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a b s t r a c t

Pure BiFeO3 (BFO), and Eu-Sr co-substituted BFO samples were prepared by a sol–gel method. The effects
of Eu and Sr codoped on the structural, morphological, magnetic and ferroelectric properties were sys-
tematically investigated. The X-ray diffraction and Fourier transform infrared spectroscopy reveal that
substitution of Eu and Sr at the Bi site results in structural change and single phase formation. The
maximum remnant magnetization of 0.287 emu/g and coercive field of 10.305 kOe are observed in the
Bi0.85Eu0.05Sr0.10FeO3 sample. The suppression of spin cycloid caused from the structural distortion can
play an important role in the improvement of magnetic properties. The Eu and Sr co-doped samples also
exhibit good ferroelectric properties, which may be attributed to suppressing the formation of oxygen
vacancies by Eu substitution.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

As one of novel compounds, multiferroic materials have at-
tracted significant attention due to the coupled magnetic, ferro-
electric, and ferroelastic orders [1]. The interest in these materials
is driven by the prospect to control charges by applied magnetic
fields and spins by applied voltages. Accordingly, they have been
employed in various multifunctional devices such as transducers,
multiple-state memories, and spintronics [2–5]. Among all multi-
ferroic materials studied so far, BiFeO3 (BFO) is known to the only
single-phase room temperature multiferroic materials, which has
simultaneous ferroelectric (TC�1103 K) and G-type anti-
ferromagnetic (TN�643 K) properties above room temperature
[6]. The unique multiferroic behavior permits BFO to be an ideal
candidate for most important multifunctional applications [7–10].
Though this property is very promising in terms of practical ap-
plications, the magnetic ordering is of antiferromagnetic type with
.l. All rights reserved.
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a spatially modulated spin structure, which net magnetization is
forbidden and inhibits the observation of the linear magneto-
electric effect meanwhile [11]. Moreover, it is usually difficult to
obtain saturated ferroelectric hysteresis loops from the pure BFO
at room temperature due to the high leakage current resulting
from some defects, such as oxygen vacancies, secondary phase and
interfacial quality [12–14].

The physical properties of a material could be modulated by the
process of ions doping. In order to reduce the leakage current and
enhance the magnetic properties, several studies have been made
to control the structure distortion of BFO by substituting Bi3þ with
rare earth ions [15–17]. For instance, Eu-doped BFO films have
been grown by pulsed laser deposition with superior magnetic and
ferroelectric properties [18]. These significantly improved ferro-
electric properties could be attributed to the lower leakage current
after doping, while the enhanced ferromagnetism might be as-
cribed to the substitution-induced suppression of the spiral spin
modulation. It has also been studied the Eu-doped BFO poly-
crystalline ceramics by a solid state reaction method [19]. Eu
substitution induced the enhanced remnant magnetization due to
the ferromagnetic coupling between Eu3þ and Fe3þ ions. More-
over, some research groups have tried to substitute Bi site by al-
kaline earth metals, including Ba, Ca, Sr, etc., to improve the
magnetic properties of BFO [20–23]. Recently, improved magnetic
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and ferroelectric properties were found in BFO co-substituted with
rare earth ions and alkaline earth ions. Naeimi et al. have reported
the significant enhancement of the remnant magnetization by co-
doping of Ba and Er into BFO, which may be due to the collapse of
spin structure and modifying exchange interactions because of Er
[24]. Cheng et al. have found a structural phase transition of
rhombohedral-to-cubic occurs in Bi0.75Pr0.15Ba0.1Fe3 sample [25].
The strong enhancement of the spontaneous magnetization is
significantly affected by the local lattice distortion and collapse of
the spatial spin structure in the Pr-Ba co-substituted sample. Quan
et al. have synthesized Ca and Nd co-doped BFO through a sol–gel
method [26]. The co-doped samples showed relatively low current
leakage density and higher ferromagnetic properties compared
with Ca-doped BFO. According to our knowledge, there is no other
reports giving the synthesis of Eu and Sr co-doped BFO. Therefore,
the aim of the present work is to synthesize Eu and Sr co-doped
BFO using a sol-gel method and to uncover the influence of the
structural, morphological, magnetic and ferroelectric properties
from Eu and Sr co-substitution.
2. Experimental

Pure BFO and Bi0.95-xEu0.05SrxFeO3 (x¼0, 0.05 and 0.10) sam-
ples were prepared by a sol–gel method. Appropriate amount of
Bi2O3, Fe(NO3)3 �9 h2O, Eu2O3 and SrO with suitable stoichiometry
were dissolved in dilute nitric acid and distilled water. Tartaric
acid, with the amount of the total metallic ions in the precursor
solution, was added as chelating agents. Then the mixed solution
was stirred for several hours to form a homogeneous gel. Finally,
the gel was dried at 80 °C for 48 h and calcined at 550 °C for 2 h.

The phase purity and crystal structure of calcined powders
were examined using X-ray diffraction (XRD) (Bruker D8 Advance
X-ray diffractometer) with Cu-Kα radiation. The morphology was
examined using scanning electron microscopy (SEM, JEOL-6380LV,
Japan). Fourier Transform Infrared Spectroscopy (FT-IR) measure-
ments were carried out on Fourier Transform Infrared spectro-
meter (Model: IRPrestige-21). Magnetization responses of all the
samples were examined by measuring the magnetization
Fig. 1. (a) X-ray diffraction patterns of all the samples at room tempe
hysteresis curves using a superconducting quantum interference
device (SQUID) magnetometer. The ferroelectric hysteresis loops
(P–E) and leakage current density–electric field (J–E) curves were
measured using Radiant precision materials analyzer with each
powder sample pressed into thin piece under a pressure of 20 MPa
having an area around 0.2 cm2 and a thickness around 0.08 cm. Ag
electrodes were coated on both sides.
3. Results and discussion

Fig. 1(a) shows the typical XRD patterns of all the samples at
room temperature. All the diffraction peaks associated with the
pure BFO are well matched with the rhombohedral structure
(JCPDS file No. 71-2494). There is no obvious secondary phases in
XRD patterns of doped-BFO, while a negligible impurity phase
(marked with “*”) was observed in pure BFO. The absence of the
oxides of Eu or Sr diffraction peaks implies that substitution did
not trigger the formation of the impurity phases, thereby means
that Eu and Sr ions have doped into BFO cell successfully. Fig. 1
(b) shows the magnified XRD patterns in the range of 2θ from 31°
to 33°, which reveals the evolution of the (104) and (110) dif-
fraction peaks by doping. For x¼0, the two peaks shift slightly
toward higher angle. Thus, based on the Bragg’s law the unit cell
volume decrease by only Eu doping, which may be due to the
smaller ionic radius of Eu3þ compared with Bi3þ . After doping
with Sr, the two peaks shift toward lower angle for the samples
with x¼0.05 and 0.10, which indicates that Sr substitution leads to
an increase in the unit cell volume because of the Sr2þ with a
bigger ionic radius than Bi3þ [19,27]. After doping with Sr, the two
peaks shift toward lower angle which can be attributed to the Sr2þ

ion with a bigger ionic radius than Bi3þ ion [28,29]. The split peaks
become weak in the sample with Sr doping concentration of 10%,
which indicates that the higher doping concentration of Sr induces
greater structural distortion.

The surface morphological characteristics of all the samples
were investigated using SEM, which are shown in Fig. 2. For pure
BFO, the particles display rather irregular and agglomerate, the
range of grain size is about 150–1200 nm. It is observed that the
rature. (b) Enlarged view of the diffraction peaks (104) and (110).



Fig. 2. SEM images for (a) BFO, (b) x¼0, (c) x¼0.05, and (d) x¼0.10 samples.

Fig. 3. FT-IR spectra of all the samples.
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grain size for x¼0 sample decreases to 150–800 nm. As can be
seen in Fig. 2(c)–(d), the doping of Sr has obvious effect on mor-
phology and size of BFO sample. Sr dopant homogenizes the
morphology of the particles and gives rise to a granular micro-
structure with nearly spherical shape, although the particles are
still seriously agglomerate. Furthermore, the grain size is re-
markably reduced by Sr doping. For x¼0.05 samples, uniform
particles with the diameter from 100 to 300 nm can be found in
Fig. 2(c). The grain size changes little when increase the doped
content to 10%, which is about 80–200 nm. It is observed that the
grain size decreases obviously for the x¼0.05 and 0.10 samples,
which may be due to the inhibition of grain growth caused by the
substitution of Sr [30].

Details of the structure evolution with ion substitution on BFO
can be also expressed through FT-IR spectra. FT-IR spectra of all the
samples are shown in Fig. 3 in the wave number range of
400–1500 cm�1. Typical band characteristics of metal oxygen
bonds are observed in the range of 400–600 cm�1. The char-
acteristic peaks at around 550 cm�1 and 450 cm�1 are, respec-
tively, assigned to Fe–O bond stretching and O–Fe–O bending of
FeO6 group in the perovskite structure. These modes are con-
sistence with the previously reported data [22,31,32]. With the
increase in substitution concentration, these two absorption peaks
shift to the lower wave number side. This result indicates that Eu
and Sr co-substitution has obvious influence on the Fe–O octahe-
dron in BFO, which has also been observed in other similar ma-
terials [33].

Fig. 4 shows the magnetic hysteresis (M-H) loops at room
temperature for all the samples with a maximum applied mag-
netic field of 70 kOe. And magnetic parameters have been enlisted
in Table 1. It is clearly seen that pure BFO exhibits nearly linear M-
H loop with small values of remnant magnetization
(Mr�0.006 emu/g) and coercive field (Hc�0.879 kOe), which
suggests that pure BFO is antiferromagnetic. Compared with BFO,
there is a narrow hysteresis loop of x¼0 sample with higher va-
lues of Mr (�0.040 emu/g) and Hc (�2.207 kOe). With the in-
creasing content of x, the obvious hysteresis loops are observed
from x¼0.05 and 0.10 samples. And the highest values of Mr
(�0.287 emu/g) and Hc (�10.305 kOe) can be obtained from
x¼0.1 sample. As known, BFO is a G-type antiferromagnetic, and
nearest neighbour Fe magnetic moments are aligned antiparallel
to each other. But the antiferromagnetic Fe sublattices are not
aligned perfectly due to the Dzyaloshinskii–Moriya exchange in-
teraction, as a result of a weak ferromagnetism, which is macro-
scopically cancelled by a spiral spin structure of long period
(62 nm) [11,34]. The results of the XRD and FT-IR revealed that
substitution caused internal structure distortion related to changes
in Fe–O bond distances and bond angles. The enhancement in
magnetization may be induced by the structural distortion, which
enhanced suppression of the spin cycloid by increasing Sr-doping
content in BFO [35–37].

The plots of the leakage current density (J) versus the applied
electric field (E) of all the samples were measured at room



Fig. 4. Room temperature magnetic hysteresis loops for all the samples.

Table 1
Magnetic parameters of all the samples.

Maximum magnetiza-
tion (emu/g)

Remnant magnetiza-
tion (emu/g)

Coercive field
(kOe)

BFO 0.544 0.006 0.879
x¼0 0.730 0.040 2.207
x¼0.05 0.986 0.138 6.268
x¼0.10 1.391 0.287 10.305

Fig. 5. Room temperature leakage current density-electric field behaviors of all the
samples.

Fig. 6. Polarization hysteresis loops for x¼0, x¼0.05 and x¼0.10 samples mea-
sured at room temperature.
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temperature as shown in Fig. 5. It is seen that the pure BFO has a
higher leakage current compared with the doped samples, which
implies the leakage current can be reduced by substitution.
Moreover, the leakage current densities are increased with in-
creasing the substitution content of Sr, and current densities are
7.98�10�9 A/cm2 (x¼0), 3.29�10�8 A/cm2 (x¼0.05) and
2.83�10�7 A/cm2 (x¼0.10) at maximum applied electric field of
10 kV/cm, respectively. As known to all, the origin of the high
leakage current and low resistance in BFO is mainly attributed to
the defects such as secondary phases or oxygen vacancies [12].
Previous works confirmed that doping of rare earth ions can
suppress the formation of oxygen vacancies in BFO cell [38,39].
Hence, doping of Eu can decrease the leakage current of BFO.
However, the creation of oxygen vacancies to neutralize the charge
produced by the substituting Sr2þ for Bi3þ [40,41]. So the leakage
current increase monotonically with the increase of the Sr content.

In order to study the ferroelectric behavior of the doped sam-
ples, the polarization hysteresis (P-E) loops were measured under
an applied electric field (E) of 10 kV/cm, which are shown in Fig. 6.
All the samples exhibit unsaturated characteristics even under
large electric field, which indicate that they are ferroelectric but
having lossy loop behavior. The lossy features of those samples can
be related to the leakage current. For x¼0 sample, the best fer-
roelectric hysteresis loop is observed with a remnant polarization
(Pr) of 0.313 μC/cm2 and a coercive electric field (Ec) of 0.115 kV/
cm. With increasing substitution concentration of Sr (x¼0.05),
both Pr and Ec values decrease to 0.285 μC/cm2 and 0.068 kV/cm,
respectively. On further increase the doping content of Sr
(x¼0.10), Pr value decreases to 0.212 μC/cm2 and Ec to 0.048 kV/
cm under the same applied electric field of 10 kV/cm, which is due
to the lower resistivity and higher leakage current. It can be seen
from the J-E curves (Fig. 5), the doping of Sr induced oxygen va-
cancies in BFO, thereby increased the leakage current density. For
x¼0 sample, Eu substitution can reduce leakage current density of
BFO, and therefore enhance ferroelectric behavior [18,42].
4. Conclusion

In summary, single-phase Eu and Sr co-doped BFO samples
were prepared by a sol-gel method. The XRD and FT-IR results
show the structural distortion caused by the doping. The size and
morphology of the particles have been confirmed using SEM. The
suppression of spin cycloid due to the structural distortion has
been found, which could enhance the magnetic properties. In
addition, the doping of Eu into BFO plays an important role in
reducing the leakage current and enhancing the ferroelectric
properties. All these results suggest that appropriate co-substitu-
tion with Eu and Sr is effective in enhancing the multiferroic
properties of the BFO, which are essential for practical
applications.
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