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Abstract Prg¢5Cag25Cdo 1 MnOj3 ceramic was elaborated using the conventional solid-state
reaction technique. The polycrystalline sample was subjected to investigate by ac impedance
spectroscopy. From the main results, the electrical conductivity analysis confirms the semi-
conductor behavior and indicates that the hopping process governs the electrical conductivity.
From ac-conductivity, two distinct mechanisms are observed. Indeed, the conduction mech-
anism is attributed to the correlated barrier hopping model in the middle of the frequency
region and the overlapping large polaron tunneling in the high-frequency one. The analyzed
impedance and modulus confirmed the presence of non-Debye-type relaxation phenomenon.
Different electrical equivalent circuits were used to analyze the Nyquist plots. The obtained
results confirm the contribution of grain boundary on the conduction. The increase in dielec-
tric constant and the rate of its increase at low frequency were related to the disorder of the
cation sublattices.

1 Introduction

For many decades, solid oxide fuel cells (SOFCs) have attracted much attention, as a new
electric power source, due to the efficiency of high energy conversion and the absence of air
pollution emission. The electrolytes and electrodes are the essential components of the SOFC.
However, the performance of this later remains dependent on the electrical conductivity and
the overpotential of the cathode—electrolytes interface as reported in Ref [1]. In addition, the
electrical conductivity and cathodic overpotentials are very sensitive to the rare earth cations
used for the A-sites of perovskite oxide [2—6]. In this context, manganite materials have been
studied and widely used as a cathode for SOFC [7]. In addition, these materials have essential
utilization in numerous applications such as magnetic sensors, computer memory systems,
and magnetic refrigerants [8—10]. The Pr-based manganite is one of the important members
in the manganite family due to their variety of phases, multifunctional properties, and their
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rich fundamental physics. The parent compound PrMnO3 shows a transition from insulating
paramagnetic to an insulating A-type antiferromagnetic at 7y = 99 K [11]. Also, the destabi-
lization/destruction of charge ordering state leads to very interesting structural, electrical, and
magnetic properties [7]. Moreover, doping PrMnO3 by a divalent element such as Ca [12, 13],
Sr[13, 14], and Ba [15, 16] was studied by various research groups. In particular, the doping
of divalent Ca®* at the Pr-site shows fascinating properties that depend on the interplay of
charge, orbital, lattice, and spin ordering [17]. The maintain of the charge balance leads to
the decrease in Mn>* at the cost of Mn** ions when the Ca>* replacing Pr>* ions in the parent
compound PrMnQ3. Furthermore, the praseodymium-calcium manganite shows many novel
properties such as ferroelectricity, charge ordering (CO), and ferromagnetism. By applying
a large magnetic field (H = 6 T), the electrical resistivity of the oxide Pry¢5Cag35MnO3
decreases six orders of magnitude. This compound is characterized by the presence of charge
ordering (CO) state at T = 225 K and the appearance of paramagnetic-ferromagnetic state
transition at low temperatures. Also, its electrical conduction shows an insulator behavior
[18]. On the other hand, cadmium oxide has potential applications in optoelectronic and
catalytic such as phototransistors [19], photodiodes [20], solar cells [21, 22], electrodes, and
gas sensors [23]. Under temperature and magnetic field, this compound is identified by its
chemical stability and its non-toxicity. Gupta et al. [24] have reported that this later has a low
electric resistivity, high transmission in the visible region, and a semiconductor property with
a large bandgap. Moreover, the ionic radii of Ca and Cd are close to 0.134 and 0.131 nm,
respectively. Then, doping with Cd leads to interesting results as obtained as Ca doping
[25]. Such supposition was confirmed by Araujo et al. [26]. In fact, the colossal magneto-
resistance with ferromagnetic behavior and the value of Curie temperature (7. *250 K)
for Lag 67Cdp 33MnO3 are the same for Ca doping with the same level. Additionally, many
reports [27-30] have shown that the doping with Cd ions leads to the depression of the metal-
lic state and gives rise to the insulator behavior. According to the literature, such behavior
was explained by the stability of the impurity centers of Cd**~Mn** [27], and the strong DE
interaction with moderate Jahn—Teller distortions [31]. Pena et al. [32] have considered that
the substitution of Ca2* by Cd** on Lag7(Cag3_,Cd,)MnO;3 (0 <x<0.3) suppressed the
double exchange mechanism which weakness both ferromagnetic and metallic characters.
As the Cd content increases, the metallic-semiconductor behavior decreases and the insulator
character dominates in the whole temperature range for x= 0.3.

The major goal of the investigations presented in this work is to study the physical prop-
erties of Prg5Cag25Cdg.1MnO3 ceramic prepared by the conventional solid-state reaction
method.

2 Experimental details

A powder sample of Prge5Cag25Cdo.1 MnO3 is prepared using the conventional solid-state
reaction method. Stoichiometric quantities of precursors PrgO11, CaCO3, CdCO3, and MnO3,
with high purity 99.99%, are used. The basis to an agate mortar, the proportions of powder
are mixed and then treated by high temperature according to the following reaction:

0.65/6 PrgO1 +0.25 CaCO3 + MnO; + 0.1 CdCO3 — Prg 65 Cag 25 Cdo.; MnO3 + §CO; + 8’0,

The obtained powder was calcinated at 900 °C for 12 h, compacted into pellet form under a
uniaxial pressure of 5 tons, and sintered at 1000 °C for 24 h. At last, the sample was annealed
at 1200 °C for 24 h. The crystalline structure and the purity of the phase are examined at
room temperature using X-ray powder diffraction with Cu-Ko radiation (A = 1.5406 A). The
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structure refinement was carried out by the Rietveld analysis integrated into FULLPROF
software. The Rietveld refinement of the XRD measurement suggests the sample belongs to
Pnma space group. The structural parameters of the unit cell are a = 5.4471 A, b=7.6761 A
and ¢ = 5.4245 A.

To conduct electrical measurements, and based on the thermal evaporation, a thin silver
film was deposited on both sides of the pellet. Then, the configuration of the plate capacitor
was obtained and it is used to measure the conductance and the capacitance. In order to
vary the temperature from 80 to 300 K, the sample is mounted in a cryostat. Then, we used
an Agilent 4294A analyzer to measure the conductance and the capacitance at different
temperatures and frequencies.

3 Results and discussion
3.1 Dc-conductivity analysis

Figure 1a shows the variation of dc-conductivity as a function of temperature. The increase
in o 4. with the temperature indicates that the investigated ceramic exhibits a semiconduc-
tor behavior. At higher temperatures, a saturation region seems to appear at around room
temperature. Many researchers [33-35] reported that several parameters are responsible for
the appearance of the saturation region. When the temperature increases, the carriers acquire
sufficient thermal energy to cross easily the encountered barriers. Therefore, the density of
free carriers rises. Moreover, the reduction of the efficient capture of charge traps suggesting
the vanishing of the available density of trapped charge. It is also noted that the substitution on
Caion by Cd increases the conductivity as compared to the parent compound [18]. In order to
get information about the type of conduction mechanism present in Prg ¢5Cagp25Cdg.1MnO3,
we used two hopping models [36]. At high temperatures, the experimental data are well fitted
using the small polaron hopping (SPH) model (inset of Fig. 1a). Such a model is described
mathematically by the relation 0T = ogexp (Ea/kpT), where o is a pre-exponential factor,
E, is the activation energy, kp is the Boltzmann constant and 7 is the absolute temperature.
At low temperatures, the variable range hopping (VRH) model is the used model to fit the
experimental data (see Fig. 1b). Such model is defined by o = A exp(— To/T)"*, where Tg
is the temperature factor and described by Ty = 16a3/kg-N (Eg). The value of such constant
occurs 3 x 108 K and it is in good agreement with other results [37]. In the low-temperature
range, the existence of localization centers of trapped charge with various activation ener-
gies values controlled the transport of carriers. When the temperature increases, such centers
released carriers, and the SPH mechanism governed the conduction. The deduced activation
energy is E;1 = 58 meV and E,» = 135 meV, in the temperature range of 80-240 K and
240-300 K, respectively.

3.2 Ac-conductivity analysis

The temperature evolution of ac-conductivity (o ,c) as a function of frequency is shown in
Fig. 2. Such variation indicates that the investigated sample exhibit a semiconductor behavior
in the whole temperature range and for a different frequency. Especially, at high frequency,
a saturation region seems to appear at around T's;; = 200 K. The increase in conductivity
with increasing temperature and frequency can be related to the rise of hopping frequency
and drift mobility of the charge carrier [38]. The same behavior has been observed in several
oxides and amorphous materials [33, 39]. Moreover, Pike model [39] is the used one to
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analyze such behavior. Indeed, the ac hopping conduction of the localized carriers can be the
origin of the evolution of ac-conductivity with both frequency and temperature. Additionally,
at a specific temperature value, the conductivity is frequency independent. It is also clearly
seen that at high temperatures and with increasing frequency the conductivity decreases,
indicating the metallic behavior. At high temperatures, the larger amplitude of vibration and
the polaron scattering lead to the rise of the resistivity, which explained the appearance of
metallic behavior. The inset of Fig. 2. displays the variation of o o T versus 1000/T at selected
frequencies. The activation energy (E,c) values are deduced using:

EaC
02T = Bexp %o n

It is found that the activation energy values decrease with increasing frequency confirming
the change in electrical behavior of the compound from semiconductor to metallic one.
Furthermore, the activation energy values deduced from ac-conductivity are lower than those
deduced from dc-conductivity. In some cases, the hopping mechanism includes sites with a
large distance between ions. When the frequency increases, the hopping of charge carriers was
realized only between the neighbor sites. This, explain the decrease in activation energy values
with increasing frequency. Rahmouni et al. [40] have been reported that the accessibility of
other sites in ac-conductivity can be the origin of the lowest values of activation energy
involved in ac-conductivity than those of dc-conductivity. The plot of o, versus frequency
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in three temperature ranges is presented in Fig. 3a—c. In the first range [80-120 K], the
increase in ac-conductivity with frequency reveals the existence of two slops. Therefore, a
two frequency exponent of such variation is evident. So, the simple Jonscher power law [41,
42] is modified as a double Jonscher power law response. According to Funke [43], this later
follows the jump relaxation model (JRM) and is developed by Elliot [44]. So, the double
power law can be described by the following equation:

Oac = Ode + Aw®! + Aw™ 2)

where the exponent s; ranges from (0 < s1 < 1) characterizes the low-frequency region
and it indicates the short-range translational ion hopping (non-diffusing mode). For the
high frequency range, the exponents (0 < s < 2) corresponds to the localized relax-
ation/reorientational process [45]. Satapathy et al. [46] explained the appearance of two dis-
persion curves on ac-conductivity versus frequency to the prominent contribution of grain and
grain boundary to the electrical process in the material. In the temperature region [ 140-180 K],
the conductivity spectrum is characterized by the presence of frequency-independent region
followed by a dispersive behavior at high frequency. In such temperature range, the ac-
conductivity can be described by the simple Jonscher’s power law [41, 42]:

Oac = Odc + Aw®! 3)

For the third temperature range [200-300 K] and at high frequency, the
Pro65Cap25Cdp 1 MnO3 exhibits a metallic behavior. At higher frequencies, the hop-
ping mechanism is weak and the conductivity was controlled by the collisions. The ac
response is well described by the Drude model [47]:

Odc

Uac = T 5 5
1+ w272

“
where 7 is the relaxation time which describes the electron—phonon scattering.

In order to identify the processes contributing to the conduction mechanism, the temper-
ature dependence of the exponent s; and s, with temperature is plotted in Fig. 3d, e. The
exponent s; decreases with temperature until it reaches a minima value then it increases.
This variation proves that the overlapping large polaron tunneling (OLPT) is the appropriate
model describing the conduction mechanism. This mechanism is characterized by the over-
lapping of the spatial extension of large polaron with each other. This large polaron in the
grain interior region is formed as a result of the coupling of doublet Mn3* — Mn** and
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Fig. 3 Evolution of conductivity as function of frequency at different temperature ranges [80-120 K] (a),
[140-180 K] (b) and [200-300 K] (c). d, e Variation of the exponent “s;”” and “s” as a function of temperature

lattice distortion. Therefore, a potential well around Mn** ions was created. Consequently,
the hopping of the electron Mn>* in those wells and the trapped charge carriers at the localized
sites may be transformed into large polaron [48-50].

The exponent s, obtained from the high-frequency range decreases as the temperature
increases. So, the conduction mechanism is described by the correlated barrier hopping
(CBH). The hopping of small polaron or bipolaron over the Coulomb barrier which isolated
two defect centers is the origin of the conduction in this mechanism. Indeed, the Jahn—Teller
electron phonon-coperation of Mn3* ions is the source of the existence of small polaron,
and the increase in the number of charge carriers with the rise of temperature may be the
origin of bipolaron formation [51]. It may be possible that the substitution of Ca ion with Cd
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generated structural and chemical defects that play the roles of defect centers. As found in
the literature [48, 49, 52], the grain boundary acts as the potential barrier, isolating the defect
centers due to its higher resistivity.

3.3 Impedance spectroscopy analysis

The variation of imaginary part Z” as a function of reel part Z’' (i.e., Nyquist diagram)
measured at different temperatures is depicted in Fig. 4a—c. It is clearly shown that the
shape of semicircle arcs changes with increasing temperature. For T = 80 K and at low
frequency, the high-capacitive behavior with high values of resistance is the characteristic of
the grain boundary region. Moreover, the semicircular arc at high frequency, which identifies
the response of grain, presents a relatively low value of both capacitance and resistance. The
same behavior was observed by Khobkar et al. [53]. For T = 100 K, two arcs are observed.
The different electrically active regions are the origins of the appearance of the two semicircle
arcs [54]. The center of the semicircular arc is localized below the real axis reflecting a non-
Debye-type relaxation process [55]. Generally, the grain region is characterized by a smaller
relaxation time than that for the grain boundary. Therefore, the small arc in the Nyquist plot
at high frequency corresponds to the contribution of grain, while the larger low-frequency
arc is detected to the grain boundary one [56]. However, beyond T = 100 K, the larger arc at
low frequencies becomes dominant and the smaller one is obscured. Therefore, a single arc
is detected. Condoo et al. [54] have explained the disappearance of small grain response at
high temperatures by the large difference in the magnitudes of resistance between grain and
grain boundary. It is also clearly seen that the diameters of the semicircular arcs decrease
with increasing temperature. Such a result confirms the thermal activation of conduction
processes and confirms the semiconducting behavior of the sample.

In order to correlate the electrical properties and microstructure of materials, electrical
equivalent circuit models are used via ZView software (inset Fig. 4.). For T = 80 and 100 K,
it is observed that the introduction of constant phase element (CPE) in the equivalent circuit
with the effect of grain, grain boundary allows the best fit of the impedance plot. For T
>100 K, the equivalent circuit model is composed by [R, + (Rgb//CPEgb)]. The impedance
of the constant phase element is Zcpg = A’l(jw)’“ [57]. For A = C and « = 1, the CPE
described the ideal capacitor. For o < 1, Bhomik et al. [58] have shown that CPE suggests the
non-Debye-type dielectric relaxation. Such behavior implies a distribution of R—C networks
and heterogeneities in the material [58].

Figure 5a shows the normalized imaginary part of impedance (Z”/Z" ax) as a function
of frequency at different temperatures. The curves show that Z” increases until it reaches
maxima peak, above which, it decreases indicating the presence of relaxation phenomenon.
Asoudi et al. [59] have reported that the presence of an asymmetric peak which describes
the distribution of relaxation time can be related to the distortion of Mn—O—Mn angle bond
and Jhan-Teller effect. Also, the asymmetric broadening at higher frequency confirms the
contribution of grains and grains boundary in the material impedance. The accumulation
of space charges and their release at lower and higher frequencies, respectively, induce the
merging of curves at higher frequency [60, 61]. Furthermore, the relaxation frequency peak
(fmax) shifts to a higher frequency range when the temperature increases. This behavior
suggests the increase in carrier mobility. The values of f .« are extracted from the position
of those peaks and hence the relaxation time (7) is deduced using the relation: o = 1/27f max.-
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The Arrhenius function can describe the dynamics of the relaxation process following the

relation:
E,
T =19exp| — ©)
kg

where 7¢ is the pre-exponential factor, kg is Boltzmann’s constant, and E, is the activation
energy.
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The variation of In(z) versus 1000/T is shown in Fig. 5b. From the slope of the linear fit,
we deduce the activation energy value (E,7). Such value is equal to 139 meV and it is in
good agreement with E,, obtained from dc-conductivity. The difference between these two
activation energies is small. Indeed, the conduction mechanism involves three types of energy:
hopping energy, disorder energy, and the binding one, while the relaxation process involves
only the hopping energy of carriers between the localized states [62, 63]. The obtained results
confirm the contribution of grain boundary on the conduction.

The variation of Z” and M” as a function of frequency is depicted in Fig. 6a, b at 80
and 100 K, respectively. As found in the literature, the impedance plot gives insight into the
more resistive part while modulus presents the least capacitive one [64]. Moreover, Hassen
et al. [45] have reported that such combined plots enable to differentiate between the short-
range (i.e., localized dielectric relaxation) and the long-range (i.e., non-localized: long-range
conductivity). Generally, the impedance and dielectric modulus follow tz > 7,/ [65]. This
general order explained the appearance of Z” maximum peak at a lower frequency compared
to that of M"”. The separation between these peaks suggests that the relaxation process is
dominated by localized hopping of charge carriers [66, 67]. For T = 80 K, the curves show a
single peak and it appears at the same frequency value. Such a result represents the domination
of long-rang movement of charge carriers [66]. For T = 100 K, it is clearly seen that the gap
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between the peak of Z” and M” is wide which annunciates the Non-Debye-type relaxation
behavior [68].

3.4 Dielectric properties

The study of dielectric responses with frequency and temperature gives information about
the electrical behavior of the compound. The response of the sample to an applied electric
field can be related to the contribution of different types of polarization [69]. Figure 7a shows
the temperature dependence of dielectric constant. The dielectric constant (¢") increases with
temperature up to the specific temperature. This later is defined as the dielectric transition
temperature 74. Nevertheless, beyond this temperature, ¢’ value decreases. The change in
the evolution of the dielectric constant with temperature can be related to the existence of a
magnetic transition. Mohan et al. [70] have found a good agreement between the dielectric
transition and the magnetic one and indicate the becoming of the materiel to paramagnetic
behavior.

Figure 7b displays the variation of ¢’ with the temperature at different frequencies. The
values of ¢ increase with decreasing frequency. Such evolution characterized the compound
with normal behavior (i.e., having mobile carriers) [71]. In the beginning, &’ starts to increase
with increasing temperature. Indeed, the increase in temperature leads to the rise of polariza-
tion producing the thermal energy to the material [72]. Also, it can be observed that the rate
of increase &’ at 10° Hz is the most faster than the other values of frequency. As found in the
literature [73, 74], this behavior can be related to the disordering of the cation sublattices. This
disorder is defined by the shift of cation from the site of the interstices to another. Indeed, this
later facilitates substantially the formation of the carriers. The accompanying of the disorder
of lattice with the increase in &’ induces the weakness of the Coulomb interaction between
the departed cation and the vacancy which left it. Additionally, the transition of cations from
sites to interstices leads to the production of an equivalent dipole with a positive charge in the
interstice and the negative one in the site. With the applied electrical field, such dipole was
oriented, and then an increase in dipole moment of the system was achieved. The increase
of departure of cation from interstices induces an increase in polarizability of the unit cell.
Although a discount between the interactions of an equivalent dipole, the statistical causes
should be the reason for the increase in the number of such dipoles with temperature. There-
fore, with increasing temperature, an occur of transition from an ordered cation sublattice

@ Springer



Eur. Phys. J. Plus (2020) 135:790 Page 11 of 15 790

Fig. 7 a Temperature (a) 60000
dependence of the real part ¢’ of
the permittivity, b temperature
dependence of &’ at different 50000
frequencies -
'S 40000+
&=
“w
30000 4
20000 4
80 100 120 140 160
Temperature (K)
(b) —— 103Hz
40000 5
—a—10" Hz
—=—6 105Hz
30000+
&
&)
=~ 200004
w
10000 4
04

80 100 120 140 160
Temperature (K)

(i.e., state of low ¢&’) into a disordered one (i.e., state of high &"). Kar [75] annunciates that
the high value of ¢’ leads to the rise of charge carriers that are responsible for the increase
in conductivity of the compound, as explained above. However, the appearance of a peak at
a specific temperature (7 q) was distinguished. It is observed that with increasing frequency
the value of T4 shifts to the higher temperature side indicating the presence of dielectric
relaxation in the material. Rai et al. [76] explain this behavior by the increase in kinetic
energy of hopping polarons, which induces the begging of oscillation of Mn**/Mn** dipoles
with increasing frequency. A similar behavior was observed for other manganites [77-79],
and different perovskite systems [80—82].

4 Conclusions

Prp 65Cap25Cdo.1MnO3 ceramic was synthesized using a solid-state reaction method. Dc-
conductivity analysis indicates that the studied ceramic exhibits a semiconductor behavior.
Then, the hopping model governs the conduction mechanisms. From ac-measurements, the
presence of the double exponent (sg, s2) is found. Such a result is attributed to the grain and
grain boundary contribution. Two distinct conduction mechanisms are observed CBH, and
OLPT ones. The analysis of the normalized imaginary part of impedance shows the presence
of the relaxation process. Then, the analysis of the combined imaginary part of modulus and
impedance confirms the presence of the relaxation process with non-Debye type. Dielectric
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properties are characterized by the presence of a transition phase which can be related to the
magnetic transition from ferromagnetic to paramagnetic behavior.
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