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Investigation on multiferroic properties of BiFeO; ceramics
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BiFeOs polycrystalline ceramics was prepared by solid-state reaction method and its structural, optical and magnetic prop-
erties were investigated. BiFeO3 was synthesized in a wide range of temperature (825 — 880 °C) and a well crystalline phase
was obtained at a sintering temperature of 8§70 °C. X-ray diffraction patterns of the samples were recorded and analyzed for
the confirmation of crystal structure and the determination of the lattice parameters. The average grain size of the samples was
found to be between 1 — 2 pm. The determined value of direct bandgap of BiFeO3 ceramics was found to be 2.72 eV. The linear
behavior of M-H curve at room temperature confirmed antiferromagetic properties of the BiFeO3 (BFO). S shaped M-H curve
was obtained at a temperature of 5 K. In the whole temperature measurement range (5 — 300 K) of M-T, no anomalies were

observed due to high Curie temperature and Neel temperature of the BiFeOs3.
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1. Introduction

In the last few years, the study of multifer-
roic compounds has undergone a large develop-
ment. It has been largely due to the discovery
of magneto-electric coupling, the appearance of
electric polarization and low temperature mag-
netic phase transition in the materials which were
not ferroelectric in their non-magnetically ordered
state [1]. Despite a considerable interest in the fun-
damental understanding of multiferroic properties,
these materials are of little applicability because
of their weak magnetic/electric polarization and
low temperatures at which these properties are ob-
served. From this point of view, more “classical”
multiferroics, i.e. ferroelectric compounds which
tend to order magnetically, are now the subject of a
renewed interest. They not only can be used in fer-
roelectric and magnetic devices [2] but also have
the potential ability to couple electric and mag-
netic polarizations, providing an additional degree
of freedom in device design and applications, such
as in the emerging field of spintronics, [1] multiple
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state memory elements, [3] electric field controlled
ferromagnetic resonance devices and transducers
with magnetically modulated piezoelectricity [4].
Among all multiferroic materials studied so far,
ABOs-type perovskite structure BiFeOs; (BFO) is
a known Pb-free and environmentally friendly ma-
terial. BiFeOs is ferroelectric (T¢ = 1100 K), an-
tiferromagnetic (Ty = 643 K) and exhibits weak
magnetism at room temperature. It can be prepared
as thin films and large crystals [5]. In addition to the
potential magnetoelectric applications, BFO film
might find other applications such as a photocat-
alytic compound [6] and in ultrafast optoelectronic
devices due to its small bandgap (E, = 2.5eV) [7].

Due to the spiral magnetic structure with long
wavelength (62 nm), even weak ferromagnetism,
and consequently no linear magnetoelectric effect,
should be observed in BiFeO3;. However, the lin-
ear magnetoelectric effect has been reported at
large magnetic fields [8], chemical substitutions [9]
and epitaxial strains in the case of BiFeO; thin
films [10]. It was predicted that spontaneous mag-
netization can be induced in BiFeO; either by
changing the Fe—O-Fe bond angle or by a sta-
tistical octahedral distribution of Fe with mixed
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valence and chemical substitution [11]. In the
case of thin films, however, it has been shown
that heteroepitaxially strained BFO films become
ferromagnetic at room temperature and show a re-
markably large magnetoelectric coupling. In this
research, a single-phase BiFeO3; sample was syn-
thesized by employing a rapid thermal processor
to enhance the sintering rate. The structural, mag-
netic and optical properties of pure BiFeO3; were
investigated.

2. Experimental work

BiFeO3 ceramics was prepared by conventional
solid-state reaction with BioOzand Fe,O3 as re-
actants. BipOzand Fe,O3 powders with a purity
of 99.9 % were mixed and grinded for 4 hours
in an agate mortar followed by calcination at the
temperature of 600 °C with a heating rate of
12 °C/min for 2 hours. In order to avoid an im-
purity phase of Bi;Fe4O9 and unreacted Bi, O3 af-
ter calcination and sintering, an excess amount of
Bi, O3 (10 wt.% extra) was added to the starting re-
actants. The powder was mixed with a few drops of
6 % concentrated aqueous polyvinyl alcohol (PVA)
binder and again grinded in the agate mortar for
3 hours. Then, the mixed powder was pressed into
different pellets at a pressure of 1.47 x 108 Pa.
In order to evaporate the aqueous polyvinyl al-
cohol (PVA) binder, the pellets were heated at
temperature of 250 °C for one hour. For optimiz-
ing the phases of BiFeOs, the pellets were then sin-
tered at 825 °C, 850 °C, 860 °C, 870 °C and 880 °C
for 300 seconds. All the sintering processes were
carried out in air and the sintering time was set to
300 sec.

Samples of BiFeOjceramics sintered at dif-
ferent temperatures were characterized by the X-
ray diffraction to confirm their phase formation.
The microstructure of these samples was char-
acterized by Bruker AXS D-8 advanced diffrac-
tometer with Cu Ko radiation (1.54 A) and step
size of 0.02°. Energy dispersive X-ray analysis
(EDAX) was carried out to determine the concen-
tration of elements such as Bi, Fe, O in the sam-
ple of BFO. Magnetic properties were investigated
by super conducting quantum interference device

(SQUID, Quantum Design MPMS XL) magne-
tometer. Field emission scanning electron micro-
scope (FEI Quanta 200F model) was used to deter-
mine the grain size and the uniformity of the syn-
thesized BiFeO3 samples. UV-VIS-NIR spectrom-
eter (Varian Cary 5000 model) was used for optical
characterization of the BFO.

3. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) pat-
terns of BiFO3 samples synthesized at different
sintering temperatures (825 °C, 850 °C, 860 °C,
870 °C and 880 °C) to optimize their crystalline
structure. XRD patterns demonstrate that impurity
phases like BiyFe,Og, BiysFeOyg etc. were also
formed along with BiFeO3 phase and the intensity
of these impurity phases decreased with increasing
the temperature. Though the impurity phases were
still observed in the diffraction patterns, their in-
tensity had decreased greatly. When the sintering
temperature was increased to 870 °C, the XRD pat-
tern (Fig. 1) indicated the formation of single-phase
BiFeOs. Correspondingly, the pattern at 870 °C
could exactly be indexed as BiFeO3 according to
the position and relative intensity of the diffraction
peaks. Above the sintering temperature of 870 °C,
formation of secondary phases started again, which
can be attributed to melting of the sample result-
ing in decomposition of BiysFeOy4p and other sec-
ondary phases. The whole synthesis processing
showed a critical role of sintering temperature in
the formation of pure BiFeO3 phase.
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Fig. 1. XRD patterns of BiFeO3 ceramics sintered at
temperatures of 825 °C, 850 °C, 860 °C, 870 °C
and 880 °C.
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Room temperature lattice constant of BFO was calculated by the formula
1 (R +k+1%)sin® a+2(hk+kh+ hi)(cos® a — cos a) 0

d? a?(1—3cos?a+2cos’ o)

We found the room-temperature lattice constants
a = 5.626 A and a = 59.351° in the rhombohe-
dral cell of BiFeOs3. The lattice constant is slightly
lower than that reported by Kubel and Schmid [12]
while the rhombohedral angle agrees well within
experimental uncertainties. These authors reported
room temperature values of the lattice constants
determined in a monodomain single crystal as
a = 5.6343 A and o = 59.348°. The experimen-
tal uncertainties due to instrument calibration led
to an error in peak position and correct positioning
of the sample. The sample should be positioned ex-
actly parallel to the surface of the sample holder.

SEM image shown in Fig. 2 reveals the fresh
fracture section of the BiFeO3 sample sintered at
870 °C. The SEM micrograph shows the uniform
distribution of grains. It reveals average grain size
of BFO of approximately 1 —2 pm. Fig. 3 shows the
atomic and weight percentage of BFO estimated by
energy dispersive X-ray spectroscopy. The atomic
percentages of the elements obtained by EDXS in
the ceramic sample BFO are much closer to the ac-
tual values. Thus the EDXS analysis has verified
the atomic and weight percentage of each element.

The optical absorption spectra of BiFeO3; were
recorded as a function of wavelength in the range
of 300 — 900 nm and shown in the inset of Fig. 4.
An absorption peak was found around 450 nm. Op-
tical absorption at absorption edge corresponds to
the transition from the valence band to conduction
band, while the absorption in the visible region is
related to some local energy levels caused by in-
trinsic defects. The reported values for the opti-
cal bandgap of BiFeO3 at room temperature range
from 2.3 to 2.8 eV [13-18]. According to some
authors, this bandgap is direct [16, 17] although
other reports suggest the presence of an indirect
bandgap, of roughly 0.4 — 1.0 eV smaller than the
direct one [14, 15]. Ab initio calculations using a
screened exchange formalism show that bismuth

(

Fig. 2. SEM image of BiFeOs; ceramics sintered at
870 °C.
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Fig. 3. EDXS results for BiFeO3 sample.

ferrite is a semiconductor with a room-temperature
gap of 2.8 eV [13, 18]. The valence-band maxi-
mum is at the R-point corner of the Brillouin zone,
whereas the conduction-band minimum is at the
center, G, so that the gap is indirect. However, the
calculated valence band in the rhombohedral state
is in fact almost flat [18], therefore the BiFeOj;
should behave in practice as a direct-bandgap semi-
conductor at room temperature.
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Fig. 4. Plot of (ahv)? vs. photon energy hv for the Fig. 5. Plot of (ahv)” vs. photon energy hv for the

BFO. The direct bandgap energy is deduced
from extrapolation of straight line to (athv)? =
0. The inset gives absorption spectra as a func-
tion of the wavelength.

Tauc relationship [19] can be used to calculate
energy bandgap

ahv =A(hv —E,)" (2)

where o is the absorption coefficient, A is a con-
stant, h is the Planck’s constant, v is the photon
frequency, E, is the optical bandgap and 7 is an in-
dex: n = Y2 for allowed direct, n = 2 for allowed
indirect, which dominates over the optical absorp-
tion. Fig. 4 shows the (ahv)? versus hv plot for
the determination of direct optical bandgap. A lin-
ear behavior exists in a certain range, thus sup-
porting the assumption of a direct bandgap transi-
tion. The inset in Fig. 5 shows the optical trans-
mission spectra for the BiFeO3 ceramics with vari-
ation of wavelength from 200 nm to 1500 nm. At
the wavelength of 500 — 540 nm, the transmission
of BFO decreases rather rapidly and finally ap-
proaches zero at around 450 nm. The fast decrease
is due to absorption of light caused by the excita-
tion of electrons from the valence band to conduc-
tion band of BiFeOs. Indirect bandgap of BiFeO3
has been also reported in some research papers as
discussed earlier, so the indirect bandgap was eval-
uated by extrapolating the straight-line part of the
curves (athv)” = 0 as shown in Fig. 5. The deter-
mined value of direct bandgap of BiFeO3 ceramics
was found to be 2.72 eV, which is larger than indi-
rect bandgap (2.22 eV) as confirmed by Gugar [14]
and by Fruth et al. [15].

BFO for the determining of indirect bandgap.
The inset gives transmission spectra as a func-
tion of the wavelength.
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Fig. 6. Magnetization vs. temperature (M-T) for

BiFeO3 ceramics measured in an external field
of 1 kOe. The insets show magnetization vs. ex-
ternal field (M-H) taken at 5 K and 300 K re-
spectively.

The results of the magnetic measurements of
BiFeO3 samples obtained by solid state route are
presented in Fig. 6. Magnetization of BiFeO;
ceramics was measured in the external field of
1 kOe under field cooling (FC) and zero-field cool-
ing (ZFC) conditions. Within experimental uncer-
tainties the two magnetizations coincide, provid-
ing no evidence for spin-glass-like ordering. For
temperatures below 200 K our results are roughly
comparable to the reported by Lebeugle et al. for
BFO single crystals [20]. The insets show magne-
tization measurements at 5 and 300 K indicating
the absence of a ferromagnetic hysteresis within
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experimental uncertainty. Microscopically, the an-
tiferromagnetic spin order in BiFeOs single crys-
tals is rather not homogeneous; an incommensu-
rately modulated spin structure is present, which
manifests itself as an incommensurate cycloid with
long wavelength A ~ 600 A [21, 22]. Linear vari-
ation of magnetic moment with the magnetic field
of pure BiFeOs at 300 K without opened hystere-
sis loop shows the antiferromagnetic nature of the
BFO because the canted antiferromagnetic spins
give rise to a net magnetic moment that is spatially
averaged out to zero due to the cycloidal rotation.
The weakly S-shaped magnetization at 5 K results
from the presence of a small but finite amount of
defect spins related to the upturn in the susceptibil-
ity at low fields and at the lowest temperatures [23].

4. Conclusions

Single phase of BiFeOs was obtained at an op-
timized sintering temperature of 870 °C. SEM mi-
crographs revealed the average grain size of the
ceramics of approximately 1 — 2 um. Energy dis-
persive X-ray spectroscopy (EDXS) confirmed the
atomic and weight percentage of each element. The
determined value of direct bandgap of BiFeO;3 ce-
ramics was found to be larger than that of indi-
rect bandgap (2.22 eV). The linear variation of
magnetic moment with magnetic field at room
temperature confirmed the antiferromagnetic na-
ture of the BFO. The magnetic anomalies were
not observed below the room temperature and the
phase transitions or glass transitions mentioned in
some reports may have resulted from poor quality
of the samples.
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