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Abstract: Bismuth ferrite (BiFeOs;)-based materials are multiferroic materials widely studied. This
study reports that strong ferroelectricity and enhanced magnetic performance are simultaneously
obtained in the quenched (1-x)BiFeO;—xBaTiO; (BFBT100x, x = 0.2 and 0.3) ceramics. Quenching
treatment can reduce the amount of defects and Fe*” ions and make the defect dipole in a random state,
which is conducive to improving the ferroelectricity and magnetism. Compared with the conventional
sintered samples, the quenched ceramics have higher remnant and saturation polarization. As for
magnetism, the coercive field (H.) of the quenched ceramics is smaller and the quenching treatment
can increase the maximum magnetization by up to 15%.
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1 Introduction

Multiferroics, where the ferroelectricity and magnetism
coexist, have attracted much attention and the
magnetoelectric (ME) coupling effect in multiferroics
makes the application more extensive. One application
for multiferroics is to be used to the next generation
high-speed nonvolatile random-access memory (NVRAM)
devices [1-3]. Now research on ME NVRAM devices
has achieved some gratifying progress [4,5]. However,
the magnetoelectric coupling coefficient of the single-
phase multiferroics at room temperature is still not
large enough to be practically applied.

Bismuth ferrite (BiFeO;) is currently the most
studied room-temperature multiferroic, which exhibits
ferroelectricity and G-type antiferromagnetism at room
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temperature simultaneously [6]. The ferroelectric Curie
temperature (7¢) is about 830 C and the antiferro-
magnetic Néel temperature (7x) is about 370 C.
Although larger remnant polarization (P;) in BiFeO;
has been reported [7,8], it is usually difficult to prepare
bulk single-phase BiFeO; ceramics with stable and robust
ferroelectricity due to the presence of the secondary
phase (BiyFe,O9 and BiysFeOy) and large leakage current
(due to the existence of Fe’" and vacancy defects) [9].
Wang et al. [10] pioneered the rapid liquid phase
sintering method to prepare high resistivity single-phase
BiFeO; ceramics. The rapid liquid phase sintering method
avoids the secondary phase by a high rate of heating
and cooling (100 °C/s). Zhang et al. [11] developed a
simpler and more practical quenching sintering method
based on the rapid liquid phase sintering technique,
directly quenched the samples from high temperature
to room temperature after sintering. The obtained pure
BiFeO; ceramic possessed a well-saturated ferroelectric
hysteresis loop and large P, (11.8 nC/cm?). Shi et al.
[12] analyzed the mechanism of the enhanced

www.springer.com/journal/40145



512

J Adv Ceram 2020, 9(4): 511-516

ferroelectricity in the BiFeOs-based single-phase ceramic
obtained by the quenching method. In their view, the
quenching process can reduce the pinning effect of the
defect dipoles on the ferroelectric domain walls,
enhancing the mobility of the domain walls and
improving its ferroelectric performance. Although robust
ferroelectricity can be obtained by the quenching process
in BiFeO;, the existence of the antiferromagnetism
makes it difficult to exhibit a relatively obvious ME
coupling effect, which greatly limits the application of
BiFeO; as a multiferroic material. To improve the
application, the usual practice is to make the BiFeO3;
and other ABOs-type ferroelectrics form solid solutions
[13-16]. Not only can it improve ferroelectricity, but
also destroy the antiferromagnetic structure in BiFeO3
to obtain weak ferromagnetism. Among these solid
solutions, (1-x)BiFeO;—xBaTiO; (BFBT100x) ceramics
are promising multiferroics with good performance.
Weak ferromagnetism can appear in BFBT100x ceramics
due to that the Ti*" in B-site destroys the antiferromagnetic
structure of BiFeOs; [17]. Besides, BFBT100x ceramics
usually possess good ferroelectric hysteresis loops with
high P, (20-30 pC/cm?) [18,19]. Due to the high 7c of
BiFeO; (T¢c = 830 C), BFBT100x ceramics also have
a high T¢. Together with the high piezoelectricity (ds; =
400 pC/N) [20] and large strain properties (S = 0.32%
and dy; = 800 pm/V) [21,22], BFBT100x ceramics can
be a promising candidate for the high-temperature
piezoelectric material.

In this study, we studied the ferroelectricity and
magnetism of (1-x)BiFeO;—xBaTiO; (x = 0.2 and 0.3)
prepared by the conventional sintering method and the
quenching method. It was found that robust ferroelectricity
and enhanced magnetism were obtained in the quenched
samples.

2 Experimental

The multiferroic ceramics (1-x)BiFeO3;—xBaTiO;
(BFBT100x, x = 0.2 and 0.3, abbreviated as BFBT20
and BFBT30, respectively) were prepared using the
stating materials of Bi;O3 (99.0%), Fe,O3; (99.9%),
BaCO; (99.9%), and TiO, (99.0%). All powders weighed
in stoichiometric ratio were placed into agate milling
containers with ethanol and then ball-milled for 8 h at
250 rpm. The dried powder was pressed into disk-shaped
samples with a diameter of 30 mm under the pressure
of 80 MPa and then calcined at 800 °C for 4 h in air

atmosphere. The calcined samples were ball-milled
again for 8 h. Polyvinyl alcohol (PVA) was added as a
binder to the powder. The disk-shaped samples with a
thickness of about 1 mm and a diameter of 8 mm can
be obtained under the pressure of 400 MPa. Before
sintering, the samples were kept at 500 ‘C for 4 h to
volatilize the organic binder of PVA. We used two
sintering methods. One is the conventional sintering
method that is to sintering samples at 1000 C for 4 h
at a heating and cooling rate of 5 “C/min (the samples
sintered with this method abbreviated as BFBT20-CS
and BFBT30-CS). The other method is the quenching
method. The samples were directly put into the tube
furnace, which was heated up to 1000 “C in advance.
After 30 min, the samples were subsequently quenched
in water (the samples sintered with this method
abbreviated as BFBT20-Q and BFBT30-Q). For electrical
measurement, the samples were polished to 0.3 mm in
thickness and the Ag electrodes were fired at 800 C
for 30 min.

Powder X-ray diffraction (XRD) data was collected
by a diffractometer (PANalytical Empyrean) with a Cu
Ka radiation tube at 40 kV and 40 mA. The morphology
of the samples was examined by scanning electron
microscope (SEM, Carl Zeiss Merlin Compact) with a
secondary electron mode. The dielectric properties were
measured by the LCR analyzer (TH2827). The magnetic
hysteresis loops were measured by a vibrating sample
magnetometer (VSM, Lake Shore 7410). Ferroelectric
hysteresis loops (P—E) were measured using a ferroelectric
tester (Radiant Precision Premier II).

3 Results and discussion

The morphology and structure characteristics of
BFBT100x ceramics are shown in Fig. 1. Figures 1(a)—
1(d) display the fracture surface images of BFBT20-CS,
BFBT20-Q, BFBT30-CS, and BFBT30-Q ceramics,
respectively. All the ceramics showed very dense grain
arrangement and almost no pores. The grains obtained
by the conventional sintering method are significantly
larger than those by the quenching method. This is due
to that grains have enough time (4 h) to grow in the
conventional sintering method. Figures 1(e) and 1(f)
exhibit the XRD patterns and the enlarged view of peaks
near 31.7°. There are no impurity phases in patterns. In
the enlarged view, the patterns of two BFBT30 samples
only present a single peak. According to Refs. [23,24],
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Fig. 1 Morphology and structure properties of BFBT100x ceramics. (a—d) Fracture surface images of BFBT20-CS, BFBT20-Q,
BFBT30-CS, and BFBT30-Q ceramics, respectively; (e) XRD patterns of four ceramics; (f) the enlarged view of the peaks near

31.7°.

it can conclude that BFBT30-CS and BFBT30-Q samples
are pseudo-cubic (PC) structure and the single peak
near 31.7° is specified as (100)pc peak. In BFBT20-CS
and BFBT20-Q samples, there are two peaks near
31.7° in the XRD patterns, which correspond to (104)g
and (110)r peaks of the rhombohedral (R) BiFeOs;
phase. Since the intensity of (104)g is closed to that of
(110)r in the BiFeO; phase, the structure of BFBT20
ceramics should be coexistence of rhombohedral and
PC phase (R+PC). Besides, the relative intensity of
(110)g in BFBT20-Q ceramic is slightly higher than that
in the BFBT20-CS sample, indicating that the proportion
of R phase in R+PC structure is higher in BFBT20-Q
ceramic. The width of the peak in the quenched samples
are both larger than that in the conventional sintered
samples. It is attributed to a smaller grain size in the
quenched samples. The short sintering time (30 min) of
the quenched samples not only makes the grain size
smaller but also reduces the concentration of defects
caused by the Bi volatilization. A large concentration
of defect will decrease the lattice constant to a certain
degree. Hence, in the quenched samples, the position
of the diffraction peak moves to a lower angle than that

(a) (b)

(c)

in the conventional sintered samples, which means a
higher lattice constant.

The temperature-dependent dielectric constant (&)
results are presented in Fig. 2. Obvious ferroelectric phase
transition peaks were observed in all samples. All transition
peaks present frequency-dependent characteristic, which
means the ferroelectric phase transition is a typical
relaxation ferroelectric phase transition. This is
consistent with the results in Refs. [25,26]. In the
BFBT20-CS sample, the dielectric constant continues
to rise after the temperature is higher than 7¢. This
should be attributed to the leakage current excited at
high temperatures. Due to the long sintering time of the
conventional sintering method, more defects caused by
Bi volatilization will be formed, which will cause a
large leakage current, but the leakage contribution of
the quenched sample (Fig. 2(b)) is quickly suppressed.
In BFBT30-CS and BFBT30-Q samples, the dielectric
curves are similar, and both show relaxation
ferroelectric phase transition curves. The 7c is 386 and
390 'C at 1 kHz, respectively. The similar 7¢ shows
that the phase structure of the two samples has not
changed significantly, which is similar to the results of
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Fig. 2 ¢ and tand results of BFBT100x ceramics.
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the XRD discussion above. The difference between the
dielectric curves of the BFBT20-CS and BFBT30-CS
samples may come from the difference in the structure
of the two components. The loss results are in logarithmic
form. From room temperature to about 200-300 C,
the loss is relatively small and has been maintained less
than 0.1. However, as temperature increases, the loss
increases rapidly in all samples, which is attributed to
an interfacial polarization mechanism.

Figures 3(a)-3(d) present the ferroelectric hysteresis
loops under different excitation electric fields (£) at 10
Hz of ceramics. The hysteresis loop of BFBT20-CS
ceramic is shown in Fig. 3(a). The hysteresis loops
under different external field excitations are close to a
straight line, which means that there is only dielectric
contribution without any ferroelectric contribution.
Besides, when E exceeding 60 kV/cm is applied, the
BFBT20-CS ceramic will be broken down. However,
the BFBT20-Q ceramic shows typical and saturated
ferroelectric hysteresis loops (Fig. 3(b)). A complete
hysteresis loop can still be obtained on BFBT20-Q
ceramics when the excitation £ reaches 90 kV/cm
and the P, can reach 18.2 puC/cm” This difference in
ferroelectricity also appears in BFBT30 ceramics. The
ferroelectric hysteresis loops of BFBT30-CS ceramic
(Fig. 3(c)) shows a certain ferroelectric contribution,
but it is difficult to reach saturation. The maximum £ it
can bear is 70 kV/cm. However, similar to the hysteresis
loop of the BFBT20-Q sample, the quenched BFBT30-Q
ceramic exhibits typical saturated hysteresis loops and
the P, is 17.6 pC/em’ (E = 90 kV/cm). The ferroelectricity
of the above BFBT100x ceramics demonstrates the
importance of sintering method. During the high-

(c)
20

P (uClcm?)
S o o

)
)

temperature sintering process, the Bi element volatilizes
in the form of Bi,05 [22], which will form Bi vacancies.
To achieve electrical neutrality, oxygen vacancies and
divalent irons (Fe’*") will be bound to occur. These
defects will form defect dipoles. In the conventional
sintering process, a long time (4 h) sintering process
will produce enough defects, which will form many
defect dipoles. The defect dipoles will align themselves
in the polarization direction within domains during the
long cooling process. The arranged defect dipoles can
greatly hinder the movement of the domain walls, which
will greatly reduce the ferroelectricity [27]. On the other
hand, more Fe** ions can also reduce the ferroelectricity
to a certain extent and reduce the electrical insulating
property of ceramics [28]. These are the reasons for the
poor ferroelectricity and low electrical breakdown
strength of the BFBT20-CS and FBT30-CS ceramics.
While in the quenching sintering process, short
sintering time will reduce the formation of defects and
the number of defect dipoles will also decrease. The
quenching process can reduce the temperature of the
ceramic to room temperature in a few seconds and the
defect dipoles will align randomly. This can make the
domain walls be more mobile and generate better
ferroelectricity with larger P, For the enhanced
ferroelectricity of BFBT20-Q ceramic, in addition to
the above reasons, it is also related to the phase
structure. As discussed above, the proportion of the R
phase is higher in the R+PC structure of BFBT20-Q
ceramic. This is also considered to be a reason for the
ferroelectricity enhancement of this ceramic.

The magnetic hysteresis loops of ceramics with a
magnetic field (H) range of (—15)-15 kOe measured
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Fig. 3 (a—d) Ferroelectric hysteresis loops measured at10 Hz and (¢) magnetic hysteresis loops measured at room temperature.
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at room temperature are displayed in Fig. 3(e). Ti ions
in BFBT100x ceramics occupy the B-site, destroying the
antiferromagnetic structure of the modulated spiral spin
of BiFeOs, so all samples present weak ferromagnetism.
The remnant magnetizations of the four samples are all
about 0.26 emu/g, which is similar to the values in
Refs. [29,30]. The maximum magnetization (M) 1S
0.79 and 0.64 emu/g for BFBT20-CS and BFBT30-CS
samples, respectively. For BFBT20-Q and BFBT30-Q
samples, the M. rises to 0.86 and 0.74 emu/g,
respectively. The quenching treatment can increase the
Mp.x of BFBT20 and BFBT30 samples by 9% and
15%, respectively. This is due to the decrease in the
amount of Fe*" ions produced by Bi volatilization in
the quenched sample. Moreover, the magnetic coercive

force (H.) is significantly reduced in quenched samples.

In the quenched process, short sintering time and a
very fast cooling rate can produce fewer defects and
defect dipoles. The arrangement of defective dipoles is
more random. The resistance to the movement of the
domain walls will become smaller, which will lead to a
small H.. Therefore, the quenching treatment can
increase the magnetization and reduce the coercivity
force to some extent.

4 Conclusions

The ferroelectric and magnetism were investigated in
the BFBT20 and BFBT30 samples obtained by two
sintering methods: conventional sintering method and
quenching sintering process. Quenched samples have
smaller grain size than conventional sintered ceramics
due to short sintering time. The reduction of the defect
concentration caused by the volatilization of Bi in the
quenched sample will make the lattice constant larger,
which is shown in the XRD patterns as the peak moves
to a lower angle. The high-temperature leakage current
contribution of the loss curve is suppressed in quenched
ceramics. The quenching treatment can greatly improve
the ferroelectricity of ceramics and both the quenched
samples show saturated ferroelectric hysteresis loops. For
magnetic properties, the coercive field of the quenched
sample is smaller and the quenching treatment can
increase Mpax by up to 15% in BFBT30 ceramics.
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