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A B S T R A C T

Structural properties and charge conduction mechanisms in La0.6Pr0.1Ca0.3MnO3 (LPCMO) manganite has been
studied. Presently studied LPCMO manganite was successfully synthesized by solid state reaction method.
Structural studies using X–ray diffraction (XRD) measurement at room temperature confirm single phase ortho-
rhombic unit cell without any impurity. A methodical investigation of electrical resistivity was undertaken, for
both, as a function of temperature as well as magnetic field. It is observed that LPCMO sample shows metal to
insulator transition at TP as well as low resistivity upturn around 30K. Various models and mechanisms have been
studied to verify the charge transport properties for low temperature upturn, metallic behavior as well as insu-
lating/semiconducting behavior. Magnetoresistance (MR) behaviors at different temperatures have been theo-
retically understood on the basis of contributions from grain and grain boundaries.
1. Introduction

During last decade, mixed valent manganites with general formula
R1–xAxMnO3 (where, R is the trivalent rare–earth ion and A is a divalent
alkaline earth ions i.e. Ba, Sr, Ca, etc) were widely studied for their
interesting and extraordinary physical properties. Large number of
studies on the colossal magnetoresistance (CMR) has been executed in
the case of single crystals [1], thin films [2] and ceramic CMR materials
[3]. In such manganite systems, the mechanisms for conduction and
different magnetic phase transitions are relevant to the amount of doping
and temperature. The parent compound LaMnO3 (undoped) behaves as
an insulator with antiferromagnetically coupled trivalent manganese
ions through super–exchange mechanism. The electronic configuration
of Mn3þ is t32ge1g. In manganites, holes can be introduced with partial
substitution of trivalent rare earth ions with divalent alkaline earth
metals. As a result, eg electron has tendency to hop between Mn3þ and
Mn4þ ions through oxygen ions, according to zener double exchange
(ZDE) mechanism. This double exchange (DE) mechanism gives rise to
metallic nature associated with ferromagnetism in these compounds.
However, DE mechanism alone cannot explain all the aspects of CMR
.
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effect. The prime details of resistivity–temperature curves can be un-
derstood by Jahn–Teller distortion of Mn3þ ions [4], charge ordering [5],
size of rare–earth ions and doped alkaline earth ions (i.e. size disorder)
[6], spin ordering [7], tolerance factor [8], electron–phonon coupling
[9], electron–electron scattering [9], phase separation [7], etc. In man-
ganites, all these aspects can be controlled by various external parame-
ters such as synthesis method used [10], temperature [11], pressure [12],
applied magnetic field [13], applied electric field [14], sintering tem-
perature [15], annealing temperature [16], etc.

It is well known that, La0.7Ca0.3MnO3 exhibits phase transition at
temperature ~ 260K. This compound has been studied widely in every
form including polycrystalline bulk [17], nanostructure [18], thin film
[19], composite [17,18], etc. In this system, partial substitution of
lanthanum by other rare–earth/s (Dy, Nd, Tb, Eu, etc) generates inter-
esting physical phenomena [20,21]. This type of substitution does not
affect amounts of Mn3þ and Mn4þ ions but enhances structural and
magnetic disorders in the lattice because of the decrease in average ionic
radius. Altintas et al. [22] have studied structural and magneto–electrical
properties of La0.7–xEuxCa0.3MnO3 (x ¼ 0.0 and 0.1). Sen et al. [23] have
studied structural, magnetotransport and morphological studies of Sb
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doped La2/3Ba1/3MnO3. Zainullinaa et al. [24] have studied elastic and
magnetic properties of La0.6Pr0.1Ca0.3MnO3 single crystal. Rozenberg
et al. [25] studied the effect of Ag content on the low temperature re-
sistivity minimum behavior of mixed valent La0.5Pb0.5MnO3 manganites.
Solanki et al. [26] have analyzed transport studies on
La0.8–xPr0.2SrxMnO3 manganites.

In this communication, different models and mechanisms have been
taken into consideration to understand the low temperature resistivity
minimum behavior, metallic behavior, insulating/semiconducting na-
ture and magnetoresistive behavior for structural, transport and mag-
netotransport studies on LPCMOmanganite compound. It is important to
note that Pr3þ has been selected for a partial substitution mainly due to
(i) the cationic size of Pr3þ ion is smaller than lanthanum ion (La3þ)
which results in the reduction in Mn–O–Mn bond angle from 180� as a
result, super–exchange becomes competitive with ZDE mechanism [27,
28], (ii) Pr3þ has the value of magnetic moment ~ 3.4μB as compared to
La3þ (i.e. zero magnetic moment) which strongly affects the MR prop-
erties of presently studied LPCMO manganite [27–31]. It is noteworthy
that use of Pr as a dopant at La site in La based manganite compounds can
make following anomaly: generally, solid state reaction process requires
Pr6O11 as a starting material that provides mixed ionic valent states of Pr,
i.e. 3þ and 4þ, in the manganite lattice. This may create a strong
impression or affection on the transport, magnetic and magnetoresistive
properties of particular manganite [29]. To overcome this issue of ionic
mixed valent states of Pr and to have better control over the Pr oxidation
state, one can use sol–gel method (instead of solid state reaction route) to
prepare Pr based manganite compounds, since Pr acetate or Pr nitrate or
Pr oxalate or other Pr based starting materials are being used as precursor
in the process that deal with single valance state of Pr (i.e. 3þ) [32].
Although, it is also well known fact that nanostructured manganites
possess defective structure having large number of oxygen vacancies (as
compared to its micron sized polycrystalline or bulk phase) [15]. This
possibility of creation of oxygen vacancies in any sol–gel grown
manganite lattice alters its transport and other properties effectively
through the change in Mn valance states. Similar aspects of Pr valance
states have also been considered for Pr based 123 superconductors (i.e.
Pr1Ba2Cu3O7) wherein sol–gel method has been used [33,34]. Also, one
can employ Nd as a dopant instead of Pr at La site to study the doping
effect of Nd on transport, magnetic and magnetoresistive properties of
particular manganites [20]. The use of Nd as a dopant at La site in
manganite, instead of Pr, can create comparatively large ionic size
mismatch due to larger difference between the Nd3þ (1.163 Å) and La3þ

(1.216 Å) as compared to the ionic size mismatch between the Pr3þ

(1.179 Å) and La3þ (1.216 Å) ions. In fact, our aim of the present work is
to consider LPCMO manganite lattice for understanding the effect of
magnetic field on its charge transport properties. In this study, we have
expected structurally (so–called) perfect lattice of manganite therefore
we have employed solid state reaction method to prepare the sample
that, again, may create the issue of mixed valent states of Pr in its lattice.
However, our complete study deals with the effect of magnetic field on
the charge transport properties and mechanisms of LPCMO manganite
compound wherein only single composition (with the Pr content of 10%
at La site) is involved. Hence, whatever the mixed valent states of Pr
exists in the lattice that remains same throughout the study. Even though,
prior to proceed further for understanding and explanation of the ob-
tained results, it is necessary here to highlight the estimated value of
oxygen content through iodometric titration method for presently tar-
geted LPCMO stoichiometry ~ 2.98 which reflects and confirms better
stoichiometry of the compound understudy.

2. Experimental technique

Polycrystalline bulk sample of La0.6Pr0.1Ca0.3MnO3 was synthesized
using standard solid state reaction route. High purity lanthanum oxide
(La2O3), praseodymium oxide (P6O11), calcium carbonate (CaCO3) and
manganese oxide (MnO2) were selected as starting materials in
2

appropriate stoichiometric ratio and heated in the furnace for making
them dry. The materials were ground for 3 h for preparing homogeneous
mixture. This mixture was heated for first calcination at 900 �C for 24 h
followed by again ground for 3 h. The second calcination was done at
1100 �C for 24 h. After all the calcinations, material was re–grounded and
pelletized in 10 mm disc shape form. Final heating for sintering purpose
was carried out at 1250 �C for 72 h. Fig. 1 depicts the steps involved in
the solid state reaction route presently employed to prepare LPCMO
manganite compound. Structural study was carried out using XRD mea-
surement recorded on Philips diffractometer (PW 3040/60, X’pert PRO)
using Cu Kα radiation at room temperature (RT). To study the resistivity
under different applied magnetic fields and MR behaviors at different
temperatures, transport measurements were carried out using four probe
method in the temperature range of 5–325K in the field range of 0 to 10T
using physical property measurement system (14T DynaCool PPMS;
Quantum Design).

3. Results and discussion

XRD pattern of the LPCMO sample understudy was recorded at room
temperature for the 2θ range of 10� to 120�. One can confirm the quality
of the structure of the compound by performing Rietveld refinements of
the pattern, presented in Fig. 2. Rietveld refinements suggest the single
phase nature of the sample with distorted orthorhombic cell structure. It
possesses Pnma space group (no. 62) [35] with the lattice parameters and
cell volume, as shown in Table 1. Structure of La0.6Pr0.1Ca0.3MnO3
manganite has already been previously reported in its single crystal form
and reported space group is Pnma (no. 62) [24,36–38]. Table 1 also lists
the values of Mn–O–Mn bond angle (average for epical and basal planes)
and Mn–O bond length (average of epical and basal planes) as well as
R–factors obtained from the Rietveld refinements. It also provides values
of different crystallographic positions of all elements present in the
studied stoichiometry of the sample and their thermal displacements.
One can understand that there exists deviation in the Mn–O–Mn bond
angle from its ideal value of ~ 180� for presently studied LPCMO
manganite. This can be ascribed to the presence of smaller ionic radius of
Pr3þ at La3þ site in LPCMO manganite lattice. Cherif et al. [39] have
studied the series of La0.6Pr0.1Sr0.3Mn1–xFexO3 manganites wherein
Fe–free manganite compound (i.e. La0.6Pr0.1Sr0.3MnO3) possesses
rhombohedral unit cell structure. This difference in unit cell structures of
reported La0.6Pr0.1Sr0.3MnO3 (rhombohedral) and presently studied
LPCMO compound (distorted orthorhombic) is due to the difference in
the ionic radius of Sr2þ and Ca2þ ions doped at La3þ site in their
respective manganite lattices.

Resistivity measurements of LPCMO manganite have been performed
as a function of temperature under different applied magnetic fields (0, 2,
4, 6, 8 and 10T). The obtained experimental results are shown in Fig. 3.
The following features can be observed from Fig. 3:

(a) LPCMO sample exhibits metal (dρ/dt> 0) to insulator (dρ/dt< 0)
phase transition (TP) with increase in temperature (as indicated by
upward arrow in Fig. 3).

(b) Resistivity gets suppressed with applied magnetic field indicating
the presence of negativeMR [MR%¼ {(ρ0 – ρH)/ρ0}� 100] for the
present case of LPCMO manganite.

(c) The transition temperature (TP) shifts towards higher temperature
throughout the whole magnetic field range studied. This can be
the attribution of applied magnetic field which delocalizes the
charge carriers thereby reducing the resistivity. As a result, the
metallic regionmight have suppressed the insulating region which
consequences in an enhancement of TP under application of
magnetic field.

It is worth here to highlight some comparative aspects of resistivity
behavior observed for the presently studied LPCMO compound (Fig. 3)
and other reported rare earth (including yttrium) doped similar



Fig. 1. Steps followed in the solid state reaction route used for the preparation of LPCMO sample.

Fig. 2. Rietveld refined X–ray diffraction pattern of LPCMO sample.
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compounds [i.e. La0.6R0.1Ca0.3MnO3 (LRMCO); R ¼ Y, Eu, Ho, Nd, Sm,
Gd and Dy] [22,40–42]. Presently studied LPCMO compound shows TP at
~ 222K (under zero magnetic field) which is much higher than the values
of TP for Eu (165K [22]), Y (171K [40]), Ho (~ 100K [41]), Y (~ 75K
3

[41]), Nd (187K [42]), Sm (151K [42]), Gd (130K [42]) and Dy (114K
[42]) based LRCMO compounds under zero magnetic field. This suggests
that presently studied LPCMO compound is not only worth to study but
also better suitable for targeted practical applications. For the compari-
son of peak resistivity (i.e. resistivity at TP), presently studied LPCMO
compound exhibits lower zero magnetic field peak resistivity (~
1.217Ωcm) as compared to all other reported LRCMO compounds as Eu
(~ 22Ωcm [22]), Y (~ 10.5Ωcm [40]), Ho (~ 175Ωcm [41]), Y (~
2300Ωcm [41]), Gd (~ 12.78Ωcm [42]) and Dy (~ 60Ωcm [42]) based
LRCMO compounds under zero magnetic field. Although, LRCMO com-
pounds with Nd (~ 0.28Ωcm [42]) and Sm (~ 2.52Ωcm [42]) show
lower resistivity values than present LPCMO sample which may be due to
fact that Nd and Sm based LRCMO nanostructured manganites possess
comparatively lower average Mn–O bond lengths (Nd: 1.9603 Å and Sm:
1.9577 Å) than presently studied LPCMO manganite compound having
an average Mn–O bond length (Pr: 2.1781; Table 1). As a result, LRCMO
(R ¼ Nd and Sm) compounds possess lower resistivity than LPCMO
manganite. However, precise understanding of the explanation for re-
sistivity value based comparison between Nd (reported [42]), Sm (re-
ported [42]) and Pr (present study) samples require further in–depth
investigations.

As shown in Fig. 3, LPCMO sample exhibits a resistivity upturn at low
temperature (as indicated by downward arrow in Fig. 3) which means
there exists decrease in resistivity from 5K to Tup, then increase in re-
sistivity from Tup to TP (i.e. resistivity upturn transition) followed by
decrease in resistivity from TP to 325K (i.e. insulator to metal transition).



Table 1
Rietveld refined parameters for LPCMO manganite.

Sample La0.6Pr0.1Ca0.3MnO3

a (Å) 5.5101 (4)
b (Å) 7.7958 (2)
c (Å) 5.5328 (3)
V (Å3) 237.66 (6)
Structure type Orthorhombic
Space group Pnma (no. 62)
Mn–O–Mn bond angle (o) 160.96 (4) (average)
Mn–O bond length (Å) 2.1782 (2) (average)
RP (%) 11.5
RWP (%) 13.4
REXP (%) 7.33
Goodness of fit (χ2) 1.42

Atoms Atomic Positions (�Deviations) Thermal
Displacements

X Y Z B

La 0.00108
(�0.00085)

0.25000
(�0.00000)

1.00184
(�0.00117)

0.97227
(�0.01796)

Pr 0.00108
(�0.00085)

0.25000
(�0.00000)

1.00184
(�0.00117)

0.97227
(�0.01796)

Ca 0.00108
(�0.00085)

0.25000
(�0.00000)

1.00184
(�0.00117)

0.97227
(�0.01796)

Mn 0.00000
(�0.00000)

0.00000
(�0.00000)

0.50000
(�0.00000)

0.92368
(�0.04943)

O1 0.40742
(�0.00876)

0.25000
(�0.00000)

0.02819
(�0.01489)

2.26161
(�0.19135)

O2 0.26796
(�0.00504)

0.02174
(�0.00159)

0.73801
(�0.00455)

2.26396
(�0.19135)

Fig. 3. Temperature dependent electrical resistivity plots under several mag-
netic applied fields for LPCMO sample.
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In this regard, LPCMO sample is found to exhibit two electronic transi-
tions in resistive curve: (1) predominantly, one can be observed at TP
which is known as insulator to metal (I–M) transition and (2) metal to
insulator (M–I) transition at low temperature (T < 50K), known as Tup
below which the resistivity increases with decrease in temperature. In
LPCMO sample, the resistivity upturn Tup is also found to get suppressed
with increasing magnetic field. The origin of resistivity upturn might be
considered from spin dependent scattering which is reduced under the
applied magnetic field.

Resistivity can be considered as resultant effect of a competition be-
tween the elastic scattering (electron–impurity interaction and coulomb
interaction between the charge carriers) and inelastic scattering (elec-
tron–phonon interaction) (ρ ¼ ρelastic þ ρinelastic) [43]. During elastic
4

scattering, the resistivity gets suppressed while during inelastic scat-
tering the resistivity gets enhanced with lowering the temperature and,
hence, resistivity upturn is found at low temperature. The mechanism
behind resistivity upturn can be understood by different processes, i.e.
grain boundary localization (GB effect) [25], kondo effect [26], elec-
trostatic blockage model [20], electron–electron scattering mechanism
[44,45], etc. Since, present case of LPCMO manganite compound is of
polycrystalline system and, hence, grain boundary effect can be elimi-
nated in this investigation. Also, electrostatic blockade model can be
employed for the nanostructured manganite systems thereby we have not
concentrated on this model at present. Two remaining theoretical models
were fitted to understand the resistivity upturn mechanism based on the
scattering of electrons. Among them, first one is kondo effect and second
is electron–electron scattering mechanism. Representation of kondo ef-
fect can be formulated as: ρ ¼ [1/(σ0 þ B ln T) þ ρnTn [46–48] while
electron–electron scattering mechanism can be expressed as: ρ ¼ [1/(σ0
þ B T1/2)] þ ρnTn [49–52], where σ0 is the residual conductivity, B is
related to the depth of the upturn and n is the power exponent. In both
the formulae, the first term is related to elastic scattering and the second
term is related to inelastic scattering between the electrons. Syskakis
et al. [46] have observed the kondo like effect, i.e. logarithmic variation
in resistivity, between 4 and 20K temperatures for Co impurity doped
La0.75Sr0.20MnO3 manganites. Wu et al. [47] have also observed a strong
kondo effect for La0.7Ca0.3Mn1–xCrxO3 manganites well below their
freezing temperatures. Reshi et al. [48] have investigated ferromagnetic
clusters of La0.7Sr0.3MnO3 nanostructures and found dominant kondo
effect at low temperatures well below 50K. Krichene et al. [49] have
investigated the effect of Bi doping at Mn site in La–Ca based charge
ordered manganites wherein T1/2 dependent resistivity (i.e. electro-
n–electron scattering effect) has been discussed for low temperature re-
gion under different applied magnetic fields. Same research group has
studied the La0.4Sm0.1Ca0.5MnO3 charge ordered manganite and low
temperature resistivity minimum anomaly has been observed and
ascribed to the electron–electron scattering mechanism through the
coulombic interactions [50]. Similar group has also understood the low
temperature resistivity minimum behavior of phase separated charge
ordered La0.4Dy0.1Ca0.5MnO3 manganite in the context of electro-
n–electron scattering [51]. T1/2 dependent resistivity at low tempera-
tures has been discussed in detail for La0.4Gd0.1Ca0.5MnO3 manganite
compound which justify an electron–electron scattering mechanism as a
responsible process for resistivity minimum behavior [52]. In addition,
generally, at low temperatures, it is believed that with decrease in tem-
perature, the thermal energy gets suppressed thereby resistance of every
metal gets suppressed upon reduction in the temperature. Even if, at the
same low temperatures, due to the coulombic interactions between the
charge carriers (i.e. electrons in metals as well as in mixed valent
manganite systems), resistance values are controlled by the competition
between (i) thermal energy induced reduction in resistance and (ii)
coulombic interactions induced increase in resistance with decrease in
temperature. When coulombic interaction effect becomes dominant, re-
sistivity upturn comes into the picture which can be explained on the
basis of electron–electron scattering mechanism. For kondo effect, one
can consider the interaction between the free charge carries of metals
(including mixed valent manganites) and existing magnetic impurities
within the magnetic (metallic) lattice of these metals (mixed valent
manganites). In this regard, it is expected that the movements of free
charge carriers get affected by these magnetic impurities (which can be
various defects including oxygen vacancies and grain boundaries within
the lattice of mixed valent manganites) thereby resistivity gets increased
with decrease in temperature at low temperature region. In actual sense,
these free charge carriers (conduction electrons) are scattered by the
magnetic impurities which can be explained on the basis of kondo effect
at low temperatures. In short, electron–electron scattering process sug-
gests that charge carriers are scattered by other charge carriers only
within the lattice whereas kondo effect suggests that charge carriers are
scattered by existing magnetic impurities within the lattice. By taking



Fig. 4. Low temperature resistivity (temperature range: 5–100K) fits to (a) the
electron–electron scattering mechanism: ρ ¼ [1/(σ0 þ BT1/2)] þ ρnTn, (b) the
kondo effect: ρ ¼ [1/(σ0 þ B ln T) þ ρnT

n and (c) the combine effect: ρ (T) ¼
ρ0 þ ρe T1/2 – ρk lnT1/2 þ ρnTn) under zero field for LPCMO sample.

Fig. 5. The resistivity difference (ρexp–ρtheory) vs. T plot for resistivity minima
models (kondo effect, electron–electron scattering mechanism and combine ef-
fect) under zero applied magnetic field for LPCMO manganite.
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both these models into account, resistivity of the LPCMO sample was
theoretically fitted for the temperature range of 5–100K, as shown in
Fig. 4.

Fig. 4 shows the theoretical fits of (a) kondo effect and (b) electro-
n–electron scattering effect for resistivity upturn (under zero field) for
LPCMOmanganite in the temperature range of 5–100K. At first glance, it
can be seen that both the models fit well to the experimental data of ρ–T
plot throughout the studied temperature range. Kondo effect can be ex-
pected in few manganite systems [46–48] and electron–electron scat-
tering arises from enhanced columbic interactions present in the
disordered metallic systems [49–52]. As these both cases are possible for
currently studied system, it is useful to consider such model which in-
cludes both kondo effect and electron–electron scattering process,
simultaneously. Few reports are available on the consideration of
simultaneous effect (i.e. combined effect) of, both, electron–electron
scattering mechanism and kondo effect to understand the low tempera-
ture resistivity minimum behavior for a single compound [53–56]. This
unusual combined effect can be rarely found that explains resistivity
upturn behavior in few manganites when the simultaneous effect of (i)
charge carrier scattering through coulombic interactions and charge
5

carrier scattering though magnetic impurity in magnetic metals (i.e.
mixed valent manganites) overcome the thermal energy effect on charge
conduction. These both effects can be combined [53–56] by the expres-
sion: ρ (T) ¼ ρ0 þ ρe T1/2 – ρk lnT1/2 þ ρn Tn, where, ρ0 is residual re-
sistivity, ρe and ρk are the contributions from electron–electron scattering
and kondo mechanism, respectively and ρn is related to electron–phonon
coupling. To understand the low temperature resistivity minimum
behavior observed for magnetoresistive La0.7Ca0.3MnO3 manganite films,
Kumar et al. [53] have employed a theoretical model based on the
combination of, both, kondo effect and electron–electron scattering
mechanism. Temperature and magnetic field dependent strong compe-
tition between the kondo effect and electron–electron scattering mech-
anism has been identified by employing the same combined model for
solid state reaction prepared La2/3Sr1/3MnO3 manganite [54]. A series of
samples of La0.67A0.33MnO3 (A ¼ Ca, Sr, Pb and Ba) manganites have
been investigated for low temperature transport properties and found
low temperature resistivity minima which has been attributed to the
combined effect of kondo model, electron–electron scattering mecha-
nism and electron–phonon interaction process [55]. Niu et al. [56] have
also identified that resistivity minimum behavior of La0.7Sr0.3MnO3 ultra
thin films can be better explained by a combined effect of kondo model
and electron–electron scattering mechanism than separate model or
mechanism. Fig. 4(c) shows the resistivity upturn fitted with combined
effect under zero field. In the present case of LPCMO manganite, one can
also consider the better suitability of kondo effect or its active gover-
nance over the low temperature resistivity minimum behavior of LPCMO
manganite (in its combined model form) due to fact that: 10% (or even
less) doping of smaller magnetic Pr3þ ions at larger La3þ ionic sites in
LPCMO manganite creates large magnetic inhomogeneity within its lat-
tice [30]. This inhomogeneity may serve more disorders in the lattice
thereby various possible scattering centers for the charge carriers which
are again magnetic in nature. This, and hence, supports the possibility or
contribution from the kondo effect at low temperature resistivity mini-
mum anomaly in the present LPCMO manganite. To verify the most
suitable mechanism for charge conduction in low temperature region,
temperature dependent the resistivity difference between experimental
data and theoretical data (ρexp–ρtheory) vs T is plotted in Fig. 5. It shows
that the combined effect is more appropriate mechanism to understand
the resistivity upturn in LPCMO sample understudy. Altintas et al. [22]
have also identified similar combined effect for the understanding of low
temperature resistivity upturn behavior of Eu based LRCMO (i.e.
La0.6Eu0.1Ca0.3MnO3) compound.

Fig. 6 shows the resistivity data in the temperature range of 5–100K
under different applied magnetic fields fitted theoretically with



Fig. 6. Low temperature resistivity (temperature range: 0–100K) fits to the
combine effect: ρ (T) ¼ ρ0 þρe T

1/2
– ρk lnT

1/2 þ ρnT
n) under different applied

magnetic fields for LPCMO manganite.
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combined effect of resistivity upturn for LPCMO sample. The values of all
the fitting parameters are shown in Table 2. As shown in Table 2, all
resistivities get reduced with increase in applied magnetic field which
confirms the negative MR in the system within the temperature range of
5–100K. Exponent n also found to decrease with increase in applied
magnetic field that suggests the reduction in the scattering of the charge
carriers and suppression in the spin vibrations in the LPCMO lattice un-
derstudy. Overall χ2 values, i.e. goodness of the fits, are found to be much
smaller (in the range of 1E–8) that supports the suitability of the model
employed for the study of resistivity upturn behavior.

An attempt has also been made to understand the charge transport
mechanisms responsible for the metallic region of LPCMO sample. To
understand the metallic nature of the presently studied sample, few
theoretical models have been reported. Here, two theoretical models,
namely, (i) ZDE polynomial law and (ii) small polaron conduction
mechanism have been employed [57–59]. The ZDE polynomial law can
be formulated as: ρ ¼ ρ0 þ ρ2T2 þ ρnTn [35,60–62], where ρ0 is the re-
sidual resistivity, ρ2 is the resistivity contribution from electron–electron,
electron–phonon and electron–magnon scatterings, ρn is higher order
resistivity term and n is power exponent coefficient. Rathod et al. [35]
have understood the metallic regions of nonmagnetic Al doped
La0.7Ca0.3Mn1–xAlxO3 manganites (x ¼ 0.00, 0.02, 0.04, 0.06, 0.08 and
0.10) on the basis of ZDE mechanism and found that there is no
considerable effect of magnetic field on electron–magnon processes for x
< 0.10 whereas for x ¼ 0.10 sample, two magnon scattering processes
(under zero and 5T magnetic field) get suppressed by magnetic field and
governed by one magnon scattering processes under 8T magnetic field.
Gadani et al. [60] have investigated the interfacial resistance behavior of
LaMnO3–δ/La0.7Ca0.3MnO3/LaAlO3 heterostructures grown using two
different chemical methods and found a metallic nature of the interfaces
between the two manganite layers for the temperature range 5 to 300K.
ZDE mechanism has been employed for both the interfaces (one grown
Table 2
Values of parameters derived from the fittings of combine effect (electro-
n–electron scattering mechanism and kondo effect) for LPCMO manganite.

H
(T)

ρ0 (Ω
cm)

ρe (Ω cm/
K1/2)

ρk (Ω cm/
K)

ρn (Ω cm/
Kn)

n χ2

0 0.45974 0.00304 0.00853 5.7439E–6 2.973 5.1187E–8
2 0.33569 0.00283 0.00774 4.6223E–6 2.550 4.8642E–8
4 0.31477 0.00168 0.00624 3.7760E–6 2.490 4.2410E–8
6 0.30325 0.00157 0.00588 1.9368E–6 2.294 4.1748E–8
8 0.26400 0.00122 0.00397 1.6280E–6 2.193 2.8844E–8
10 0.25558 0.00096 0.00396 1.0868E–6 2.133 1.1096E–8
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using wet chemical method and other using dry chemical method) to
understand their metallic nature between the temperatures 5 and 225K.
They found one magnon scattering mechanism for wet chemical process
grown interface whereas two magnon scattering mechanism is governing
the metallic behavior of the interface grown using dry chemical method.
Similar heterostructures have again be studied for their metallic nature
under different applied electric field using the ZDE polynomial law and
same group has identified that the electron–magnon scattering mecha-
nisms are strongly influenced by growth process as well as applied
electric field [61]. Similar observations have been reported for ZnO/-
La0.7Ca0.3MnO3/LaAlO3 and LaMnO3–δ/La0.7Ca0.3MnO3/LaAlO3 hetero-
structures grown using the wet chemical method and found that electric
field is an important parameter that affects the electron–magnon scat-
tering processes for the studied low power operated heterostructure
based devices [62]. The small polaron conduction mechanism can be
expressed as: ρ ¼ ρ0 þ [Aωs/{sinh2(hωs/4πKBT)}] þ BTn [63,64], where,
ωs is an average frequency of softest optical mode. Sagapariya et al. [63]
have prepared the bilayered film of ZnO/La0.7Sr0.3MnO3/Al2O3 using
chemical solution deposition method. They have studied its resistivity
behavior and theoretically fitted its metallic nature using the small
polaron conduction mechanism. They could identify that their observed
metallic behavior is governed by ZDE mechanism in better way than
small polaron conduction mechanism. Chen et al. [64] have observed
that ferromagnetic metallic region based resistivity data can be theo-
retically fitted successfully using small polaron conduction mechanism.
Fig. 7 shows the theoretical fittings of ρ–T plots in the temperature range
of 70–220K for (a) small polaron conduction mechanism and (b) ZDE
polynomial law. Fig. 7 shows that both the models fit very well to the
experimental resistivity data in the employed temperature range. To
confirm the most preferable mechanism for the charge conduction in
metallic region, temperature dependent resistivity difference between
experimental data and theoretical data (ρexp–ρtheory) is plotted, as shown
in Fig. 7(c). It can be observed that the ZDE polynomial law is followed
better by resistivity in metallic region of LPCMO sample under zero field.
To evaluate the effect of magnetic field on the charge conduction in the
metallic region of LPCMO sample, temperature dependent resistivity
data (within the temperature range: 70–220K) were fitted using ZDE
polynomial law, as shown in Fig. 8. For ZDE polynomial law, value of
parameter n gives information about the charge conduction process in
the respective material, i.e. value of n between 2.5 and 3 relates to the
one magnon scattering and n ¼ 4.5 and 7.5 relate to the two magnon
scattering process while n may be ~ 5.5 and 6.5 for intermediate order of
scatterings and spin fluctuations. Higher values of n, more than this, can
be ascribed to higher order spin fluctuations in magnetic lattice of
manganites. For presently studied sample, the variation in values of n for
all applied magnetic fields are shown in Fig. 9. The plot shows that the
power exponent n decreases with the increase in applied magnetic field
which can be related to the field induced suppression of spin fluctuations.
For LPCMO sample, value of n varies between 11.52 (0T) and 3.22 (10T)
which gives explanation about reduced spin fluctuations and improved
ZDE mechanism under higher applied magnetic fields. The theoretical
fitting parameters of ZDE polynomial law in the metallic region for
LPCMO sample are listed in Table 3. From Table 3, it can be understood
that ρ0 which is the temperature independent resistivity term (due to the
domain and grain boundary contributions) decreases with applied
magnetic field. With increasing magnetic field, the size of the domain
boundary diminishes and, hence, the value of ρ0 also decreases. It is
found that the value of ρn (electron–magnon scattering term) decreases
with increasing magnetic field indicating the suppression of magnetic
fluctuations in accordance with the increase in applied magnetic field.
Reported LRCMO compounds with R ¼ Eu [22], Y [40], Ho [41] and Y
[41] have been understood for their metallic regions by considering
similar polynomial (like ZDE of present case) law with fixed value of n ¼
4.5 (in all these reports), i.e. two magnon scattering process, whereas in
the present case it can be understood that the scattering process get
modified upon change in applied magnetic field (Fig. 9 and Table 3).



Fig. 7. Temperature dependent resistivity (temperature range: 70–220K) fits to
(a) small polaron conduction mechanism: ρ ¼ ρ0 þ [Aωs/{sinh2(hωs/4πKBT)}] þ
BTn and (b) ZDE polynomial law: ρ ¼ ρ0 þ ρ2T2 þ ρnTn, under zero applied
magnetic field for LPCMO sample and (c) resistivity difference (ρexp – ρtheory) vs.
T plot for both above models under zero field for LPCMO sample.

Fig. 8. Low temperature resistivity (temperature range: 70–220K) fitted using
the ZDE polynomial law: ρ0 þ ρ2T2 þ ρnTn under different applied magnetic
fields for LPCMO sample.

Fig. 9. Variation in the power exponent (n), obtained from resistivity fits using
ZDE polynomial law with the applied magnetic field for LPCMO sample.

Table 3
Values of residual resistivity (ρ0), ρ2, higher order resistivity (ρn), power expo-
nent (n), and goodness of fits (χ2) obtained from Zener double exchange poly-
nomial law fits to low temperature (70–220 K) resistivity behavior for LPCMO
manganite.

H (T) ρ0 (Ω cm) ρ2 (Ω cm) ρn (Ω cm) N χ2

0 0.36484 0.00002 2.393E–7 11.52 8.4096E–6
2 0.27276 0.00002 2.218E–6 9.94 5.2008E–6
4 0.26337 0.00002 2.159E–6 6.92 3.4035E–7
6 0.22619 0.00002 1.998E–5 5.99 2.1495E–6
8 0.22405 0.00001 1.756E–4 4.76 1.9681E–8
10 0.22363 0.00001 1.410E–4 3.22 1.6884E–6
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The LPCMO sample exhibits insulating/semiconducting behavior
above their respective TP under all the studied magnetic fields. Several
models have been employed to understand the charge transport mecha-
nism above TP till present day, i.e. small polaron conduction mechanism
for semiconducting nature of manganites [65], nearest neighbor hopping
mechanism [66], Schklovskii–Efross type variable range hopping (VRH)
mechanism [67] and Mott type VRH model [68,69]. Among them,
following three theoretical models have been fitted to experimental re-
sistivity data under zero field, namely, (i) nearest neighbor hopping
mechanism: ρ ¼ ρ0 exp (Ea/KT) [70], (ii) small polaron conduction
mechanism: ρ ¼ AT exp (Ea/KT) [71–73] and (iii) Mott type VRH
mechanism: ρ ¼ ρ0 exp (To/T)¼ [74–76]. Drozd et al. [70] employed
various models and mechanisms including thermally activated nearest
neighbor hopping mechanism for understanding the resistivity behavior
of semiconducting region of various rare earth (RE) elements doped
La0.75–xRExCa0.25MnO3 manganite systems. Ghani et al. [71], have
investigated the charge conduction mechanism for semiconducting re-
gion based resistivity behavior of bismuth based La0.7–xBixCe0.3MnO3
ceramics on the basis of small polaron conduction mechanism and esti-
mated an activation energy for all the manganite ceramics studied.
Similar model has also been employed for semiconducting nature of
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resistivity data for La1–xKxMnO3 manganite compounds [72] and
La2/3(Ca1–xSrx)MnO3 manganite systems [73]. To estimate activation
energy for La0.325Tb0.125Ca0.3Sr0.25MnO3 manganite compound under
different applied magnetic fields, VRH model has been employed for
semiconducting region of its resistivity behavior [74]. Similarly,
La0.325Tb0.125Ca0.5MnO3 manganite compound has also been studied for



Fig. 10. Temperature dependent resistivity (temperature range: 260–320K) fits
to (a) the small polaron conduction mechanism (SPCM): ρ ¼ AT exp (Ea/KT), (b)
Mott type VRH model (MVRH): ρ ¼ ρ0 exp (To/T)¼ and (c) nearest neighbor
hopping mechanism (NNHM): ρ ¼ ρ0 exp (Ea/KT) under zero applied magnetic
field for LPCMO sample.
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its activation energy (for semiconducting behavior) under different
applied magnetic fields using the same VRH model [75]. Recently, Kri-
chene et al. [76] have also employed a similar VRH model for
Pr0.45Bi0.05Sr0.5MnO3 manganite compound for its resistivity data of
semiconducting region. It can be observed that all the three models have
been fitted well to resistivity data in semiconducting region (temperature
range: 260–320K), as shown in Fig. 10. In these model fits, following
aspects have been considered to decide the initial values of fits: (i)
nearest neighbor hopping mechanism: ρ0 is a residual resistivity
considered as the resistivity at lowest temperature studied (i.e. resistivity
at 5K), K is a Boltzmann constant considered in its eV unit with K ¼
8.617 � 10–5 eV/K and Ea is the estimated/derived activation energy
from a fit, (ii) small polaron conduction mechanism: A is residual re-
sistivity considered again as the resistivity at 5K, K is Boltzmann constant
considered in eV unit and Ea is an activation energy derived using the fit
and (iii) VRH mechanism: ρ0 is a residual resistivity considered as the
resistivity at 5K and TO has been derived from the nonlinear fit to the
data. Using the value of TO, activation energy has been calculated in its
unit of eV (and discussed later in the present communication). To verify
the most suitable charge conduction mechanism responsible for the
semiconducting region of LPCMO sample understudy, the difference
between the experimental and theoretical resistivity data was calculated
and plotted as a function of temperature under zero field as shown in
Fig. 11. It can be seen from Fig. 11 that Mott type VRH model is suitable
to understand the charge conduction mechanism in LPCMO sample.
Fig. 12 shows the temperature dependent resistivity plots under different
applied magnetic fields theoretically fitted using Mott type VRH model.
The plots indicate a good agreement between the model fits and re-
sistivity of semiconducting region suggesting that Mott type VRH model
is obeyed by semiconducting resistivity behavior under all applied
magnetic fields. In Mott type of VRH model, TO indicates the charge
carrier localization length. The values of activation energy at different
magnetic fields have been calculated using the equation, TO ¼ Ea/K,
where Ea is the activation energy and K is the Boltzmann constant (8.617
� 10–5 eV/K). The calculated values of Ea are found to be reduced from
0.22eV to 0.16eV with applied magnetic field from 0 to 10T which can be
correlated with the field induced suppression in charge carrier localiza-
tion length that helps the charge carriers to hop across the Mn–O mag-
netic lattice thereby a reduction in activation energy is found (Fig. 13).

While comparing present results based on the insulating/semi-
conducting behavior of LPCMO compound with that obtained and re-
ported for different rare earth based LRCMO compounds, it can be
observed that presently studied LPCMO possesses activation energies
between ~ 220 meV under zero magnetic field and ~ 160 meV under
10T applied magnetic field. These values are much higher than Eu based
LRCMO compound [~ 159 meV (zero magnetic field) and ~ 144 meV
(7T applied magnetic field)] [22]. For estimating this energy, they have
employed adiabatic small polaron hopping model. Y based compound
also possesses much lower energy value (~ 164 meV) [40] than that of
present case (i.e. 220 meV) under zero magnetic field wherein Y based
compound has been understood for an activation energy on basis of small
polaron conduction model. As reported by Choudhary et al. [42], similar
to the present case, they have also employed VRH model to estimate
activation energies for LRCMO compounds with R ¼ Nd (5.058 � 10–8

meV), Sm (8.376� 10–8 meV), Gd (9.332� 10–8 meV) and Dy (11.133�
10–8 meV). All these values are much lower than that for the present case
of LPCMOmanganite compound. The reported considerably lower values
of an activation energy for different rare earth based LRCMO compounds
[42] as compared to present case of LPCMO sample may be ascribed to
the fact that other rare earth based LRCMO compounds (from pechini
method) have nanosized particles, but the LPCMO in this work (from
solid state reaction synthesis) has micron sized particles.

MR is one of the most important properties of the doped perovskite
manganites. The LPCMO sample shows a decrease in resistivity with an
increase in magnetic field indicating the presence of negative MR, MR
(%) ¼ [(ρ0 – ρH)/ρ0] � 100, where ρ0 and ρH are the resistivities
8

measured under H ¼ 0 and H, respectively. MR behavior of presently
studied LPCMO sample was characterized at 5, 220, 265 and 300K as
shown in Fig. 14. Negative MR increases with increase in applied mag-
netic field suggesting the improved spin orientation at the grain bound-
aries and, hence, improved charge conduction in the LPCMO lattice for
all the temperatures studied.

As shown in Fig. 14, LPCMO sample shows a sharp rise in MR on
application of 1T magnetic field, known as low field MR. This low field
MR is the resultant effect of spin dependent scattering at 5K. As well as
high field MR (extrinsic MR) at 5K can be ascribed to the reduced stiff-
ness of the spins at the grain boundaries with the application of higher
magnetic field (>1T). In this case, the conduction takes place through the
connectivity between the grains. Furthermore, at the scenario of high
field MR (intrinsic MR) at 220, 265, and 300K can be associated with the
magnetic field dependent reduction in scattering of the charge carriers at
grain boundaries and reduction in the magnetic lattice distortions.

To understand the variability in MR with magnetic field at different
temperatures, theoretical fits of MR vs. H have been taken into



Fig. 11. Resistivity difference (ρexp–ρtheory) vs. T plot for semiconducting region
for different employed theoretical models under zero field for LPCMO sample.

Fig. 12. Temperature dependent resistivity (temperature range: 260–320K)
fitted using Mott type of VRH model: ρ ¼ ρ0 exp (To/T)¼ under different applied
magnetic fields for LPCMO sample.

Fig. 13. Variation in the activation energy (E), obtained from resistivity fits
using Mott type VRH model, with the applied magnetic field for LPCMO sample.

Fig. 14. Applied magnetic field dependent MR isotherms fits to (i) –MR (%) ¼
A � exp(B � H) – C � Hn at 5K and (ii) –MR (%) ¼ –A � exp(B � H) þ C � H þ
D � Hn at 220, 265 and 300K at different temperatures for LPCMO sample.
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consideration. As both of grain and grain boundaries contribute for the
mechanism of MR, following two theoretical fits were employed to
differentiate their roles: (i) –MR (%) ¼ A � exp(B � H) – C � Hn [44],
where A is the initial variation in resistivity under the small applied
magnetic field, second term is related to grain boundary contribution, the
third term deals with the small contribution of grains at low temperature
and n represents the power exponent for MR vs. H isotherms and (ii) –MR
(%) ¼ –A � exp(B � H) þ C � H þ D � Hn [44], where the first term
relates with the contribution from grain boundaries while last two terms
are associated with the contribution from grain boundaries [44]. Vaghela
et al. [44] have investigated the MR behavior (MR isotherms) at different
temperatures for chemically grown pristine and swift heavy ions irradi-
ated La0.7Pb0.3MnO3 manganite films having different thicknesses. They
employed above mentioned MR models to identify the role and contri-
bution of grains and grain boundaries in governing the MR behaviors of
studied manganite films. At 5K, the equation (i) fits properly with the
whole range of applied magnetic field while MR at 220, 250 and 300K
follows the equation (ii). It suggests that at low temperatures, the grain
boundary contribution becomes dominant and for higher temperatures,
contribution from grains is dominant.

On the basis of comparison for the MR values of LPCMO compound
and reported LRCMO compounds, reported Eu based LRCMO compound
(i.e. La0.6Eu0.1Ca0.3MnO3) exhibits maximum negative MR ~ 34% under
4T at 5K applied magnetic field [22] which becomes ~ 31% under the
same 4T field at 5K in the case of presently studied LPCMO manganite
compound. Also, under an application of 1T magnetic field, reported Eu
based manganite compound exhibits ~ 25% MR at 5K [22] which is
found to be suppressed (~ 19% under 1T at 5K) for the present case of
LPCMO manganite sample. Both these observations, overall, suggest that
presently studied sample possesses comparatively improved charge
transport and conduction across its lattice (as discussed for TP value and
peak resistivity) than reported Eu based LRCMO compound [22] thereby
less effect of magnetic field on the charge conduction and, hence, lower
MR can be expected for the presently studied LPCMO manganite as
compared to La0.6Eu0.1Ca0.3MnO3 manganite compound [22].

4. Conclusion

In conclusion, LPCMO was synthesized using solid state reaction
method. LPCMO sample is crystallized in orthorhombic structure without
any impurity, as confirmed through Rietveld refinements. Low temper-
ature resistivity study for resistivity upturn, metallic behavior and insu-
lating/semiconducting behavior has been discussed in the context of
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different charge conduction mechanisms. Low temperature resistivity
upturn exhibited by the sample has been attributed to the combined
electron–electron scattering and kondo effects. The metallic nature of
LPCMO sample has been testified with ZDE polynomial law as well as
small polaron hopping conduction mechanism. It is found that ZDE
polynomial law is more appropriate to understand the conduction
mechanism for metallic nature of LPCMO sample under different applied
magnetic fields. For insulating (semiconducting) region, three models
have been fitted among which Mott type of VRH model is fitted more
suitably to resistivity experimental data. Values of the activation energy
at different magnetic fields have been calculated and are found to
decrease with appliedmagnetic field whichmay be attributed to decrease
in charge carrier localization length. Magneto–transport studies suggest
the presence of negative MR at different temperatures for LPCMO
manganite. To understand the contributions from gain and grain
boundaries, MR isotherms have been fitted to different formulae that
represent the separate contributions of the same.
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