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Abstract
La0.5Eu0.2Ba0.3−x□xMnO3 (x = 0.00, 0.05 and 0.15) samples were prepared using sol–gel method and annealed at  Ts = 750 
and 950 °C. The X-ray diffraction technique shows that all samples crystallize in the rhombohedral structure with R-3c 
space group. Electrical properties of the prepared compounds were investigated using impedance spectroscopy technique 
in a wide temperature range (80–440 K). The results show a semiconductor behavior for all samples. From dc-conductivity 
(σdc) analysis, it is observed that increasing barium-deficiency content and sintering temperature improves the electrical 
conductivity. It is also found that the conduction mechanism is governed by hopping process. Ba-deficiency and sintering 
temperature affects the activation energy  (Ea). From σdc, in the temperature range of 250–480 K and at  Ts = 750 °C, it is found 
that  Ea1 decreases from 190 meV for x = 0.00 to 164 meV for x = 0.15. Also, for x = 0.00,  Ea1 decreases from 165 meV at 
 Ts = 750 °C to 145 meV at  Ts = 950 °C. Complex impedance analysis indicates the presence of non-Debye type relaxation. 
Such analysis confirms the contribution of grain boundary on the conduction. The activation energy  Ea2 deduced from dc-
conductivity matches very well with the value estimated from relaxation time  (Eaτ) indicating that relaxation and transport 
mechanisms are related to the same defect.

1 Introduction

From more than 50 years, complex oxides of transition 
metals have been the immense interest due to their sim-
ple structure and interesting physical properties. Notable 
examples are manganite having the colossal magnetoresist-
ance [1] and multiferroic oxides such as hexaferrite based 
barium [2–4]. In the mixed valence manganite with gen-
eral formula  La1−xAxMnO3, where A is a divalent element 

(A = Ca, Ba, Sr…), several research groups are interested 
due to the strong interplay between structural, magnetic and 
electrical properties as well as the possibility of technologic 
application [5–7]. These materials exhibit a very rich phase 
diagram due to the subtle competition among the interac-
tions involving spin, lattice and charge degree of freedom 
[8]. Due to their physical properties, manganite are used as 
cathode material in solid oxide fuel SOFC [9, 10], computer 
memory system, infrared detectors, magnetic cooling sys-
tem, recording devices and photocatalysis [11–16]. It is well 
known that lanthanum manganite  LaMnO3 have an insula-
tor behavior. Such compound display both ferromagnetic 
state and metallic conductivity when trivalent  La3+ ions are 
partially substituted by divalent ions as  Ca2+,  Ba2+ and  Sr2+ 
[17–19]. These substitutions cause the creation of mixed 
valence of manganese ions giving rise to double-exchange 
(DE) interaction which explains successfully the metallic 
behavior. Moreover, the existing of Jahn–Teller distortion 
plays a significant role in determining the magneto-transport 
properties [20]. In addition, a change in magnetic states of 
oxides, e.g., ferromagnetic or antiferromagnetic behavior, 
was resulting from the modification in the element dopant, 
the preparation methods or the cation deficiency. For exam-
ple, the La–Ba manganite exhibit a long range ferromagnetic 
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interaction and large magnetoresistance above room tem-
perature [21]. As regards,  La0.65Ba0.35MnO3 system has 
 TC = 362 K. Turkanov et al. [22] have been reported that 
the  La1−xBaxMnO3−x/2 samples are semiconductors and 
show considerable magnetoresistance over a wide tempera-
ture range in a magnetically ordered state. In addition, the 
electrical properties of these samples depends to the bar-
ium content. Indeed, the  La1−xBaxMnO3 ( 0.25 ≤ x ≤ 0.35 ) 
system exhibit an increase remarkably of semiconductor to 
metal transition temperature  (TSM) from  TSM = 200 K for 
x = 0.25 to 230 K for x = 0.35 [23]. In literature [24, 25], 
structural, electrical, magnetic and magnetocaloric proper-
ties of  La0.7−xEuxBa0.3MnO3 system have been investigated. 
The properties of such compounds depend on Eu content. It 
is found that the sample with x = 0.15 is a good candidate as 
a magnetic refrigerant. The replacing of  La3+ ions by smaller 
 Eu3+ ions (r  (La3+) = 1.216 Å > r  (Eu3+) = 1.120 Å for a 9 
coordination [26]) affects the crystalline network, reduce the 
DE interactions and then introduce the decrease of electrical 
conductivity. Also, the physical properties of ceramics are 
sensitive to the sintering temperature [27–33]. In fact, the 
results confirmed that the magnetic, electronic and transport 
properties are significantly affected by the grain size. Among 
these reports, the decrease of sintering temperature  (Ts) 
into  La1−xCexMnO3 (x = 0.3, 0.4 and 0.5) [30] provokes the 
change of the structure from the orthorhombic to the rhom-
bohedral system which induces an increase of the magneti-
zation. In addition, the effect of sintering temperature  (Ts), 
from 600 to 1000 °C, in  Pr0.5Eu0.1Sr0.4MnO3 [31] exhibit that 
the sample sintered at 1000 °C displays superior magnetic 
properties. It is reported that such result is due to the largest 
crystallite and grain size. Also, Venkataiah et al. [32] and 
Baaziz et al. [33] have investigated the effect of  Ts on elec-
trical properties of  La0.67Ca0.33MnO3 and  La0.67Sr0.33MnO3 
respectively and demonstrated that the increase of  Ts induces 
the increase of particle size. Such works confirm that the 
annealing temperature promotes the growth of grain and 
improve the quality of crystalline materials. In addition, 
many authors display that the presence of vacancies in per-
ovskite manganites improves their physical properties [34, 
35]. A-site deficiencies in this system provoke the variation 
of the ratio of  Mn3+/Mn4+. Oumezzine et al. [36] show that 
the barium vacancies in  La0.67Ba0.33−x□xMnO3 (x = 0.00, 
0.05 and 0.1) manganite modify the structural parameters 
and a decrease of  TSM has been observed. Nevertheless, the 
discussion of the effect of deficiencies and sintering tem-
perature in manganite systems are not intensively studied.

In the present work, we investigate the effect of barium 
deficiency and sintering temperature on the structural and 
electrical properties of  La0.5Eu0.2Ba0.3−x□xMnO3 com-
pounds. Such compounds are synthesized by Pechini sol–gel 
with x = 0.00, 0.05 and 0.15 and sintered at  Ts = 750 and 
950 °C.

2  Experimental details

Nano-polycrystalline powders of  La0.5Eu0.2Ba0.3−x□xMnO3 
with x = 0.00, 0.05 and 0.15 were prepared using sol–gel 
method [37]. In this process, stoichiometric amounts of 
the nitrate La(NO3)3·6H2O, Ba  (NO3)2, Eu(NO3)3 and 
Mn(NO3)2·6H2O were dissolved in distilled water. Cit-
ric acid and ethylene glycol were added in the solution. 
A stable solution was formed. Then, the solution was 
stirred and heated at 80 °C to eliminate the excess water 
and obtain a viscous gel. The gel was ground for 1 h and 
calcined at 600 °C for 6 h. Different packages of powder 
were pressed into pellets and were sintered at 750 and 
950 °C for 4 h. Finally, to avoid the lack of oxygen stoi-
chiometry the obtained pellet is quenched rapidly in air at 
room temperature. Consequently, the oxygen stoichiom-
etry for our samples has been considered ideal [38, 39]. 
The phase purity and crystallinity of the powder were 
examined by the X-ray diffractometer [“Panalytical X pert 
Pro” diffractometer with Cu-Kα radiation (λ = 1.5406 Å)]. 
Also, we used the Scherrer’s formula to estimate, from 
the X-ray (104) diffraction peak, the average particle size 
for all investigated samples. To obtain electrical meas-
urements, and for allow from the surface of the electrode 
precise calculations, a thin silver film on both pellet side 
was deposited through a circular mask with a diameter 
of 6 mm. Therefore, a configuration of a plate capacitor 
was obtained to measure both the conductance and the 
capacitance. In order to vary the temperature from 80 to 
480 K, the samples were mounted in a cryostat. The meas-
urements were conducted under vacuum and in the dark 
using an Agilent 4294 analyzer with a signal amplitude 
of 50 mV.

3  Results and discussions

3.1  X‑ray diffraction analysis

The crystal structure of the  La0.5Eu0.2Ba0.3−x□xMnO3 
(x = 0.00, 0.05 and 0.15) samples, prepared at different 
sintering temperatures (750 and 950 °C), has been ana-
lyzed by X-ray diffraction (XRD). The XRD patterns 
as well as the Miller index are shown in Fig. 1a–f. The 
result shows a single phase and no impurities are detected 
which indicates high purity of the samples. As can be 
seen in Fig. 1a–c, at 750 °C sintering temperature, single-
phase  La0.5Eu0.2Ba0.3−x□xMnO3 powders show a broad 
distribution due to the nanocrystalline character. It can 
also be seen that most of the peaks are relatively high, 
which reveals that the samples crystallized perfectly. 
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Furthermore, all the diffraction peaks in both the series are 
assigned well to rhombohedral crystalline phase with the 
R-3c space group. For the same sample, the degree of crys-
tallinity is observed to increase as the reaction temperature 
is increased from 750 to 950 °C since the corresponding 
XRD peaks became more intense and narrower. In order to 
obtain the crystallite size, the Scherrer equation was used 
and the results are listed in Table 1.

3.2  Conductivity analysis

3.2.1  Dc‑conductivity

Figure 2a and b displays the variation of dc-conductivity (σdc), 
for  La0.5Eu0.2Ba0.3−x□xMnO3 (x = 0.00, 0.05 and 0.15) com-
pounds annealed at 750 and 950 °C. All samples show a semi-
conductor behavior. In the whole explored temperature range, 
the metal–semiconductor transition is not observed for all 
barium vacancies. It has been observed that σdc values increase 
with increasing barium deficiency. This result can be related 
to the rise of the interaction between  Mn3+ and  Mn4+ spins 
which disfavors the charge localization. Moreover, it is clearly 
shown that the increase of sintering temperature  (Ts) from 750 
to 950 °C induced an increase of conductivity. This evolution 
was attributed to the increase of particle size as observed in 
Table 1. For example, for x = 0.00, the particle size increases 

from 26 nm at  Ts = 750 °C to 39 nm at  Ts = 950 °C. This leads 
to a decrease in the number of grain boundaries which causes 
a decrease of the scattering of the charge carriers [36]. The 
reduction of the encountered barriers leads to the enhancement 
of electrical conductivity.

In order to get information about the conduction mechanism 
present in the system, experimental data are fitted using vari-
ous models. In the first hand, the experimental data are well 
fitted by Mott and Davis law [40].

where �0 is a pre-exponential factor, E
a
 is the activation 

energy and kB is the Boltzmann constant. The plots of (σT) 
versus 1000/T shown in Fig. 2c and d are linear over a wide 
temperature range (250–480 K), confirming a thermally 
activated polaron hopping. In the other hand, at low tem-
perature, the experimental data are well fitted by another 
function [40].

where  T0 and A are constant. At low temperature, Fig. 2e 
and f show a linear evolution of (σ) versus (1/T1/4), 

(1)�T = �0 exp

(

E
a

kBT

)

,

(2)� = A exp

(

−T0

T

)1∕4

,

Fig. 1  X-ray diffraction patterns 
of  La0.5Eu0.2Ba0.3−x□xMnO3 
(x = 0.00, 0.05 and 0.15) sam-
ples annealed at 750 °C (a–c) 
and at 950 °C (d–f)

Table 1  Crystallite size of 
 La0.5Eu0.2Ba0.3−x□xMnO3 
(x = 0.00, 0.05, and 0.15) 
samples annealed at 750 and 
950 °C

Sintering temperature (°C) 750 950

Samples x =0.00 x = 0.05 x = 0.15 x =0.00 x = 0.05 x = 0.15

Crystallite size (nm) 26 25 19 39 41 37
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suggesting that the conduction mechanism is dominated 
by variable range hopping (VRH). From the linear part of 
Fig. 2c and d, in the temperature range of 250–480 K, we 
deduce the activation energy  (Ea1) value. The variation of 
activation energy as a function of barium vacancy, at dif-
ferent sintering temperatures, is shown in Fig. 3. It is found 
that  Ea1 depends strongly in Ba-vacancy. It decreases from 
190 meV for x = 0.00 to 164 meV for x = 0.15 at  Ts = 750 °C 

and from 165 meV for x = 0.00 to 145 meV for x = 0.15 
at  Ts = 950 °C. The increase of Ba-vacancy concentration 
induces the increase of the number of  Mn3+/Mn4+ pair ions 
and the change of internal chemical factors, which leads 
to a decrease of  Ea1 as observed in Table 2. Furthermore, 
the increase of sintering temperature leads to an impor-
tant decrease of  Ea1 value. The interaction between grains 
increases with the increase in particle size. Such evolution 

Fig. 2  a, b Temperature dependence of dc-conductivity of  La0.5Eu0.2Ba0.3−x□xMnO3 manganites, sintered at different temperatures (750 and 
950 °C). c, d Variation of (σT) versus (1000/T). e, f Variation of (σ) versus  (T−1/4)
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reinforced the possibility of conduction electron to hop to the 
neighboring sites [35], therefore the value of  Ea1 decreases.

3.2.2  Ac‑conductivity analysis

It is well known that ac measurements give quite relevant 
information about properties such as conductivity, loss fac-
tor and capacitance [41]. Figure 4a–f shows the variation of 
ac-conductivity as a function of temperature and frequency 
for the investigated compounds, sintered at different tem-
peratures. The obtained result can be separated into three 
regions. In the first region (R-I) it is observed that conductiv-
ity increases slightly with both frequency and temperature. 
According to Jacob et al. [42], the increase of conductivity 
with temperature can be attributed to the thermally enhanced 
drift mobility of charge carriers. In the second region (R-II) 
and in the specific temperature range (∆T), it is clear that 
the conductivity, for all samples, becomes almost frequency 
independent. In such a range, we suggest that the capacitor 
character is reduced. According to the summarized results in 
Table 1 and for  Ts = 950 °C, it is noticed that ∆T and crystal-
lite size vary in the same manner when increasing barium 

vacancy. When the crystallite size decreases, the density of 
grain boundary rises leading to the increase of capacitor 
character. Such an explanation is confirmed by the varia-
tion of ∆T and crystallite size of the compound sintered at 
 Ts = 950 °C. When the temperature increases, the frequency 
dependence of conductivity becomes less significant. There-
fore, the frequency independent portion dominates [43]. In 
addition, the change of sintering temperature from 750 to 
950 °C leads to a decrease of ∆T range for all samples. In the 
third region (R-III), the conductivity decreases with increas-
ing frequency. For f = 3 × 106 Hz, a semiconductor–metal 
transition temperature was detected for all investigated sam-
ples. The presence of metallic behavior can be related to 
the DE interaction between  Mn3+ and  Mn4+ ions [44]. For 
 Ts = 750 °C, the value of transition temperature  (TSM) does 
not change  (TSM = 300 K) when the barium vacancy increase 
from x = 0.05 to x = 0.15. It is further noticed from Fig. 4a–f 
that the increase of sintering temperature shifts the values of 
 TSM to a lower temperature region. Li et al. [44] explain the 
decrease of transition temperature with increasing sintering 
temperature by the increase of oxygen vacancies.

3.3  Complex impedance analysis

Figure  5a–f shows the variation of reel part of imped-
ance (Z′) with frequency, at different temperatures, of 
 La0.5Eu0.2Ba0.3−x□xMnO3 system with x = 0.00, 0.05 and 
0.15. The spectra are characterized by the decrease of Z′ 
with an increase in temperatures and frequencies. Such evo-
lution confirms the observed increase in ac-conductivity 
with temperature and frequency [45]. At higher frequen-
cies, the merge of the impedance (Z′) at each temperature 
indicates the presence of space charge. Such behavior can 
be attributed to the lowering of the barriers properties in the 
materials which reduce the resistive behavior with the rise 
in temperature [46]. From Z′ spectrum, we can calculate the 
Average Normalized Change (ANC) [47]. Such a param-
eter is considered as the intrinsic response of the sample. 
It is inferred using the relation ANC = (∆Z′/∆f)/Z′0, where 
∆Z′ is the difference between the value Z′low of Z’ at low 
frequency  (flow) and Z′high of Z′ at high frequency  (fhigh). 
∆f is the difference between  flow and  fhigh. The Z′0 is the Z′ 
value at zero frequency [45]. The temperature dependence 
of ANC and dANC/dT for x = 0.0 sintered at different tem-
peratures, is shown in Fig. 5g and h. The ANC decreases 
when the temperature increases. Such behavior indicated 
the manifestation of different conduction process [43]. The 
slope of d(ANC)/dT at any temperature reflects the density 
of the released trapped charges [48, 49]. For x = 0.00, the 
change of the slope occurs at 120 and 140 K for  Ts = 750 
and 950 °C, respectively. The  TANC values are in good agree-
ment with the temperature  Tdev values observed in σdc (t) 
curves when the conductivity begins to increase rapidly. So, 

Fig. 3  Variation of the activation energy  (Ea1) as a function barium-
vacancy concentration and sintering temperature

Table 2  Activation energy values inferred from the temperature 
dependence of relaxation time and conductivity

Ts (°C) x Ea1 (meV) 
(250–480 K)

Ea2 (meV) 
(100–250 K)

Eaτ (meV) 
(100–250 K)

750 0.0 190 88 83
0.05 170 52 49
0.15 164 44 39

950 0.0 165 11 11
0.05 152 15 13
0.15 145 21 20
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the increase in conductivity is related to the released carri-
ers from trapped centers. Additionally, Fig. 6a–f shows the 
variation of the imaginary part of the impedance (Z″) as a 
function of frequency at different temperatures. The spec-
tra are characterized by the appearance of a single peak for 
each temperature at a certain frequency  fr called “relaxation 
frequency”. The relaxation frequency is not the same for all 
peaks. Such behavior reflects the non-Debye type of relaxa-
tion in the system [50]. Also, the height of the relaxation 

peaks decreases when the temperature increases indicating 
the drop in the resistive properties [35, 51, 52]. The contri-
bution of the relaxation process may possibly be explained 
by the presence of electrons/species at lower temperatures 
and defects/vacancies at high temperatures [53]. In order to 
calculate the relaxation time at each temperature, we used 
the relation 2πfrτ = 1. For all investigated compounds, the 
relaxation time is plotted against 1000/T (see Fig. 6g, h). 
For the temperature range of 100–250 K, the plot of (σT) 

Fig. 4  Variation of (σac) as a function of temperature at selected frequencies  (102 Hz,  106 Hz, and 3 × 106 Hz) for  La0.5Eu0.2Ba0.3−x□xMnO3
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Fig. 5  a–f Frequency and temperature dependence of the real part of impedance (Z′) of  La0.5Eu0.2Ba0.3−x□xMnO3. g, h Temperature dependence 
of average normalized change (ANC) and dANC/dT for  La0.5Eu0.2Ba0.3−x□xMnO3 (x = 0.00) sintered at different temperatures (750 and 950 °C)
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Fig. 6  a–f Frequency and temperature dependence of the imaginary part of impedance (Z″) for  La0.5Eu0.2Ba0.3−x□xMnO3. g, h Plots of relaxa-
tion time τ versus 1000/T
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versus 1000/T is shown in the inset of Fig. 6g and h. From 
the slope of the curves, the activation energy values was 
deduced. The values from both relaxation time  (Eaτ) and 
conductivity  (Ea2) are listed in Table 2. It is clear that these 
values are equal. So, the relaxation process and electri-
cal conductivity are related to the same defect. Complex 
impedance plots of  La0.5Eu0.2Ba0.3−x□xMnO3 system with 
x = 0.00, 0.05 and 0.15 at T = 80 K, for different sintering 
temperature, are shown in Fig. 7a and b. A single semicircu-
lar is observed. Such observation suggests the contribution 
of intrinsic grain interior (bulk) property of the materials 
[54, 55]. As the barium-deficiency and sintering tempera-
ture increase, the diameters of semi-circular decreases. The 
observed evolution is in good agreement with the increase of 
the dc-conductivity and indicates the reduction of grain inte-
rior resistance. Also, it is noticed that the complex imped-
ance plots are not represented by a full semicircle. Moreover, 
their centers are depressed below the real axis (Z′) indicating 
the non-Debye type of relaxation process [56]. The observed 
behavior can be related to the presence of the distributed 

elements in the system [57]. Shamim et al. [58] show that the 
origin of non-Debye relaxation phenomenon is correlated 
to the strain–stress phenomenon, orientations defects, grain 
size, and oxygen vacancies. Zview software was used to fit 
the obtained curves. The complex impedance is successfully 
modeled to an electrical equivalent circuit (inset of Fig. 7a): 
[Rg (resistance of the grains) in series with a circuit  (Rgb//
CPEgb)] which describes the response of grains boundaries. 
The introduced constant phase element (CPE) in the circuit 
described the non-ideal capacitor behavior which can be 
related to the presence of more than one relaxation process 
with the same time relaxation [59].

4  Conclusion

The effect of barium deficiency and sintering tem-
perature on structural and transport properties of 
 La0.5Eu0.2Ba0.3−x□xMnO3 (x = 0.00, 0.05 and 0.15) are inves-
tigated using, respectively, XRD and impedance spectros-
copy techniques. XRD studies confirmed that the samples 
crystallize in the rhombohedral structure with R-3c space 
group. Electrical measurement reveals that all samples 
exhibit a semiconductor behavior. Further, the conduction 
mechanism is dominated by thermally activated hopping of 
small polaron at high temperatures and by variable range 
hopping at low temperatures. It is found that increasing sin-
tering temperature and barium deficiency enhances electrical 
conductivity. Also, a non-Debye type relaxation process was 
noticed and can be correlated to the defects, grain size, and 
vacancies.
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