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The antiferromagnetic ordering can be broken if the size of
the BFO nanostructures be less than the spiral period order
(62 nm). Enhanced magnetization for BFO has been reported
in nanoparticles [11], nanowires [12] and thinfilms [13],
which is thought to be originated from the destruction of the
spiral spin structure and uncompensated spins at surface [5].
However there is intense study, a fundamental understanding
of structure-property correlations for BFO is still lacking.
Specifically, the nature of the magnetic response on particle
size is of great interest. Thus, in this paper, we systematically
investigate the effect of reduced particle size on magnetic
properties of BFO powders. Up to now, several wet chemical
routes have been developed for the synthesis of BFO powders
[14-16]. In this work a facile sol-gel auto-combustion route is
reported to prepare BFO nanoparticles at relatively low
annealing temperature.

Abstract— In this study a facile sol-gel auto-combustion
methodology has been used to synthesize nearly pure BiFeO3
(BFO) nanocrystals at relatively low temperature. An optimum
synthesis condition has been established to obtain particles with
spherical shape and uniform size distribution. Well crystallized
BFO nanoparticles of average particle size 26 nm have been
confirmed by X-ray diffraction analysis. Size and morphology of
the synthesized materials are observed using Field emission
scanning electron microscope (FESEM). Magnetic hysteresis
loop measurement of BFO nanoparticles shows substantial
improvement in saturation magnetization with a value of ∼ 6.5
emu/g compared to 0.1 emu/g for the bulk antiferromagnetic
sample. The origin of the magnetic property can be attributed to
the size confinement effect for the particles with size less than 62
nm, period of the spiral modulated spin structure.
Index Terms— BiFeO3, ferromagnetism, nanoparticles, sol-gel
auto-combustion.

I. INTRODUCTION
Recently there is intriguing interest in the emerging novel
group of materials called multiferroics because of their
promising applications in fundamental research and various
possible technological schemes. Due to the simultaneous
coexistence of ferroelectric, ferromagnetic and ferroelastic
phases these materials exhibit collective responses to the
electric, magnetic and stress fields. Therefore, these materials
have potential applications in magnetic and ferroelectric
devices [1]. At the same time, the coupling between two order
parameters provides an addition degree of freedom in device
design. The perovskite BFO is the most interesting in the
family of very few single phase multiferroics because of its
high phase transition temperatures (i.e. Curie temperature ̴
830°C and Neel temperature ̴ 370°C) [2]. Since its discovery
in the 1960s, difficult synthesis of BFO and its very low
magnetic moment are the mostly reported weaknesses which
have hampered its potential applications [3]. G type
antiferromagnetism with a spiral spin structure having a
period of 62 nm subdues any net magnetization in bulk BFO
[4-7]. Several approaches to improve the magnetization in
BFO ceramics have been reported in previous work [7]. A
number of studies on different parameters such as A or B site
substitution and co-doping have been investigated to improve
magnetic properties [7-10]. Recent approaches have focused
on developing novel structural formulations such as zero-,
one-, and two-dimensional (0-D, 1-D, and 2-D)
nanostructures of BFO materials [5, 6].

II. EXPERIMENTAL
A. Materials and Synthesis
The BFO powders were prepared by sol-gel auto-combustion
method as described below. Bismuth nitrate pentahydrate
(Bi(NO3)3·5H2O)
and
iron
nitrate
nonahydrate
(Fe(NO3)3·9H2O) were taken in a suitable stoichiometry and
dissolved in 400 ml with individual concentration of 0.025 M.
The citric acid as chelating agent was then added into the
nitrate solution in such a manner that the molar amount of
citric acid and metal nitrates was 1:1. The solution was then
stirred and heated at 75-80°C for 6-8 hrs to form a sol.
Aqueous ammonium hydroxide was used to adjust the pH
between 1-2. Subsequently appropriate amount of ethylene
glycol was added to the solution as polymerization agent and
as well as surfactant agent. Afterwards the solution was gently
evaporated at around 85°C to obtain a viscous gel. The
resultant gel was still heated at that temperature to dry up and
initiate sudden combustion reaction with vigorous fuming.
After the completion of the combustion reaction the resultant
powders were annealed at 400°C to obtain homogenous BFO
nanoparticles. A portion of the powder was also annealed at
temperature as high as 800°C to obtain bulk BFO sample.
B. Characterizations and Measurements
Crystalline structures of the BFO powders were examined
using an X-ray diffractometer (XRD, model 3040-X’Pert
PRO, Philips). The high-intensity X-ray beam was focused on
the sample in the scanning range from 10° to 70°. The average
crystallite size (d) was calculated from the XRD patterns
using the Scherrer formula, d = kλ/βcosθ, where k is the
dimensionless shape factor with a typical value of about 0.9, λ
is the wavelength of Cu Kα radiation with the value of 1.5418
Å, θ is the Bragg angle for the (102) diffraction peak and β is
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the full width at half maximum intensity (FWHM) of the
corresponding diffraction peak. Particle size measurement of
bulk sample is not convenient with XRD. So conventional
linear intercept method was utilized to measure particle size
of bulk sample.The particle morphology and distribution were
observed using field-emission scanning electron microscope
(FESEM, mode JSM 7600, Jeol) with accelerating voltage of
5 kV. To investigate magnetic properties, room temperature
isothermal magnetization data was taken using a vibrating
sample magnetometer (model VSM 7407, Lake Shore) up to
applied field of 16.5 kOe.
III. RESULTS AND DISCUSSION
Room temperature powder x-ray diffraction (XRD) pattern of
the BFO nanoparticles and that of bulk sample are shown in
Fig.1. XRD pattern reveals that nearly pure and well
crystalline BFO nanoparticles have been synthesized at as low
as 400°C. All the diffraction peaks are indexed in the
rhombohedral distorted perovskite structure with space
group-R3c. XRD patterns show the presence of small amounts
of the Bi2Fe4O9 and Bi25FeO39 impurity phases for both nano
and bulk powders. Synthesis of BFO nanoparticles without
these impurity phases is very difficult [17]. Researchers have
proposed different reasons for appearance of these impurity
phases. Low temperature stability of impurity phases and
metastable nature of BFO are thought to be the prime reasons
for the formation of impurity phases [18, 19]. However, these
impurity phases have little or no effect on magnetic properties
[9, 20]. The average particle size of BFO nanoparticles
calculated from the XRD peak broadening is about 26 nm.
The measured particle sizes and magnetic parameters of both
nano and bulk powders are enlisted in table 1.

Fig. 2: FESEM micrographs of BiFeO3 powders annealed
at (a) 400°C and (b) 800°C

Table 1. Particle size and magnetic parameters of nano
and bulk BFO powders
Annealing
Temperature
(°C)

Particle
size
(nm)

Saturation
magnetization,
Ms
(emu/g)

Coercivity,
Hc
(Oe)

Exchange
bias, EB
(Oe)

400

26

6.5

41.3

4.0

800

863

0.1

-

-

Fig. 3: Hysteresis loops for bulk and nanopowders of
BiFeO3 at 300 K. The inset shows expanded plots of
magnetization up to applied magnetic field of 500 Oe.
Fig. 2 shows the FESEM micrographs of nano and bulk BFO
powders. It is evident from the Fig. that the particle size of
nanocrystalline BFO observed in FESEM micrograph is quite
compatible with that of XRD results. This suggests that the
synthesized nanoparticles are single crystalline in nature [21].
Fig. 2(a) reveals that nanoparticles are nearly spherical in

Fig.1: XRD patterns of the BFO powders annealed at
600°C and 800°C in static air.
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shape with uniform particle size distribution. However, Fig. 2
(b) presents that bulk BFO shows somewhat stable cubic
morphology which is the characteristic for this type of
perovskite material [22]. The magnetization measurements of
synthesized BFO powders were carried out at room
temperature in order to investigate the magnetic behavior.
The magnetic hysteresis loops for both nano and bulk BFO
powders are shown in Fig. 3. Though bulk BFO is
antiferromagnetic,
a
significant
improvement
in
ferromagnetic ordering with a value of about 6.5 emu/g is
reported for that of nanoparticles. Due to the presence of
spiral spin structure in bulk BFO, the antiferromagnetic axis
rotates through the crystal with an incommensurate
wavelength of 62 nm and thereby cancels out any net
magnetic moment [6]. However, in our case, the size of the
synthesized nanoparticles is about 26 nm which being less
than 62 nm, modifies the spiral spin structure. Thus for
nanosized BFO, the substantially enhanced ferromagnetism
cloud be attributed to the destruction of the spiral modulated
antiferromagnetic long range order [5, 11]. Another possible
source of ferromagnetism could be attributed to the
ferromagnetic surface and antiferromagnetic core of the BFO
nanoparticles [6]. The noticeable 4 Oe exchange bias (table 1)
for the synthesized nanoparticles indicates the presence of
surface spin disorder and hence ferromagnetic surface [23].
Thus for 26 nm particles the significantly high surface to
volume ratio could contribute this improved ferromagnetic
property.
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IV. CONCLUSION
A facile sol-gel auto-combustion route was used to synthesize
BFO nanoparticles with uniform shape and homogenous
particle size distribution. Nearly pure and well crystalline
BFO powders were obtained at as low as 4000C in contrast to
above 8000C for the traditional solid-state sintering process.
Magnetic hysteresis loop measurement showed substantial
improvement in saturation magnetization with reported value
of 6.5 emu/g for 26 nm size powder samples, whereas bulk
BFO was antiferromagnetic. This significant improvement in
ferromagnetic ordering may conduct further research to use
BFO nano structures in the desired technological
applications. For the BFO particles with size less than 62 nm,
a structural anomaly arises, which could be the possible
reason for improved ferromagnetic behavior in this material.
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