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Investigation of the structural, electrical, and
dielectric properties of Lag sSmg >Srg3sMn;_,Cr, O3
for electrical application

Khouloud Abdouli, ©*? F. Hassini,°° W. Cherif,? P. R. Prezas,® M. P. F. Graca, ©¢
M. A. Valent, ©9 O. Messaoudi,® S. Elgharbi,” Ahmed Dhahri® and L. Manai®

In the present research, polycrystalline samples of LagsSmg »Sro3sMn;_,Cr,Oz are prepared using the
self-combustion method. Then, we have studied their crystalline structure, and dielectric and
electrical properties. The X-ray diffraction study shows that all the samples exhibit a single phase
with orthorhombic structure (space group Pnma). The studied samples were also characterized by
complex impedance spectroscopy in a wide range of temperatures and frequency. AC conductivity
analyses are used to study the transport property of the investigated samples. These
analyses indicate that the conduction mechanism is strongly dependent on temperature and
frequency. It is also found that the conductivity decreases with Cr concentration. Complex impedance
analysis confirms the contributions of grain and grain boundaries in the conduction mechanism.
Finally, the impedance spectra, characterized by the appearance of semicircle arcs at different

temperatures, were well

rsc.li/rsc-advances impedance results.

1. Introduction

Perovskite manganites have been the subject of intense
research efforts’> due to the potential technological
application of the so-called colossal magnetoresistance (CMR)
behavior.®® In the last two decades, experiments have
focused on the effects of the application of an electric field on
doped manganites. These systems are known to exhibit
interesting electronic properties which are explained by many
mechanisms.®** The manganite oxides described by the
general formula Ln;_,A,MnOj;, where Ln is a rare earth and
Ais an alkaline earth, have become every exciting materials for
researchers not only for their interesting physical
properties but also for their inherent ability to accommodate
a wide range of elemental compositions and to display
a wealth of structure variants. Lanthanum manganite
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modeled

in terms of equivalent electrical circuits to explain the

(LaMnO;) is one of the most broadly studied systems.'**
The ferromagnetic/electric properties of these materials can
be achieved by varying the sintering conditions and by
doping with various cations on both La and Mn sites.”>'® In
this paper, we have synthesized a set of samples of
Lag.5Smy 581 3Mn(; _yCr,O; with different Cr contents and we
study its effect of Cr doping on the structural, electrical and
dielectric properties of these compounds. Impedance spec-
troscopy was successfully employed to obtain clear informa-
tion about the conduction and dielectric properties of these
materials.

The elaboration technique used for this investigation is the
glycine nitrate process, an aqueous autocombustion process
initially developed by Chick in 1990 for the production of
chromite and manganite powders (GNP)."” Two reagents are
required to begin redox reactions in autocombustion
processes: the oxidizer and the fuel. Although metal nitrates
are obvious oxidizers due to their excellent water solubility,
ability to sustain combustion (high oxidizing power), and low
cost, the nature of the fuel necessitates that it meet two
criteria: it must be a good chelating agent to avoid selective
precipitation during cation solution, as well as an effective
reductant. Several possibilities are mentioned in the literature;
the most common ones are urea, citric acid, and glycine. The
amino acid glycine is recognized to be the most basic of all the
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amino acids. It has a zwitterionic nature due to its carboxylic
acid and amine functionalities, allowing it to complex a high
number of metal cations with its formula NH,CH,COOH.
Indeed, the COO- group primarily captures alkalis and alka-
line earths, whereas the amine typically complexes transition
metals.””*® Concerning the reduction properties, the heats of
combustion of the reducing agents given by Hwang are —2.98
keal ¢!, —2.76 kcal g and —3.24 kcal g~ ' for urea, citric
acid, and glycine respectively." Glycine, in addition to being
a strong chelating agent, appears to be the reductant most
likely to make the autocombustion process the most
exothermic.

2. Experimental procedure
2.1 GNP principles

The redox reaction equation for synthesis of LaysSmy St 3-
Mn, oCr, ;05 via the GNP method is as follows:

0.5La(NO3); + 0.2Sm(NO3); + 0.3Sr(NO3), + 0.9Mn(NO;),
+0.1Cr(NO;); + zNH,CH,COOH + 20, —
LaO4SSm04zsr0'3Mn0,9Cr0,103 + 6C02 + 5/H20 + 6”N2

where z is the amount of glycine introduced in the reaction.

G z
N (0.5%x3)+(02x3)4+ (0.3 x2)4+ (09 x2)+ (0.1 x 3)

4.8

For a given fuel, the reaction is governed by the maximum
temperature reached during combustion which is itself
dependent on the oxidizing/reducing character of the mixture
defined by the stoichiometric coefficient noted ¢, which is the
ratio between the total valences of the fuel (glycine) and the
oxidizers (metal nitrates). These correspond to those defined
in the Jain model:*® +4 for carbon, +1 for hydrogen, +2 for
strontium and manganese and +3 for lanthanum, samarium
and the chromium, while nitrogen has a zero valence (0) and
oxygen a negative valence of —2. ¢ is therefore calculated as
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Z[(2 x 40) + (5 x 1) + 0 + (=2 % 210))]
10.5[3(La) + 3(0n) — 3 % 2(0))] +0.2[3(sm) + 3(0n) = 3 % 20))] + 0.3 [2(sr) + 2(0pn) — 3 % 2(0)) ] + 0.9 20mm) +2(0) = 3 X 2(0))] + 0-1[3(cr) + 2(0n) — 3 X 2(0)] |

®
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follows:

9Z .
Hence ¢ = 1 and the G/N ratio becomes

G 24¢
N oxag U0

By definition, the reaction is considered under stoichio-
metric conditions when ¢ = 1, i.e. when all the valences of the
oxidizing and reducing elements compensate each other. G/N is
then 0.55 and Z is equal to 2.64. It is in this case that the
reaction is the most violent and that the temperature reached
during combustion is maximum.

2.2 Experimental protocol

We mix stoichiometric ratio of nitrates, La(NO;);-6H,0,
Sm(NO;);-6H,0, Sr(NO;),, Mn(NO;),-4H,0, Cr(NOs);-9H,0
and glycine (C,H;NO,) with high purity (Sigma Aldrich, >97%).
All nitrates were dissolved in distilled water to form the
precursor solution for La, sPrg ,Sro;Mng_Fe,O; (x = 0, 0.15
and 0.2) composition. The precursor solution was heating on
a hot plate at about 100 °C for 1 h under magnetic stirring.
Water was gradually vaporized during heating and formed
a transparent viscous gel. When a critical temperature was
reached (350 °C), the autoignition started, lasting only few
seconds combustion and a great deal of foams produced. The
obtained powders were preheated at 350 °C for about 4 h to
remove the remaining organic and decompose the nitrates of
the gel. These powders were sintered at 600 and 800 °C for 12 h
with pressing into pellets form (of about 1 mm in thickness)
under 4 tonnes per cm”.

Phase purity and homogeneity, of the synthesized materials
were checked by X-ray diffraction (XRD) analysis (CuKa radia-
tion A = 1.5405 f\) at room temperature. The impedance spec-
troscopy measurements were taken in the temperature range
100-400 K with 10 K step and in the frequency range of 100 Hz
to 1 MHz using an impedance analyzer HP 4294 A Precision
Impedance meter in the Cp-Rp configuration. The samples
were maintained in a helium atmosphere in order to improve
the heat transfer and eliminate the moisture.

3. Results and discussions
3.1 Structural analysis

The Rietveld refinement of X-ray diffraction patterns for the
prepared samples are shown in Fig. 1a and b. These diagrams
show quite fine and intense lines, which shows the good crys-
tallization of the synthesized samples. They also show the
absence of additional peaks related to other impurity phases,
thus confirming the purity of the prepared samples. These
spectra are characterized by strong main lines which can be
identified (using the X'Pert HighScore Plus program) as corre-
sponding to an orthorhombic phase with the Pnma space group.
The quality of the refinement is evaluated through the goodness
of the fit indicator x”. The refined crystallographic data and
relevant geometrical parameters for all the samples are listed in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1. An enlargement at the scale of the most intense line
(121) represented in the inset of Fig. 1 reveals that according to
the rate of substitution x of the chromium, the angular position
of Bragg shifts towards the large angles, sign a decrease in the
lattice parameters of the synthesized samples. A reduction of
the unit cell volume and the lattice parameters is expected upon
substitution manganese by chromium because the radius of
Cr* (0.615 A) is a little smaller than that of Mn** (0.645 A).2* The
bond lengths dyn-o and the bond angle Mn-O-Mn change
slightly with increasing Cr** content.

The crystallite size was calculated using the full width at half
maximum (FWHM) of the most intense peak (1 1 0) by Scher-
rer's formula:*?

KA
b= B cos(6)

where 2 = 1.5406 A is the wavelength for CuKo radiation, 6 is the
diffraction angle of the most intense peak, K is the shape factor
equal to 0.9, @ is the full width at half maximum of the highest
peak. The average crystallite sizes are listed in Table 1.
The distortion from the ideal perovskite structure was
confirmed with the value of the Goldschmidt* tolerance factor.
(= atro) @)
V2(rs +10)
where 7, g and 1o are respectively the average ionic radii of the
A and B perovskite sites and of the oxygen anion. In the ideal
case (¢ = 1), the structure is cubic, for 0.96 < ¢ < 1, rhomboidal
distortions occur and for ¢t < 0.96, the distortions are
orthorhombic.

(1)

3.2 Electrical conductivity

The conductivity data are analyzed using Jonscher's law.**
UT(w) =04c t o'ac(w) =0gc t A(’T)wn(n (3)

where or(w) is the total conductivity; o4, is the frequency
independent term giving the conductivity in continuous
current, o,.(w) is the pure dispersive component of the
conductivity in alternative current having a characteristic of
power law in terms of angular frequency w, 4 is the temperature
dependent constant and “n” is an exponent, which represents
the degree of interaction between ions and their surroundings,
represents an imperative source of information about the
model for the conduction mechanism in the material.

In order to evaluate the conductivity of our samples and to
identify the origin of the conduction process, it is useful to
present the ac conductivity at different frequencies and
temperatures which can be calculated from the dielectric data
using following formula:

Oac = WEQE, tan o (4)

where ¢, is relative dielectric constant.>®

The frequency dependent conductivity spectrum is plotted in
Fig. 2a which shows two distinct regions, a low frequency
plateau region and a high frequency dispersive region. As
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Fig.1 a) Observed and calculated X-ray diffraction data and Rietveld refinement for Lag s5Smq »Srg sMn;_,Cr, Oz (x = 0.10, 0.15 and 0.20). Vertical
bars are the Bragg reflections for the space group Pnma. The difference pattern between the observed data and fits is shown at the bottom. (b) X-
ray diffraction pattern of LagsSmg »Srg.3Mn;_,Cr,Os (x = 0.00, 0.10, 0.15 and 0.20).The peaks are indexed in the Pnma space group. The inset
shows observed XRD profiles of the most intense peaks (Bragg reflections 121).
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Table 1 Results of Rietveld refinements, determined from XRD
patterns measured at room temperature for LagsSmq »SrgsMn;_,Cry-
Oz (x = 0.10, 0.15, and 0.20) compounds

Parameters x = 0.10 x =0.15 x = 0.20
Symmetry Orthorhombic ~ Orthorhombic  Orthorhombic
Space group Pnma Pnma Pnma
a(A) 5.496(5) 5.491(4) 5.489(9)

b (A) 7.718(6) 7.713(7) 7.717(9)

c (&) 5.462(6) 5.459(9) 5.460(8)

Vv (A%) 231.752(4) 231.27(6) 231.376(8)
dvin—o1 (A) 1.950(4) 1.949(4) 1.955(4)
dyin—o2 (A) 1.99(3) 1.86(6) 1.87(3)
dyin—o2 (A) 1.92(3) 2.02(6) 2.03(3)
dyin—o (A) 1.955(4) 1.947(1) 1.953(8)
Orin—o1-nn (°) 163.36(17) 163.37(16) 161.44(15)
Orin—02-yn (%) 165.2(14) 170.(3) 166.4(12)
Onin—o-nvm (©) 164.28(7) 166.835(8) 163.926(7)
R, (%) 3.19 3.39 3.74

Rup (%) 4.04 4.25 4.79

Rexp (%) 3.61 3.73 4.16
Bragg R-factor (%) 1.78 1.59 1.57
RF-factor (%) 4.34 3.33 3.19

x> (%) 1.25 1.30 1.33

D (nm) 32.38 31.50 27.15

t 0.85 0.85 0.85

frequency increases, hopping between charge carriers increases
which results an increase in AC conductivity value of all
samples. At any frequency, conductivity is found to decrease
with the increase in chrome concentration. To understand the
transport behaviors of our material system, one must suppose
that the doping element's electronic structure is critical. In our
situation, the doped element is chromium, which is a periodic
table neighbor of manganese, and these ions occur in the forms
Mn*', Mn"', and Cr*" in such systems.” Cr’": (t4ep) (S = 3/2),
Mn®*': (t34eg) (S = 2), and Mn"": (t3,eg) (S = 3/2) are their elec-
tronic configurations, with only the (eg) electron of Mn** being
electrically active. Cr**, Mn**, and Mn** have ionic radii of 0.615
A, 0.645 A, and 0.530 A, respectively.” Because the chromium
ion’s radius is approximately identical to that of the Mn** ion,
the latter is immediately replaced by the Cr > form. Cr*" has the
same electronic configuration as Mn**, hence the FM double
exchange FMDE interaction between Mn*" and Cr*" should be
the same as between Mn*' and Mn*'.Then, in the semi-
conducting phase, inserting Cr®* into manganite (Mn*"-O-
Mn*" chains) disrupts the lattice by enhancing electron-
phonon interaction, encouraging the creation of polarons and
hopping between various valence states of Mn. Furthermore, it
is well known that the FMDE interaction between Mn** and Cr**
ions is weaker than the interaction between Mn*" and Mn**
ions.”® As a result of Cr doping, the effective FMDE interaction
weakens. Also, because of the weaker DE interaction, the single
electrically active electron, eé electron of the Mn>®* ion, becomes
confined, resulting in a steady drop in conductivity as Cr
concentration rises. Moreover, this decrease in conductivity
values can be related to the decrease in grain size. This can be
explained by the fact that with a decrease in grain size the effect
of grain boundaries opposes the passage of charge carriers

© 2022 The Author(s). Published by the Royal Society of Chemistry
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which increases the barrier effect and thus the path to the
decrease of electrical transport.

Fig. 2b illustrate a typical example of a non-linear fitting of
frequency dependency of AC electrical conductivity for Lag.s-
Smy ,Sro3Mng g5Crp 1505 sample at T = 180 K using the
Jonscher's law. It can be seen that the fit (red solid line) matches
well with the experimental values which means that the elec-
trical conductivity are well fitted. The inset shows the variation
of the exponent n as a function of temperature for the three
samples (x = 0.10, 0.15 and 0.20). The conductivity parameters
0,4 for 100 Hz, n, and A values are summarized in Table 2. The n
values decrease with increasing the concentration of chrome
indicating that the electron-hopping decrease with addition of
this metal which confirm the precedent results.

According to Funke,” the electrons-hopping is happened
between neighboring sites for both samples x = 0.10 and x =
0.15 as their n values are greater than unity, which is the case of
other materials.**** Whereas for the sample x = 0.20 n is found
to be between 0.8 and 1 for temperatures lower than 7' = 200 K.
This can be ascribed to hopping conduction of mobile charge
carriers (ions) over barrier between two sufficiently distant sites.
This behavior is similar to that observed in amorphous semi-
conductors and glasses.**"¢

Furthermore, based on the variation of the exponent n as
a function of temperature we identify the predominant
conduction process for our present compounds. Different
models have been proposed to determine the conduction's
nature, such as the Quantum Mechanical Tunneling (QMT),*
the Correlated Barrier Hopping (CBH) model,*® the Non-
overlapping Small Polaron Tunneling (NSPT) model,* and the
Overlapping Large Polaron Tunneling (OLPT) model.** In our
case we notice an increase in the n values with increasing
temperature which is corresponding to a thermally activated
process. From this behavior we can reveal that the NSPT model
is most suitable model to describe the conduction mechanism
in our compounds.

It was important to note that a significant number of mate-
rials have been recognized to exhibit small polaron conduction
as a result.**** The Coulomb interaction between conduction
electrons and the lattice ionic charge carrier produces a quasi-
particle that results in a strong electron phonon coupling.
Virtual phonons surround conduction electrons, which equate
to the electron drawing nearby positive ions towards it and
pushing nearby negative ions away. The electrons and their
virtual phonon, which may be thought of as a new quasi-
composite particle, are known as polarons, and they polarize
the system by modifying the energy state configurations. We
also remark that for an electron placed in a continuum polar-
izable (or deformable) medium, the electron mobility and
effective mass estimation, which results in an alleged small and
large polaron, the radius of the polaron is significantly bigger
than the lattice constant of the materials in large polaron,
which is also known as Frohlich polaron. The wave function of
a large polaron and its accompanying lattice distortions was
characterized by a dimensionless number known as the
Frohlich coupling constant (), which was distributed over

RSC Adv, 2022, 12, 16805-16822 | 16809
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(a) Frequency dependence of ac conductivity (g,c) at various temperatures of LagsSmg »Sro3sMn;_,CrOz (x = 0.10, 0.15 and 0.20). (b)

Typical example (conductivity vs. frequency at T = 180 K for x = 0.15) fitted using the universal Jonscher power law. The inset shows the variation

of the exponent n vs. temperature for (x = 0.10, 0.15 and 0.20).

several lattice sites. As a result of the expansion of effective
mass, polarizations of ionic carriers can pursue polaron motion
due to limited phonon frequencies and inseminate via lattice
sites as free electrons with low kinetic energy. The small polaron

16810 | RSC Adv, 2022, 12, 16805-16822

of thermally activated hopping is created when the deformation
surrounding charge carriers and their ionic displacement is
constrained to a volume of one unit or less to its nearest
neighbor.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Dependence of log(egq. x T) on (1000/T). Red solid lines
represent the linear fit to the experimental data.

The exponent n can be expressed as a function of tempera-
ture by the following formula:*
4y T
W

n(T)=1+ (5)
where kg is the Boltzmann constant, and the Wy, represents the
bonding energy of charge carriers.

The W,, values were calculated from the slope of the n(7)
curves in the NSPT model. The values are obtained in the order
of 0.00017 eV, 0.00020, and 0.00022 eV for x = 0.10 and 0.15,
and 0.20 respectively. The insertion of chrome in place of
manganese has an effect on the bonding energy. Indeed the
increase of W, values in agreement with the decrease of the
conductivity when we rise Cr concentration.

The dc conductivity behavior is well fitted by the Arrhenius
relation given as**
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Table 3 Parameters used to NSPT model fitting for the LagsSmg»-
Sro.3Mn;_,Cr,Oz (x = 0.10, 0.15 and 0.20) compounds

Sample N(Ep) (10** ev ' m ™) a (A Wh (eV)
x =0.10 0.96 1.14 0.145
x =0.15 17.8 1.35 0.245
x =0.20 35.47 1.89 0.298
Edc
O4c = 0p €X -——F. 6
de 0 EXp ( ke T [ )

where o, is a pre-exponential factor and kg is the Boltzmann
constant. Eqn (2) is being used to calculate the activation
energies (Eq4.) required in the samples by plotting the graph of
log(ggc % T) vs. (1000/T) in Fig. 3. From this figure, we can see
that the dc conductivity decreases with Cr substitution. This
decrease in o, values can be related to the decrease of the grain
size. The Eq4. value expected from the linear fitting of the curves
are of the order of 0.0241 eV for x = 0.10 and 0.0262 eV for x =
0.15 and 0.0298 eV for x = 0.20. In addition, according to the
NSPT model, the conductivity can be described by the following
expression®®

(me?)kgTa'w [N(EF)Z] R’

a(w) = B (7)

Whither R, is the tunneling distance is calculated by the
following relation:

1 1 WH

v g o) - w (8)
In eqn (7) and (8), the term « ' is the spatial extension of the
polaron, N(Eg) represents the density of states near the Fermi
level and Wy is the polaron hopping energy. The N(Eg), « and
Wy were adjusted to fit the calculated curves of log(ag. x T) vs.
(1000/T) on the experimental curves. The obtained parameters
are summarized in Table 3. As seen clearly that the N(Eg) values
are reasonably high which confirms that the hopping between

Table 2 Fitting parameters using Jonscher power law obtained from the experimental data of Ac conductivity as a function of frequency
different temperatures for Lag sSmq »Srg sMn;_,Cr,Osz (x = 0.10, 0.15, and 0.20) compounds

x=0.1 x=0.15 x=0.20

Gac X 107° Oac X 1077 (Q " em™) Oac X 107°
T (K) Q@ 'em™) Ax107" n (Sm™yx10~° Ax107" n (Q@'em™) Ax10" n
100 8.274 3.788 1.072 3.99 4.80 1.02 0.081 18.98 0.82
110 8.347 2.52 1.102 4.38 3.13 1.05 0.144 15.02 0.84
120 9.158 1.80 1.12 6.3 2.22 1.07 0.219 14.4 0.86
130 11.78 1.41 1.153 6.67 1.48 1.10 0.102 15.02 0.865
140 15.19 1.179 1.17 8.84 0.83 1.14 0.144 12.96 0.87
150 20 0.903 1.19 11.5 0.619 1.16 0.768 12.68 0.88
160 25.01 0.648 1.216 14.92 0.459 1.18 0.506 12.27 0.89
170 29.34 7.39 1.22 20 0.389 1.19 1.314 10.23 0.92
180 39.77 0.471 1.24 26.6 0.256 1.22 2.002 7.645 0.945
190 48.9 0.347 1.26 35.7 0.194 1.24 3.112 3.912 0.994
200 65 0.265 1.28 47.6 0.149 1.26 5.151 3.421 1.07

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 a) Imaginary part of dielectric constant (¢”) versus Logarithm of (w) at different temperatures for Lag sSmg 2Srg sMn; _,Cr, O3 (x = 0.10, 0.15
and 0.20). (b) Frequency dependence at different temperatures of the imaginary part of permittivity of Lag.sSmg 2Srg 3sMn;_,Cr,O3 (x = 0.10, 0.15
and 0.20). Red solid lines represent the fit according to Giuntini equation. The insets show the temperature dependence of the parameter m.
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site pairs dominates the charge transport mechanism in the
prepared compounds.*®

3.3 Dielectric studies

According to the Mott theory,” the complex permittivity is
expressed as:
e¥=¢ —je' 9)
where ¢ (dielectric constant) and ¢” (dielectric loss) are the real
and imaginary parts of the dielectric constant, respectively.
The dissipation factor or loss tangent (tan ) can be
expressed by the formula:
tan 6 = ¢"/¢’ (10)
The dielectric loss is the power dissipated in a dielectric as
heat when the dielectric is exposed to an electric field. The
origins of these dielectric losses, ¢”, are the conduction losses,
dipole losses and vibrational losses. Dielectric loss tangent
(tan ¢) is defined as a ratio of energy lost or dissipated per cycle
to the energy stored.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The plots of imaginary part of permittivity ¢’ and of loss
tangent ¢ (tan d) versus frequency at different temperatures for
Lag.55Mmy.5STo.sMN(; ) CryO; (x = 0.10, 0.15 and 0.2) samples are
showing in the Fig. 4.a and the Fig. 5 respectively. With
increasing frequency, ¢” and tan 3 values are found to decrease
rapidly at low frequencies until they become frequency inde-
pendent at higher frequencies which leads to the appearance of
two different regions in ¢’ = f{freq) and tan 6 = f{freq) spectra:
a plateau region at higher frequency and a strong dielectric
dispersion at lower frequency. This behavior can be explained
by the Maxwell-Wagner interfacial polarization*®** where the
dielectric permittivity of a material is due to the four types of
polarizations:* interfacial, dipolar, ionic and electronic. The
contribution of each type depends either on the frequency.
Electronic and ionic polarizations are active in the high
frequency range, while the other two mechanisms prevail in the
low frequency range. Indeed the dielectric structure of manga-
nite is composed of grains which act as good conductive,
separated by grain boundaries which have the ability to act as
an insulator, preventing the inter-grains conductivity. Under
the influence of an electric field applied across the material, the

RSC Adv, 2022, 12, 16805-16822 | 16813
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Fig. 6 Variation of real part of impedance (Z') as a function of frequency (w) of LagsSmg »Srg sMn;_,Cr, Oz (x = 0.10, 0.15 and 0.20).

movement of electrons through the grain is interrupted in the
grain boundaries. Charges accumulate in the interface between
grains, therefore the appearance of interfacial polarization. We
can attribute the dispersion occurring in the low frequency
region to this interfacial polarization, since the effect of grain
boundaries is dominant in the low frequency region. The elec-
tronic exchange results in a local displacement of the electrons
in the electric field direction, which polarizes the samples.
Thus, by increasing frequency, the polarization decreases.
Beyond a certain frequency, the electrons in the grain can no
longer follow the alternating field thus the electrons begin to
localize, leading to the non-frequency dependence of dielectric
constants. At the low-frequency region, the values of the loss
factor decrease with increasing the chromium concentration in
good agreement with the decrease of the conductivity. The low
values of the two dielectric constants at higher frequencies
identifies the potential of these material for high frequency
applications.” Fig. 4a and 5 show an increase of ¢’ and tan ¢
values with increasing temperature which can be attribute to
the thermally activated nature of the hopping of charge carriers.

Moreover, we can use Giuntini model** to analyze ¢’ (freq, T)
spectra where ¢” can be expressed as:

() = (e0 — €m0 )2 N(neleo) KTty Wiy o™ (11)

16814 | RSC Adv, 2022, 12, 16805-16822

With ¢, is the static dielectric constants, ¢, is the optical
dielectric constants, 7 is the number of the hopping charges, N
is the concentration of localized sites, and Wy, is the maximum
barrier height.
The eqn (11) can be abbreviate as:
&"(w) = Bw™ (12)
The variation of the exponent m versus temperature is presented
in the insets of Fig. 4b. The m's values are estimated from the
negative slopes of the obtained lines in Fig. 4b and it was found
to increase linearly with temperature. It emerges, according to
Giuntini model, that with varying temperature, m(7) (dielectric
properties) shows the same behavior of n(T) (measurements of
alternating current).
The exponent m(T) may be written as a function of temper-
ature and maximum barrier height Wy, according to the
following equation:

—4kg T
m =

o (13)

Ww values witch are calculated from the last equation are found to
be 0.097 eV, 0.107 eV and 0.109 eV for the samples x = 0.10, x =

© 2022 The Author(s). Published by the Royal Society of Chemistry
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0.15 and x = 0.20 respectively (insets of Fig. 4b). The WM values
obtained are quite similar to those obtained using eqn (13).

3.4 Complex impedance analysis

Various contributions in electrical characteristics emanating
from the system's grains and grain-boundaries may be distin-
guished using this impedance spectroscopy.**** The real (Z')
and imaginary (Z”) part of the complex impedance can be
calculated by using the following equations:*

Z*=7 — 7" (14)
where Z' and Z” can be written as:
= % 2p 2 o 25 2 (15)
1+ w2Cy R, 1 4+ wgp? Cop” R
7" — R0, C, + Rep’ 0 Cop (16)

1+ 02C Ry 14 wg?Cyy Ry’

where R, C, are the resistance and capacitance resulting from
the grain interiors while Rgy, Cg1, represent these parameters
from the grain boundaries.

The frequency dependence of real part of impedance (7, i.e.,
bulk resistance) at some representative temperature is shown in

View Article Online

RSC Advances

Fig. 6. It is clear from the Z' = f{freq) curves that the impedance
value decreases with rise in frequency and temperature. The
values of Z' merge after a certain frequency. This may be due to
release of space charges at low temperatures.***” The reduction
in barrier properties of the materials with rise in temperature
may be a responsible factor for enhancement of AC conductivity
of the materials at higher frequencies.*®*® Further, in the low
frequency region, there is a decrease in magnitude of Z' with
rise in temperature showing negative temperature coefficient of
resistance (NTCR) behavior. This behavior is changed drasti-
cally in the high frequency region showing complete merger of
plot above a certain fixed frequency. This particular frequency at
which Z' value becomes constant is observed to shift towards
the high-frequency side with rise of temperature. This shift in Z’
plateau indicates the possibility of frequency relaxation process
in the material.

Fig. 7 shows the frequency and temperature dependent plots
of the imaginary part of impedance (Z”, i.e., loss spectrum) for
all the samples. This plot provides information on the dielectric
processes taking place in the material. The Z” value is shown to
decrease with frequency for all temperatures and to shift to
higher frequencies as the temperature increases. The spectrum
is characterized by the appearance of a peak which is shifted to
higher frequency with increasing temperature, indicating the
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existence of relaxation processes in the system, while its
broadening on increasing temperature suggests that those
relaxation processes are temperature-dependent.”® At low
temperatures, the relaxation phenomenon may be due to the
immobile species/electrons; at high temperatures, the relaxa-
tion may be due to the defects/vacancies.®*

The normalized spectra of Z” (i.e. Z'/Z" max) as function of
frequency at different temperatures are represented in Fig. 8.
These plots are normally used to detect the presence of the
smallest capacitance and the largest resistance as suggested by
Sinclair et al.®* This will help us to identify the relaxation
process whether there is a short range or long range motion of
charge carriers. If the process is of short range, frequency
dependence peaks of Z” occurs at different frequencies but for
long-range movement of charge carrier peaks occurs at the
same frequency.®**® In the studied compounds, the mismatch
of above two peaks of different temperatures suggests the
presence of short-range motion of charge carrier.*>*

In order to determine the contributions of grain boundaries
and grains (bulk or intrinsic properties of material) in the
conduction mechanism, Cole-Cole analysis®® has been per-
formed. For all investigated samples, the Nyquist diagram (—Z"
vs. Z') at different temperatures is presented in Fig. 9a. As clearly
shown, All the Nyquist plots are not centered on the real axis

16816 | RSC Adv, 2022, 12, 16805-16822

which indicating the departure from the ideal Debye
behavior.***”

We observe that the diameters of the semicircles decrease
when temperature increases. Such behavior proves that the
conduction process is thermally activated. The Nyquist plots are
formed by two semicircles: a small one at high frequency due to
bulk (grain) and a larger one at low frequencies due to grain
boundary.®® For ceramics materials, Nyquist plot is used in
modeling the compound by an electrical equivalent circuit.
Fig. 9b shows the simulate Nyquist plots with the equivalents
circuits elements for Lag.5Smg.,Sr.3Mng g5Crp 1503 samples at
several temperatures. The investigated compound can be
modeled by an equivalent circuit model, which is composed of
two parallel circuits. The first circuit describes the transport
through the grain. It is composed of a resistor R, and a constant
phase element CPE1.The second one is composed of a resistor
Ry, in parallel with a constant phase element CPE2.

The extracted parameters Ry, Cg, Rop, Q, and ayy, are given in
Table 4. The logarithmic variation of the determinate R, and Ry,
values for Lag.5Smy.,Sr.3Mng g5Cry150; with the inverse of
temperature for the samples is shown in Fig. 9c. The Arrhenius
law was applied in log(Rg; Rep) vs. (1000/T) curves to estimate the
activation energies (see Fig. 9c). The obtained (Egg1,) values were
closed to those deduced from dc conductivity and relaxation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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time analyses. In addition, the grain boundary have a greater
activation energy then grain which affirmed that grain
boundary is less thermally conductive than its grain
counterpart.

3.5 Complex modulus analysis

Fig. 10 shows the evolution of the real part of the electrical
modulus with frequency at different temperatures for
Lag.5Smyg.,S1o.3Mng; _,Cr, O3 (x = 0.10, 0.15 and 0.2). The M
values for all samples are relatively low in the low frequency
band, indicating that electrode polarization has a negligible
effect on the materials.*® With increasing frequency, M’ displays
a constant dispersion. This might be owing to charge carriers’
short-range mobility.” For all of the temperatures in these
figures, M’ approaches a constant value (M) at high frequencies
and it shows relaxation process, which occurs in the materials.

Fig. 11 depicts a semi-log plot of M” vs. frequency for various
compositions at various temperatures. The following describes
the variation of M” as a function of frequency:

e As the temperature rises, the maximum M’ max shifts to
the higher frequency side, implying that dielectric relaxation is

16818 | RSC Adv, 2022, 12, 16805-16822

a thermally stimulated process. The modulus spectrum of
various ionic conductors has been shown to have this effect.

e For the three compounds, two well defined broad and
asymmetric peaks in M” are found, suggesting the presence of

Table 4 Electrical parameters of equivalent circuit deduced from
complex impedance spectra for different temperatures for Lags-
SMo 2Sr0.3MN0.g5 Cro.1503

CPE

T(K) Ry(10°Q) CA0™F) Ryp(10°Q) Q107" g

100 1.2423 2.1977 7.7318 8.1964 0.67131
110 1.1613 2.1699 7.095 8.1975 0.67204
120 1.0369 2.1612 6.0102 7.4496 0.67941
130 4.7636 2.1796 0.86589 6.3352 0.691
140 0.60507 2.1917 3.7993 5.4903 0.70187
150  0.55863 2.2301 2.8487 5.0954 0.70812
160 0.40614 2.284 2.2207 3.5807 0.73132
170 0.38383 2.3675 1.6142 3.0695 0.74174
180  0.32781 2.4934 1.1694 2.0766 0.76509
200 0.22608 2.894 0.60606 0.8142 0.81783

© 2022 The Author(s). Published by the Royal Society of Chemistry
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two relaxation processes which illustrates the existence of non-
Debye type relaxation. With rising temperature, these two
relaxation peaks progressively overlapped at high frequency.
M"(f) curves for (x = 0.10 and 0.15) were modeled using the
Kohlrausch, Williams and Watts (KWW) function” Fig. 12a:

"= Mﬂlmax
(om0 (2 )[0) + (G2))]
M" smax
o )62

(17)

where M” .« represent the peak maxima and fp,. its corre-
sponding frequency, 6; and @, are the stretching factors which
rank between 0 and 1.”* The M"(f) data were well fitted using eqn
(17) as shown in Fig. 12a for both compounds (x = 0.10 and
0.15). The $; and 3, values are less than unity which confirms
the non-Debye dielectric behavior of the samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 12b depicts the variation of §; with temperature for the
samples (x = 0.10 and 0.15), 8, values increase when tempera-
ture rises. The decrease of (§; values with Cr content can be
related to the increase of grains size.” The relaxation time ()
was calculated from the relaxation frequency (finax) through the
following relation:

T = 127 inax (18)

Fig. 12¢ shows the log(tas) vs. (1000/T) curves which have
also been modelized using the following Arrhenius equation:™

EMH
kgT

with 1, is a pre-exponential factor. The linear fit of the curves

Ty = To CXp( (19)

using eqn (19) allowed us to estimate the values of the activation
energy (Ey) as 0.0239 eV for x = 0.10, 0.260 eV for x = 0.15 and
0.289 eV for x = 0.20. These values correspond well with the
estimated ones from the dc conductivity study.
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(a) Frequency dependence at different temperatures of imaginary part (M”) of electrical modulus for Lag sSmg »Srg s3Mn;_,Cr,Oz (x = 0.10

and 0.15). Red solid lines represent the fitting to the experimental data of M”(f) using KWW function. (b) Variation of 8; vs. temperature for
Lag 5SMg »Sro3sMn;_,Cr, O3z (x = 0.10 and 0.15). (c) Variation of log(tyr) vs. (1000/T). Red solid line is the linear fit for the data.
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4. Conclusion

To sum up, polycrystalline La, 5Sm, ,Sro sMn; ,Cr,O3 (x = 0.10,
0.15 and 0.20) manganites were synthesized using self-
combustion process. The effects of the partial substitution of
Mn*" with Cr’" on the structural, electrical and dielectrical
properties of the investigated samples were carefully studied by
means of X-ray diffraction analyses and complex impedance
spectroscopy in the temperature range 100-400 K and in the
frequency range of 100 Hz to 1 MHz. The X-ray diffraction
analysis revealed that all samples exhibit single perovskite with
orthorhombic Pnma structure. We have studied the electrical
conductivity of our samples, it was found decreases with
chrome content. It was verified that both dielectric losses ¢” and
dielectric losses tangent tan ¢ decrease by increasing frequency
and increase sharply at low frequency by increasing tempera-
ture. Nyquist plots confirmed the contributions of grain and
grain boundary effect to the conductivity of the investigated
samples.
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