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The orthorhombic PrggNag>MnOz ceramic was prepared in polycrystalline form by a Pechini sol-gel
method and its structural, magnetic, electrical and dielectric properties were investigated experimentally.
A structural study confirms that the sample is single phase. Magnetic measurements show that the
sample is a charge ordered manganite. The sample undergoes two successive magnetic phase
transitions with the variation of temperature: a charge ordering transition occurred at Tco = 212 K
followed by a paramagnetic (PM) to ferromagnetic (FM) transition around T¢ = 115 K. From an electrical
point of view, a saturation region was marked in the conductivity as a function of temperature o(T)
curves at a specific temperature. The dc-conductivity (o4c) reaches a maximum value at 240 K. The
obtained results are in good agreement with the temperature dependence of the average normalized
change (ANC). We found that the conduction mechanism was governed by small polaron hopping (SPH)
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Accepted 22nd October 2019 in the high temperature region and by variable range hopping (VRH) in the low temperature region.
Complex impedance analysis indicates the presence of a non-Debye relaxation phenomenon in the

DOI: 10.1039/c9ra05414f system. Also, the compound was modeled by an electrical equivalent circuit. Then, the contribution of
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1. Introduction

Perovskite manganites with the general formula RAMnO; (R
(rare earth): La, Nd, Pr; A (monovalent ion): K, Na, Rb, Cs) have
been of considerable recent interest due to their magnetic,
electrical and magnetocaloric properties. They can be used as
magnetoresistive transducers, magnetic sensors, computer
memory systems and magnetic refrigerants.””> Numerous
studies of the mixed-valence manganites show that their
magnetic and electrical properties depend principally on the
competition between different interactions (charge, spin,
orbital, ...). These interactions are very sensitive to several
intrinsic parameters such as Mn*"Mn*" ratio, substitution
level, cation disorder, oxygen stoichiometry, grain boundary
engineering and particle size.>® Moreover, mixed-valence
manganites are characterized by the presence of mobile e,
electrons hopping from Mn** to Mn*" cations. This interaction
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the grain boundary in the transport properties was confirmed.

is considerably affected by some external stimuli (applied
electric and magnetic fields) and is responsible for the ferro-
magnetism and metallic conductivity observed in these oxides.
In Mn-based manganites, different conduction mechanisms
(hopping and percolation process) appear when modifying
intrinsic parameters or external stimulus. The physical prop-
erties of maganites oxides can be improved by closing
dopants,”® substitution sites® preparation route’®'* and inser-
tion of nanostructures.> Many methods of synthesis have been
used to manufacture rare earth manganites with perovskites
structure, including solid-state reaction,"** sol-gel,"* co-
precipitation,’® combustion,” hydrothermal,’® acrylamide
polymerization* and microwave techniques.*® Most of the work
available on the preparation of sodium doped praseodymium
manganites is commonly based on high temperature ceramic
method.*** Basically, many authors have worked on ferro-
magnetic or charge-ordered manganites and their synthesis
methods to optimize their electrical and magnetic properties
towards potential applications in memory devices. Particularly,
in the case of Na-doped manganites, the physical properties
show different scenarios when the sample is subjected to
several measurements. Especially, it is observed that the Lag g-
Na,,MnO; system is only undergoes a transition from ferro-
magnetic metal to a paramagnetic insulator phase between 1.8
and 400 K.>*** However, according to the results of Z. Q. Li
et al.,” the Nd, gNa, ,MnO; manganite prepared by the sol-gel
method exhibits complex behaviour when the sample is
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exposed to external stimuli. The latter compound shows four
distinct temperature intervals with different physical proper-
ties. For T > 155 K, the sample is a paramagnetic insulator. At T
=155 K, the aforementioned compound undergoes a first order
charge-ordered (CO) transition. For 110 K < T < 155 K, the
Nd, gNay ,MnO; is a paramagnetic CO insulator. Below 110 K,
the authors demonstrate the coexistence of ferromagnetic metal
clusters and paramagnetic insulator domains in Nd,gNag .-
MnOj;, which makes this manganite intrinsically inhomoge-
neous. For temperatures below 40 K, the sample exhibits
metallic behaviour because in this temperature range the frac-
tion of ferromagnetic metal clusters exceeds its percolation
threshold value. Also, it is observed that under 14 T the CO state
is destroyed and it remains only the ferromagnetic metal to
paramagnetic transition insulator in this system throughout the
measured temperature range. All of these behaviors observed
on monovalent-doped manganites provide a rich field for
further investigations aimed at better understanding the many
properties and phenomena of manganites. It is also interesting
to note that the sodium-doped manganites have been studied
because of the possibility of using them as magnetic refrigerant
materials.”*>® These oxides demonstrate significant magnetic
effect values which make them potential candidates for
magnetic cooling. In contrary, the electrical and dielectric
properties have rarely been investigated in Na-doped manga-
nites. Besides, the prospect of novel electroceramic composi-
tions in microelectronics has led to extensive research that pays
particular attention to determining functional properties of
manganites. Obtaining reliable information on either the
microstructure, the distribution of electrical parameters, or
their mutual interaction with one another definitely decides the
progress in utilization of these materials in current and
emerging applications such as resonator, capacitor, and sensor.
Motivated by such observations, the study presented in this
work was conducted to further advance in developing multi-
functional materials based on sodium doping manganites
system. However, the 20% sodium doped praseodymium
manganite was successfully prepared by sol-gel processing.
Then, the crystal microstructure, magnetic, electrical and
dielectric properties of Pr,gNay,MnO; ceramic will be dis-
cussed. Such work completes structural and magnetic studies
and helps understand the interplay among magnetic, electric
and lattice interactions. It also yields optimized physical
parameter which can be useful in detecting or sensing devices.

2. Experimental details

The polycrystalline Pr, gNa,,MnO; sample has been prepared
by using Pechini sol-gel method. Appropriate proportions of
high purity (>99.9%) PrsO,;, Na,CO3, and MnO, were dissolved
in a concentrated nitric acid solution with continuous stirring
and moderate heating (50 °C) resulting in a transparent solu-
tion. In this synthesis route, the nitric acid was added to convert
the required constituent oxides into their respective nitrates.
The monohydrate citric acid (complexing agent) and the
ethylene glycol (polymerization agent) were used as additional
agents to ensure the homogeneity and the transparency of the
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solution. The obtained solution was dried at 120 °C to promote
polymerization and to allow solvent removal. A viscous gel was
thus formed and heated up to 300 °C. This step was carried out
to ensure the propagation of a combustion, which transforms
the gel into a fine powder. After crushing, the sample was
calcined at 600 °C during 10 h and then at 800 °C during 14 h in
air with intermediate grinding. Subsequent sintering was done
at 900 °C for 24 h, and at 1000 °C in air for 24 h. In these steps
the products were then ground, pressed into pellets and finally
slow-cooled to room temperature in order to prepare the
required sample. After that, the obtained sample was checked
the crystal structure by an X-ray diffractometer using CuKa
radiation. The surface morphology and grain size distribution
were conducted by Scanning Electron Microscopy (SEM). The
magnetization measurements were done by using an extraction
magnetometer. Two silver circular electrodes have been
deposited on both sides of each pellet by means of thermal
evaporation under vacuum. Thus, we obtained a configuration
of plate capacitor to measure both the electrical and dielectric
properties. Then, the aforementioned sample was mounted in
a cryostat VPF 800 of Janis Corporation which allows the vari-
ation of temperature. An Agilent 4294A impedance analyser was
used in order to conduct and collect measurements over a wide
frequency range [40-10" Hz]. The latter measurements were
executed by the parallel mode for the equivalent circuit with
signal amplitude of 20 mV.

3. Results and discussions

A. Structural properties

Fig. 1 displays the X-ray powder diffraction patterns of the
polycrystalline ceramic Pr,gNay,MnO; at room temperature.
The XRD investigation confirmed the single-phase nature of the
PrysNay ,MnO; sample, within the sensitivity limits of the
experiment. The powder diffraction pattern is analyzed by the
Rietveld refinement method using the Fullprof program.®®*'
The diffraction peaks can be indexed in the orthorhombic
setting of the Pbnm space group like Pr, gNa, ,MnO; prepared
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Fig. 1 X-ray diffraction pattern and the corresponding Rietveld
refinement of the Prg gNag,MnO3z sample.
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by solid-solid method.** The cell parameters are found to be a =
5.448 (3) A, b = 5.435 (9) A and ¢/y/2 = 5.434 (5) A and the unit
cell volume V = 227.61 A%, The average crystallite size, deter-
mined from Rietveld refinement, is estimated to be 72.9 (7) nm.
The quality of the refinement is evaluated through the goodness
of the fit indicator x> = 1.55, the residuals for Braggs factor
Rprage = 9% and structure factor Ry = 11.5%. All these param-
eters were used a numerical criterion of the quality of the fit of
calculated to experimental diffraction data. The morphology
and grain size of Pr, gNa, ,MnO; ceramic, revealed by SEM, are
depicted in Fig. 2. The SEM micrographs reveals that all the
grains are multi-faceted. 453 grains were taken randomly from
the micrographs with grain size distribution in the range 0.3-
1.2 um as shown in Fig. 2. The average grain size based on the
histogram is around 0.64 (1) um. For the prepared sample, the
average size observed on SEM graph are much larger than that
derived by XRD patterns which indicates that each grain
observed by SEM basically consists of several crystallites.** Such
behavior is observed in other manganites such as Prg gsNag 5-
MnO;. Regarding the result obtained for the latter compound,
a clear difference was observed between the size of the grains
and that of the crystallites. The authors explained that this
difference is due to the fact that the grains are composed of
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Fig.2 The SEM micrograph of Prg gNag ,MnO3 and histogram of grain
size distribution.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

several crystallites, probably because of internal stresses and/or
defects in the structure.®*

B. Magnetic properties

The temperature dependence of magnetization M(T) for the
aforementioned compound was studied in the field-cooled (FC)
process with an applied field of 0.05 T, and the results are
shown in Fig. 3. With the decrease of temperature, it is clearly
observed that the magnetization gradually increases and then
slightly decreases around the T¢o = 212 K. The presence of this
small broad hump indicates the existence of a charge ordering
(CO) state. Such kind of peak is also observed in other manga-
nites, in particular PryCao4Mn0O3,* Pr; ,Na,Mn03,*® Nds-
Cay sMn03,** and Ca; _,Ce,MnO; (0.075 < x < 0.20),* and have
been established (by neutron diffraction or electron diffraction)
to be associated with a transition into Mn-site charge-ordered
state. Also, the M(T) keeps on decreasing, but abruptly shifts
to a rise near the temperature T = 115 K, exhibiting a change
transition from a disordering state to an ordering state and
indicating a typical paramagnetic—ferromagnetic phase transi-
tion. This behavior is relatively similar to those obtained by
other authors.*® It should be noted that the critical tempera-
tures (Tco and T¢) are obtained from the extrema (maximum
and minimum) values of dM/dT vs. T curves shown in the inset
of Fig. 3.

An approximate method of spontaneous magnetization Mg,
at 53 K can be estimated*® by extrapolating the linear part of the
high field magnetization curve to zero field. Mg, is found to be
86 emu g’1 for the PrygNay,MnQO;. Also, the saturations
magnetization Mg, at 53 K can be obtained from the Mvs. 1/u,H
data at 1/uoH = 0 (see Fig. 4). The obtained value of Mg, is 93.3
emu g~ . In addition to the M(T) measurement, the magnetic
field dependence of the magnetization, M(H), at a series of
selected temperature points are shown in Fig. 5. For each
selected temperature, the measurements were performed from
0 T to 5 T. It can be seen that the M(H) curves prove the presence
of several magnetic phases. In the high temperature region of T
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Fig. 3 Temperature dependence of the magnetization at 0.05 T for
Prg gNag MnOs sample. The inset is the dM/dT curve.
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Fig. 4 Variation of the magnetization as a function of applied
magnetic field for of Prg gNag>MnOz sample at T = 53 K. In the inset:
determination of the saturation magnetization of the samples at 53 K.
Red dashed lines are given as guides to the eye.
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sample

= 275 K, the presented isothermal magnetization increases
almost linearly with increasing magnetic fields, which is
consistent with the paramagnetic character (PM). As T = 224,
200 and 146 K, M(H) increases almost linearly with the applied
magnetic field, then the slope of M(H) curve increases rapidly as
the magnetic field is increased further, which is a clear signa-
ture of the coexistence of FM and AFM-CO phases. The latter
character indicates the presence of metamagnetic transition in
the PrygNay,MnO; sample. According to the M(T) data, the
sample lies in a CO state at these temperature regions.
Furthermore, as we can see from the same figure the apparition
of the ferromagnetic behavior indicating the disappears of the
metamagnetic transition at low temperature 7 = 95 and 53 K.
Furthermore, the M(H, T = 53 K) increases quickly at low
magnetic field corresponding to a rapid rearrangement of the
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magnetic domains and then tends to saturate from the 0.7 T
value of H and beyond the value of the field, the magnetization
remains almost constant tending towards saturations. In
comparison with other charge ordered manganite, similar
behaviour is observed in Lag,75Pr35Ca0.375MnO;3. It is clearly
seen that this system passes through different magnetic ground
states namely PM for T'= 220 K, AFM-CO for 80 = T'< 200 K and
FM for 10 = T =< 50 K. Particularly, As T'= 200 K, the M(H) curve
rises almost linearly with increasing H up to 3.41 T, then the
slope of M-H curve shows a rapid increase as the magnetic field
increases further.*

C. Electrical and dielectric properties

a. DC-conductivity analysis. The variation of dc-
conductivity as a function of temperature for Pr,gNay,MnO;
is shown in Fig. 6a. It is clear that the conductivity increases
throughout the temperature range without appearance of
transition. The investigated material exhibits a semiconductor
behavior. When the temperature increases, we estimate that the
density of free carriers increases and the carriers acquire
a sufficient thermal energy to be able to easily cross the
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Fig. 6 (a) Temperature dependence of the conductivity of Prgg-

Nag >MnOs system. (b) SPH model, (c) in the inset; VRH model.
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encountered barriers. In the ¢(7T) curve we observe a saturation
region at high temperature. In such temperature region the
available trapping states are completely emptied and the free
carrier density reaches its maximum. We consider these factors
to explain the plateau observed in the curve o(7) for higher
temperatures.

To extract information about the type of conduction mech-
anism, we used the experimental data in the Fig. 6a. We have
applied two jump models: in the high temperature region, we
use the small polaron hopping model (SPH) which is mathe-
matically described by the relation opcT = 0 exp(—Ea/ksT).
With ¢, is the pre-exponential factor, E, is the activation energy
and kg is the Boltzmann constant. In the low temperature
region, the variable range hopping model (VRH) is used using
the relationship: opc = A exp(—TO/T)1/4. Where T, is a constant.
The fitting parameters considering both models in dc conduc-
tivity were inserted in the inset of Fig. 6b. For perovskite
materials,*>** T, is an important parameter used to calculate the
density of the localized states at the Fermi level. Such parameter
is found to be between 10® and 10° for manganite and ferrite
materials. The obtained value is in good agreement with the
literature.**** The Fig. 6b confirms that the conduction process
is thermally activated and that electronic conduction is domi-
nated by the thermally activated hopping of small polaron.*
The inferred activation energy is about 134 meV which is in
good agreement with the literature for manganite system. For
the doped perovskite manganite, it is found that the activation
energy values depend on the dopant element concentration and
related to the temperature range. The inferred activation energy
value agrees with previous work*>*® for similar manganite
materials. Recently,* it is found that E, varies from 110 meV to
165 meV as function of the dopant element concentration
which is related to the localization and delocalization effects.
For hopping process of the charge carriers, the obtained E,
value for our system (E, = 134 meV) is found to be in the same
range. The inset of Fig. 6b (see Fig. 6¢) confirms that the
conduction mechanism is dominated by the VRH process in the
low temperature region where it can be elucidated by the exis-
tence or distribution of trapping centers having multiple acti-
vation energy.**

b. Complex impedance analysis. Fig. 7a shows the varia-
tion of the real part of impedance (Z') with the frequency at
different temperature. At low temperature, the impedance is
typically high. When increasing the frequency and the temper-
ature, Z' decreases indicating the increase of the conductivity.
Such evolution can be attributed to the improvement of
mobility and the reduction of trapped charge density.”® At high
frequencies, the values of Z' merge, which confirms the pres-
ence of space charge polarization in the material. This is also
confirmed by the high values of Z' observed at low frequencies.
It is well known that the average normalized change (ANC) is
treated as the intrinsic response of the material. Such param-
eter clarified the changes of Z’ as a function of temperature. The
ANC is deduced using the equation ANC = (AZ'/Af)/Z,, where Z,
is the value of Z' at frequency equal 0. Z, is determined from the
extrapolation of the plateau to low frequency. AZ' is the differ-
ence between the value Z'j,,, of Z' at low frequency (fiow) and its

This journal is © The Royal Society of Chemistry 2019
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value Z'pgh at high frequency (fhign): AZ' = Z'jow — Z'high and Af =
Jiow = fnign:™

For the investigated compound, the variation of the ANC as
a function of temperature is illustrated in Fig. 7b. The curve is
characterized by a region where the ANC is temperature inde-
pendent. Then a change is observed by increasing the temper-
ature. This change indicates the presence of different
conduction mechanisms in the low and high temperature
regions. The inset of Fig. 7b shows the variation of the derivative
of ANC as a function of temperature.®> A change in the slope of
the derivative of ANC with temperature was observed at Tanc =
240 K. Such change indicates that the available density of
trapped charge has vanished. These temperature values are
identical to those observed in the conductivity-temperature
dependence (Tync = Tp) (Fig. 6a). These results are in concor-
dance with the conductivity saturation observed in Fig. 6a and
confirms the presence of different conduction mechanisms. In
the o(7) curve, the conductivity increases rapidly with
increasing temperature. When 7' = Tp = 240 K, ¢ increases
slowly and reaches a saturation region in the high temperature.
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As Tync is the temperature at which the trapped center are
vanished (Tync = 240 K). So, the variation of ¢(7) can be
explained by the same phenomenon as Tanc = Tp.

The frequency and temperature dependence of imaginary
part of impedance Z’(f) for Pr, gNa, ,MnOj is shown in Fig. 8a.
The spectrum is characterized by the appearance of a peak at
a frequency which is conventionally known as the “relaxation
frequency” (f;). It is noteworthy from Fig. 8a that the peak height
decreases and the relaxation frequency shifts to the higher
frequencies when the temperature increases. We join this result
to the previous ones to confirm the semiconducting behavior of
the sample and to indicate that thermally activated charge
carriers are implicated in electrical conduction. The appeared
peaks in Z" (f) spectra are well defined. Such observation indi-
cates the presence of electrical relaxation phenomenon. The
relaxation frequency f; values are used to calculate the relaxa-
tion time t using the relation 2wfit = 1. Fig. 8b shows the
variation of log 7 versus 1000/T. That the activation energy value
deduced from relaxation time is equal to E, inferred from
conductivity analysis (E, = 130 meV). It can be concluded that
some relaxation species, such as defects, may be accountable
for electrical conduction in the compound.*

180000 T T T
o T00% f# __PrNadno, -
160000 |- o 120K P % o] |3 2 g H
< 140K :
140000 160K o o@ % g E m
© 180K o0 R - i
¥ 200K @ .
120000 |-| & 200K -3 A
° % /
= 100000 I @ L e
= 0% D frequency (Hz)
N 80000 > %
@
o
60000
40000 |-
20000
0 =
1000 1000 100000 1000000
Frequency (Hz)
1E'4 T T T T T T
Pr, sNay ,MnO4 °
1E-5F 3
o
—
2]
N’
o (]
1E-§ E
Eg= 130 meV
1E-7] (b) 3
1 1 1 1 1 1
4 5 6 7 8 9 10

1000/T (K™)

Fig. 8 (a) Plot of the imaginary part of impedance with frequency of
Pro.gNag 2MnOs system. (b) Plot of relaxation time vs. 1000/T.

35604 | RSC Adv., 2019, 9, 35599-35607

View Article Online

Paper

Fig. 9 shows the complex impedance plots of Pr, gNa, ,MnOj3
at different temperatures. The spectra are characterized by the
presence of a semicircle arc for all temperatures. We observe
that the diameters of semicircles decrease when increasing
temperature. Such behavior proves that conduction process is
thermally activated and confirms the semiconducting character
of the compound in the whole explored temperature range. In
general, the complex impedance analysis was used to correlate
the microstructure of the material with the ac electrical prop-
erties using an electrical equivalent circuit model. The investi-
gated sample can be modeled by an equivalent circuit model
which contains a grain resistance R, connected in series with
(Rgp//CPE). Fig. 9, where Ry, and CPE are respectively the
resistance and the constant phase element impedance. From
impedance spectrum, we can easily determine the R, and Ry,
values. The left intercept of these mi-circle with Z’ axis gives the
R, value and the right one gives the total resistance R = Ry, + Ry,
As shown in Fig. 9, the Ry, values are greater than R, ones. In
perovskite manganite the grain boundaries are more resistive
than grains. Such behavior can be attributed to the non-
stoichiometric distribution of oxygen and the existence of
dangling bonds on the grain boundaries. These factors play
a role in charge carrier traps and barrier layer width.>**® From
Table 1, it is remarked that the grain exhibits a conductor
character. Grain resistance has a weak value which is temper-
ature independent. In contrary, the grain boundary exhibits
a significant resistive character. It is observed that the grain
boundary resistance decreases dramatically with increasing
temperature confirming the thermally activated conduction
process. Then, such results indicate that the electrical and
dielectrical properties in the present compound are governed by
the grain boundary. As it is well noticed that the investigated
compound exhibits a conductor grain and a resistive grain
boundary, so, we can suppose that the dielectric structure of the
sample is constituted by low resistive grains separated by poor
conducting thin grain boundaries. Then, when the electric field
is applied, the localized accumulation of charges leads to the

500

100

1 L )
200 300

Z' (k)

400

500

Fig. 9 Impedance plan plots of Prg gNag>MnOz model. The electrical
equivalent circuit is used for all temperature.
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Table 1 Electrical equivalent circuit parameters

100 K 120 K 140 K 160 K 180 K 200 K
Grain resistance (kQ) 0.1 0.1 0.1 0.1 0.1 0.1
Grain boundary resistance (kQ) 420 70 19 6 2 1
Grain boundary capacity (10~ '° F) 2.9 3.3 3.7 3.4 3.1 3
Exponent 'a’ (grain boundary) 0.875 0.879 0.883 0.900 0.922 0.947

interfacial polarization which defined the dielectric properties.
Similar behavior was observed in manganite materials family.*”

4. Conclusion

Summarizing, we have prepared the Pr, gNa,,MnO; sample by
a Pechini sol-gel process. The structural, magnetic, electric and
dielectric investigations have been performed. Rietveld refine-
ment of XRD pattern shows that Pr,gNay,MnO; possesses
orthorhombic structure with Pnma space group. The prepared
sample exhibit different magnetic ground states, such as para-
magnetic (PM), charge-ordering (CO) and ferromagnetic (FM)
behavior. Moreover, we have found that the sample shows
a semiconductor behavior and that a de-conductivity is marked
by saturation value at a high temperature. The temperature
dependence of the average normalized change shows that the
temperature at which the available density of trapped charge
states vanishes is close to the temperature at which the
conductivity begins to saturate. The activation energy value
deduced from the conductivity and relaxation time are close to
each other. These results confirm that the electric conduction
and relaxation phenomenon are related to the same origin.
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