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Abstract

La;_ Ca,FeO;_; solid solutions (x=0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) were investigated. The samples were prepared by the
polymerizable complex route and characterized by X-ray diffraction and complex impedance spectroscopy techniques. Results reveal the
formation of a single perovskite phase for the La; _ ,Ca, FeO;_; (0 < x <0.5) compositions. However, the Lag 4Cag ¢FeO3 _s sample is a
mixture of many phases: perovskite, calcium ferrite and iron oxide. The unsubstituted lanthanum ferrite oxide, as well as the substituted
samples, exhibits an orthorhombic symmetry. The direct current conductivity analyses reveal a typical negative temperature coefficient
of the resistance behaviour for all the samples. The incorporation of calcium into the lanthanum ferrite lattice results in a significant
improvement of the direct current conductivity. In fact, Lay gCay,FeO;_ s oxide shows the optimal conduction value. For all the studied
compositions, a change in the activation energy is highlighted around 440 °C. This behaviour is attributed to the antiferromagnetic to
paramagnetic transition of lanthanum ferrite. As for the alternating current conductivity, it obeys the Jonsher’s power law. The
correlated barrier hopping model is proposed to describe the transport mechanism in the studied matrix.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Rare earth orthoferrites LnFeO5 have attracted consid-
erable attention because of their interesting physico-
chemical properties and low cost of synthesis [1]. Among
these oxides, LaFeO; is one of the most studied com-
pounds. In fact, it exhibits a high stability over a wide
temperature range, a defective structure and a low thermal
expansion coefficient. All these features make it useful for
numerous applications such as optoelectronic devices,
photocatalysts, sensor material, electrodes for solid oxide
fuel cells, oxygen permeable membranes [2—-6], etc.

Despite the wide range of applications, considerable
effort is still devoted to the improvement of the lanthanum
ferrite properties. The aim is to develop higher performances
which are required for the design of novel multifunctional
devices. The incorporation of divalent or trivalent cations
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into the lanthanum or iron sub-lattices is one of the adopted
alternatives [7-11]. The idea is to induce defects to the
LaFeOs; crystal structure that influence the redox behaviour,
the transport properties, the electronic disorder, the thermal
stability and the lattice structure. Various elements such as
cadmium [7], aluminium [§8], lead [9], antimony [10], cobalt
[11] were checked and the resulting properties were studied as
a function of the chemical composition. In fact, it was shown
that the substitution of iron by a transition metal ion
improves the LaFeO; catalytic and electrochemical proper-
ties [12,13]. Interesting magnetic and photocatalytic activities
were also reported when the lanthanum is partially replaced
by a rare or alkaline earth cation [14,15].

To our knowledge, few investigations were devoted to
the study of the lanthanum ferrite impedance [10]. Thus, in
our previous work, an attempt was made to investigate the
effect of low calcium amounts on the LaFeOj; electrical
properties [16]. The obtained results encouraged us to
extend the range of Ca>™ concentration and to explore its
effect on the impedance behaviour. Therefore, we report in
this work the study of the La;_,Ca,FeO;_s (x=0, 0.1,
0.2, 0.3, 0.4, 0.5 and 0.6) solid solutions. The solubility
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limit of Ca’* into the LaFeO; matrix, the conductivity
and the transport properties are discussed.

2. Material and methods

La;_,Ca,FeOs;_s5 compositions (0<x<0.6) were pre-
pared by the polymerizable complex method under the same
conditions. A detailed description of the preparation was
given in our previous work [17]. To implement this work, the
reagents are lanthanum nitrate (La(NO3);- 6H,O, FLUKA,
99%), iron nitrate (Fe(NOs);-9H,0, MERCK, 99%), cal-
cium nitrate (Ca(NOs),-4H,0, FLUKA, 99%), anhydrous
citric acid (CgHgO7, Renal Budapest, 99.8%) and ethylene
glycol (C,HzO,, Prolabo, 99.8%). Appropriate amounts of
metal nitrates were dissolved in distilled water. Anhydrous
citric acid and ethylene glycol were added to the aqueous
mixture under continuous stirring. The obtained solution
was heated at 130 °C yielding a glassy gel. To obtain the
desired lanthanum ferrite powder, the gel was decomposed
at 300 °C and calcined at 900 °C.

All the prepared compositions were characterized by an
X-ray diffractometer (Siemens D500) operating with Cu ko
radiation at room temperature. The International Center
for Diffraction Data (ICDD) cards were used to identify
the crystalline phases. In addition to the structural char-
acterization, the lanthanum ferrite compounds were also
subjected to complex impedance analysis. To perform the
measurements, the synthesized powders were compacted
by an hydraulic press to form pellets. Platinum electrodes
were deposited on the opposite faces of the pellet. The
impedance measurements were carried out in the frequency
range from 5 Hz to 13 MHz between 350 and 800 °C, using
a computer controlled impedance analyzer (HP 4192A).

3. Results and discussion

The X-ray diffraction patterns of all the prepared
compositions are reported in Figs. 1 and 2. The unsub-
stituted sample shows well defined Bragg peaks corre-
sponding exclusively to the perovskite lanthanum ferrite
oxide (ICDD Card no. 74-2203). The same phase is
obtained for the calcium substituted compositions
except the 60 mol%. For this calcium content, the
XRD pattern reveals, in addition to the perovskite
phase, the presence of other peaks corresponding to
the brownmillerite Ca,Fe,O5 (ICDD Card no. 71-2264),
iron oxide Fe,O; (ICDD Card no. 76-1821) and calcium
ferrite CaFe,O4 (ICDD Card no. 72-0891) (Fig. 2). There-
fore, under the adopted preparative conditions, the lantha-
num ferrite lattice can sustain at least 50 mol% of Ca*™
From the structural side, the unsubstituted lanthanum
ferrite oxide, as well as the substituted samples, crystallizes
in the orthorhombic symmetry.

In addition to the XRD analyses, lanthanum ferrite
compounds were also characterized by complex impedance
spectroscopy. Given that the secondary phases, obtained
for the Lay4Cag¢FeO3;_s composition, may influence the
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Fig. 1. XRD patterns of La;_ ,Ca,FeO;_s oxides (x=0, 0.1, 0.2, 0.3, 0.4
and 0.5).
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Fig. 2. XRD pattern of the Lag 4CagcFeO;_s oxide. Peak identification:
(*) perovskite, (4) brownmillerite: Ca,Fe,Os, (°) iron oxide: Fe,Os,
() calcium ferrite oxide: CaFe Op.

impedance behaviour; only the conductivity of the single
perovskite phases is reported below for comparison
purposes.

Fig. 3 depicts the LaFeO; complex impedance spectra
measured at different temperatures. These plots exhibit
single semi-circular arcs. Similar trends are observed for
the other lanthanum ferrite compositions. The interception
of the semi-circles on the real axis towards low frequency is
used to estimate the material’s resistance. Consequently,
the direct current conductivity (o4.) can be calculated using
the following equation.

c= T !
%de = TR (1

where Ry, is the bulk resistance of the sample, ¢ stands for
the thickness of the sample pellet and d is its area.
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Fig. 3. Complex impedance plots of LaFeO; oxide at different temperatures.
5 —0-800°C distortion of the lanthanum ferrite lattice. Such distortion
Boc i originates probably from the difference in the charge and
7 e D\ — O 450°C ionic radii between lanthanum and calcium cations
T o (rep+ =134 A, 15 =1.36 A) [19].
o LN To estimate the activation energy (E,) of the conduction
_ ™ a process, we plotted in Fig. 5 the variation of Ln (o4.7)
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'E ~A \ versus the inverse of temperature for the different prepared
L 4 compositions. The observed linear fit suggests that the
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5 \ Vi *\ conduction process obeys the Arrhenius law given by
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o {////, 9 within the studied temperature range. As listed in Table 1,
i B o A i £ E, varies from 0.43 to 0.69 eV between 350 and 440 °C.
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Fig. 4. Electrical conductivity variation as a function of the calcium
concentration at different temperatures.

The increase in temperature shifts progressively the
center of the impedance arc recorded at 350 °C towards
the origin of the complex plane plots (Fig. 3). This
displacement suggests an increase in the LaFeOj direct
current conductivity. In fact, the highest value is obtained
at 800 °C. It is about 16 times higher than the one recorded
at 350 °C. Thus, the studied material exhibits a semicon-
ductor behaviour characterized by a typical negative
temperature coefficient of its resistance [18].

The evolution of the electrical conductivity versus the
calcium amount was also examined. The obtained results
are shown in Fig. 4. As we clearly see, the incorporation of
Ca’™ jons into the lanthanum sub-lattice increases the
lanthanum ferrite electrical conductivity until a maximum
value for the 20 mol% substituted compound. Indeed, at
800 °C, the LagygCag,FeO;_; electrical conductivity is
about 30 orders of magnitude higher than that of LaFeOs.
The reason for this enhancement could be related to the
increase in the charge carriers’ concentration with Ca®™
content. A further increase in the substituent amount leads to
a decrease in the electrical conductivity. In fact, at 800 °C, the
direct current conductivity (o4.) drops from 7.8 (for Lagg
Cay,FeO;_;) to 5.4Sm ™! (for LaysCaysFeO;_;) (Fig. 4).
A possible explanation of this decrease is that for high Ca®*
amounts the conduction path decreases as a result of a local

Beyond 440 °C, it decreases to 0.21-0.44eV. For each
composition, the change in E, value around 440 °C could
be attributed to the second order antiferromagnetic to
paramagnetic transition of lanthanum ferrite which was
reported by Selbach et al. [20].

Among all the prepared compositions, LaggCag,FeOs_
sample exhibits the lowest activation energy and the highest
conductivity. Calcium substitution may be then a way to
decrease the LaFeO; resistance which is required for some
applications.

E,
04c = 6peXp| — T

where o, denotes the pre-exponential factor, T is the
temperature and & is the Boltzmann constant.

To investigate further on the electrical transport
mechanism within the lanthanum ferrite matrix, we studied
the variation of the alternating current conductivity (o) in
terms of frequency. For this purpose, we chose the LaFeO;
oxide as a representative example. As shown in Fig. 6, g,
remains constant in the low frequency region. However,
for high frequency values, it increases sharply. Such
tendency reveals that o,. follows the Jonsher’s universal
power law given by the following equation:

(@)

(©)

where w is the angular frequency, 4 is the temperature pre-
exponential factor and S is the power law exponent
determined from the slope of Ln (o,.) versus Ln (w) plot
[21].

Cac(W) = 0gc+ AN
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Fig. 5. Arrhenius plots of electrical conductivity for La;_ ,Ca,FeO;_s oxides (x=0, 0.1, 0.2, 0.3, 0.4 and 0.5).
Table 1 Table 2
Activation energies of the conduction process for the La;_,Ca,FeOs3_; Calculated values of S, g,. and W, at different temperatures for LaFeOs.
perovskites (x=0, 0.1, 0.2, 0.3, 0.4 and 0.5).
Temperature (°C) S Oac (Sm™Y) W (eV)
La,_ . Ca,FeO;_; E, (eV)
400 0.86 0.05 2.48
X 350440 °C 440-800 °C 500 0.71 0.12 1.38
600 0.61 0.2 1.15
0 0.64 0.36 700 0.46 0.28 0.93
0.1 0.46 0.26 800 0.36 0.32 0.86
0.2 0.43 0.21
0.3 0.56 0.23
0.4 0.6 0.25 with temperature increase. Based on our experimental
0.5 0.69 0.44 results, S is a function of temperature. In fact, it decreases
from 0.86 to 0.36 when temperature passes from 400 to
800 °C (Table 2). The correlated barrier hopping model is,
5.5 5700°C therefore, adequate to describe the conduction mechanism
> 0 B0 within the lanthanum ferrite lattice. Accordingly, the
6.0 _ @c«i\y RN ?838 transport of charge carriers could be summarized as
-b. . ; ST SERREREEEEE o .
TP j’ ‘A‘ B> 800°C follows: at low frequency side, the transport takes place
= £ via infinite percolation path. However, for high frequen-
I (I M & cies, the transport is due to the hopping of charge carriers
23 ey L in finite clusters [23].
g" 7.0 - P o Since the alternating current conductivity depends on
* o . . .
= R o the binding energy W, (energy required to remove a
[m] . . .
- e o charge carrier and to transfer it from one site to another)
' o [24], we calculated W, using the following equation.
f Table 2 lists the obtained values for the LaFeO; oxide.
-8.0 4 mmmﬂﬂdﬁ The binding energy tends to decrease with temperature.
' . : ' ’ . : . Such behaviour explains the increase in the alternating
2 4 6 8 10 current conductivity when the temperature increases.
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Fig. 6. Variation of LaFeOj; alternating current conductivity (o,.) versus
the frequency at different temperatures.

According to the Jonsher’s law, two models can be used
to describe the dependence of the alternating current
conductivity on high frequencies: the quantum mechanical
tunnelling model [22] for which the frequency exponent S
is temperature independent and the correlated barrier
hopping model [23] that predicts a decrease in S value

_ 6Tk
T 1-S
where k is the Boltzmann constant and 7 is the tempera-
ture [23].

W 4)

4. Conclusion

The present work deals with the preparation and character-
ization of the La; _ ,Ca, FeO;_ s (x=0-0.6) solid solutions. To
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synthesize the desired compositions, the polymerizable com-
plex method is efficient and reproducible. Based on the XRD
results, we showed that the La;_.Ca,FeOs;_s (x=0-0.5)
compounds have a single orthorhombic perovskite structure.
However, the Lay4Cag¢FeOs;_ s composition is a mixture of
many phases: perovskite, iron oxide and calcium ferrite. The
conduction properties of the single phases were investigated by
means of complex impedance technique. The obtained results
reveal an increase in the direct current conductivity with the
calcium concentration until a maximum value (7.8 Sm~' at
800 °C) for the LaggCagy,FeO;_s oxide. For each composi-
tion, the activation energy decreases beyond 440 °C. Such
behaviour is attributed to the second order magnetic transition
of lanthanum ferrite. The conduction process is thermally
activated and the correlated barrier hopping model is suitable
for the description of the transport properties in the lantha-
num ferrite matrix.
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