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Abstract. In this communication, structure and charge, conduction mechanisms have been understood for sol–gelgrown nanostructured La0.6Nd0.1Sr0.3MnO3 (LNSMO) manganites prepared at different process temperatures under air
and oxygen environments. Obtained X-ray diffraction patterns of all the samples were analysed using Rietveld refinements and obtained structural lattice parameters have been discussed in correlation with resistivity behaviour of the
samples. Observed low temperature resistivity upturn behaviour has been examined in the context of electron–electron
scattering mechanism. Metallic and insulating/semiconducting behaviours of all the nanostructured LNSMO manganites
have been understood by using various models and mechanisms. Magnetoresistance isotherms have also been theoretically fitted and separate grain and grain boundary contributions have been studied for LNSMO manganite samples. All
obtained fitting parameters have been discussed in the context of role of applied magnetic field, process temperature and
annealing environment.
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Introduction

Manganites are interesting and worth studying for their
fundamental properties, such as metal to insulator transition,
ferromagnetic to paramagnetic transition, magnetoresistance
(MR) behaviour, charge-ordered state, orbital- and spinordered states, phase separation scenario, etc. [1–7]. Moreover, they are also significant for their possible practical
applications, such as p–n junction diode, capacitor, field
effect configuration, temperature sensor and magnetic field
sensor [8–12]. All these fundamental but complex properties
and behaviours exhibited by manganites can be finely tuned
through external perturbating parameters, including temperature, magnetic field, electric field, current, voltage,
pressure, ion irradiation, light illumination, etc. [13–20]. In
addition to these above-mentioned external perturbing
parameters, some synthesis parameters and factors also affect
the fundamental properties of manganites that can, further, be
useful to design applicable devices for spintronic technology.
It includes sintering temperature, sintering time, sintering
environment, film thickness, substrate used, method
employed and others [21–26]. Recently, Gadani et al [23]
have performed in-depth studies on nanostructured undoped
LaMnO3 for various electrical and transport properties,
where these nanostructures were annealed in air and oxygen
environment at two different temperatures.

Various chemical synthesis routes exist for manganites,
including sol–gel technique [27], co-precipation [28], ball
milling [29], urea–gel complex method [30], citric acid
ethylene diamine gel route [31], Pechini method [32],
molten alkali metal nitrate flux route [33], polyvinyl alcohol-based chemical synthesis route [34], amorphous citrate
method [35], along with others. Out of all these various
techniques, acetate precursor-based modified sol–gel
method is a wide, simple and cost-effective process that has
been employed for many different oxides, including manganites [36], diluted magnetic semiconductors [37], multiferroics [38], metal oxides [39], zinc oxide [40] and many
other oxide materials. This becomes possible due to its
favourable features, including (i) flexibility with variety of
precursors, (ii) low temperature requirement for synthesis,
(iii) better stoichiometry control, (iv) homogeneous particle
growth, (v) uniform size distribution, (vi) particles
monodispersive nature, (vii) easy, (viii) simple, (ix) cost
effective and (x) predefined stoichiometry-based result.
It is well-established fact that out of all possible stoichiometries of manganites, La0.7Sr0.3MnO3 (LSMO) exhibits highest phase transition temperature *377 K [22]. This
compound has also been studied widely in almost every
forms, including polycrystalline bulk, nanostructure, thin
film, device, heterostructure, multilayer, composite, etc.
The exhibition of transition temperature close to room
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temperature (*300 K) provides better platform for this
material to be considered for various practical applications.
In order to make alterations in the properties of La0.7Sr0.3MnO3 compound, we have already prepared and studied the
structural, microstructural, transport, magnetotransport and
magnetic properties of La0.6Nd0.1Sr0.3MnO3 (LNSMO)
nanostructures, synthesized by the acetate precursor-based
modified sol–gel method [41]. The results obstained from
the present study are: (i) for different annealing temperatures have been discussed on the basis of variation in grain
size and (ii) for different annealing environments (air and
oxygen) have been discussed in the context of role of oxygen. LNSMO manganite is slightly more distorted in nature
as compared to LSMO due to different ionic radius of La3?
(1.216 Å) and Nd3? (1.163 Å) for their nine coordinations.
While considering the various structural parameters of,
both, LSMO and LNSMO, average ionic radius (rA) =
1.2472 Å (LSMO) and 1.2419 Å (LNSMO), A-site structural disorder or size variance (r2A) = 0.002271 Å2 (LSMO)
and 0.002855 (LNSMO) and tolerance factor (t) 0.9288
(LSMO) and 0.9270 (LNSMO), one can realize that
LNSMO possesses lower average ionic radius and higher
structural disorder or size variance as compared to its parent
LSMO compound. As a result, one can expect degraded
charge transport mechanism in LNSMO compound. In
addition, tolerance (which is the measure of stability as well
as distortion of the crystal structure of any perovskite) gets
suppressed slightly in LNSMO as compared to LSMO
compound. In this context, one can realize reduced conduction across the lattice of LNSMO, one can also expect
improved MR behaviour of the LNSMO compound understudy due to remarkable influence of magnetic field on the
suppressed charge conduction in the LNSMO lattice.
Present communication is an extension work of the
reported nanostructured LNSMO manganites sintered at
different temperatures (i.e., process temperatures) under
different environments [42]. In this study, we have
employed and identified different models and mechanisms
[42–52] for understanding low temperature resistivity
minimum behaviour, metallic nature, insulating (semiconducting) behaviour and MR isotherms at different temperatures. Similar extended work on theoretical aspects for
La0.7Pb0.3MnO3/LaAlO3 manganite-based thin films was
also recently reported by Vaghela et al [19] in 2017, where
the experimental results have been published earlier by
Kataria et al [12] in 2013. This communication provides a
complete possible understanding about the charge conduction mechanisms responsible for reported LNSMO nanostructured manganites by Kansara et al [42] in 2015.

2.

Experimental

Single phasic LNSMO nanostructured mixed valent manganites were prepared by low-cost sol–gel method [42]. All
these samples have been characterized by X-ray diffraction
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(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), temperature-dependent resistivity under different applied magnetic fields, field-dependent resistivity under different temperatures, temperatureand field-dependent magnetization under different magnetic
fields and different temperatures, respectively. All the
obtained results have been discussed in the context of
(i) variation in annealing (process) temperature, (ii) variation in annealing environment and (iii) role of oxygen in the
Mn–O magnetic lattice. Low temperature resistivity upturn
has already been understood by using electrostatic blockade
model. All detailed information regarding the experimental
has been provided in its original work [42]. In this study (an
extension work of our original report [42]), various theoretical model and mechanisms have been employed to
understand the charge conduction mechanisms for resistive
minimum, metallic behaviour, semiconducting behaviour
and MR isothermal characteristics at different temperatures
for LNSMO nanostructured mixed valent manganites.
Various obtained fitting parameters have been discussed in
the context of (i) variation in process temperature, (ii)
annealing environment and (iii) role of oxygen. The sample
codes will be S7, S8, S9 and A7, A8, A9 for sintered at 700,
800 and 900°C under air and oxygen environments.

3.

Results and discussion

Figure 1 shows the Rietveld refined XRD patterns of all six
LNSMO nanostructured manganites. It shows that all the
samples possess single-phase nature without any secondary
or impurity phase. The structure crystallizes in orthorhombic phase with space group Pbnm (no. 62). It is observed
that lattice parameters get enhanced with increase in process
temperature as well as upon oxygen annealing [42]. Table 1
lists the values of Mn–O–Mn bond angles and Mn–O bond
lengths derived from the Rietveld refinements of the XRD
patterns (figure 1). Crystallite size (CS) of all the nanostructured samples were calculated (and listed in table 1)
using the Scherrer’s formula [42]. It can be seen that with
increase in process temperature, the values of CS increase
which has been ascribed to the agglomeration effect. Upon
annealing under air environment, the CS gets enhanced for
all process temperatures studied. This can be attributed to
the reduction in oxygen vacancies in the cores as well as at
the boundaries of the grains.
In order to understand the role of granular structure of the
manganite samples understudy, we have collected the
scanning electron micrgraphs (SEM) [42], which depicted
the SEM images [42] collected typically for lower process
temperature (i.e., 700°C) and higher process temperaure
(i.e., 800°C) sintered and annealed nanostructured LNSMO
manganites. All SEM images possess same scale bar of
1 lm (sintered LNSMO samples) and 0.5 lm (annealed
LNSMO samples) for better and clear comparison point of
view. With increase in process temperature, the granular
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Figure 1. Rietveld refined XRD patterns of all La0.6Nd0.1Sr0.3MnO3 nanostructured manganite samples sintered and
annealed at different process temperatures.

Table 1. Fitting result values of structural parameters obtained from the Rietveld refinements for La0.6Nd0.1Sr0.3MnO3 nanostructured
manganites sintered and annealed at different process temperatures.
Samples

CS
(nm)

Mn–O1
(Å)

Average
Mn–O2 (Å)

D
(Å)

Mn–O1–Mn
(deg.)

Average Mn–O2–Mn
(deg.)

D (deg.)

S7
S8
S9
A7
A8
A9

23.63
24.53
24.96
25.78
25.86
26.82

1.9146(2)
1.9039(2)
1.9014(3)
1.9038(4)
1.8949(3)
1.8912(5)

1.8732(1)
1.8721(2)
1.8705(3)
1.8709(2)
1.8693(3)
1.8683(5)

0.0414
0.0318
0.0309
0.0329
0.0256
0.0229

161.17(2)
164.68(3)
166.75(1)
169.01(3)
169.98(1)
170.92(3)

169.02(4)
169.08(5)
170.91(3)
173.05(1)
173.81(2)
174.71(2)

7.85
4.40
4.16
4.04
3.83
3.79

morphology becomes clear and sharper with sharp boundaries between the two or more grains. In addition, grain size
gets enhanced upon increase in process temperature. This
can be attributed to the agglomeration effect between the
two or more smaller grains [42], as a result of which number
of grain boundaries gets suppressed in the samples processed at higher temperature [42]. From sintering to
annealing process, again the grain size increases, which can
be ascribed to the oxygen annealing process-induced dissolution of strined grain boundaries [42]. This also suggests
that annealed LNSMO nanostructured manganite samples
possess suppressed grain boundary density as compared to
sintered samples [42].
Figure 2 shows the temperature-dependent resistivity of
all six nanostructured LNSMO manganites under 0, 1, 5 and

8 T applied magnetic fields [42]. Resistivity behaviours
have been studied in-depth and reported aspects are as
follows [42]:
(i) All samples exhibit metal to insulator phase
transition at temperature TP.
(ii) Resistivity gets suppressed with increase in
process temperature (sintering and annealing)
as well as upon annealing under oxygen
environment.
(iii) TP increases with process temperature as well as
upon oxygen annealing.
(iv) Resistivity vs. temperature under different
applied magnetic fields reveals the reduction in
resistivity and enhancement in TP with applied
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Figure 3. Schematic representation of MnO6 octahedral of
RMnO3 manganites.

Figure 2. Variation in resistivity with temperature under different applied magnetic fields for La0.6Nd0.1Sr0.3MnO3 nanostructured manganites sintered and annealed at different process
temperatures [42].

(v)

(vi)

(vii)

(viii)

(ix)

(x)

magnetic field throughout the temperature and
field ranges studied.
Reduction in resistivity with increase in applied
magnetic field suggests an existence of negative
MR [MR% = {(q0 - qH)/q0} 9 100].
Low temperature resistive upturn has been
discussed in the context of electrostatic blockade model.
Variation in electrostatic blocking energy, EB,
with applied magnetic field suggests its continuous reduction with applied magnetic field,
process temperature and upon oxygen annealing
process.
Resistivity vs. applied magnetic field shows the
monotonic reduction in resistivity with increase
in field at all studied temperature for all six
LNSMO samples.
Reduction in resistivity with field confirms the
presence of negative MR effect for all temperatures studied and all six LNSMO samples.
Above all, the observations of resistivity and
MR have been discussed in the context of size
effects and Mn–O magnetic lattice.

Figure 3 shows the schematic representation of MnO6
octahedral in the unit cell of LNSMO manganites. Two
verticle oxygen atoms make two Mn–O bond lengths and
one Mn–O–Mn bond angle, which is known as apical
oxygen site. Basal plane has been representated by four

oxygen atoms arranged in a horizontal direction, shown in
figure 3. Table 1 lists the values of Mn–O bond lengths and
Mn–O–Mn bond angles obtained by Rietveld refinements.
As this study deals with the role of oxygen in transport
and magnetotransport properties of nanostrutured LNSMO
manganites, it is better to correlette Mn–O bond lengths and
Mn–O–Mn bond angles with other properties. It is clearly
seen that Mn–O1 (apical bond length) decreases with the
increase in process temperature under, both, air and oxygen
environments. Similarly, average Mn–O2 length is also
found to decrease with the increase in process temperature.
It is interesting to note that overall Mn–O1 and Mn–O2 are
found to be reduced upon annealing the samples at each
process temperatures. Reduction in the Mn–O bond lengths
for higher process temperatures and under oxygen environment supports the transfer of eg electrons across the Mn–
O magnetic lattice of the samples. As a result, resistivity
gets suppressed with increase in process temperature as well
as under oxygen annealing process (figure 2). Table 1 also
lists the values of D, defined as the difference between the
values of Mn–O for apical and average basal plane bond
lengths. Also, the Mn–O–Mn bond angles (both apical and
average basal) are found to increase towards 180° with
increase in process temperature as well as upon annealing
the samples. This encourages the transfer of eg electrons
from Mn3? to Mn4? in the lattice through O2– site. Under
oxygen environment, annealing provides an enhancement in
the Mn–O–Mn bond angles at each process temperature.
This can be understood in terms of better transport behaviour, i.e., reduced resistivity and increased TP of samples
understudy. Similar to D, difference of lengths, D has also
been calculated from the difference between the values of
Mn–O–Mn angles for apical and average basal planes.
Overall, D and D represent the state of distortion in the
MnO6 octahedra and it is found that D and D decrease with
increase in process temperature as well as upon oxygen
annealing. This suggests that, both, higher process temperature and oxygen environment provide better transport
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character to LNSMO nanostructured manganites by reducing the structural disorders. This can again be confirmed
from figure 2. In addition, as magnetic field can enhance the
Mn–O–Mn bond angles through the reduction of magnetic
disorder, it can improve the transport character.
As shown in figure 2, all nanostructured LNSMO manganites show low temperature resistivity upturn, i.e., resistivity gets reduced upon increase in temperature up to Tup,
above which resistivity starts to increase (i.e., metallic
nature). Kansara et al [42] have understood this resistivity
upturn phenomenon on the basis of electrostatic blockade
model. They have explained in-depth the variation in Tup
and electrostatic blocking energy (EB) with applied magnetic field, process temperature and annealing environment.
In fact, resistivity upturn is the result of competition
between (i) elastic scattering and (ii) inelastic scattering for
the pairs of electrons. Reported electrostatic blockade
model only deals with the resistivity behaviour well below
its Tup. In order to understand the resistivity upturn on the
basis of scattering between the electrons, one has to account
for, both, resistivity behaviours below and above Tup. For
these, two models have been reported, namely, kondo effect
and electron–electron scattering mechanism [19,26]. As
kondo effect deals with the scattering of charge carriers
(which are responsible for the conduction) by magnetic
impurities, in the case of mixed valent manganites, grain
boundaries can be considered as magnetic (poor or paramagnetic) impurities, whereas grain cores are fully
ferromagnetic in nature. According to kondo’s original
prediction [53], as one approach to zero temperature, the
considerable change in the rate of scattering of charge
carriers should exist. In this regard, one can expect this
effect at low temperatures (generally well below 60 K for
mixed valent manganites) also for some functional oxides.
A few reports exist on consideration of kondo effect at low
temperatures in mixed valent manganites [19,54–56].
Kumar et al [54] have studied the low temperature resistivity minimum behaviour observed in their thin films of
magnetoresistive La0.7Ca0.3MnO3 manganite, using both
kondo effect and electron–electron scattering mechanism.
By considering the difference between the formula fit line
and experimental data, they have concluded that electron–
electron scattering mechanism is responsible for the low
temperature minimum behaviour of the studied manganite
films. In similar way, Solanki and co-workers [19] have
understood La0.8–xPr0.2SrxMnO3 manganite films for
observed resistivity minimum behaviour at low temperatures using both kondo effect and electron–electron scattering mechanism. Solanki et al [55] have employed both
these, effect and mechanism, for low temperature resistivity
minimum behaviour observed for La0.7Pb0.3MnO3/LaAlO3
thin films having different thicknesses. Recently, Sagapariya et al [56] have identified both these models for
manganite-based heterostructures. All these reports (that
deal with both these models) [19,54–56] suggest that electron–electron scattering mechanism is dominant over the
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kondo effect for all different studied manganite systems
having different forms (i.e., thin films and heterostructure).
Kondo effect can be represented by q(T) = [1/(r0 ? B ln T)]
? qnSn, whereas electron–electron scattering mechanism
can be formulated as: q(T) = [1/(r0 ? BT1/2)] ? qnSn, where
first term deals with the elastic scattering and second deals
with the inelastic scattering between the electrons. For
elastic scattering, resistivity gets suppressed upon increase
in temperature, whereas for inelastic scattering, it gets
enhanced with temperature. As a result of a strong competition between these two processes, resistivity upturn
exists in the temperature (low range)-dependent resistivity
behaviour. In first term, r0 is the residual conductivity
(expected to be at zero temperature), B the depth strength of
resistivity upturn, qn the higher order resistivity (for
inelastic scattering) and n the power exponent. By considering both these models, resistivity behaviours of all six
LNSMO samples were fitted theoretically for the temperature range: 5–100 K (same range has been selected for
better and proper comparison point of view).
Figure 4 shows the theoretical fittings of (a) kondo effect
and (b) electron–electron scattering effect for typical q–S
(low temperature: 5–100 K) behaviour under zero applied
magnetic field for first sample. From first sight, it is seen
that both the models fit very well to the experimental results
throughout the temperature range considered (i.e., 5–100
K). By considering the better fits of both the models
throughout the temperature ranges: 5–100 K, the same q–S
data have been fitted using the combined effects: q(T) =
[1/{r0 ? B(ln T ? T1/2)}] ? qnS n. Figure 4c shows the
combined model fits to the experimental data of q–S plot for
S7 samples under zero applied magnetic fields. This also
confirms the better suitability for this combined model for
the samples understudy. To identify the better and proper
mechanism of low temperature resistivity upturn, in figure 4d, qexp – qtheory vs. T graph has been represented. This
clearly shows a better matching between the experimental
and theoretical resistivities for combined effect of fit with
the lower goodness of fit parameter (v2). This observation
(appropriateness of combined effect) is completely different
than the earlier reported studies on manganites [19,54–56].
Figure 5 shows the q–T plots of all six samples understudy with theoretical fits using the combined model.
Table 2 displays the obtained parameters of fitting of
combined effect for all the six samples under observation.
From figure 5 and table 2 (values of v2), it is clear that
combined model fits well to the experimental resistivity
behaviour at low temperatures well below 100 K for all
process temperatures and annealing environments and all
magnetic fields studied. From table 2, with the increase in
applied magnetic field, B parameter is found to be enhanced
(which is inverse of the depth of the resistivity upturn). This
can be ascribed to the field-induced suppression in the
elastic scattering between the electrons. B is also found to
get enhanced with increase in process temperature as well
as upon annealing process. This can be attributed to the
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Figure 4. Theoretical fits of (a) kondo effect, (b) electron–electron scattering mechanism and
(c) combined model to the observed q–T behaviour (temperature range: 5–100 K) typically for S7
sample under zero applied magnetic field, (d) resistivity difference qexp–qtheory vs. T obtained from
the three fits for S7 sample under zero applied magnetic field.

Figure 5. Low temperature resistivity (temperature range: 5–100 K) fits to the combined effect:
q(T) = [1/{r0 ? B(ln T ? T1/2)}] ? qnT n under different applied magnetic fields for
La0.6Nd0.1Sr0.3MnO3 nanostructured manganites sintered and annealed at different process
temperatures.
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Table 2. Values of residual resistivity (r0), depth of resistivity
upturn (B), power exponent (n) and goodness of fits (v2) obtained
from the combined model fits to low temperature (5–100 K)
resistivity upturn for La0.6Nd0.1Sr0.3MnO3 nanostructured manganites sintered and annealed at different process temperatures.
Samples
S7

S8

S9

A7

A8

A9

Magnetic
r0
field (T) (X-1 cm-1)
0
1
5
8
0
1
5
8
0
1
5
8
0
1
5
8
0
1
5
8
0
1
5
8

3.05629
2.15892
1.76864
1.60501
0.35897
0.25658
0.21635
0.19914
0.09954
0.06938
0.05997
0.03613
1.24424
0.8838
0.71767
0.64885
0.30302
0.20966
0.17871
0.16641
0.05519
0.03823
0.0328
0.03042

B
(X cm)

n

v2

0.00331
0.00377
0.00492
0.00496
0.00003
0.00004
0.00016
0.00267
0.00019
0.00029
0.00030
0.00038
0.00145
0.00175
0.00234
0.00241
0.00013
0.00016
0.00019
0.00073
0.00009
0.00015
0.00015
0.00016

2.2819
2.0695
1.9656
1.9363
2.1512
1.8254
1.7512
1.7191
1.7741
1.5999
1.5762
1.4662
2.0152
2.0501
1.9343
1.8514
2.1018
1.7688
1.7345
1.6142
1.7555
1.5733
1.5477
1.4982

2.991E–10
2.853E–7
1.055E–6
1.015E–5
2.456E–9
2.312E–7
1.455E–6
1.316E–5
2.101E–9
2.053E–7
1.315E–6
1.215E–5
2.50E–10
2.253E–9
1.225E–8
1.135E–6
2.321E–10
2.1673E–9
1.1835E–8
1.1015E–6
1.921E–10
1.8673E–9
1.0735E–8
0.9014E–6

improved transport and reduced values of D and D (table 1).
Higher order resistivity (qn) gets suppressed (i) with
increase in applied magnetic field, (ii) with increase in
process temperature and (iii) upon annealing process. This
can be understood as: (i) field-induced suppression in the
scattering of the charge carriers at the grain boundaries and
reduction in the magnetic disorder in Mn–O–Mn magnetic
lattice, (ii) improved Zener double exchange mechanism.
Exponent n gets reduced with increase in applied magnetic
field for all six samples. This can be due to the field-induced
improvement in the transport behaviour and Zener double
exchange mechanism in all the samples understudy. It is
observed that with the increase in process temperature and
upon annealing, values of n are found to be reduced which
can be again correlated with enhanced charge conduction
across the Mn–O–Mn magnetic lattice. For all the samples
and applied magnetic fields, lower values of v2 (goodness of
fit) parameter suggest an appropriateness of this combined
model to understand the low temperature transport (i.e.,
resistivity upturn) mechanism in presently studied LNSMO
nanostructured manganites.
All presently studied LNSMO nanostructured manganites
show the metal to insulator phase transformation at

Figure 6. Temperature-dependent resistivity fits using (a) small
polaron conduction mechanism, (b) Zener double exchange
polynomial law for metallic nature of typical q–T plot of S7
sample under zero applied magnetic field, (c) resistivity difference
(qexp–qtheory) vs. T obtained from the two fits for S7 sample under
zero applied magnetic field.

respective TP. TP is found to be affected by (i) applied
magnetic field, (ii) process temperature and (iii) annealing
environment (i.e., air or oxygen). To understand the
metallic nature of all the samples understudy, a few
reported mechanisms and theories have been referred in
depth. For the present study, both these models: small
polaron conduction mechanism [q(T) = q0 ? [Axs/sinh2
(hxs/4pKBT)] ? BT n] [19,26,52] and Zener double
exchange mechanism [q(T) = q0 ? q2T 2 ? qnT n] [57–60]
were tried to fit the metallic region of all the samples under
all the applied magnetic fields. Figure 6 shows the typical
q–T plot (temperature range: 100 K to TP) under zero
applied magnetic field for S7 theoretically fitted using
(a) small polaron conduction mechanism and (b) Zener
double exchange mechanism. In small polaron conduction
mechanism, taken xs is the average frequency of the softest
optical mode. In this metallic region-based small polaron
conduction mechanism, one can expect the movements of
free charge carriers (i.e., electrons of Mn ions) assisted by
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Figure 7. Temperature-dependent resistivity fits to Zener double exchange polynomial law for
metallic nature of q–T plots under different applied magnetic fields for La0.6Nd0.1Sr0.3MnO3
nanostructured manganites sintered and annealed at different process temperatures.

lattice vibrations (with some finite frequencies). These
movements of free charge carriers provide conduction
across the lattices of mixed valent manganites. In Zener
double exchange mechanism, q0 is the residual resistivity,
q2 represent the electron–electron, electron–phonon and
electron–magnon scattering induced resistivity, qn is the
resistivity coefficient and n is the higher order power
exponent. Zener double exchange mechanism consists of
three important scattering aspects that effectively govern
the conduction in metallic region of mixed valent manganites, namely, electron–electron scattering, electron–
phonon scattering and electron–magnon scattering [61–65].
In other words, one can justify the metallic region charge
conduction across the mixed valent manganite lattices
through electronic interactions with (i) other free electrons
since free electrons of Mn ions are available within the
manganite lattices, (ii) phonons (specifically, polarons)
since higher temperature (i.e., higher than 50 K in the
present case where thermal energy *4.31 meV is easily
available with the atoms to get vibrated around their positions, known as phonos) thermal vibrations around atomic
positions are available and (ii) magnons due to

ferromagnetic nature of the mixed valent manganites in
their metallic regions where magnons consist of possible
polarized spins of free charge carriers and their conjunction
with present phonons which are there in the lattices. In this
context, rise in the resistivity with increase in temperature
(i.e., metallic nature) for any mixed valent manganites can
be summarized by considering the mathematical polynomial
(known as Zener double exchange mechanism in the present
case of manganites) consisting of various scattering terms
between the electrons and thermal vibrations. As shown in
figure 6, both the models fit thoroughly to the experimental
resistivity data under zero applied magnetic field for S7
sample. To ensure which model is better suitable to the
results obtained from resistivity measurements, qexp–qtheory
vs. temperature has been plotted in figure 6c. From this, one
can realize that metallic region resistivity follows better
Zener double exchange mechanism than small polaron
conduction mechanism. By considering this appropriateness
of Zener double exchange mechanism for understanding the
charge conduction in metallic region of all six LNSMO
samples under all studied applied magnetic fields, as shown
in figure 7, this theoretical model has been fitted to the
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Table 3. Values of residual resistivity (q0), higher order resistivity (qn), power exponent (n) and goodness of fits (v2) obtained from the
Zener double exchange polynomial law fits to low temperature (100–TP K) resistivity behaviour and activation energy obtained from the
variable range hopping mechanism fits to semiconducting behaviour of S7 and A7 for La0.6Nd0.1Sr0.3MnO3 nanostructured manganites
sintered and annealed at different process temperatures.
Samples
S7

S8

S9

A7

A8

A9

Magnetic
field (T)

qo
(X cm)

qn
(X cm)

n

v2

E
(meV)

0
1
5
8
0
1
5
8
0
1
5
8
0
1
5
8
0
1
5
8
0
1
5
8

1.86301
1.44749
1.22008
1.0907
0.26151
0.20018
0.17388
0.15805
0.07858
0.05991
0.05288
0.04881
0.73405
0.57433
0.48034
0.42618
0.20552
0.15397
0.13524
0.12474
0.04151
0.03193
0.02815
0.02571

2.549E–6
1.884E–5
1.783E–5
1.507E–4
2.413E–6
1.731E–5
1.613E–4
1.497E–4
2.393E–6
1.701E–5
1.593E–4
1.470E–4
2.4391E–6
1.7611E–5
1.6711E–4
1.4940E–4
2.4009E–6
1.6901E–5
1.5963E–4
1.4276E–4
2.1734E–6
1.5901E–5
1.4976E–4
1.3911E–4

3.52
3.48
3.43
3.37
3.35
3.31
3.28
3.20
2.89
2.84
2.72
2.62
3.42
3.37
3.32
3.24
3.29
3.26
3.19
3.10
2.71
2.63
2.53
2.44

4.35E–8
3.35E–7
2.41E–6
1.86E–6
4.11E–8
3.25E–7
2.31E–6
1.76E–6
4.01E–8
3.05E–7
2.01E–6
1.64E–6
3.907E–7
2.885E–7
1.811E–6
1.514E–6
3.907E–7
2.885E–7
1.811E–6
1.514E–6
3.907E–7
2.885E–7
1.811E–6
1.514E–6

36.05
34.70
33.24
31.94
—
—
—
—
—
—
—
—
27.83
27.40
25.80
23.90
—
—
—
—
—
—
—
—

resistivity data in the temperature range: 100 K–TP for all
q–T plots. Obtained results are shown in table 3. It is clear
from table 3 that residual resistivity, qo and qn are found to
decrease with the increase in applied magnetic field, process
temperature and upon annealing process. This can be correlated with the improved transport in the nanostructured
LNSMO manganites. From table 3, it is seen that power
exponent n decreases with the increase in (i) applied magnetic field, (ii) process temperature and (iii) upon annealing
process. It is found that all the samples follow the conduction process through the one magnon scattering mechanism (n*2.5 to 3.0 is for one magnon scattering
mechanism, n*4.5 to 7.5 is for two magnon scattering
mechanism and n [ 7.5 is for higher order magnon scattering effects) under all applied magnetic fields. Reduction
in values of n with field, process temperature and annealing
process can be again ascribed to the improved charge
conduction in presently studied nanostructured LNSMO
manganites. Table 3 also lists the values of v2—goodness of
fits, which hint about the proper theoretical fits of the Zener
double exchange mechanism to the resistivity (experimental) data in the metallic region for all q–T plots understudy.
For understanding the insulating/semiconducting region
of resistivity behaviour of nanostructured LNSMO samples
(specifically S7 and A7 only), various models and

mechanisms were used including small polaronic conduction for semiconductors/insulators and variable range
hopping model [19,26,52]. Figure 8a shows the variable
range hopping model [q(T) = qo exp(To/T)1/4, where To is
the characteristic temperature] fitted resistivity data under
zero applied magnetic field for S7 sample, whereas figure 8b shows the small polaron conduction mechanism for
semiconducting/insulators [q(T) = AT exp(Ea/KT); where
Ea is the activation energy for free charge carriers] fitted
experimental resistivity data in the semiconducting region
under zero applied field for the same typical S7 sample
(only straight line fits have been considered). It is found
that small polaron conduction mechanism is not properly
followed by resistivity data under zero magnetic field for
typical S7 sample. On the other hand, variable range
hopping mechanism is followed properly by the resistivity
behaviour throughout the temperature range employed
(i.e., TP to 300 K). By considering an appropriateness of
variable range hopping mechanism, in figure 8c and d, all
the resistivity experimental data were fitted (in the range
of TP to 300 K) using the same model. Only 700°C process temperature-prepared LNSMO samples [i.e., (c) S7
and (d) A7] were considered here for this model fits due to
fact that rest four samples exhibit very small temperature
window in the semiconducting region. It is clear from
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Figure 8. Temperature-dependent resistivity fits to (a) Mott-type variable range hopping and (b) small polaron conduction
mechanism model, (c) Mott-type variable range hopping fits of S7 sample and (d) Mott-type variable range hopping fits of A7 sample
under the different applied magnetic fields for La0.6Nd0.1Sr0.3MnO3 nanostructured manganites.

these fits that slope of the plots of ln(q) vs. T-0.25 gets
suppressed from 0 to 8 T for both the samples as well as
under annealing process (i.e., for A7 sample). Characteristic temperature To and, hence, activation energy E (in
eV) were calculated from these slopes using the formula
E = To 9 K [where To = (slope)4] and values of E are
listed in table 3 for S7 and A7 samples. It is observed that
E decreases with the increase in applied magnetic field up
to 8 T, which can be ascribed to the field-induced suppression in the localization length that favours the hopping
of charge carriers and reduces the activation energy of the
samples. In addition, values of E for A7 are lower than
that for S7 under each applied magnetic field. This can be
ascribed to the fact that upon annealing the Mn–O–Mn
lattice gets improved (i.e., reduced oxygen vacancy density) and supports the Zener double exchange mechanism,
thereby improves the transport and conduction in the lattice of A7 as compared to S7.

Observed reduction in resistivity with applied magnetic
field throughout the temperature range studied in figure 2
suggests the existence of negative MR in the presently
studied nanostructured LNSMO manganites. Negative MR
has been ascribed to the field-induced reduction in the
scattering of the charge carriers at the grain boundaries and
suppression in the magnetic disorder in the Mn–O magnetic
lattice [42]. Generally, nanostructured manganites possess
granular structure, i.e., combination of grain and grain
boundaries. Depending upon the nature and character of
grain boundaries and size of the grains, MR can be discussed in the context of role of grain and grain boundaries.
It means that MR can be contributed simultaneously by
grain and grain boundaries in the nanostructured mixed
valent manganites. In order to understand the contribution
of grains and grain boundaries separately for MR behaviour
of all the samples under study at different temperatures, MR
vs. H isotherms have been theoretically fitted to the
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Figure 9. Applied magnetic field-dependent MR (0–8 T) [42]
fits to MR (%) = A ? exp(B 9 H) – C 9 Hn at different applied
magnetic fields for La0.6Nd0.1Sr0.3MnO3 nanostructured manganites sintered and annealed at different process temperatures.

formula: MR (%) = A ? exp(B 9 H) – C 9 Hn [19], as
shown in figure 9. In this expression, first term relates with
the grain boundary contributions to the MR behaviour,
whereas last two terms explain the grain contribution to the
MR of LNSMO manganites. Parameter n represents the
power exponent for MR vs. H isotherms. Fits of MR vs.
H isotherms suggest its appropriateness for all the temperatures. From the variation in the parameters (A, B, C and
n) with temperatures for all the samples (not shown here)
suggest that at low temperatures (5 and 100 K), the grain
boundary contributions become dominant for S7, A7, S8
and A8 samples, whereas for higher process temperatureprepared samples, grain boundary contributions are limited
to 5 K only. The power exponent n is found to vary nonmonotonically with increase in process temperature and
upon annealing process, which suggests the complex competition between the spins at grain and grain boundaries
upon an application of external magnetic field.

4.

Conclusion

In conclusion, reported sol–gel LNSMO nanostructured
manganites have been extensively studied for various
charge conduction mechanisms responsible for low temperature resistivity, metallic behaviour, (semiconducting)
nature and MR behaviour. Rietveld refined magnetic lattice
parameters (Mn–O bond lengths and Mn–O–Mn bond
angles) have been discussed in correlation with observed
transport properties of LNSMO manganites. Low
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temperature resistivity upturn has been investigated in the
context of combined model of kondo effect and electron–
electron scattering mechanism. All obtained fitting parameters have been discussed on the basis of process temperature and annealing environment employed for LNSMO
nanostructured manganites. Metallic behaviour and semiconducting nature have been found to follow Zener double
exchange mechanism and variable range hopping model,
respectively. Applied magnetic field, process temperature
and annealing environment-dependent variations in electron–magnon scattering mechanism and activation energy
have been understood in detail. Observed MR isotherms
have been understood by considering separated grain and
grain boundary contributions to the MR at each temperature
studied for LNSMO nanostructured manganites.
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