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trolling the conduction
mechanism by choosing a specific doping element
in a praseodymium manganite system

Y. Moualhi,a R. M'nassri,a H. Rahmouni, *a M. Gassoumiab and K. Khirounic

Electrical properties of Pr0.7Ca0.3Mn0.9X0.1O3 (X ¼ Co, Ni, Cr and Fe) systems have been investigated using

impedance spectroscopy measurements. The reported results confirmed the role of cationic disorder on

the transport properties of the doped Pr0.7Ca0.3MnO3 system. For the case of the substitution by Co and

Ni and Fe transition metals, the lower temperature side has been marked by the activation of the

hopping conductivity over the nearest sites. Moreover, the Shklovskii–Efros-variable range hopping

conductivity mechanism has been observed in the case of the substitution by Cr element. In the high

temperature range, the evolution of the resistance with temperature confirmed the activation of

a hopping process. In such a temperature range, the conduction process of all the studied compounds is

dominated by a thermally activated small polaron hopping mechanism. For the Pr0.7Ca0.3Mn0.9Cr0.1O3

compound, AC studies have confirmed that the electrical conductance should be investigated in terms

of an activated quantum mechanical tunneling process. At higher frequencies, the Pr0.7Ca0.3Mn0.9Fe0.1O3

compound is characterized by the existence of a high frequency plateau. For the Pr0.7Ca0.3Mn0.9Fe0.1O3

ceramic, the dispersive region of the spectrum has confirmed the activation of the correlated barrier

hopping mechanism. Thus, the conductance is found to follow the double Jonscher power law only for

the temperature range of [80 K, 200 K]. For the Pr0.7Ca0.3Mn0.9Ni0.1O3 compound, the evolution of the

frequency exponent has confirmed the activation of two conduction mechanisms. The non small

polaron tunneling mechanism was activated at lower temperatures. Accordingly, the activation of the

correlated barrier hopping mechanism was detected for the high temperature range. For

Pr0.7Ca0.3Mn0.9Co0.1O3 manganite, the coexistence of two conduction mechanisms (correlated barrier

hopping and the non small polaron tunneling) is noticed. The latter's were activated in the whole of the

explored temperature range. Using the scaling model, the spectra of both Pr0.7Ca0.3Mn0.9Cr0.1O3 and

Pr0.7Ca0.3Mn0.9Ni0.1O3 compounds merge into a single master curve, which confirms the validity of the

time temperature superposition principle.
1. Introduction

Recent investigations on physical properties of perovskite
oxides conrm that rare earth manganites having general
formula AMnO3 (A ¼ rare earth of alkaline earth ions) are good
candidates for fundamental physical research.1–5 It has been
shown that manganites present a strong correlation between
their structural, transport, optical and magnetic properties.6–13

Thanks to the multifunctional behavior of manganites, they can
be considered as well-qualied for several applications.14–20 The
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enhancement of the mentioned properties is usually possible
via several factors such as the annealing temperature and the
nature of the doping element. The examined properties can also
be modied by the creation of A/Mn site deciency. It has been
reported that the manganite system Pr0.7Ca0.3MnO3 is a good
candidate for theoretical analyses and experimental investiga-
tions.21–30 The interesting physical properties of such an oxide
family are based principally on the mixed valence character
(Mn3+, Mn4+) of Pr0.7Ca0.3MnO3 manganite. This character is
imposed by the coexistence of a trivalent praseodymium ion
(70% of Pr3+) and a bivalent alkaline earth metal ion (30% of
Ca2+) in the A-site. Previous studies have veried that the
Pr0.7Ca0.3MnO3 system exhibits ferromagnetic metallic
behavior.22–30 In this context, the substitution by transition
metal elements modies the mixed valence leading to
strengthen the interactions between the double and the super-
exchange mechanisms. It had shown that the substitution of
the manganese affects mainly the Mn3+/Mn4+ ratio, leads to
This journal is © The Royal Society of Chemistry 2020
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Table 1 Structural data obtained using Rietveld refinement for Pr0.7-
Ca0.3Mn0.9X0.1O3 (X¼ Cr, Ni, Co and Fe) samples

Elements Co Ni Cr Fe

a(�A) 5.430(6) 5.432(8) 5.429(3) 5.431(9)
b(�A) 7.670(5) 7.689(2) 7.669(1) 7.675(3)
c(�A) 5.448(4) 5.419(5) 5.455(2) 5.464(6)
V(�A3) 226.956(4) 226.39(38) 227.143(4) 227.82(6)
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modify the relative cooling power (RCP), the magnetoresistance
effects and the transport properties of manganites.22–32 Also, the
substitution by a transition metal like iron element can block
the electron transfer between Mn3+ and Mn4+ ions. Numerous
electrical studies had shown that the substitution of the
manganese affect strongly the electrical properties.32,33 Accord-
ingly, it improves the transport properties of manganites via the
creation of new conduction sites.32,33 It also affects the electrical
properties by the activation of new conduction processes.33

Numerous researches on physical properties of manganites
had conrmed that the substitution by iron reduces the Mn3+/
Mn4+ ratio.22–30 It affects strongly the Mn–O–Mn network, the
double exchange (DE) (Mn3+–Mn4+) and the super exchange
(Mn3+–Mn3+) interactions. As a result, it implies a change of the
transport and the magnetic properties of several mixed
manganites. Different conduction processes can appear when
introducing the Fe in manganites (the hopping and the
tunneling mechanisms).34–36 The main benets of the substi-
tution by cobalt transition metal are the enhancement of the
magnetic entropy change, the distortion of the charge order
state of Pr0.7Ca0.3MnO3 compound.23,27–29 Also, it permits the
appearance of a ferromagnetic phase at the lower temperature
side.29 At lower temperatures, the substitution of manganite
system by Co induces a change of both super-exchange and the
double–exchange interactions. Then, it affects the mobile
carrier concentration. For La0.7Ca0.3MnO3, Srivastava et al.37 had
demonstrated that the substitution of such system by 10% of Co
concentration decreased considerably the DE interaction.38–40

Nickel transitionmetal had been considered as an important
doping element in perovskite materials. It affects strongly the
physical properties of manganites.31,41,42 Thus, it modies the
Mn3+–Mn4+ ratio and weakens the double exchange interac-
tion.31,41,42 It reduces the Curie temperature, the magnetization
and leads to the modication of the resistivity.41 Recent inves-
tigations have conrmed that the chrome is one of great
substitutions element for manganites.22,23,26,28 Introducing Cr
permits the appearance of a ferromagnetic phase at low
temperatures.26,28 Manganite materials substituted by Cr are
characterized by a large RCP. Introducing Cr in praseodymium-
manganite system strongly modies the magnetic entropy
change. Also, it increases the resistance.23,26,28 Taking advantage
of the interested physical properties of the manganite Pr0.7-
Ca0.3MnO3 and the fascinating effects of introducing transition
metal elements in manganite materials, we have interested on
the electrical properties of Pr0.7Ca0.3Mn0.9X0.1O3 (X-PCMO) (X ¼
Co, Ni, Cr and Fe) system. The principal idea of this work is to
investigate the effect of substituting manganese by several
dopant elements on transport properties of X-PCMO (X ¼ Co,
Ni, Cr and Fe) systems. Also, we focus in the analysis of the
controlling conduction process for each doping element. This
study allows to plannify in future, mixed substitutions to opti-
mize the properties of this compound.

2. Experimental details

Bulk polycrystalline X-PCMO (X ¼ Co, Ni, Cr and Fe)
compounds were prepared by the conventional solid state
This journal is © The Royal Society of Chemistry 2020
reaction method.28 High purity precursors: Pr6O11, CaCO3,
Mn2O3, Co2O3, Cr2O3, Ni2O3 and Fe2O3 are used to prepare the
samples X-PCMO (X ¼ Co, Ni, Cr and Fe). The samples were
prepared according to the chemical reaction:

0.11Pr6O11 + 0.3CaCO3 + 0.9MnO2 + 0.05X2O3

0 Pr0.7Ca0.3Mn0.9X0.1O3 + dCO2 + d0O2

Preparation steps are well presented in our previous work.28

Also, at room temperature, structural properties are studied.28

Such investigations show that the prepared compounds are
single phase perovskite manganites with no detectible
secondary phases. Conductivity measurements of the prepared
samples were conducted with plane capacitor conguration.
For this reason, thin silver disk of approximately 20 nm thick
and 6 mm of diameter was deposited on the both sides of the
pellet by thermal evaporation under vacuum. To vary the
temperature from 77 K to 300 K, each compound was mounted
in a cryostat. It was connected through silver wire to the elec-
trodes of an Agilent 4294A analyzer to measure the conductance
and the capacitance. We used a signal test of 20 mV of ampli-
tude and measurements were conducted in dark under primary
vacuum.

3. Results and discussion

Table 1 shows the structural parameters of Pr0.7Ca0.3Mn0.9X0.1-
O3 (X ¼ Co, Cr, Ni and Fe) system. The factors (a(�A), b(�A), c(�A)
and V(�A3)) have been obtained using a Rietveld renement of X-
ray diffraction patterns.28 In our previous study,28 we found that
all the studied samples were indexed in the orthorhombic
perovskite structure by Pnma space group. It is observed that the
change in the nature of the dopant element affects the unit cell
parameters. Subsequently, the unit cell volume changes. In
similar systems,27–32 the change in the unit cell volume has been
explained in terms of difference between the ionic radius of the
doped element and the ionic radius of Mn3+ and Mn4+ ions.28

The variation in the ionic radius of the substituted element
affects equally the bond distance and the bond angles. As re-
ported in our previous work,24 the parent sample Pr0.7Ca0.3-
MnO3 presents a unit cell volume V ¼ 227.52(3) �A3 and a bond
angle hMn–O–Mni ¼ 157.55(4). Comparing such parameters by
the obtained results in Table 1, we found that the substitution
of Mn3+ by 10% Co3+ induces a reduction in Mn3+ ions which
changes the unit cell volume (V ¼ 226.96 �A3). Also, it modies
both the average bond length hMn–Oi and the bond angle hMn–
RSC Adv., 2020, 10, 33868–33878 | 33869
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O–Mni. Such effects have a direct impact on the double
exchange (DE) interactions. As a result, the transport properties
of Co-PCMOmanganite will be changed. Moreover, introducing
10% of Ni3+ ions in Pr0.7Ca0.3MnO3 manganite structure slightly
weakens the double exchange interactions of Mn3+–O–Mn4+.
The partial substitution of Mn3+ by Ni element induces
a changes in the unit cell parameters (a ¼ 5.432(8) �A, b ¼
Fig. 1 (a–d) Temperature dependence of the resistance for X-PCMO (X
1000/T for X-PCMO (X ¼ Co, Ni, Cr and Fe) samples.

33870 | RSC Adv., 2020, 10, 33868–33878
7.689(2) �A and c ¼ 5.419(5) �A) which leads to vary the unit cell
volume (V ¼ 226.39(38)�A3). In the case of Cr-PCMO compound,
the partial replacement of Mn3+ ions by Cr3+ ions causes
a decrease in the number of hopping electrons and a decline in
the available hopping sites between Mn3+ and Mn4+ ions which
signicantly weakens the double exchange interaction mecha-
nism. Introducing 10% of Cr in Pr0.7Ca0.3MnO3 has caused an
¼ Co, Ni, Cr and Fe) ceramics. (e) Variation of ln(R/T) as a function of

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Evolution of the conductance with temperature for X-PCMO (X
¼ Cr, Co and Fe) compounds.
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increase the bond angle hMn–O–Mni ¼160.63(1). It causes
a changes in the unit cell parameters which leads to a slight
decrease in the unit cell volume (V¼ 227.14(3)�A3). For Fe-PCMO
compound, the strong anti-ferromagnetic Mn–Fe interaction
can simultaneously coupled the Mn ions with neighboring Mn
and Fe ions which leads to changes in structural parameters. So,
Fig. 3 (a–d) Representation of ln(R(T)) as a function of T�1/4 for the inve

This journal is © The Royal Society of Chemistry 2020
the replacement of Mn3+ ions by Fe3+ ions leads to modify the
unit cell parameters. Such variation is usually accompanied by
variations in the unit cell volume, the average bond length hMn–
Oi and the bond angle hMn–O–Mni.

The Fig. 1(a–d) illustrate the evolution of the resistance with
temperature for X-PCMO (X ¼ Co, Ni, Cr and Fe) system.
According to the reported results, the temperature dependence
of the resistance conrms the semiconductor behavior of all
prepared samples. The higher resistance was observed for the
case of the substitution by Cr transition metal. A theoretical t
conrms that the evolution of the resistance with temperature
obeys to the Arrhenius-like expression:43

RðTÞ ¼ R0 e
ðEa=kBTÞ

R0 is pre-factor, kB is the Boltzmann constant and Ea is the
activation energy. Fig. 1(e) presents the evolution of log(R/T)
versus 1000/T for all the studied compounds. The linear ts
could conrm that the conduction of charge carriers is occurred
via hopping phenomena.43 Therefore, a thermally activated
small polaron hopping (SPH) conduction process governs the
transport properties at high temperatures. Based on Mott
investigations,44–49 the high temperature range is characterized
stigated compounds.

RSC Adv., 2020, 10, 33868–33878 | 33871
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by the strong electron–phonon interaction. The thermally acti-
vated SPH conduction mechanism needs activation energy Ea.
The latter is the result of polaron formation via the bonding
energy (WP) and the disorder energy (WD) due to the variation in
the local arrangements of ions. Experimentally, the activation
energies (Ea) are obtained from the Arrhenius resistance ts
(Fig. 1(a–d)). Same activation energy of 73 meV was obtained for
the cobalt and iron doping elements. For the case of Ni-PCMO
and Cr-PCMO compounds, the activation energies Ea ¼ 80
meV and Ea ¼ 97 meV were obtained respectively. According to
our previous work in ref. 22, we found that the activation energy
of the parent compound (Pr0.7Ca0.3MnO3) is Ea ¼ 26 meV. Then,
in our work, the activation energy of Cr doped PCMO system
attain a value of Ea ¼ 97 meV. This value conrms the strong
effect of introducing Cr element on the activation energy. At low
temperature range, the reported results in ref. 22 conrm that
the parent sample present a resistance R (80 K) z106 U. The
effect of introducing Cr element is strongly observed, accord-
ingly, R (80 K) z108 U. The observed changes in the resistance
variation and the activation energy values can be explained
variations in the unit cell structural parameters. Fig. 2 presents
the evolution of the conductance with temperature for Co-
PCMO, Cr-PCMO and Fe-PCMO compounds. In this gure we
examine the effect of the cationic disorder on the variation of
Fig. 4 (a–d) Variation of ln(T�1/2R(T)) as a function of T�1/2 for the prep

33872 | RSC Adv., 2020, 10, 33868–33878
DC conductance. The present result demonstrates the existence
of two principal regions. The lower temperature side is char-
acterized by the dominance of the cationic disorder effects on
the transport properties. For the case of Co-PCMO and Fe-
PCMO compounds, such effect becomes less signicant when
approaching to T ¼ 160 K. The observed phenomenon is the
result of the difference between the ionic radius of manganese
and the radius of the substituted elements (Fe, Co)). As clearly
shown in Fig. 2, the cationic disorder affects the evolution of the
conductance at lower temperature range. In this part, the
charge carrier transport is an acoustical one-phonon assisted
the variable range hopping mechanism (VRH). According to
Mott theories,44–49 the lower temperature range is generally
characterized by the negligible hopping energy (WH) (small
bonding energy (WP)). The activation of the VRH conduction
mechanism is usually dominated by the disorder energy (Ea ¼
WD). The higher disorder effect where observed for case of the
substitution by the Co transition metal (sCo

2 ¼ 9.12 10�3 �A2).
Else, for the case of the substitution by Fe, Ni and Cr, the ob-
tained values of the disorder parameter are respectively sFe

2 ¼
7.46 10�3�A2, sNi

2 ¼ 3.85 10�3�A2 and sCr
2 ¼ 10�3�A2. According

to the obtained result from the DC conductance analysis, it can
be noticed that increasing the disorder ameliorates the
conductance at lower temperature region. The obtained
ared samples.

This journal is © The Royal Society of Chemistry 2020
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experimental results are in good agreement with Mott investi-
gations.44–49 According to these studies,44–49 the evolution of the
resistance with temperature follows the universal expression:43

RðTÞ ¼ R0 e

�
T0

T

�p

T0 and p are constants. The constant p is an important parameter.
Indeed, it permits to examine the adequate regime that describes
the conductance at low temperatures. In this case, the activation
energy is temperature dependant. Else, this energy is expressed
as:43

Ea ¼ kBT

�
T0

T

�p

In the literature,33,43 three principle regimes are reported and
used to more detail the transport properties of polycrystalline
materials at low temperatures. In the case of the nearest site
hopping (NSH) regime, p is equal to 1 and thus Ea ¼ kBT0. The
Mott–VRH regime is characterized by the absence of the elec-

tron–electron coupling, p ¼ 1/4 and Ea ¼ kBT
�
T0

T

�1=4

: For the

case of the Shklovskii–Efros regime p ¼ 1/2 and
Fig. 5 (a–d) Temperature dependence of the local activation energy fo

This journal is © The Royal Society of Chemistry 2020
Ea ¼ kBT
�
T0

T

�1=2

: 33,50–52

In our present work, the type of the activated VRH conduc-
tion mechanism can be estimated from the evolution of ln(R)
with T�1/4 (Fig. 3(a–d)) and the variation of ln(RT�1/2) as
a function of T�1/2 (Fig. 4(a–d)). At lower temperatures, a linear
variation was observed for all studied compounds. Such line-
arity proves the activation of a hopping process. In Fig. 4(b), the
plot of ln(RT�1/2) as a function of T�1/2 presents the best linear
variation which conrms that the Shklovskii–Efros regime is
more valid to describe the hopping of charge carriers for the
case of Cr-PCMO sample. However, for the case of Co-PCMO, Ni-
PCMO and Fe-PCMO compounds, the plots of ln(R) against T�1/

4 (Fig. 3(a, c and d)) and ln(RT�1/2) against T�1/2 (Fig. 4(a, c and
d)) present a straight line with identical quality. In this case, it is
obvious to evaluate the evolution of the local energy with the
temperature by the following relation:43

ElocðTÞ ¼ dðlnðRðTÞÞÞ
d

�
1

kBT

�

For all investigated samples, the variation of ln(Eloc(T)/(kBT))
as a function of ln(T) is shown in Fig. 5(a–d). For Co-PCMO
r X-PCMO (X ¼ Co, Ni, Cr and Fe) ceramics.

RSC Adv., 2020, 10, 33868–33878 | 33873
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sample, the reported result conrms that the curve reveals
a linear variation with a slope p¼ 1 and error of 6%. Such result
proves the evidence of the NSH conductivity in such
compound.43 Also, for the Ni-PCMO sample, a linear variation
with p ¼ 1 and an error of 10% is obtained and conrm the
presence of the same conduction regime (NSH conductivity).43

However, for Cr-PCMO compound, it is found that p ¼ 0.5 with
error of 7%. Such value proved the evidence of the Shklovskii–
Efros regime and conrms the result of Fig. 4(b).33,43 The same
result is reported recently in Fe-PCMO compound33 and in
LCMO system.43 In the case of Fe-PCMO sample, p¼ 1 with error
of 7% conrming the dominance of the NSH conductivity.43 As
can be noticed from the obtained results, the change in the
nature of the dopant element can strongly affect the conduction
mechanism.

The evolution of the conductance with frequency is shown in
Fig. 6(a–d). For all the investigated samples, a theoretical ts
demonstrate that the conductance spectra obey to the double or
the single Jonscher power laws at low temperatures.33,53,61,62 In
such temperature side, we can infer the evolution of the
frequency exponent with temperature which could be used to
identify the activated conduction processes in each frequency
and temperature ranges. For Co-PCMO sample, the evolution of
the conductance with frequency (Fig. 6(a)) presents a double
Jonscher variation. Indeed, each conductance spectrum is
Fig. 6 (a–d) Conductance spectra of Co-PCMO, Ni-PCMO, Cr-PCMO a

33874 | RSC Adv., 2020, 10, 33868–33878
characterized by a low frequency DC plateau and two dispersive
regions. In this case the conductance could be tted according
to Bruce equation:53

Gac ¼ G0 + A1u
s1 + A2u

s2

A1, A2 and G0 are constants. Then, s1 and s2 are the frequency
exponents obtained respectively from the ts of the conduc-
tance in the intermediate and the high frequency ranges. To
identify the type of the conduction mechanism in the alterna-
tive regime, it is interesting to follow the thermally evolution of
such frequency exponent (Fig. 7(a–d)). Various conduction
mechanisms have been used in manganites to understand the
dynamics of charge carriers in each frequency interval based on
the evolution of the frequency exponent with temperature.33 For
Co-PCMO compound, the exponent “s1” increases with
increasing temperature conrming the activation of the non-
small polaron tunneling (NSPT) mechanism46,48,54–60 in the
intermediate frequency region. However, for the higher
frequency range, the obtained frequency exponent “s2” conrms
the activation of the correlated barrier hopping (CBH) mecha-
nism.46,48,54–60 In the case of the conduction by the NSPT mech-
anism, the frequency exponent is given by:

s ¼ 1þ 4kBT

½WM � kBT lnðus0Þ�
nd Fe-PCMO compounds.

This journal is © The Royal Society of Chemistry 2020
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In such equation s0 is a relaxation time and WM is the polaron
hopping energy. The same result has been reported and inves-
tigated recently in Pr0.7Ca0.3Mn0.95Fe0.05O3 compound.33 Then,
the authors are explained the double Jonscher variation by the
coexistence of two conduction process at low temperature.

In the present study, the double Jonscher law has been also
used to investigate the conductance spectra and the transport
properties in Fe-PCMO compound. At high frequencies, it is
noticed that each conductance spectrum presents a constant
conductance plateau. In such frequency range the conductance
is almost frequency independent. In the dispersive region of the
spectra, the obtained frequency exponent “s1” decreases with
increasing temperature. Such evolution is observed mainly in
manganites.33,54–60 It conrms the activation of the CBH mech-
anism. For such model, the exponent “s” is expressed as follow:

s ¼ 1� 6kBT

½WM þ kBT lnðus0Þ�

The double Jonscher variation of the conductance is observed
by Nandi et al.63 in a wide variety of materials like the manganite
oxide LaMn1�xFexO3 and the nanocrystalline La2NiMnO6.64 In
ref. 63 and 64, the authors explain such behaviour by the fact that
the hopping phenomenon has been occurred among more than
two localized states during an electric eld period.
Fig. 7 (a–d) Temperature dependence of the frequency exponent for th

This journal is © The Royal Society of Chemistry 2020
For Cr-PCMO and Ni-PCMO compounds, the universal
Jonscher power law is used to identify the evolution of the
conductance with frequency at low temperatures. In such
case, each spectrum has been tted by the following
relation:61,62

Gac ¼ G0 + A1u
s1

The reported results (Fig. 7(a–d)) conrm that the conduc-
tion mechanism is strongly sensitive to the nature of the
substituted element. However, for the case of the Ni-PCMO
system, the frequency exponent increases with temperature
until s � 1 (130 K), conrming the activation of the NSPT
conduction mechanism. Beyond T ¼ 130 K, the exponent “s1”
decreases rapidly (Fig. 7(b)) which conrms the activation of the
CBH mechanism.

For the case of the quantum mechanical tunneling (QMT)
mechanism, it is known that the frequency exponent is
temperature independent.33,54–60 It takes a value of 0.81. A
similar result was conrmed in the case Cr-PCMO sample. In
this limit frequency parameter takes the form:54–60

s ¼ 1þ 3

lnðus0Þ
e doped X-PCMO (X ¼ Co, Ni, Cr and Fe) system.

RSC Adv., 2020, 10, 33868–33878 | 33875
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The obtained results from the evolution of the frequency
exponent conrm that the change in the nature of the substitution
element can be used to control the type of the activated conduc-
tion mechanisms.

At elevated temperatures, Fig. 6(a, b and d) shows that X-
PCMO (X ¼ Co, Ni and Fe) compounds exhibit a metallic
behaviour. Thus, it is observed that the spectra were tted and
investigated using the Drude model.33 At high frequencies, it is
observed that the conductance of Ni-PCMO and Fe-PCMO
compounds varies with the frequency. It decreases against the
increases in the frequency. For such samples, the observed
metallic behaviour can be explained by the changes in the
dynamics of charge carriers. In addition, the increase in the
temperature strengthens the charge density. As a result,
a colloid phenomenon contributes in decreasing the electrical
conductance. Also, the decrease in the conductance can be due
to the drop of charge efficiency on following the signal of exci-
tation. Such variation can be also explained by variations in the
double exchange interaction mechanism. So, it is observed28

that introducing 10% of Ni slightly weakens the double
exchange interaction of Mn3+–O–Mn4+. The same effect is
observed for the case of Fe-PCMO compound, the Mn ions can
couple simultaneously with neighboring Mn and Fe ions. In
such case the replacement of Mn3+ with Fe3+ can greatly weaken
the double exchange interrelation of Mn3+–O–Mn4+. Due to the
correlation between crystallographic, magnetic, and the
Fig. 8 (a–d) Scaling of the conductance spectra of Pr0.7Ca0.3Mn0.9X0.1O

33876 | RSC Adv., 2020, 10, 33868–33878
electrical properties of manganites, the changes in the double
exchange interaction affect the conductance of manganites
practically at high frequencies.

To get an idea about the charge transport properties and
with a view to examine the validity of the time temperature
superposition principle, we interest on the application of
scaling model.63–65 In such approach, the frequency and the
conductance axis must be scaled with respect to the hooping
frequency (nH) and the DC conductance (Gdc) parameters,
respectively. The curves of the conductance spectra are scaled
using the following relation:

GðnÞ
GdcðTÞ ¼ F

�
n

nH

�

Fig. 8(a–d) presents the scaled conductance spectra of X-
PCMO (X ¼ Co, Ni, Cr and Fe) compounds. For the sample
Ni-PCMO, it is noticed that the spectra collapse perfectly into
a single master curve. Such result proves that the curve shape
becomes temperature independent. The same result is
observed in the scaled spectra of Cr-PCMO compound. Obvi-
ously, the merges of the AC conductance conrms that the
single power law is valid to ts the conductance spectra. Also,
such result has conrmed the validity of the time temperature
superposition principle (TTSP) over wide frequency range.
What's more, the single master curve variation indicates the
3 (X ¼ Co, Ni, Cr and Fe) system.

This journal is © The Royal Society of Chemistry 2020
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existence of general formalism for the AC conductance in
perovskite materials.63,64 For Co-PCMO compound, the ob-
tained result conrms the existence of two dissimilar varia-
tions. Below n/nH z 2, the spectra are perfectly collapsed to
a single master curve. The universal behaviour of the
conductance spectra must veries the validity of the TTSP
below variation n/nH z 2. Beyond the frequency n ¼ 2nH, the
application of the scaling approach does not leads to the
superposition of the spectra. A strong deviation is observed.
Such deviations are due to the double Jonscher variation of the
conductance. It may be due to the migration of the conduction
process from NSPT process to CBH process. The same result is
observed for the case of Fe-PCMO compound. Accordingly, the
application of the scaling approach has leads to the superpo-
sition of the spectra only below n/nH z 2. In this case, the
deviations from the single master curve behaviour should be
due to the existence of a constant conductance values at high
frequencies. In this limit, the single power law cannot t the
spectra over the investigated frequency range.
4. Conclusion

The present work highlights the possibility of controlling the
conduction mechanisms in manganite system by using specic
dopant element. For each dopant element, the electrical trans-
port can be dominated by one or several conduction mecha-
nisms. It is found that the type of the activated conduction
mechanism is very sensitive to the nature of the substitution
element. At high temperatures, the conduction phenomenon is
governed by the thermally activated small polaron hopping
process. The same activation energy was observed for the case of
the substitution by Fe and Co elements (Ea ¼ 73 meV). The
alternative current regime indicates that the conductance
spectra of Co-PCMO and Fe-PCMO samples follow a double
power law. In Co-PCMO compound, it is observed that the
conductance spectra are characterized by the coexistence of the
CBH and the NSPT conduction mechanisms respectively at high
and for the intermediate frequency ranges. In Fe-PCMO sample,
the conduction mechanism can be described by the CBH
model. Over the studied temperature range, the conductance
spectra of Cr-PCMO sample follow the Jonscher power law. For
such compound, the deduced frequency exponent conrms that
the conduction process is governed by the activation of the QMT
mechanism. At lower temperature range, the Ni-PCMO sample
is characterized by the activation of the NSPT conduction
mechanism. Beyond a specic temperature, the conduction
process in Ni-PCMO ceramic has been explained by the CBH
model. Using the scaling approach, it is concluded that the
spectra of Cr-PCMO and Ni-PCMO samples have merged into
a single master curve. Such variation has conrmed that the
time temperature superposition principle is more valid for the
case of the substitution by Ni and Cr elements.
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