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Ferroelectric and Ferromagnetic Properties
of 0.7Bi1-xNdx(Fe0.9Cr0.1)O3-0.1BaTiO3-0.2PbTiO3

Solid Solutions

XIAO-HUI LIU,∗ ZHUO XU, XIAO-YONG WEI, AND XI YAO

Electronic Materials Research Laboratory, Key Laboratory of Ministry
of Education, Xi’an Jiaotong University, Xi’an 710049, China

0.7Bi1-xNdx (Fe0.9Cr0.1) O3-0.1BaTiO3-0.2PbTiO3 (x = 0, 0.03, 0.05, 0.07) solid solu-
tions were prepared by the traditional ceramic process. X-ray diffraction results revealed
that all samples showed pure rhombohedral perovskite structure. The addition of Nd sub-
stitutions could decrease the coercive field and electrical insulation resistivity. The P-E
loops of specimens with x = 0.03 and 0.05 attained saturation. Piezoelectric constant
d33 of the solid solutions increased firstly and then decreased, but the Magnetization of
the solid solutions decreased slightly with increasing of the Nd content.

Keywords Ceramics; ferroelectric properties; Magnetically ordered materials

1. Introduction

Ferroelectromagnetic materials possess ferromagnetism and ferroelectricity simultaneously
as a result of the coexistence of electric and magnetic orders. In this case, coupling between
the magnetic and ferroelectric order parameters in these materials can give rise to magneto-
electric effect, which provides an additional degree of freedom in design of new functional
sensor, current devices, transducers and multi-state memory devices [1, 2]. However, due
to their low Néel temperature or negligible magnetoelectric effect in most ferroelectromag-
netic materials, no practical application of ferroelectricity and ferromagnetism has been
reported. BiFeO3 (BFO) is a promising candidate as single-phase ferroelectromagnetic ma-
terial because it is antiferromagnetic with a relatively high Neel temperature (TN = 380◦C)
and ferroelectric with high Tc = 810◦C [3]. Unfortunately, as for bulk BFO ceramics,
research work is still being hindered by the easy formation of second phase during syn-
thesis and the low resistivity of samples. These have prevented its practical applications as
piezoelectric or magnetoelectric functional components. Recent work mainly has focused
on binary or ternary solid solutions of BFO with other ABO3 perovskite materials or doping
on these solid solutions. Because these perovskite materials can prevent the formation of
second phases and improve sample resistivity. To date, several perovskites (such as PbTiO3

and BaTiO3) [4, 5] have been used to form solid solution with BFO. Although perovskite
structure of these solid solutions has been found to be stable and the spontaneous magnetic
moment is increased at room temperature, their ferromagnetism is weak due to the anti-
ferromagnetic nature. Substantial work has been implemented on BFO-based materials to
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improve magnetization, such as doping at A sites [6, 7] or B sites [8]. Therefore, in previous
literatures about BFO-based materials, the focus was either on better ferroelectric or better
ferromagnetic properties. Better ferroelectric and ferromagnetic properties simultaneously,
especially, piezoelectric properties were seldom reported.

This paper was based on our foregoing work [9], Nd substituting for Bi in 0.7Bi
(Fe0.9Cr0.1)O3-0.1BaTiO3-0.2PbTiO3 solid solution is to improve the ferroelectric and
piezoelectric properties. Ferroelectric, piezoelectric, and ferromagnetic properties were
investigated.

2. Experimental Procedure

0.7Bi1-xNdx(Fe0.9Cr0.1)O3-0.1BaTiO3-0.2PbTiO3 (BNxFOC-BT-PT, with x = 0, 0.03, 0.05,
and 0.07) solid solutions were fabricated by the conventional solid-state reaction method.
Analytical-grade raw materials, Bi2O3, Fe2O3, Cr2O3, BaCO3, and TiO2, were weighed
and mixed in a ball mill for 12 h, using alcohol as media. After drying, the powders were
calcined at 860–960◦C for 2 h in air and ball milled for another 12 h. The resultant powders
were pressed into disks of 10mm in diameter and 1mm in thickness using a hardened a
stainless steel die at a pressure of 400 MPa, with polyvinyl alcohol (PVA) as binder. After
burning off PVA, the pellets were sintered at 1060–1120◦C for 3 h in air. The specimens
were polished and electroded with a postfire silver paste on both sides.

Phase compositions of the specimens were characterized by an X-ray diffraction (XRD)
(Rigaku D/MAX-2400, CuKα radiation). Microstructure of fresh fracture surfaces of sin-
tered samples was examined by using a scanning electron microscopy (SEM) (JSM-6360).
The electrical insulation resistance was tested using HP4339A-HP16339A high resistance
meter. Ferroelectric hysteresis loops were characterized by using a ferroelectric test system
(TF Analyzer 2000) and magnetic hysteresis loops were measured by LakeShore 7307
vibrating sample magnetometer (VSM).

3. Results and Discussion

Figure 1 shows the XRD patterns for BNxFOC-BT-PT with x = 0, 0.03, 0.05, and 0.07. All
samples possess single phase of rhombohedral perovskite structure. In addition, diffraction
peaks of the samples shift toward higher angles with increasing content of Nd. This result
indicates that lattice constant of the samples decreases with increasing content of Nd, which
is because the radius of Nd3+ is smaller than that of Bi3+.

Figures 2(a)–2(d) show SEM images of BNxFOC-BT-PT for x = 0, 0.03, 0.05, and
0.07, respectively. These images were taken from the fresh fracture surface. It can be
seen that BNxFOC-BT-PT ceramics are well densified, containing no residual porosity
and second phases. The grain size of BNxFOC-BT-PT decreased slightly with increasing
content of Nd. It can also be found that the fracture surfaces of BNxFOC-BT-PT with Nd
substitutions look more transgranular rather along grain boundary indicating that the grain
boundary has the similar strength as the inside grain. It has been known that materials
fractured in the transgranular style need more energy. Therefore, the mechanical strength
and toughness of BNxFOC-BT-PT with Nd substitutions can be enhanced with the increase
of Nd content.

Figure 3 shows the room temperature electrical insulation resistivity of the BNxFOC-
BT-PT ceramics as a function of Nd content. It can be seen that the resistivity of
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Figure 1. XRD patterns of the BNxFOC-BT-PT ceramics with different Nd contents.

BNxFOC-BT-PT decreases with the Nd content increasing. We conjectured that the Nd3+
ions substituting Pb2+ or Ba2+ ions would be occurred though Nd3+ should substitute
Bi3+ mostly for their similar ion radius and valence. Therefore, the BNxFOC-BT-PT
ceramics would be become “soft”, decreasing electrical resistivity.

Figure 2. SEM photos of fracture surfaces of the BNxFOC-BT-PT samples with different Nd
contents. (a) x = 0 (b) x = 0.03 (c) x = 0.05 (d) x = 0.07.
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Figure 3. Electrical resistivities of BNxFOC-BT-PT ceramics with different Nd contents.

P–E curves of the BNxFOC-BT-PT samples with x = 0, 0.03, and 0.05, respectively,
are shown in Fig. 4. For the sample with x = 0, P–E loop rounded corners, and could not
reach saturation, indicating significant conductive losses and large coercive field. However,
P–E loops of the samples with x = 0.03 and 0.05 reach saturation. We considered that
the coercive field was decreased for the introduction of Nd. Therefore, the P–E loops with
x = 0.03 and 0.05 can attain saturation though possessing of lower electrical resistivities.
The specimens would be completely poled, and hence the piezoelectric properties could be
characterized. The conductive losses of the specimen with x = 0.07 was too significant to
allow specimens to be completely poled though lower coercive field.

Figure 4. Ferroelectric hysteresis loops of the BNxFOC-BT-PT samples with different Nd contents.
(See Color Plate III)
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Figure 5. Piezoelectric constant of the BNxFOC-BT-PT samples with different Nd contents.

Figure 6. Magnetic hysteresis loops of the BNxFOC-BT-PT samples with different Nd contents.
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For piezoelectric measurement, we polarized the samples in the silicon oil under an
electric field 30 kV/cm at 120◦C. The piezoelectric constant d33 was measured using a
quasi-static d33 meter (Model ZJ-3, Institute of Acoustics Academic Sinica). Figure 5
shows the dependence of the piezoelectric constant d33 on the Nd contents. It can be
seen that the piezoelectric constant d33 increases firstly and then decreases with increasing
content of Nd. The d33 of specimen with x = 0.03 was the largest. That is because the
specimens with x = 0.03 can be poled completely.

Figure 6 shows M-H curves of the BNxFOC-BT-PT samples with x = 0, 0.03, 0.05,
and 0.07, respectively, measured at room temperature. The BNxFOC-BT-PT solid solutions
exhibit symmetric magnetic hysteresis loops, indicating that they are magnetic ordered
materials. The remanent magnetizations of BNxFOC-BT-PT for x = 0, 0.03, 0.05, and 0.07
was about 0.11, 0.06, 0.05, and 0.03 emu/g, respectively, showing a slight fall with the
increase of Nd content. The remanent magnetizations were relatively small as compared to
nominal ferromagnetic compounds. Small remanent magnetizations and unsaturated M-H
behavior of the solid solutions indicate that they are basically antiferromagnetic with weak
ferromagnetism. [10] In such a case, spontaneous magnetization Ms could be obtained by
extrapolating the linear portion of the M-H curves to H = 0. The estimated values of Ms
decreased with increasing x, were 0.15, 0.14, 0.09, and 0.08 emu/g, for x = 0, 0.03, 0.05, and
0.07, respectively. Physical properties of BFO-based solid solutions with simultaneously
occurring magnetic and electric orderings are not yet understood. Remanent magnetizations
observed in this investigation reveal ferromagnetism, but very weak compared to typical
ferromagnetic compounds. The magnetic properties of 0.7Bi (Fe0.9Cr0.1) O3-0.1BaTiO3-
0.2PbTiO3 were discussed in our previous report. [9]. We considered the possible reason
for the slight fall in these materials systems was the local ferromagnetic ordered structure
might form between Fe3+ ions and Cr3+ ions is destroyed partly.

4. Conclusions

Pure perovskite 0.7Bi1-xNdx (Fe0.9Cr0.1) O3-0.1BaTiO3-0.2PbTiO3 (x = 0, 0.03, 0.05,
0.07) solid solutions were prepared by the traditional ceramic process. The addition of
Nd substitutions can decrease the coercive field, and the specimens can be completely
poled. The BNxFOC-BT-PT ceramics are of good ferroelectric, piezoelectric, and fer-
romagnetic properties simultaneously. This will become a promising candidate as single
phase ferroelectromagnetic material for application of ferroelectricity, ferromagnetism, and
magnetoelectricity.
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