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Abstract La;_,BiFeO;; 0 < x < 0.2 have been prepared
by citrate auto-combustion method. The results of X-ray
diffraction showed that LaFeO; has single phase with
orthorhombic structure. With increasing Bi content, traces of
secondary phase of rhombohedral structure are observed.
The transmission electron microscope showed that the pre-
pared compositions have nanocrystalline structure with an
increase of the particle size increases with increasing Bi
content. The magnetic properties of the samples were
investigated by vibrating sample magnetometer, in which
saturation magnetization (M) and coercivity (H.) were
determined. The value of Ms increases with increasing Bi
content up to x = 0.10, while H, decreases with increasing
Bi content. The temperature dependence of dielectric con-
stant, dielectric loss and ac conductivity at different fre-
quencies (100 kHz-5 MHz) were studied.

1 Introduction

Many branches of the modern chemical industry (e.g., cat-
alysts chemical sensors, magnetic materials, electrode
materials, and fuel cells) are dealing with the perovskite
oxides ABO;. A-site contains rare earth metal with large
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ionic radius and B-site has transition metal with smaller
ionic radius in the range of (0.6-0.8 A) [1-7]. In addition,
the small cations (B) lies at the centre of an octahedron
[BOg] while the large cations (A) are inserted at the unit cell
corners [8, 9]. These materials exhibit interesting magnetic
and spin reorientation properties [4, 5, 10]. At room tem-
perature LaFeO; crystallize is orthorhombic structure and
exhibits a phase transition to the rhombohedral modification
at temperature about of 987 °C [11]. The magnetic behavior
of LaFeOj; has two interpenetrating pseudo-cubic face-cen-
tered sub-lattices, which consist of FeOg octahedral units.
This indicates the collinear arrangement of the two sub-
lattices, giving an antiferromagnetic character. Das et al.
[12] and Zhang et al. [13] suggested that La>" substitution
with Bi*" eliminate impurity phases and destroy the
cycloidal spin structure resulting in uniform canted antifer-
romagnetic ordering. Crystallite diameters, morphologies,
and crystallinity of LaFeO5; were highly influenced by the
synthesis method. The synthesis of LaFeO; has been
achieved using many methods, including solid-state reaction
[14], sol-gel [15], co-precipitation [16], auto combustion
[17], hydrothermal [18] and sonochemical [19]. In this work,
the objective is to improve the magnetic properties of LFO-
based materials. For this purpose, the La;_,BiFeOs;
0 < x < 0.2 compositions are prepared by auto-combustion
method. The structure, morphology, magnetic and electrical
properties of LFO crystallites are investigated for different
Bi contents.

2 Experimental techniques
Orthoferrites with formula, (La;_,Bi,FeO3); 0 < x < 0.20

were synthesized using citrate — nitrate auto-combustion
method [20]. Ferric nitrate (Fe (NO3);.9H,0), lanthanum
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nitrate (La(NOs3);.6H,0), bismuth nitrate (Bi(NO3)3.5H,0)
and citric acid were mixed stoichiometrically to get clear
solution. The ratio of metal nitrates to citric acid was 1:1.
Ammonia solution was added drop wise until the pH
became 7. The mixture was stirred at 600 rpm and slowly
evaporated at 130 - C to form gels. Viscosity and color
were changed as sol turned into a brown puffy porous dry
gel. The dried gel then ignited, undergoing a strong auto
combustion process with evolution of large amount of
gases. The as-synthesized product was calcined at 550 °C
for 1 h with rate 4 °C/min to obtain orthoferrite powder.
X-ray diffractometer (Proker D8-USA) with Cuka
radiation was employed to identify the crystal structure of
the samples at room temperature. High resolution trans-
mission electron microscope (JEOL JEM 2100) was used
to examine the particle size and morphology. The magnetic
measurements were carried out using a vibrating sample
magnetometer (Lake Shore-7410) in applied magnetic field
of 20 kOe and at room temperature. For electrical mea-
surements, the powders were pressed into pellets using
uniaxial press of pressure 1.9 x 10°* Nm™ 2. The samples
were good polished to obtain uniform parallel surfaces.

measured using a K-type thermocouple connected to a
digit-sense thermometer with junction in contact with the
sample.

3 Results and discussion
3.1 Microstructure analysis

Figure 1 shows the XRD patterns of La;_,Bi,FeOs;
0 < x < 0.20. From the first view, all peaks of the samples
reveal single phase orthorhombic structure with space
group (Pbnm) as indexed with ICCD card No. 74-2203.
The crystallite size of the samples was determined
according to the X-ray line-broadening of the (200)
diffraction peak using the Scherrer’s equation: D = 0.89 A/
B cosO [20, 21], where D is the crystallite size; A is the
X-ray wavelength (0.15406 nm for Cuka); B is the

Table 1 Values for the lattice parameters (a, b, ¢) and X-ray crys-
tallite size (nm) of La;_,Bi,FeO3; 0 < x < 0.2
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corrected FWHM of the diffraction peak. The average
crystallite size was changed from 31.9 to 50.7 nm for the
powders as reported in Table 1. The lattice parameters of
the samples were calculated and reported in Table 1.
Besides, the unit cell volume calculated from lattice
parameters versus Bi content is shown in Fig. 2a. The unit
cell volume increases with Bi content up to x = 0.10 which
in agreement with the replacement of La>" ion (1.16 A) by
Bi** ion (1.17 ;\) [22] after that it decreases with further
increase in Bi content. This decrease could be probably due
to a structural phase transition in the Bi rich samples. An
evidence of this suggestion is the splitting of the planes
(116) and (023). The splitting becomes obvious as the Bi
content increased. Recent research work [23] on BiFeO;
reported the structural phase contains its orthorhombic by
doping with rare earth elements on Bi site. Therefore one
expected that same situation took place as Bi*' replaces
La’" on orthorhombic structure. That is to distort the
orthorhombic lattice into a rhombohedral hexagonal at high
concentrations. A plausible explanation of the a decrease of
all lattice parameters as well as the unit cell volume at
x > 0.10 is that, the La>* exist in ninefold coordination of
the parent compound namely LaFeO; [24]. Doping LaFeO3
with Bi*" could lead to lowering the A cation coordination
number leading to a situation in which La®" ionic radius is
1.16 A while that of Biis 1.17 A on eightfold coordination.
This in turns will be reflected as a decrease in the Fe-O
octahedron titling, therefore on expected increase in the
tolerance factor as well as a change in the crystal symmetry
with more Bi doping.

Figure 2b, gives an increase of X-ray density (Dy) with
Bi content due to the increase in the molecular weight (Bi:
208.98, La: 138.91) which can’t be compensated by the
decrease in the unit cell volume after x = 0.10. The sta-
bility and distortion of the perovskite compounds are pre-
dicted by the so-called tolerance factor. The ideal
perovskite is cubic structure with the tolerance factor of 1,
as calculated from the relation [25, 26]

(ra +r0)

V2(rg + r0)

where r, is the ionic radius of A cation, rg is the ionic
radius of B cation and 1, is the ionic radius of oxygen ion.
The perovskite structure is stable in the range
0.75 <t < 1.0, and is cubic in the range t > 0.95 [27].
Figure 2c shows the increase of tolerance factor with Bi
concentration due to the larger ionic radius of Bi3+, which
means that the orthorhombic distortion decreases with Bi
content. Figure 3 represents the HRTEM micrographs of
the samples with x = 0.0, 0.05 and 0.15. Nano-size parti-
cles with nearly spherical shape are observed in the sam-
ples. The particle size of the samples is ranges from 26 to
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Fig. 2 a Unit cell volume (V), b X-ray density (Dy) and ¢ tolerance
factor (t) as a function Bi content of La,_,Bi,FeOs3; 0 < x < 0.2

64 nm. It can be seen that the particle size of the prepared
powders obtained from the HRTEM micrographs is slightly
larger than that obtained from the XRD calculations. This
result arises from the agglomeration of the particles due to
the high surface energy of nanoparticles [28-31]. Besides,
it can be stated that the average crystallite size determined
by the XRD analysis tends to be lower than that observed
in TEM [28]. HRTEM micrographs presented in Fig. 3b,
shows that the nanoparticles exhibit clearly resolved lattice
fringes with the interplanar spacing of 0.13 nm assigned to
the (040) plane of the orthorhombic LaFeOj structure,
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Fig. 3 HRTEM images and electron diffraction patterns of La; Bi,FeO;; 0 <x <02.ax=0,bx=0,¢x=0.05,d x =0.15

indicating the formation of high quality orthorhombic
LaFeO; nanocrystals.

3.2 Magnetic properties

The crystalline structure of orthoferrites LaFeO3; can be
considerably deformed from the ideal perovskite struc-
ture. The magnetic symmetry of this configuration is (G-
type) [31-33]. The magnetic super-exchange interactions
between the Fe ions result in collinear antiferromagnetic
AFM spin order which contributes to the AFM coupling
along a particular crystallographic direction. However,
low symmetry of the distorted orthorhombic perovskite-
type structure leads to the tilt of FeOg octahedra. Conse-
quently, a canted spin order is also formed in the Fe

@ Springer

lattice, which gives rise to weak ferromagnetic (WFM)
along another crystallographic direction [34-37]. There-
fore, both AFM and WFM ordering can be observed in the
system influenced by the particle size and morphology.
From Fig. 4 the samples show WFM properties for all
samples. Qi et al. [35] have been observed that the AFM
interaction is dominant in LaFeO; nanocrystallites pre-
pared by the sol-gel auto-combustion method. It is also
noted that drastic change in the shape of hysteresis loop
and value of saturation magnetization (Ms) at x > 0.
Figure 5a shows that, the value of M Increases with
increasing Bi content up to x = 0.10 and then decreases.
This behavior congruent with that observed in Fig. 2a in
plotted the unit cell volume which increases also up to
x = 0.10 and then decreases. This arises from the increase
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Fig. 4 M-H hysteresis loops of

La,_.BiFeOs; 0 < x < 0.2 0.01 X=0
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-25000

in unit cell volume which in turns increases the canting
angle as well as the distortion resulting in increasing
saturation magnetization. Figure 5c shows the decrease in
coercivity (Hc) with increasing Bi content. This behavior
in Hc is attributed to the decrease in the magneto-crys-
talline anisotropy with increasing in particle size. Qi et al.
[35] reported a coercive field of LaFeO3; ~ 90 Oe and a
saturation magnetization Ms ~ 2.75 emu/g at room
temperature and Shen et al. [36] reported a coercive field
of LaFeO5; 137 Oe and a spontaneous magnetization about
0.10 emu/g, while Sivakumar et al. [19] reported values
of LaFeO; ~ 250 Oe and ~ 0.04 emu/g. Figure 5c shows
the values exchange bias field, which depicted from the
shift of the M—H loops (AHc) in the negative direction
with respect to the origin. Wang and Ahmadvand [38, 39]
reported on a loop shift that takes place for LaFeO3; nano-
particles. The results were discussed in terms of an
exchange coupling between a ferromagnetic-like shell and
an antiferromagnetic core in nano-particles LaFeOj3 [40].
It is noted from Fig. 5c that the value of exchange bias
field increases to its maximum value at x = 0.05 and then
decreases with Bi content. This behavior can be explained
in terms of a decrease in exchange coupling between a
ferromagnetic-like shell and an antiferromagnetic core in
nano-particles.

3.3 Dielectric properties

Normally, multiferroic material are either magnetically
or electrically polarized, this is a simultaneously char-
acter. It is precisely noted that the interaction between
the transition metal, iron, and the rare earth element that
plays an important role in this magneto-electrical mate-
rial stands on the movement of the spin waves which
causes a significant increase in the electric polarization
[41, 42]. The interaction between the ions of the ele-
ments creates one of the strongest magneto-electrical
effects observed in materials. Figure 6 shows the varia-
tion of the dielectric constant with absolute temperature
and frequency at different Bi content for La,_,Bi,FeOs,
0.0 < x < 0.20. The dielectric constant is weakly tem-
perature dependent up to critical temperature at which
the dielectric constant starts to increase rapidly. The
critical temperature is 620 K for x = 0 and increases
with increasing Bi content attaining 700 K for x = 0.20.
The behavior of dielectric constant is interpreted on the
basis of Maxwell-Wagner (MW) polarization. MW
polarization may arise as a result of different extrinsic
effects, mostly due to the electrode—sample contact,
where a barrier layer, with high capacitance in parallel
with a large resistance, is formed or there are
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heterogeneities in the system, i.e., grain—grain contacts
(grain boundaries) [43, 44]. At low temperatures, the
electric dipoles cannot orient themselves with respect to
the direction of the applied field and therefore contribute
weakly to the polarization resulting in low value of &'.
As temperature increases most of the electric dipoles get
enough thermal energy to be able to follow up the
changes in the external field. This enhances the contri-
bution of the dipoles to the polarization mechanism
leading to an increase in the value of €. The large value
of ¢ at lower frequency is due to oxygen vacancies while
the decrease in €& at higher frequencies is expected
because any species contributing to polarization is found
to lag behind the applied field at progressively higher
frequency. This phenomenon can be attributed to the
Maxwell-Wagner-type and is related to the space charge
relaxation at the interface. Figure 7 displays the imagi-
nary part dielectric constant (¢’) with temperature at
different frequencies (100 kHz-5 MHz). The observed
peaks in €” for x = 0.05 and x = 0.20 can be attributed
to existence of strong correlation between the conduction
mechanism and the dielectric behavior as reported in
ferrites [45, 46]. Accordingly, a peak is expected when
the hopping frequency of the electrons, hopping between
Fe?* and Fe" ions is approximately equal to that of the
external applied field, and in this case ot = 1 is valid,
where t is relaxation time of the hopping process and ®
is the angular frequency of the external applied field
(0 = 27Vax) [47]. Figure 8 illustrates the dependence
of ac conductivity on absolute temperature at different
frequencies (100 kHz-5 MHz). The conductivity increa-
ses slightly with increasing temperature up to critical
temperature. Above this temperature, the conductivity
shows strong temperature dependence. The transition
temperature from weak to strong dependence of con-
ductivity on temperature depends on the Bi content
which is consistent with that explained in dielectric data.
The increase in conductivity with temperature may be
due to enhancement of the mobility of charge carriers
and the contribution of ionic conduction at relatively
high temperature. The conductivity increases also with
increasing frequency indicating that the frequency
enhances the hopping of the charge carriers between
Fe?* and Fe®" which is the principle of ac conduction in
ferrites. Figure 9 represents the composition dependence
of dielectric constant and ac conductivity at different
frequencies and temperature 733 K. It is noted that both
dielectric constant and ac conductivity decrease rapidly
with increasing Bi content up to x = 0.10 and then they
start to increase. This behavior can be correlated with
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Fig. 6 Dielectric constant versus
absolute temperature at different
frequencies of La;_BiFeOs;
0<x<02

Fig. 7 Imaginary part dielectric
constant versus absolute
temperature at different frequencies
of La;_BiFeOs3; 0 < x < 0.2
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behavior of unit cell volume against composition as
shown previously in Fig. 2a. With increasing the unit
cell volume, the distance of hopping between different
valences ions increases resulting in decrease in ac con-
ductivity. Likewise, for x > 0.10, the increase in con-
ductivity and dielectric constant is attributed to the
decrease in unit cell volume.

4 Conclusion
A series of La;_,Bi, FeOs3; 0 < x < 0.2 has been pre-

pared by auto-combustion method. X-ray diffraction
showed single phase perovskite structures with space

@ Springer

group (Pbnm), with doping Bi content rhombohedral
structure started to appear as a secondary phase. The lat-
tice parameters (a, b, c¢) of the samples increase with
increasing Bi content up to x = 0.10 and then decrease
with further increasing Bi. High-resolution transmission
electron microscopy images reveal that the nano-structure
of La;_,Bi, FeOjs, in which the crystallite size increases
with increasing Bi content. The magnetization versus
magnetic field at room temperature showed weak ferro-
magnetism influenced by both particle size and morphol-
ogy. The dielectric constant and ac conductivity decrease
with increasing Bi content up to x = 0.10 and then
increase. It is concluded that the concentration x = 0.10 is
a special one of its characters and relations with the above
parameters and phenomena.
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