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a b s t r a c t

High-density polycrystalline BiFeO3 compound was synthesized by high-pressure annealing. Measure-
ments of crystal structure, magnetic, and ferroelectric properties were made on the sample. It was found
that the sample was almost single phase with a distorted R3c structure. The results of the X-ray photo-
electron spectra demonstrate that the oxidation state of Fe in the sample is Fe3+. The room-temperature
field dependence of magnetization for BiFeO3 exhibits a hysteretic behavior. The observed weak ferro-
magnetism could be ascribed to the lattice distortion induced by the high-pressure annealing. In addition,
the local ferroelectric performance of the sample was studied by piezoresponse force microscopy.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Multiferroic materials have attracted an ever-increasing atten-
ion in recent years due to the potential applications in sensors, data
torage devices, transducers, etc. Among these multiferroic mate-
ials, BiFeO3 is the most extensively studied material, because of its
igh ferroelectric Curie temperature Tc ∼ 1103 K, and antiferromag-
etic Néel temperature TN ∼ 657 K [1–4]. The magnetic structure of
iFeO3 is antiferromagnetic with G-type ordering. This G-type anti-

erromagnetic is slightly modulated to a cycloidal spiral structure
ith a period of 62 nm length with [1 1 0] as the spiral propagation
irection and spin rotation within (1 1 0), thereby producing a heli-
agnetic order and a vanishing net magnetization in the bulk at

oom temperature [5,6]. On the other hand, BiFeO3 is metastable
n air. The kinetics of phase formation in the Bi2O3–Fe2O3 sys-
em can easily lead to the appearance of unwanted phases, such as
i2Fe4O9 and Bi25FeO40[7]. In order to obtain single-phase BiFeO3

olycrystalline ceramic with high resistivity, a series of method
as developed in the past few years, such as solid state reaction
ethod followed by leaching the impurity phase with dilute nitric

∗ Corresponding author. Tel.: +86 25 83593817; fax: +86 25 83595535.
E-mail address: tangsl@nju.edu.cn (S.L. Tang).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.04.046
acid [8], rapid liquid phase sintering [9] or conventional solid state
reaction combined quenching process [10]. Recently, high-pressure
annealing method has been proved to be an effective way to syn-
thesize metastable phase Bi-based materials, such as, BiMnO3[11],
BiCrO3[12] or BiAlO3[13]. Therefore, it is interesting to investigate
the structure and multiferroic properties of BiFeO3 synthesized
by the high-pressure annealing method. In the present work, a
high-density polycrystalline BiFeO3 ceramic was synthesized by
high-pressure annealing method. Its crystal structure, magnetic
and ferroelectric properties were reported.

2. Experiments

The high purity of Bi2O3 and Fe2O3 (purity ∼ 99.999%) were weighed and stoi-
chiometrically mixed in an agate mortar for 12 h using alcohol as a medium. This
mixture was pressed into disk and precalcined at 750 ◦ C for 3 h. The precursor mix-
ture (about 1 g for a sample) was then calcined at 800 ◦ C for 40 min at a pressure of
6 GPa by a hexahedral anvil high-pressure annealing apparatus. The details of the
high-pressure annealing apparatus were described before [14]. After calcining, the
samples were quickly cooled to room temperature, and the pressure was slowly
released to the normal pressure.

The structure of BiFeO3 was determined with X-ray diffraction data. XRD pat-

terns were collected at room temperature using a Rigaku D/Max-gA diffractometer
with Cu k˛ radiation (� = 1.54505 Å). The data were analyzed by the Rietveld method
using the General Structure Analysis System (GSAS) [15]. Oxidation of Fe was
determined by X-ray photoelectron spectroscopy (XPS) (ESCALab MK-II). The fresh
fracture surface of the samples was observed using scanning electron microscopy

dx.doi.org/10.1016/j.jallcom.2011.04.046
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Observed (circles), calculated (solid line) and difference (solid line at the bot-
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Fig. 2. X-ray photoelectron spectra of the Fe 2p lines for BiFeO3.

sure [8,18], implying that the rate of grain growth was suppressed

T
T

om) XRD patterns for BiFeO3 at room temperature. Bragg reflections are indicated
y ticks. The inset shows the schematic of the crystal structure of BiFeO3.

SEM). Domain images were observed by the piezoelectric force microscopy (PFM)
ode using a commercial atomic force microscope (Digital Instruments, NanoScope
, Veeco) equipped with a Pt/Ir coated Cr tip in PFM mode. The tip radius was less

han 20 nm and a force constant of 4 N/m was use to study the piezoresponse of
he regions without top electrodes. Domain visualization was performed under an
pplied ac voltage with the amplitude Vac = 5 V and frequency f = 50 kHz. Magnetic
roperties were investigated using a superconducting quantum interference device
SQUID) magnetometer.

. Results and discussion

It was found that calcining the starting mixtures before high-
ressure annealing is helpful to obtain the BiFeO3 phase. It is
ifficult to synthesize BiFeO3 single phase by one-step annealing
he starting materials, even at a wide range of annealing temper-
ture from 800 to 1300 ◦C. However, BiFeO3 with almost single
hase can be easily formed by high-pressure annealing the calcined
owders at a low temperature of 800 ◦C. The typical XRD patterns
f the synthesized BiFeO3 compound is shown in Fig. 1. Based on
he XRD pattern, a simulation was carried out using rhombohedral
attice type with R3c space group. The simulation results and the
ifferences between experiment and simulation are also shown in
ig. 1. The Rietveld refinements of crystal structure parameters are
isted in Table 1. Compared with the structure of the BiFeO3 syn-
hesized under normal pressure [10,16], the atom positions, lattice
arameters and interatomic distances show significant distortion.
or clarity, the inset of Fig. 1 shows the schematic of the crystal
tructure of the sample. In contrast with the Fe–O–Fe angle 154.1◦

n BiFeO3 single crystal [16], the corresponding angle in our sam-

le is estimated to be 158.4◦. Therefore, our sample possesses a
istorted R3c crystal structure. The distortion should be ascribed to
he effects of high-pressure annealing.

able 1
he refined crystal structure parameters of the high-pressure synthesized BiFeO3 compo

Cell (Å) Atoms Position

a = 5.5818(3) Bi 6a
c = 13.8692(1) Fe 6a
c = 374.22(4) O 18b

Rwp = 8.1%,Rp = 7.6%
Fig. 3. SEM image of fracture surface for BiFeO3.

In order to determine the valence states of Fe ions, XPS analysis
was performed on the BiFeO3 compound. Fig. 2 shows the Fe 2p
spectra of the sample. The peaks near 711.7 eV and 726.7 eV are
corresponding to Fe 2p3/2 and Fe 2p1/2, respectively, which are
characteristic of Fe3+ ions [17]. Therefore, it can be deduced that
the oxidation state of Fe ion should be Fe3+ but not Fe2+.

Fig. 3 shows SEM image taken from fresh fracture surface for
BiFeO3. It can be seen that the ceramic was a dense one, without
significant residual porosity. The relative bulk density is calcu-
lated about 96.4% according to Archimedes principle. Moreover,
the grains of the sample show quadrate-like morphology, different
from that synthesized by conventional solid state reaction method
in which the grains have an over much sintering. The average grain
size of the sample is about 900 nm, which is much smaller than the
BiFeO3 bulk materials (3–5 �m) synthesized under normal pres-
under high pressure and low-sintering temperature.
Fig. 4(a) presents the field dependence of magnetization (M–H)

curves for BiFeO3 at 300 K. The enlarged part from −300 Oe to

und at room temperature.

x y z

0 0 0
0 0 0.2215(1)
0.4406(0) 0.0011(9) 0.9563(3)
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ig. 4. (a) The field dependence of magnetization (M–H) curves for BiFeO3. The in
kOe from 5 K to 300 K.

00 Oe is shown in the inset of Fig. 4(a). In contrast with the
oom-temperature linear field dependent magnetization for BiFeO3
ulk materials synthesized under normal pressure [8,9], our sam-
le exhibits a non-linear one. Su et al. [19] and Wen et al. [20]
lso found a similar behavior in their BiFeO3 ceramics, which were
ynthesized by high-pressure annealing the so-gel-derived BiFeO3
owders. Indeed, the observed shape of M–H loop and magnitude of
he magnetization in the present work are very close to the BiFeO3

anocrystals with an average size of 40 nm reported by Mazumder
t al. [21]. They argued that the enhancement of magnetization
ainly comes from the incomplete spins along the direction of the
ave vector, the emergence of Fe2+ and the lattice strain. In the

ig. 5. (a) The topography and (b) piezoresponse images of BiFeO3 compound. (c) Line-sc
ows the enlarged part from −300 Oe to 300 Oe. (b) ZFC and FC M–T under field of

present work, the modified Fe–O–Fe angle (158.4◦) would destroy
the spiral spin structure and lead to the net magnetization. The
average grain size is about 900 nm, which is much larger than the
spiral spin period of 62 nm. In addition, the above XPS analysis con-
firms that no Fe2+ exists in our sample. Therefore, it is suggested
that the weak magnetism should be ascribed to the lattice distor-
tion induced by the high-pressure annealing.

The zero field cooled (ZFC) and field cooled (FC) temperature

dependent magnetization curves were measured under 1 kOe from
5 to 300 K, as shown in Fig. 4(b). Both the FC and ZFC curves drop
slightly with decreasing temperature from 300 to 100 K, confirm-
ing the antiferromagnetic exchange interaction of spins. The fast

anning piezoresponse signal. (d) Piezoresponse hysteresis loop of the sample.
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ncrease of magnetization with decreasing temperature below 50 K
as also observed, which was attributed to the development of

ncommensurate sinusoidal spin structure in BiFeO3[22]. The mag-
etization value of FC curve measured under same magnetic field
as slightly higher than that of ZFC curve, indicating the weak fer-

omagnetic properties. However, more detailed work is needed,
uch as neutron diffraction, to fully understand magnetic structure
r spin configuration in high-pressure annealed BiFeO3.

The ferroelectric behavior of the sample was investigated by
iezoresponse force microscopy (PFM). The sample was fixed with
ilver paint acting as a bottom electrode while a bias is applied on
he conductive atomic force microscope tip used as the top elec-
rode. Imaging of the domains is carried out by applying a small
c bias on the bottom electrode giving rise to the converse piezo-
lectric effect detect through lock-in techniques [23]. Fig. 5(a) and
b) shows the topography and the corresponding piezoresponse
mages of polished BiFeO3 compound, respectively. There are some
cratches but no grains and boundaries can be seen on the surface
Fig. 5(a)) owing to the rigorous polishing process. The correla-
ion between topography and piezoresponse is weak, indicating
he little contribution of the electrostatic signal. The piezoelectric
ontrasts are clearly seen on the PFM image (Fig. 5(b)), which is
imilar to that of single crystal [24]. No regular domains like Ref.
25] were observed. This might be ascribed to the relatively rough
urface of the sample. By scanning along the white line indicated
n Fig. 5(b) we obtained Fig. 5(c). From Fig. 5(c), we can see that
he piezoresponse signal shows antiparallel polar phase and the
omain width is about several micrometers. The local hysteresis
easurements were performed by keeping the tip fixed above the

urface and applying dc voltage while recording the piezoresponse
ignal. A typical hysteresis loop was shown in Fig. 5(d), which
nambiguously confirms the ferroelectric nature of the sample at
oom temperature.

. Conclusion

High-density polycrystalline BiFeO3 compound was success-
ully synthesized by high-pressure annealing method. The results
f refinement show the sample possesses a distorted R3c struc-

ure. The SEM images demonstrate that high-pressure annealing
an lower the grain growth rate and increased the density of the
eramic. Clear magnetic hysteresis loop with remnant magneti-
ation has been observed in high-pressure synthesized BiFeO3 at

[

[

pounds 509 (2011) 7591–7594

room temperature. Irregular domains were observed on the sur-
face of the sample by piezoresponse force microscopy, and a typical
hysteresis loop was obtained.
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