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Conduction in nanostructured La;_,Sr,FeO; (0 <x <1)
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We investigated electrical properties of nanostructured La; _,Sr,FeO3 (0 < x < 1) from 300 K — 400 K. The nanostructured
La;_,SryFeO3 (0 < x < 1) was synthesized by citrate gel method requiring no pH control. X-ray diffraction pattern showed
that single phase LaFeO3 with an orthorhombic structure was formed. The structure changed into rhombohedral for x = 0.5
and it became cubic for x = 1.0. For x < 0.5, our material showed non-linear current-voltage characteristics and for x > 0.5 it
showed linear current-voltage characteristics. Poole Frenkel type conduction mechanism was found to be operative in LaFeO3
from 300 K — 400 K. The experimental values of field-lowering coefficient were by 2.56-6.41 times higher than the predicted
value and were attributed to the presence of localized fields. The increase in conductance with Sr content was due to formation
of Fe*t ions in addition to Fe3* with the increase in Sr content. Impedance spectroscopy and ac conductivity analysis of
La;_,SryFeOs (0 < x < 1) was also carried out in the temperature range from 300 K — 400 K and frequency was varied from

20 Hz — 2 MHz. The ac conduction followed the correlated barrier hopping model in Lag ¢Sty | FeOs.

Keywords: electrical properties, conduction, oxides, chemical synthesis

© Wroclaw University of Technology.

1. Introduction

In recent years there has been a great
interest in perovskite type oxides due to their
unique properties [1, 2]. These oxides have
a general formula, ABO3;, where A and B
are usually rare earth and transition metal
cations respectively. These oxides have versatile
physical properties such as magnetoresistance [3],
superconductivity [4] and ferroelectricity [5].

One of the most common perovskite
oxides, LaFeOs, is a p-type semiconductor
material [6]. It is an antiferromagnetic material
at room temperature [7]. The perovskite series
La;_,Sr,FeOs (0 < x < 1) and parent material
LaFeO3; have been studied extensively due to
their vast applications. The perovskite series can
be used as sensors [8, 9], catalysts [10, 11] and
fuel cells [12]. The La;_,Sr FeOs; series may
also be used as semiconductors, thermistors and
capacitors [13].

The understanding of the transport properties of
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these materials is very important for right choice of
their applications. Bongio et al. [14] investigated
four probe dc electrical conductivity of La;_,Sr
+Fe0s3 (x = 0.2 - 0.9). They concluded that the
maximum conductivity for Lag 5Srg sFeOs sintered
in flowing air at 1400 °C was 352 S/cm at 550 °C.
Jung et al. [7] investigated ac and dc conductivity
of La;_,SryFeO3; (0.05 < x < 0.3). Electrical
conductivity of La;_,Sr,FeO3; (x = 0.2, 0.4, 0.5,
0.7, 0.9) has also been analyzed over a wide range
of oxygen partial pressures [15].

However, there has been more emphasis on
ac conductivity and impedance spectroscopy of
the above mentioned perovskite series. There are
not many studies of dc conduction mechanism
in the perovskite series La;_,Sr,FeO3 (0 < x
< 1) and the parent material LaFeOs. In this
paper we investigated dc conduction in these
materials from 300 K — 400 K. The nanostructured
La;_,Sr,FeOs (0 < x <1) was synthesized by
citrate gel technique. The phase purity and particle
size were determined using X-ray diffraction
(XRD) and scanning electron microscope. As the
Sr content increased, an increase in conductance
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was observed. Poole-Frenkel type conduction
mechanism was found to be operative in LaFeOs.
We have also investigated ac electrical properties of
the system. The ac electrical measurements were
performed using an Agilent E4980A LCR meter
from 300 K — 400 K. The frequency of the ac signal
was varied from 20 Hz — 2 MHz.

2. Materials and Methods

Nanostructured La;_,SryFeO3; (0 < x < 1)
was prepared by citrate gel method. The method
is relatively simple and does not require pH
control, vacuum or high temperature. The chemical
interaction between the material and the container
is negligible in this method. Stoichiometric
amounts of La (NO3)3-6H,O, Fe (NOj3)3-9H,0
and Sr (NOj), were taken and the solutions in
distilled water were prepared. These solutions were
then poured dropwise into citric acid which acted
as a chelating agent. The resulting solution was
stirred continuously while keeping the temperature
of the solution between 70 — 80 °C. Initially, a sol
was formed. The sol was then gradually converted
into a reddish brown gel complex. The gel was
dried and combusted, until powder was obtained.
After grounding and heating at 300 °C for 3 hours
followed by grinding and heating at 450 °C for 3
hours, the powder was again ground and heated
at 600 °C for 3 hours followed by grinding and
heating at 800 °C for 3 hours. The powder was
pressed into cylindrical pellets of 10 mm diameter
by uniaxial pressure in a hydraulic press at 6 tons
load. The green pellets were sintered at 800 °C for
3 hours. A heating rate of 5 °C/min. was used to
reach the temperature.

Electrical contacts were made with silver
paste on both sides of the pellets. Dc electrical
measurements were performed in vacuum on each

sample using Keithley 2400 source-meter from
300 K - 400 K.

3. Results and Discussion

Fig. 1(a) shows the
nanostructured La;_,Sr,FeO;

XRD patterns of
x=0, 05, 1)
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Fig. 1. (a) XRD patterns of nanostructured LaFeOs,
LagsSrgsFeO3; and SrFeOs (b) SEM image
of nanostructured LaFeO3 (c) SEM image of
nanostructured Lag 9Srg ;FeOs.

using the Bruker D8 Discover Diffractometer
equipped with CuKa radiation. The observed
XRD pattern shows the formation of single phase
LaFeOs; with an orthorhombic structure and it
matches with JCPDS card No 37-1493. The
calculated lattice parameters (a = 0.55560 nm, b
= 0.7864 nm and ¢ = 0.5567 nm) are consistent
with the reported results [16]. As the Sr content
increases, the structure changes to rhombohedral
and becomes cubic when La is completely replaced
by Sr. The XRD patterns of Lag sSr ¢ 5FeOq 5 and
SrFeO3; match with JCPDS card No 82-1959
and 71-1975 respectively. The calculated lattice
parameters for StFeOs (a = b = ¢ = 0.385 nm) are
consistent with the reported results [17].

Fig. 1(b) and 1(c) show the scanning electron
micrographs of nanostructured LaFeOz and
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LagoSrg1FeOs respectively, obtained using
JSM-5910 JEOL, Japan. The micrographs show
that the material is composed of nano-size
crystallites. The average crystallite size was
found to be ~50 nm for LaFeO3 and ~80 nm for
Lao,gsro_lFeO}

Fig. 2(a) and (b) show the current-voltage
(I-V) characteristics of LaFeO3 and Lag 3Sry 7FeOj3
respectively from 300 K — 400 K. The I-V
characteristics are nonlinear for LaFeO3. Similar
behavior is observed for x = 0.1, 0.3 and 0.5 (not
shown) as well. However the I-V curves become
linear and the magnitude of the current increases
for x = 0.7, 0.9 and 1 (I-V curves for x = 0.9 and
1 are not shown). The non-linear behavior in the
[-V characteristics for x = 0 - 0.5 shows that our
samples have non-ohmic character. For x = 0.7 -
1.0, our samples have ohmic character.

We considered various possible conduction
mechanisms for our Sr doped Ilanthanum
ferrite samples. However, Poole-Frenkel type
of conduction mechanism explains the [-V
characteristics of our samples. Schottky type
conduction also follows similar electric field
dependence. However, the I-V characteristics of
all samples are highly symmetric and we think that
Schottky type behavior may not be possible in our
case.

In case of Poole-Frankel conduction
mechanism, the current density is given by [18]:

BEl/Z
kT

J = opE exp (D

Here, oy is a low field conductivity, k is Boltzmann
constant, 7" is the measurement temperature and E
is an average electric field. The Poole-Frenkel field
lowering coefficient f is given by:

5 &3 1/2
-\ &g

where &, is the relative dielectric constant, & is
permittivity of free space and e is electronic charge.

2)

Fig. 3 shows the variation of InJ/E with square
root of E. It is obvious that the conduction in
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Fig. 2. I-V characteristics of (a) nanostructured LaFeO3
(b) nanostructured Lag 3Sry 7FeO3 from 300 K —
400 K with temperature step of 20 K.

LaFeO; at higher fields follows the dependence
given by Equation 1. From the slopes of the curves
in Fig. 3, the experimental value of field lowering
coefficient B was determined. The theoretical value
of B obtained from Equation 2 and is 0.407 x 10~*
eV V12 pl/2, Here, we used the value of
dielectric constant & = 3.4596+0.0054. The value
was taken from the refractive index n (g, = n?) of
LaFeO3 annealed at 800 °C [19]. In our samples
the maximum annealing temperature was 800 °C
as well. The experimental values of 3 obtained
on the basis of Fig. 2 are listed in Table 1.
The experimental values of 8 for LaFeO; are by
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Table 1. Experimental values of f at different 4
temperatures for LaFeOs.
peratu 3 0.3}
Temperature (K) | (eV V12 ;l/2y
300 1.003x10~% = L
320 1.378x10~* s 021
. x10 S_J, ® ®
340 1.582x10~* w’®
360 1.768x10~%
01F
380 2.060x 10~ (]
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. ] ) 00 1 . 1 . 1 a 1 . ' A 1
2.5-6.4 times higher than the theoretical value of 00 02 04 06 08 1.0
B. The higher experimental values of 3 can be Sr content
explained by the existence of localized electric (b)

fields within the sample. The localized fields have
the values greater than the mean field £ [18]. In this
case Poole-Frenkel conductivity is given by:

2JokT BE!/?
J= exp
afF1/2 kT

Here, the maximum internal electric field is o’E
whereas o is a field enhancement coefficient. The
field enhancement coefficient « is the ratio of
experimental value of B to the theoretical value
of B. Therefore, for LaFeO3; a has values in the
range of 2.5-6.4 and in consequence, the field
enhancement coefficient ar® has the values in the
range of 6.25-40.96.

Fig. 4(a) shows the variation of conductance
versus inverse of temperature at V = 0.1 V for the

3)

Fig. 4. (a) Temperature dependence of conductance of
nanostructured La;_,Sr ,FeO3 (0 < x <1) at
V =0.1 V (b) Variation of activation energy of
nanostructured La;_,Sr ;FeO3 (0 < x < 1) with
St content.

nanostructured La;_,Sr ,FeO3 (0 < x < 1). The
conductance increases as the Sr content increases.
However for x > 0.7, the increase in conductance
is very small. Activation energies, calculated from
Fig. 4(a), are plotted in Fig. 4(b). The activation
energy decreases as the Sr content increases due
to the lowering of the potential barrier for the
conduction. The calculated activation energies lie
in the range of 0.035-0.4 eV.

The observed increase in conductance
with Sr content can be explained as follows.
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LaFeOs; has 3d®> ground state and is in high
spin configuration [20]. The six oxygen anions
approach the metal cation and split its 3d level
to remove degeneracy. Replacement of La’* by
Sr>* leads to the decrease in the cell volume
(decrease in the cell volume is clear from XRD
data) and decrease in the bond length of Fe-O.
For the compensation and charge neutrality, Fe**
ions are formed [21]. Therefore, in the samples
doped with Sr, there are also cations of Fe with
different valances i.e. Fe’* and Fe**. According
to Verwey et al. [22], the presence of cations of the
same element but with oxidation numbers differing
by unity leads to higher electrical conductivity in
transition element oxides. Such cations should be
at similar sites in the crystal structure. In present
case, therefore, we suggest that the formation of
Fe** ions in addition to Fe’* ions with increase in
Sr content is responsible for the observed increase
in electrical conductance.

Impedance measurements were performed in
the frequency range of 20 Hz-2 MHz using
an Agilent E4980A LCR meter. The temperature
range was 300 K — 400 K with a temperature
step of 10 K. Fig. 5(a) shows the Nyquist plot
for Lag 9Srg 1 FeO3; from 300 K — 400 K. A single
semicircular arc is observed for x = 0.1 and
0.3 (not shown), while a nearly linear response
was observed for x > 0.5. Fig. 5(a) shows that
as the temperature increases, the resistance of
the Lag ¢Srg.1FeOs3 decreases. Fig. 5(b) shows the
variation of the imaginary part of the impedance
(Z") with frequency. A single peak is observed at
x = 0.1 and 0.3 (not shown) plots. The value of
the peak maximum (Z/,'nax) decreases and the peak
broadens as the temperature rises. At the same time
the peak maximum shifts towards higher values
of frequency. These facts indicate accumulation of
space charge in the sample [23].

Relaxation time 7 has been calculated from the
following equation:

1
T=
2chmax

4)

Where fq. is the frequency at Z,,.. The
variation in In(7) with inverse of temperature
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for Lag 9Sry 1 FeO3 from 300 K — 400 K.
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is plotted in Fig. 5(c). It may be noted that
the relaxation time increases with increase in
temperature for LagoSrg1FeOs. The activation
energies are calculated from the slope of In(7) vs
1/T curve. The calculated activation energy for
La0,98r0_1F603 18 0.28 eV.

Ac conductivity of the pellet was investigated
in the frequency range of 20 Hz — 2 MHz and
at temperatures from 300 K - 400 K. The ac
conductivity variation with frequency is given
by [23]

Oy =A0°

)

where o is the angular frequency, A is a constant
and the exponent ‘s’ is a material property which
can take any value between O and 1.

Fig. 6(a) shows the frequency dependence of
ac conductivity of LagoSrg1FeOs. It is clearly
seen that there are two distinct regions: region 1
which is almost frequency independent and
region 2 which is strongly frequency dependent.
The values of the exponent ‘s’ were determined
from Fig. 6(a) at different temperatures and are
shown in Fig. 6(b). The exponent ‘s’ decreases
with temperature indicating the correlated barrier
hopping mechanism. Using this model [23] the
binding energy can be calculated using the
expression:

S=1-p (©)

where
6T kg

m

B = (7)
where W, is the binding energy, which is the
energy needed to remove an electron completely
and transfer it from one site to another. Fig. 7(a)
shows the decrease in binding energy with the rise
of temperature.

By wusing the values of the binding
energy, minimum hopping distance R, is
calculated by [6].

2¢?
Ruyin=——"— 8
nin mnnego ( )

where € is the dielectric constant and & is the
permittivity of free space. Fig. 7(b) shows the

3
2
400K &4
S
= (f (e
il R
L
O O T S e T e «uu(mL T ‘!'"?:3
[ R R X O . mﬂ.@- @:‘:\ )
X e e &;& Az)
< Ub
© -OF O T e b.@ &&
~— QU@ d}"&-s
£ | O e s L‘.’&‘%}
s
T &
e R T T @_&‘
-10p e CE
fole e e &
o 300K
i @O0 O TR s
L . . .
In(w)
(@
08k
i s
_(ﬂ
@
.l]-.; O ? B
= B S
o
=
© L 4
o 3
06
L

300 320 340 360 380 400
Temperature (K)

(b)

Fig. 6. (a) Frequency dependence of ac conductivity
of nanostructured Lag9Srg FeO3 from 300 K
— 400 K with temperature step of 10 K (b)
variation of s with temperature.

variation of minimum hopping distance (R,,;,) with
temperature at 10* Hz.

Fig. 8 shows the variation in the ac conductivity
with the reciprocal of temperature at different
compositions. The ac conductivity increases with
increase in St content.

4. Conclusions

We prepared nanostructured La;_,Sr,FeOs (0
< x < 1) by citrate gel method. XRD confirmed
that LaFeOs3, Lags;SrgsFeOs; and SrFeOs; had
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orthorhombic, rhombohedral and cubic structure
respectively. For x < 0.5 the I-V characteristics
of our material were non-linear and for x > 0.5
the I-V characteristics were linear. Further, with
increase in the Sr content, the conductance of our
samples increased. This increase in conductance
was attributed to the formation of Fe** ions in
addition to Fe** ions as Sr content increased.
Poole-Frenkel type conduction mechanism was
found be operative in LaFeO3 from 300 K — 400 K.
Impedance spectroscopy and conductivity analysis
of La;_,Sr,FeO; (0 < x < 1) was carried out
in the temperature range of 300 K — 400 K and
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Fig. 8. Variation in ac conductivity with temperature as
a function of composition at 20 kHz.

frequency range of 20 Hz — 2 MHz. It has been
found the conduction mechanism in Lag ¢Srq {FeO3
is controlled by correlated barrier hopping.
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