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Abstract BiFe,_,Zr O; (x=0.00-0.30) ceramics were
synthesized using solid state reaction method followed by
rapid liquid phase sintering, and the microstructure, elec-
trical and magnetic properties of the synthesized ceramics
were systematically investigated. The XRD patterns show
that no impurity phases exist in Zr doped samples; Zr dop-
ing induces the crystal structure distortion when x <0.10,
and a structural phase transition occurs when the content of
Zr varies from 0.10 to 0.20. SEM observations indicate that
the average grain size is remarkably decreased by Zr doping.
Positron annihilation lifetime spectra results indicate that
cation vacancy-type defects exist in all samples, the cation
vacancy concentration increases with increasing Zr content
from 0.00 to 0.20, and then decreases with further increase
of Zr content. Electrical and magnetic measurements show
that enhanced leakage, ferroelectric and magnetic properties
are observed in Zr doped ceramics. The analysis of micro-
structure and properties show that the cation vacancy defect
plays an important role in modulating the electrical and
magnetic properties of BiFeOs.

1 Introduction

Multiferroic materials that simultaneously exhibit ferroelec-
tric, (anti)ferromagnetic, and ferroelastic orderings within
a single phase have attracted much attention recently due
to their potential applications as well as interesting funda-
mental physics [1, 2]. Among the single-phase multiferroic
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materials, BiFeO; (BFO) with a rhombohedral perovskite
structure is the most intensively studied material because
it is the only single phase material which exhibits multifer-
roic properties at room temperature (with Curie temperature
Tc~1103 K and Neel temperature Tn ~643K) [3, 4]. Though
these properties are very promising for the practical appli-
cations, BFO has some inherent problems including prepa-
ration of the pure phase compound, high leakage current,
weak ferromagnetism and low magnetoelectric coupling
coefficient [5, 6]. The high leakage current in BFO is attrib-
uted to the impurity phases, Fe** ions and oxygen vacancies
resulting from the volatilization of Bi,O5 during high tem-
perature sintering process. The magnetic ordering in BFO is
an antiferromagnetic type, having a spatially modulated spin
structure that does not allow net magnetization and inhibits
observation of the linear magnetoelectric effect [5, 6]. These
problems greatly prevent the practical applications of bulk
BFO to multifunctional devices.

To overcome these problems, considerable attempts have
been made [7-9] such as adopting various processing tech-
nique, oxygen ion implantation, epitaxial film growth, chem-
ical leaching, application of large magnetic field, partial
A-site/B-site cation substitution, making solid solutions with
other perovskite materials, synthesizing BFO nanoparticles
with grain size below 62 nm, and so on [7-9]. The method
of cation substitution either at A-site, B-site, or A—B-sites
is widely adopted due to its simplicity, good controllabil-
ity, and effective enhancement in multiferroic properties of
BFO. Rare earth elements such as La, Ce, Eu etc. or alkaline
earth metal elements like Ba, Ca, Sr etc., have been substi-
tuted at A-site whereas transition metal elements such as
Mn, Co, Ti, Zn etc., have been substituted at B-site [7-11].
It is found among those species that aliovalent ions with
non-magnetic such as Zr**, which have a similar ion size
with Fe3*, seem especially attractive [12]. In addition, the
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substitution of Zr** for Fe** in BFO requires charge com-
pensation, leading to the filling of oxygen vacancies, the
formation of Fe?* and/or the creation of cation vacancies
[13]. Consequently, the multiferroic properties of BFO can
be influenced greatly by Zr doping. However, the related
published papers show that the effect of Zr doping on the
microstructure and properties of the BFO seems very ambig-
uous [13-19]. It is well known that vacancy-type defects
play a significant role in the properties of perovskite oxide
[20]. Therefore, the investigation of the vacancy-type defects
in perovskite oxide not only helps to understand the origin
of physical properties but also has considerable technologi-
cal significance. Positron annihilation spectroscopy (PAS)
is a powerful method to study the atomic-scaled vacancy
defects in materials [21-25]. Positrons are trapped prefer-
entially by vacancy defects where electron density is lower
than the bulk of material. Therefore, the annihilation char-
acteristics of positrons are different in the perfect bulk state
and vacancy trapped state, which makes the identification of
vacancies very straightforward. In addition, PAS can offer
the electrons density, defect type and defect concentration
in materials qualitatively. In this paper, PAS is used to check
the defects in BFO system, which few reports mentioned up
to now. The related structural, electrical and magnetic prop-
erties of BiFe,_,Zr,O5 along with the correlation between
microstructure and electrical/magnetic properties were also
investigated.

2 Experimental details

BiFe,_,Zr O; (x=0.00, 0.05, 0.10, 0.20 and 0.30) poly-
crystalline compounds were synthesized using solid state
reaction method followed by rapid liquid phase sintering.
High purity analytical powders of Bi,O; (99.999%), Fe,0;
(99.99%) and ZrO, (99.99%) were exactly weighed accord-
ing to the stoichiometric ratio with 3% excess of Bi,O; for
compensation of Bi loss. The starting powders were thor-
oughly ground in an agate mortar for 6 h using ethanol as
a medium. The mixed powders were dehydrated at 150 °C
for 12 h and dry pressed into small discs with 11 mm in
diameter and 1.5 mm in thickness at 10 MPa pressure. The
disks were sintered at 850-880 °C for 30 min and quenched
subsequently to room temperature. To measure the electrical
properties of the samples, the disks were carefully polished
and coated with silver paste on both sides as electrodes, and
then fired at 600 °C for 30 min.

The structures of the prepared samples were studied
by Bruke D8 X-ray diffraction (XRD) with Cu-Ka radia-
tion. The morphologies of the samples were observed by
scanning electron microscopy (SEM, FEI Quanta200). The
positron annihilation lifetime spectra were measured using a
fast—fast coincidence lifetime spectrometer. A 2*Na positron
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source with intensity of about 13 p Ci was used. The posi-
tron source was sandwiched between two identical pieces of
samples for the positron lifetime measurements. Each spec-
trum contained a total of 10° counts. All the lifetime spectra
were analyzed by PATFIT program. The leakage current
and ferroelectric properties of all ceramics were measured
using a RT 6000 ferroelectric tester. Magnetization versus
applied magnetic field (M-H) data were collected in applied
magnetic fields of up to 70 kOe using a Quantum Design
vibrating-sample magnetometer (VSM). All these measure-
ments were carried out at room temperature.

3 Results and discussion

Figure 1 presents the XRD patterns for the BiFe,_,Zr, O,
(x=0.00, 0.05, 0.10, 0.20 and 0.30) compositions measured
at room temperature. Clearly, sharp and well-defined XRD
patterns reveal a well crystallinity. The main peaks in XRD
patterns of undoped BFO can be indexed by the distorted
rhombohedral perovskite structure (with space group R3c).
A very small amount of impurity phases such as Bi,Fe,Oq
and Bi,sFeO,, (indicated by an asterisk in Fig. 1) appear in
the XRD pattern of undoped BFO. This is often observed
in the BFO ceramics synthesized by different methods [26,
27]. The occurrence of these impurity phases is unavoidable
during the kinetics of BFO formation due to the volatili-
zation of Bi atoms. However, it is found that there are no
impurity phases can be observed in the XRD patterns of
Zr doped samples, indicating that the substitution of B-site
in BFO with Zr** ions yields single phases and suppresses
the formation of the impurity phases. It should be noticed
that with increasing Zr content from 0.00 to 0.10, the main
peaks shift towards lower angle, indicating that the Zr**
ions get substituted in the BFO lattice and induce structural
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Fig. 1 XRD patterns of BiFe,_,Zr O; ceramics at room temperature
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distortion. At the same time, peak merging at the vicinity of
32° and decrease in the intensity of some peaks (~38°, 51°
and 57°) in the x=0.20 and 0.30 samples reveal that a struc-
ture transition happens. This phenomenon may be attributed
to the mismatch of ionic radii between Zr** (0.72 A) and
Fe3* (0.645 A) [12].

The SEM images of all the samples are illustrated in
Fig. 2. It can be seen that with increasing Zr** concentration,

Fig. 2 SEM images of
BiFe,_,Zr O; samples a x=0,
b x=0.05, ¢x=0.10,d x=0.20
and e x=0.30

the morphologies of the samples change significantly. The
morphology of the undoped BFO is non-uniform, the shape
of grains is irregular, and a large amount of pores exist at the
inter and intra grains. The pores exist in some large grains
on the fracture due to that rapid grain growth resulting from
the formation of a liquid phase occurred during the sintering
process. With Zr doping, the grain size distribution becomes
more uniform and the microstructures becomes denser. It
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is also found in Fig. 2 (b—e) that the average grain size is
remarkably decreased with increasing Zr content, indicating
that the Zr doping hinders the grain growth. The substitution
of Zr** for Fe** requires charge compensation which can
be achieved by filling the oxygen vacancies. The decrease
in grain size with increasing Zr concentration may be due
to the suppression of oxygen vacancies which hampers the
migration of oxygen ions and consequently reduces grain
growth rate. And the decrease of grain size may also due to
the slower diffusion of Zr** ion [7], which has bigger ionic
radius than Fe** ion.

A detailed study of the microstructural defects in the
BiFe,_,Zr O; ceramics was performed by positron life-
time measurements. Three positron lifetime components
7,, 7, and 73, and the corresponding intensities /, I, and I;
(I;+1,+1;=1) can be extracted from the lifetime spectra
after source correction. Among these components, the long-
est component 73 can be ignored in our following discussion
due to its low intensity (/3 <0.7%). And the data of positron
annihilation are analyzed with two components after normal-
izing I, and I, again.

According to the two-state trapping model, the bulk
lifetime annihilated from a perfect lattice can be denoted
as 7, = 1/(I, /7, + 1, /1,), which is supposed to probe the
intrinsic properties of lattice [25, 28]. The long positron life
time 7, and the corresponding intensity 7, are supposed to
reflect the size and the concentration of the cation vacancy-
type defect, respectively [28]. The average lifetime 7,,, can
be calculated by the following equation:

T, = 1l + 1,1, (1)
which has a universal stability and reliability. 7,,, can primar-
ily reflect the annihilation process in the delocalized free
state and the trapped state, and give the detail of electron

density and defect distribution inside the materials [28].
Figure 3 presents the positron lifetime components 7, and
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Fig. 3 Positron lifetime 7., and 7, of BiFe,_,Zr O; samples as a func-
tion of Zr content x
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7, in BiFe,_ Zr O ceramics as a function of Zr content x.
It can be seen that 7, increases slightly with increasing x
from 0.00 to 0.10, while increases rapidly when x increases
from 0.10 to 0.20, and then increases weakly as x> 0.20.
These reflect that the Zr doping causes a decrease of elec-
tron density at the annihilation sites included in vacancy-
like defects and perfect lattice, which can be considered
as the changes of chemical surroundings in annihilation
sites. And 7, increases drasticly at x=0.20 indicates that
a structural transition occurs. The long lifetime 7, shown
in Fig. 3 increases monotonically with increasing Zr con-
tent from 0.00 to 0.30. And 7, is directly proportional to the
size of vacancy-type defect [28]. This means that the size of
vacancy-type defect increases with increasing Zr content in
the range of 0.00-0.30, probably induced by the agglomera-
tion of vacancy clusters. Figure 4 shows the long positron
lifetime intensity /, as a function of Zr content x. It can be
found that /, increases at Zr content x from 0.00 to 0.20, and
then decreases slightly from 0.20 to 0.30, indicating that
the cation vacancy concentration increases firstly and then
decreases with increasing Zr content. The valence of Zr**
ion is higher than that of Fe>* ion, the substitution of Zr**
ions for Fe*™ ions at B-site requires charge compensation by
creation of negatively charged Fe’* vacancies (Vl;/;), which
should be a trap of positron, as described by the following
equation:

3710, — 371}, + Vy, + 60}, )

where Zry, is Zr ion with + 1 effective charge at Fe site.
Therefore, Zr substitution in the BFO is expected to create
the Fe vacancies, and the vacancy concentration increases
with increasing x from 0.00 to 0.20. And the slight decrease
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Fig. 4 Intensity I, of BiFe,_ Zr,O; samples as a function of Zr con-
tent x
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Fig. S Leakage current density versus applied electric field (J-E) of
BiFe,_,Zr O; samples

of I, for x=0.30 sample may imply that the defect concentra-
tion becomes gradually saturation.

Figure 5 illustrates leakage current density versus electric
field (J-E) characteristics of BiFe,_,Zr, O, ceramics meas-
ured at room temperature. The increase in current density
with applied electric field is nonlinear suggesting non-ohmic
characteristics of the prepared samples. It can be clearly seen
that the undoped BFO exhibits a relatively high leakage cur-
rent density, while the Zr doped BFO samples have lower
leakage current densities. This clearly reveals that the leak-
age current density can be effectively reduced by Zr dop-
ing. Under an applied electric field of 5 kV/cm, the leak-
age current densities of the undoped BFO, BiFe, ¢sZr 1505,
BiFe( ¢Zr, 05, BiFe, ¢Zr(,0; and BiFe ;Zr,, ;05 are about
2.75% 1074, 7.22x 107, 1.98 x 107>, 6.38 x 107 and
1.28 x 107> A/cm?, respectively. It means that the leakage
current density decreases with increasing Zr content x from
0.00 to 0.20, and then increases at x from 0.20 to 0.30. As is
well known, the large leakage current density in BFO mainly
results from oxygen vacancies and valence fluctuation of
iron ions (Fe**—Fe?™). The oxygen vacancies are the trapping
centers for electrons and the electrons trapped in them can
be readily activated by the applied electric field, leading to
the increase of leakage current density [29]. The hopping of
electrons from Fe* to Fe>* is also contributed to electronic
conduction when oxygen vacancies are present as a “bridge”
between Fe>* and Fe* in the lattice. And it is found that
such a phenomenon plays an important role in electronic
conduction [29, 30]. It is apparent in comparison with
Figs. 5 and 4 that the leakage current density and vacancy
defect concentration /, show an opposite change tendency.
It may be concluded that the cation vacancy defect is one
of the most import factors which can affect the leakage cur-
rent of BFO. The Fe vacancy with negative charge created
by Zr doping will decrease the negative charge induced by

valence fluctuation of iron ions (Fe3*—Fe?*), to reach electric
neutrality [31]. In this way, the amount of Fe?* is decreased;
hence, the electron hopping between Fe** and Fe?* is sup-
pressed by Zr doping. Another reason for the improved leak-
age current property with increasing x from 0.00 to 0.20 is
due to the decrease of oxygen vacancies. The electronega-
tivity values of Zr, Fe, Bi and O ions are 1.33, 1.83, 2.02
and 3.44, respectively [32]. Therefore, the bond strength of
Zr-O bond is higher than both the Fe—O and Bi—O bonds. Zr
addition into BFO leads to a reduction in oxygen vacancy
concentration due to stronger Zr-O bond. And the Zr** ions
play a role of donor in BFO because the valance of Zr**
is higher than that of Fe3* ions, and charge imbalance can
be compensated by filling the oxygen vacancies [13]. The
third reason may be that Zr doping reduces the grain sizes
of BiFe,_,Zr,O; ceramics, resulting in an increase in the
leakage current pathways and the density of grain boundary,
which can make a contribution to the decrease in leakage
current density [9]. In addition, the suppressing the forma-
tion of impurity phases is also beneficial to decrease the
leakage current density of BiFe,_,Zr, Oz ceramics.

Figure 6 shows the room temperature P—E loops for
BiFe,_,Zr O; ceramics. All the samples show unsaturated
P-E curves due to high leakage current. Compared with
undoped BFO, a significant improvement of the ferroelec-
tric properties can be observed in the Zr doped samples.
The remanent polarization (Pr) is about 0.003, 0.026, 0.452,
0.320 and 0.173 uC/cm? for x=0.00, 0.05, 0.10, 0.20 and
0.30 samples, respectively. It indicates that the remanent
polarization increases with increasing Zr concentration from
0.00 to 0.10, and then decreases with further increasing x.
The large leakage current of undoped BFO makes it dif-
ficult to obtain good ferroelectric properties. From Fig. 5,
it can be found that the leakage current density decreases
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Fig. 6 Ferroelectric hysteresis (P-E) loops of BiFe,_,Zr O; ceramics
at room temperature
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with increasing Zr content from 0.00 to 0.10. Therefore, the
ferroelectric properties increase with increasing Zr content
from 0.00 to 0.10. Another reason is the suppressed oxy-
gen vacancy concentrations induced by higher-valent Zr**
doping, as oxygen vacancies can play a critical role in the
pinning of polarization switching domains [33]. Oxygen
vacancies usually accumulate near domain boundaries,
hence can cause domain pinning and reduce the Pr value
of the ferroelectrics. However, since the radius of Zr** ion
is larger than that of Fe** ions, the incorporation of Zr**
ion is expected to obtain smaller rattle space than Fe’* in
the oxygen octahedron and this would lead to a decrease
in polarization [33]. Therefore, the ferroelectric properties
decrease with the increase of Zr content from 0.10 to 0.30.
The other reason is the decreased grain size with increasing
Zr content. As is known that the strength of polarization is
strongly related to the grain size [34], a decrease in grain
sizes can result a reduced polarization.

Figure 7 shows the magnetic hysteresis (M—H) loops of
the BiFe,_,Zr O; ceramics measured at room temperature
with a maximum magnetic field of 70 kOe. Magnetization
has been found to be increased with increasing applied mag-
netic field for all samples. The undoped BFO exhibits a lin-
ear magnetic field dependence of the magnetization, which
indicates the antiferromagnetic nature [30]. However, the
weak ferromagnetic nature is observed in Zr doped samples
[29]. It means that the antiferromagnetism of BFO could
be turned into weak ferromagnetism by Zr doping. The
remanent magnetization (Mr) is about 0.043, 0.063, 0.123
and 0.086 emu/g for x=0.05, 0.10, 0.20 and 0.30 samples,
respectively. It indicates that the Mr increases with increas-
ing Zr content from 0.00 to 0.20, and thereafter decreases
with further increasing Zr doping content (x> 0.20). By
comparing Fig. 7 with Fig. 4, it can be found that the mag-
netic properties and vacancy defect concentration 7, have a
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Fig. 7 Magnetization hysteresis (M-H) loops of BiFe,_,Zr,O;
ceramics at 7=300 K

@ Springer

same change tendency. It could be deduced that the mag-
netic properties seem related to the cation vacancy defect
concentration in BiFe, _ Zr O; ceramics, and the Fe vacancy
defect is one of the most import factors which can tailor the
magnetic properties of BFO. Actually, the improved magnet-
ism in BFO based ceramic originates from the suppression
of the space-modulated antiferromagnetic spin orderings as
mentioned in other papers [27, 29, 30]. Upon the substitu-
tion of magnetic Fe** ions by nonmagnetic Zr** ions, the Fe
vacancies are created due to the requiring of charge compen-
sation so that the nearest antiparallel spin orderings of Fe**
ions in lattice are broken by the Fe vacancies [13]. This is
the non-cancellation among spin orderings that leads to a
net magnetic moment. The other reasons for the significant
increase in remanent magnetization of the BiFe,_,Zr O,
may be as follows: (1) The insertion of nonmagnetically
active Zr** ions in antiferromagnetic Fe sublattice perturbs
the spiral spin modulation and thus destroys the spiral. This
results in release of the latent magnetization locked within
structure, and enhances the magnetic moment. (2) The struc-
tural distortion and transition induced by Zr doping in BFO
lattice changes the bond length and bond angle, suppresses
and even destructs the spatial spin modulation, resulting in
enhanced magnetization in BiFe,_,Zr O; [27, 29, 30].

4 Conclusions

In summary, multiferroic BiFe,_,Zr,O; (x=0.00-0.30)
ceramics were synthesized using solid state reaction method
followed by rapid liquid phase sintering. The microstructure,
electrical and magnetic properties of synthesized samples
were investigated. Single phase formation of the Zr doped
samples is identified by XRD, and a structure phase tran-
sition with increasing the Zr doping content is observed.
The SEM images show that the grain size of Zr doped BFO
obviously decreases with the increase of Zr concentration,
and the grain size distribution becomes uniform. The PAS
studies indicate that cation vacancy-type defects are present
in the all samples, and the size of cation vacancy-type defect
increases with increasing Zr content. The cation vacancy
concentration increases with increasing Zr content from 0.00
to 0.20, and then decreases with further increase of Zr con-
tent. Electric measurements show that Zr doping can effec-
tively improve the leakage and ferroelectric properties, and
the doping content affect significantly the leakage current
and ferroelectricity of BFO ceramics. Magnetic measure-
ments indicate ferromagnetism in Zr doped BFO ceramics.
The remanent magnetization increases with increasing the
Zr content from 0.00 to 0.20, while decreases with further
increase of Zr content. The vacancy defect concentration has
an opposite change tendency with leakage current density,
while has a same change tendency with magnetic properties.
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It could be concluded that the cation vacancy defect is one
of the most import factors which can modulate the electric
and magnetic behaviors of BFO.
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