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Multiferroic Bi1−xCaxFeO3 was prepared by sol–gel method with the rapid thermal process. Ferroelectric
and magnetic properties of the samples were studied at room temperature. The remanent polarization
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and magnetization of Bi0.7Ca0.3FeO3 ceramics are 4 �C/cm2 and 0.153 emu/g, respectively. Moreover,
converse magnetoelectric effect characterized as electric field-induced magnetization was investigated
in Bi0.7Ca0.3FeO3 ceramics.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

BiFeO3 (BFO) has been extensively investigated in the forms of
ulk ceramics, single crystal and thin film owing to its high phase
ransition temperature and good multiferroic properties [1–5]. It is
G-type antiferromagnet with cycloidal spin magnetic structure

ermitting weak ferromagnetism [6]. The Bi 6s lone pair elec-
rons are believed to be responsible for the ferroelectricity of BFO
5,7]. Actually, it is difficult to observe the ferroelectric loops in
FO ceramic due to the relatively high leakage current, which is
aused by impurity and low resistivity [3]. Many methods have
een attempted to enhance ferroelectric and magnetic properties in
ulk BFO ceramic [3,8–15]. Among these alternatives, doping other
ations in the A site of BFO ceramic is proved to be an effective way
o enhance the magnetism [8,11–15]. The most used substituted
ons are rare-earth trivalent ions (La3+, Tb3+, Nd3+, etc.) [11,12] and
iamagnetic bivalent ions (Ba2+, Pb2+, Ca2+, etc.) [8,13–15]. It is
eported that the value of magnetization in Bi0.75Ba0.25FeO3 is up
o 6 emu/g under H = 15 kOe [8]. In addition, the rapid thermal pro-
ess (RTP) is reported to synthesize the single-phase BFO ceramic

uccessfully, in which the spontaneous polarization is 8.9 �C/cm2

nder the applied electric field of 100 kV/cm [3].
The magnetoelectric (ME) coupling between magnetic and fer-

oelectric orders is an unique feature of multiferroic materials,
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which is of great importance for physical mechanism and poten-
tial applications for next-generation devices [1,16]. The ME can be
classified as direct magnetoelectric (DME) and converse magneto-
electric (CME), which are characterized as magnetic field-induced
polarization and electric field-induced magnetization, respectively
[17]. As it is reported, electrical control of antiferromagnetic
domains [18] and electric field-induced spin flop [19] have been
observed in BiFeO3 thin film [18] and single crystal [19,20], respec-
tively. As far as we know, there are few papers about the CME effect
in doped BFO ceramics. Very recently, electric modulation of con-
duction and robust antiferromagnetism have been well studied in
Bi1−xCaxFeO3 (BCFO) film [21] and bulk ceramic [22], indicating
that this material is of great potential for further investigation. In
the present paper, we prepared single-phase BCFO samples and
investigated their multiferroic properties and CME effect.

2. Experiment

Some Bi1−xCaxFeO3 (x = 0.1 and 0.3) (abbreviated to BCFO-1 and BCFO-3, respec-
tively.) fine powders were first prepared by sol–gel method. Then, the calcined
powders without any organic compounds were pressed into a bar and sintered at
700–750 ◦C for 450 s with a high heating rate of about 100 ◦C/s, then cooled rapidly
to room temperature. The crystal structure of the samples was examined by X-ray

diffraction (XRD). Capacitive structure with silver electrode was prepared for ferro-
electric and CME effect measurements. The magnetic measurements were carried
out using a vibrating sample magnetometer (VSM) (Lakeshore 7407) and ferroelec-
tric properties of the samples were measured using a ferroelectric tester (Radiant
Technology, USA). The CME measurement was performed by an induction method
[23].

dx.doi.org/10.1016/j.jallcom.2010.07.129
http://www.sciencedirect.com/science/journal/09258388
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. Results and discussion

Fig. 1 shows the XRD patterns for BCFO ceramics. These sam-
les have a single-phase perovskite structure with no trace of other

mpurity phases within the uncertainty of XRD. It is reported that
oth rapid sintering process and low synthesis temperature are
eneficial to minimize Bi-loss and suppress the formation of impu-
ity phases [3]. Compared with the XRD pattern of BFO ceramic, the
oubly split peaks in the 2� ranges of 31–33◦ merge gradually to
orm a broad peak in these BCFO samples with the increasing dop-
ng content of Ca (as shown in the inset of Fig. 1), suggesting the
tructural distortion between the BCFO and BFO ceramics, which
grees with the results in Nd-doped BiFeO3 [12].

The ferroelectric behavior for BCFO ceramics is presented in
ig. 2. Unlike the BCFO sample prepared by solid-state method
13,14], in which the ferroelectric loop is difficult to obtain due
o the high leakage current, distinct hysteresis characteristics can

e observed in these BCFO ceramics. Owing to the different break-
own fields for different samples, various drive fields are applied to
he samples. For BCFO-1 and BCFO-3, the values of remnant polar-
zation (Pr) were 0.8 and 4 �C/cm2 at 5 and 26 kV/cm, respectively.

Fig. 1. The XRD patterns for BCFO ceramics.

ig. 2. The ferroelectric hysteresis loops for BCFO ceramics at room temperature.
Fig. 3. The magnetic hysteresis loops for BCFO ceramics at room temperature.

The Pr value for BCFO-3 is larger than that of Ba doped BFO ceramics
[8]. This result indicates that doping Ca2+ cation in BFO is helpful
to enhance ferroelectricity and increase breakdown field. Actually,
the resistivity values are up to 4 × 109 and 3 × 1010 � cm for BCFO-1
and BCFO-3, respectively, which is comparable with that of high-
pressure prepared BFO ceramic [9]. It seems that the sol–gel with
RTP preparing method is helpful for the high resistivity and sup-
pression of the charged defects in our BCFO ceramics, which are
responsible for the ferroelectric properties [3].

The magnetic hysteresis loops for BCFO ceramics at room tem-
perature are shown in Fig. 3. Two well-developed M–H loops can
be observed in the samples. The remanent magnetization (Mr) val-
ues are 0.007 and 0.153 emu/g, for x = 0.1 and 0.3, respectively,
which is much larger than these of BCFO ceramic prepared by
solid-state reaction and some other doped BFO compounds [14,24].
As we know, the Fe magnetic moments in pure BFO are cou-
pled ferromagnetically within the pseudocubic (1 1 1) planes and
antiferromagnetically between adjacent planes, showing G-type
antiferromagnetic order. If the magnetic moments are oriented per-
pendicular to the [1 1 1] direction, the symmetry also permits a
canting of the antiferromagnetic sublattices, resulting in weak fer-
romagnetism [25]. Owing to charge compensation, doping bivalent
cations (such as Ca2+, Pb2+, and Ba2+) would give rise to the forma-
tion of Fe4+ or oxygen vacancies [8,15]. As we know, the exchange
interaction between Fe4+ and Fe3+ may result in net magnetization.
But this possibility has been ruled out by the study of Mössbauer
spectroscopy of bivalent cations doped BFO ceramics [15,24]. On
the other hand, theoretical calculation has shown that the presence
of oxygen vacancies would not affect the canting of the magnetic
moments, and consequently no increase in the macroscopic magne-
tization due to oxygen vacancies could be found [26]. According to
the recent work about the magnetic properties of A-site doped BFO
ceramic, the weak ferromagnetism is proved to be attributed to the
canting of the antiferromagnetic sublattices induced by structural
distortion [8,11,13,15,27,28]. In the case of BCFO, the introduction
of Ca2+ cations leads to the change of the structure, resulting in the
suppression of the spiral spin structure and the appearance of the
weak ferromagnetism [13,15,29,30].

For further understanding the coupling between electric and
magnetic properties, the magnetoelectric effects in doped BFO are
necessary to be studied. Here the CME effect of BCFO was inves-
tigated by measuring the induced magnetic induction (Binduced)
in response to an applied ac voltage. The measurement scheme
is shown in Fig. 4. The sample is polarized along thick direction
and is placed in a dc magnetic field (Hbias). A sine voltage along

the thickness direction is applied on the sample by a signal gen-
erator and the sign of ac Binduced is picked up by using a search
double-coils according to the Faraday effect [23]. The longitudi-
nal (transverse) Binduced was obtained as the polarization direction
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ig. 4. The schematic illustration of (a) the directions of polarization and Hbias and
b) the measurements of CME effect.

as parallel (perpendicular) to Binduced. Since the ferroelectricity
nd magnetism of BFO (prepared in this work) and BCFO-1 are rela-
ively weak, only CME effect of BCFO-3 is shown here. Fig. 5 presents
bias dependence of Binduced in BCFO-3 at an optimized ac electric
eld of 160 V with f = 1.8 kHz at room temperature. It is obvious
hat Binduced increases with increasing Hbias, showing a quadratic
elationship. At 4.6 kOe, the values of longitudinal and transverse
induced are 4.5 and 10.2 A/m and the corresponding CME coef-
cients (˛ = �0( ∂ M/∂ E)H) are 2.83 × 10−11 and 6.47 × 10−11 s/m,
espectively. The CME coupling strength ˛ in BCFO-3 is about an
rder higher than that in Cr2O3 single crystal (4.1 × 10−12 s/m near
he Neel temperature of 307 K) [31,32]. It seems that the difference
etween the two values of Binduced is attributed to the different
emagnetization field in longitudinal and transverse direction [10].

Fig. 6 presents the applied ac voltage (Vac) dependence of trans-
erse Binduced in BCFO-3 with Hbias = 2.5 and 4.5 kOe at the frequency
f 1.8 kHz at room temperature. It is obvious that Binduced responds
lmost linearly to applied ac voltage and the calculated CME coef-
cient ˛ is determined to be 3.46 × 10−11 and 6.48 × 10−11 s/m for
bias = 2.5 and 4.5 kOe, respectively. It is reported that the anti-

erromagnetic and ferroelectric parameters in BFO are intimately
oupled and the coupling between these two orders is argued to be
tronger in the bulk than in thin film [19]. When an ac electric field
s applied on BCFO, an inner mechanical force (strain) is produced
wing to the reverse piezoelectric effect, i.e., electric field induced

he shift of ferroelectric domains. Owing to the coupling between
ntiferromagnetic and ferroelectric domains [18], the strain is then
pplied on the magnetic domains and generates the change of the
agnetic moments due to the piezomagnetic effect [33].

ig. 5. The magnetic bias field (Hbias) dependence of the induced magnetic flux
ensity (Binduced) in BCFO-3 ceramics at Vac = 160 V.

[

[

[
[

[

[

[
[

Fig. 6. The Vac dependence of the transverse Binduced of BCFO-3 ceramics at Hbias = 2.5
and 4.5 kOe. The solid line is a guide to the eyes.

4. Conclusion

The multiferroic properties have been investigated in BCFO
ceramics prepared by the sol–gel with RTP preparing method. The
ferroelectric loops of these samples are observed at room tem-
perature owing to high resistivity and suppression of the charged
defects. The enhanced magnetic properties were attributed to the
suppression of the space spin-modulated magnetic structure in
BCFO ceramics. The CME effect of BCFO-3 ceramic has been inves-
tigated by measuring Binduced under different Hbias and ac electric
field. The CME coefficient of BCFO-3 ceramic is 6.48 × 10−11 s/m,
which is about an order higher than that in Cr2O3 single crystal.
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