range ferromagnetism
and an increase in the electron transfer integral t , which somewhat broadens the band
width. Short-range ferromagnetism is involved even above Tc in many manganites such as
La0.67Ca0.33Mn0.9Fe0.1O3, La0.67Ca0.33Mn0−yAlyO3 and so on [48, 49].

On the analogy of these manganites, Nd1−x Pbx MnO3 is also expected to contain
this ferromagnetism at T > Tc. In fact, the increase in the amount of Mn3+ by Pb
substitution raises Tc and increases χ . This is the evidence for short-range ferromagnetism
in Nd1−x Pbx MnO3 (x � 0.25) above Tc. In the paramagnetic regime at T > Tp, short-range
ferromagnetism becomes weak and eventually disappears. In the intermediate region, then,
the transfer integral enhanced by the DE interactions leads to the reduction of WH, and WH

decreases with increasing x because the increase in the number of Mn3+ ions strengthens
the DE interactions. Furthermore, this short-range ferromagnetism must be predominantly
responsible for the deviation from the Curie–Weiss law at T < Tp [5, 23]. An argument
like this does not contradict the increase in the activation energy required for the electronic
conduction in LaMnO3 doped by nonmagnetic Ga which suppresses the DE mechanism [50].

In comparison with the paramagnetic regime at T > Tp, the trapping energy WO is high
and increases with x in the intermediate region. Since WO is the potential difference between a
polaron bound to a trap and a free polaron,either a fall of the potential level of the polaron bound
to a trap or a rise of that of the free polaron leads to a high trapping energy. At the moment,
however, it is still unknown which potential change is more predominant in the intermediate
region, but the trapped state of the polaron seems difficult to change by the DE interactions.
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4.3. Conduction change around Tc

As shown in figure 4, the bulk conduction changes at Tc in the specimens with x = 0.10 and
0.25. Other specimens (x = 0.15 and 0.20) exhibit the same behaviour. Furthermore, there is
a very feeble inflexion around Tc at x = 0.20 in both the bulk conduction and the Arrhenius
relation of fε′′

max
and 1/T in figure 7, and it shows up rather clearly at x = 0.25 as shown in

figures 4 and 7, so that this inflexion is found even in four-probe dc conductivity at x = 0.25.
The argument in the previous section assures that the DE interactions work effectively in the
present system at T < Tp. It appears difficult, however, to describe the conduction around Tc at
x � 0.25 using only the DE interactions because every specimen exhibits insulating behaviours
due to a hopping process of small polarons which are stabilized by the EP interactions or the
JT effect. The DE mechanism is believed to be one of the important factors that dominate the
MI transition in most manganites. As described in the introduction, NdMnO3 is more strained
than LaMnO3. Though the partial substitution of Pb2+ for Nd3+ eases the lattice distortion,
Nd1−x Pbx MnO3 is still distorted when x is small. A long Mn–O bond length and rather large
deviation of Mn–O–Mn bond angle from 180◦ due to such lattice distortion suppress the DE
interactions. However, a reduction of the lattice distortion by increasing the amount of Pb
activates the DE interactions. At x � 0.20, the DE interactions must be competitive with
the EP interactions or the JT distortion around Tc, and then the DE interactions must play an
important role in the conduction around Tc.

In less strained lattices, the DE mechanism correlating strongly with the MI transition
is active. In fact, La1−x Ax MnO3 shows the typical MI transition even if x is very small
whereas a marked emergence of the MI transition in Nd1−x Ax MnO3 requires a large value
for x [9, 51]. This is because Nd1−x Ax MnO3 is more distorted than La1−x AxMnO3 [32]. In
strained lattices in which the DE interactions are suppressed, the EP interactions are active and
the insulating conduction occurs. Consequently, the emergence of the inflexion around Tc in
the bulk conduction of Nd1−x PbxMnO3 is very sensitive to the subtle competition between the
DE and EP interactions.

The physics in many manganites has to take account of charge ordering at T < Tc. Because
of anomalous magnetic behaviours below Tc observed in figure 1, one also expects charge
ordering in Nd1−x Pbx MnO3 even at x � 0.25. However, the discussion on the correlation
between charge ordering and the conduction in this composition range at T < Tc is postponed
until the detailed knowledge of charge ordering at x � 0.25 is available. In fact, even the
relation of ε′′

max · T and 1/T is still unknown at T < Tc, as shown in figure 8.

5. Conclusion

Measurements of the bulk conductivity and the dielectric relaxation processes by the ac
method including complex-plane impedance analysis and four-probe dc conductivity, along
with the measurement of the magnetic susceptibility, have been carried out on insulating
Nd1−x Pbx MnO3 (x = 0.10, 0.15, 0.20 and 0.25). In the bulk conduction of each specimen,
there are three temperature regimes where different processes dominate the electronic
conduction:

(i) the paramagnetic regime above Tp,
(ii) the intermediate regime between Tp and the ferromagnetic ordering temperature Tc and

(iii) the temperature regime below Tc, where Tp is the temperature which marks the onset of
deviation of χ−1 from the Curie–Weiss law.

The appreciable transition from the high-temperature regime to the intermediate one is found
around Tp in the bulk conduction and the temperature dependence of the dielectric loss factor,
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but never in dc measurements. Both of the bulk conductions in the high-temperature regime
at T > Tp and the intermediate-temperature regime between Tp and Tc are described by a
hopping process of adiabatic small polarons. The dielectric relaxation process obtained in ac
measurements also assures the polaronic scenario in these temperature regimes.

In comparison with the high-temperature regime, however, the hopping energy WH is low
and decreases more rapidly with x increasing in the intermediate regime. The low hopping
energy at T < Tp is ascribed to the double-exchange mechanism due to magnetic coupling
between Mn3+ and Mn4+ through O2− because the double-exchangeinteractions result in short-
range ferromagnetism and then increase the electron transfer integral. An inflexion shows up
around Tc in the bulk conduction at x � 0.2. This anomaly around Tc must be due to the subtle
competition between the double-exchange and electron–phonon interactions. The double-
exchange interactions are susceptibly dependent on the lattice parameters such as Mn–O bond
length and Mn–O–Mn bond angle. This speculation has been evidenced with the ac results
obtained by changing x in Nd1−x Pbx MnO3.
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