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ABSTRACT

The crystal structure and ferroelectricity of the (1-x)BiFeO, (BF)-xPbTiO, (PT) ceramic system with the addition of DyFeO,
(DF) have been investigated for attaining a high temperature piezoelectric material. This study is focused on the relation between
crystal structure and ferroelectric property with the addition of DF over the phase boundary in the (1-x)BF-xPT system. Hyster-
esis curves of polarization-electric field at room temperature have been measured. The X-ray and neutron diffraction data were
analyzed by the rietveld refinement method. The addition of 0.1 mole DF into BF-PT system greatly increases the ferroelectric
remanant polarization Pr values, e.g. 17 pC/cm” in 0.6BF-yDF-(0.4-y)PT and 31 uC/cm® in 0.5BF-yDF-(0.5-y)PT, respectively. The
improved Pr value has been discussed in relation with crystal structure and electrical property.

Key words : Ferroelectricity, Ceramics, Rietveld method, Neutron diffraction, BiFeO~PbTiO,

1. Introduction

he BiFeO, had drawn interest due to its multifunc-

tional property of ferroelectricity and antiferromag-
netism simultaneously in the bulk ceramics. The BiFeO,
(BF) has a G-type antiferromagnetic (T, = 397°C)"® and has
a rhombohedral structure (R3¢, a = 5.616 A, a. = 59.35°.” The
saturation polarization P_ of ferroelectric BF single crystal
was 3.5 pClem? at liquid nitrogen temperature.” Recently,
Wang et al.” reported that epitaxially grown BF thin film
exhibits a very large P, value (P, = 50~90 uC/cm® and spon-
taneous magnetization (5~150 emu/cm® simultaneously.

Fedulov et al.® and Smith et al.” had reported dielectric
phase transitions at the temperature range of 450 — 650°C
in the (1-x)BiFeO, (BF)-xPbTiO, (PT) binary system. They
also suggested a phase transition from rhombohedral to tet-
ragonal over the composition range of x = 0.275~0.325. Fed-
ulov et al. suggested that this system could be a good
candidate for a high temperature piezoelectric material and
it would be expedient to introduce a substance to reduce the
electrical conductivity of the BF-PT.

In this study we have investigated the crystal structure
and ferroelectricity of the BF-PT and BF-DF-PT systems for
the purpose of obtaining a high temperature piezoelectric.
This study is focused on the relation between crystal struc-
ture and ferroelectric property. The DF has been added for
reducing electrical conductivity of the BF-PT ceramics. The
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orthoferrites ReFeO, (Re = rare earth) are G-type antiferro-
magnets (T, = 645~730 K) with weak ferromagnetism and
electrically insulating ®%

2. Experimental Procedure

The binary and ternary ceramic samples of (1-x)BF-xPT (x
=0.2~0.6) and xBF-yDF-zPT (x+y +z = 1) have been pre-
pared using the perovskite end members, BF, DF, and PT.
Each end members had been prepared from chemically pure
PbO, Dy,0,, TiO,, Bi,0,, and Fe,0,. Calcined powders of
each end members were mixed according to the desired
compositions and ball-milled with PVA. The mixtures were
dried and pressed into discs of 0.9 mm diameter. The
pressed samples were sintered at temperature range of
930~1100°C for 5 h in air so as to control the linear sinter-
ing shrinkage range oover 14 + 0.3%.

Hysteresis curves of Polarization-Electric field (P-E) have
been measured using RT66A ferrvoelectric tester of Radiant
Technologies. The electrical properties such as the dielectric
constant (), dielectric loss (tan 8), and electrical resistivity
(©2,) have been also measured. The X-ray diffraction data
were obtained at room temperature using a MacScience
M18XHF diffractometer. Neutron diffraction data were
obtained over the temperature of 293~1203 K using HRPD
diffractometer at HANARO in Korea Atomic Energy
Research Institute. The neutrons from the HANARO reac-
tor were monochromatized by a vertically focusing compos-
ite Ge-monochromator to a wavelength of 1.8348 A. The
crystal structure was analyzed by the rietveld profile refine-
ment method using the program Fullprof.
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3. Results and Discussion

The P-E hysteresis curves of the binary (1-x) BF-xPT (x =
0.2~0.6) are shown in Fig. 1. The 0.6BF-0.4PT sample shows
a relatively large remanant polarization Pr (2 uClcm?). But
the other samples (x = 0.2, 0.6) show so small Pr values that
cannot be considered as ferroelectric.

The P-E hysteresis curves of the ternary system of the
0.5BF-yDF-(0.5-y) PT (v = 0.05, 0.1, 0.15, 0.2) are shown in
Fig. 2. The addition of 0.05 moleDF (y = 0.05) does not pro-
duce any significant change in Pr value. At y = 0.1 mole(DF)
the Pr drastically increases to 31 uClem®. With further
increase of DF the Pr decreases to 6 uC/cm® at y = 0.2. Fig. 3
shows the P-E curves of 0.6BF-yDF-(0.4-y) PT (y=0, 0.1,
0.2). The linear P-E curve of the 0.35BF-0.3DF-0.35PT is
introduced into Fig. 3 for the comparison to other samples.
The largest Pr value (16 uC/em®) is obtained at y = 0.1 simi-
larly to the case of 0.5BF-yDF-(0.5-y)PT system (Fig. 2).
With increasing DF to y = 0.2 the Pr decrease to 0.5 uClcm®.
The coercive electric field E also increases to 35~55 kV/cm
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Fig. 1. P-E hysteresis curves of (1-x)BF-xPT system (x=0.2,
0.4, 0.6) at RT.

40 l
30F l

20F

P (uClcm?)
[w)

E (kV/cm)

Fig. 2. P-E hysteresis curves of 0.5BF-yDF-(0.5-y)PT system
(y =0.05, 0.1, 0.15, 0.2).
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Fig. 3. P-E hysteresis curves of 0.6BF-yDF-(0.4-y)PT system
(y=0.0, 0.1, 0.2) and 0.35BF-0.3DF-0.35PT at RT.

4000
~—~ 3000
= ‘
=
>
& 2000‘ x=0.4 A l\ A pa ’ a
g Ta
2 T T T
£ 1000 x=0.3 Tl AN N T T
R
R R
R R R
x=0.2 R
o]
10 20 30 40 50 60 70

20 (degree)

Fig. 4. XRD patterns of the (1-x)BF-xPT (x=0.2, 0.3, 0.4,
0.6). R: R-3¢c, T: P4/mbm, T': P4dmm).

in proportional to the increase of the Pr values.

Fig. 4 shows the XRD patterns of the (1-x)BF-xPT (x = 0.2,
0.3, 0.4, 0.6). The results of crystal structure analysis by
rietveld refinement are summarized in Tables 1 and 2. The
refinement reliability factors i.e., ‘R-values in Table 1 are
fairly large that there remains some uncertainty concerning
the space group and atomic positions. But we can derive
some meaningful information such as lattice parameters
and the type of phases existing in the samples from these
refinement results.

The XRD pattern of x = 0.2 shows a pure single phase of
rhombohedral structure (marked by R in Fig. 4). At x=0.3
both a tetragonal (P4/mbm, marked by T) and rhombohe-
dral (R-3c, marked by R) phases coexist. The structural
refinement results of 0.6BF-0.4PT showed similar level of
‘R'values either by the rhombohedral R-3c or by the orthor-
hombic Bmmb (a=7.709 A, b=7.726 A, ¢ =8.594 A). The
0.4BF-0.6PT consists of two tetragonal phases, P4/mbm (T)
and P4mm (marked by T") as shown in Table 1.

The XRD patterns of the xBF-yDF-zPT [x :y: z=0.4: 0.1
:0.5 (415), 0.5: 0.05 : 0.45 (50.54.5), 0.6 : 0.1 : 0.3 (613), 0.5 :
0.1 : 0.4 (514)] are shown in Fig. 5. The 514 and 613 show
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Table 1. Summary of Rietveld Refinement Results Using X-Ray Diffraction Data of BF-PT System (R : R-3¢, T : P4/mbm T’ : P4mm,

S.G. : space group)

Composition  0.8BF-0.2PT 0.7BF-0.3PT 0.6BF-0.4PT 0.4BF-0.6PT
S.G. R-3c R-3¢ + P4/mbm R-3¢ + P4mm P4/mbm + P4mm
a 5.5739(8) 5.5916(12) 5.4054(12) 5.5765(26) 3.8791(13) 5.4594(23) 3.8961(12)
b 5.5739(8) 5.5916(12) 5.4054(12) 5.5765(26) 3.8791(13) 5.4594(23) 3.8961(12)
c(A) 13.814(3) 13.858 (5) 4.5028(13) 13.727(13) 4.1546(18) 4.3223(52) 4.1183(13)
3y 1.82 3.47 2.33 5.07
Rp, pr 15.5, 20.4 18.7, 24.4 17.2, 22.5 18.9, 23.9
R,, R, 9.44, 5.87 9.47, 5.68 19.5, 10.9 13.3, 8.43 15.0, 9.70 13.7, 8.52 9.69, 6.57
Phase R R~T R>T T>17T

Table 2. Summary of Rietveld Refinement Results Using Neutron and X-Ray Diffraction Data of 0.5BF-0.1DF-0.4PT

0.5BF-0.1DF-0.4PT

Neutron XRD
Temperature 293 K 753 K 953 K 293 K
S.G. R-3c Pm3m R-3c Pm3m R-3c Pm3m R-3¢ Pm3m
a 5.5867(13) 3.9504(4) 5.6065(6) 3.9665(4) 5.6198(7) 3.9763(4) 5.5861(12) 3.9474(5)
b " " " 1"t 7" " "
cd) 13.685(6) " 13.754(3) " 13.792(3) " 13.682(6) "
x° 2.92 4.32 2.75 2.94 2.37 2.73 7.35 7.64
R, R,, 6.70, 8.67 7.83, 10.4 6.12, 8.28 6.07, 8.44 5.87, 7.64 5.74, 8.06 11.1, 15.1 11.4, 14.9
R,, R, 14.6, 11.7 20.5, 15.3 13.5, 13.56 14.0, 12.0 15.0, 17.9 12.8, 11.6 9.26, 7.73 10.6, 6.61
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Fig. 5. XRD patterns of xBF-yDF-zPT [x:y:2=0.4:0.1:0.5
(415), 0.5:0.05:0.45 (50.54.5), 0.6:0.1:0.3 (613),
0.5:0.1:0.4 (514)] (The reflections are indexed by the
R-3c structure).

the R-3c structure with very small amount of an impurity
phase. Contrarily, the 415 and the 50.54 samples consist of
at least two phases (the phases marked by R, T, and T' in
Fig. 4).

Neutron diffraction patterns of the 514 at the tempera-
ture range of 293~1203 K are shown in Fig. 6. The reflec-
tions marked by the arrows originate from the G-type
antiferromagnetic ordering.®” The structural refinement
results using the x-ray and neutron diffraction data are
summarized in Table 2. The XRD analysis resulted in the
similar R-values either by the noncentrosymmetric R-3c or
by the centrosymmetric Pm3m model. However, the refine-
ments using neutron data at 293 K produce smaller R-val-

20 (degree)

Fig. 6. Neutron diffraction patterns of the 514 at 293K,
553 K, 753 K, 1203 K. (Reflections are indexed based
on the R-3c. Reflections marked by arrows originate
from the G-type antiferromagnetic ordering).

ues from the R-3c¢ model compared to the cubic Pm3m. This
neutron data analysis result is in accord to the ferroelectric-
ity observed in the 514 specimen.

Table 4 shows the dielectric constant €, dielectric loss
tan 8, and electrical resistivity Qm for the binary and ter-
nary samples. In the binary (1-x)BF-xPT system the rela-
tive dielectric constant & and electrical resistivity Qm
decreases with x. The g, increases substantially with the
addition of DF as shown in the Table 4. The QOm of ternary
samples decreases slightly compared to those of the binary
samples of similar BF contents. Hence the increase of €, by
the DF addition could be also considered as a contributing
factor for the improvement of remanant polarization values.
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Table 3. Remanant Polarization Pr and Rhombohedral Angle o

Vol. 42, No. 5

BF 8BF-2PT 7BF-3PT

6BF-4P 6BF-1DF-3PT 5BF-1DF-4PT 5BF-2DF-3PT. 4BF-2DF-4PT 4BF-1DF-5PT

Sample  ypp)  XRD) (XRD)  (XRD) (XRD) (neutron)  (neutrom)  (neutron) (XRD)
ag(A) 5.6343 56177 56356  5.5948 5.904 5.5868 5.5883 5.5783 5.6101
o) 59.35 59.48 59.48 59.78 60.01 59.99 59.92 60.05 59.72
Pr(uCl/em?) - 0.5 - 2.0 ' 31 6.2 12 3.7
Table 4. Electrical Properties of the Binary and Ternary Composition Samples
Sample 8BF-2PT 7BF-3PT 6BF-4PT 4BF-6PT 6BF-2DF-2PT  5BF-1DF-4PT  4BF-1DF-5PT
(950°C/5Hr)  (970°C/5Hr)  (950°C/5Hr)  (950°C/5Hr) (1020°C/5Hr) (1020°C/5Hr) (1040°C/5Hr)
€, 163 173 164 107 285 202 340
tan & 0.026 0.023 0.051 0.037 0.060 0.020 0.023
Qm 4.68x10° 1.88x 10° 1.04 x 10° 6.54 x 107 5.73 x 10° 3.71 x 107 1.39 x 107

The P-E hysteresis curves in Figs. 2 and 3 show electri-
cally leaky behavior to a certain degree. This leaky behavior
leads to an ambiguity when comparing the measured Pr
values of the electrically leaky samples. However, the P-E
curves in this study are measured under the same test con-
ditions using the using RT66A ferroelectric tester of Radi-
ant Technologies. In addition the electrical resistivity Qm of
ternary samples remain in the same orders of magnitude
(~107" QOm) compared to those of the binary samples. The
unsaturated P-E hysteresis curves are also often found in
the electrically leaky samples such as the SrBi,Ta,O,
ceramics known for ferroelectric memory material.'” There-
fore, we can derive some meaningful relation from the trial
analysis of crystal structure by comparing the Pr values of

the binary and ternary samples.

The degree of structural distortion to rhombohedral from
a cubic perovskite structure of the rhombohedral phases in
the bulk samples has been calculated using the refined
structural parameters of the BF-DF-PT. The hexagonal lat-
tice parameters shown in Tables 1 and 2 have been con-
verted to those of the rhombohedral axis (lattice parameter
a, and rhombohedral angle o). The calculated rhombohe-
dral angle o is shown in Table 3. The deviation from 60° rep-
resents the distortion to rhombohedral from the cubic. The
rhombohedral with o ~ 60° implies a pseudocubic. The BF
shows the largest deviation from 60° (o= 59.35°. With
increasing x in the (1-x)BF-xPT system the o approaches close
to 60°. The Pr value shows a maximum value (31 nC/cm®) at
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Fig. 7. SEM images of the fractured surfaces of (a) 0.4BF-0.6PT sintered at 1100°C, (b) 0.
tered at 970°C, and (d) 514 sintered at 1000°C.

6BF-0.4PT sintered at 970°C, (c) 613 sin-
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o = 59.99° and decreases with a deviation from this o value.

The pseudocubic crystal structure of the 514 and 613
(o = 60°) can lead to an easy domain wall motion during the
ferroelectric polarization and hence can be ascribed to the
origin of the superior Pr values.””'? On the other hand the
retardation of domain wall motion by the lattice strain can
lead to the decrease of the Pr values with the deviation from
o = 60°.

The effect of grain size is another important aspect worth-
while to discuss concerning the superior ferroelectricity of
the 514 and 613 samples. The scanning electron micro-
graphs of the fracture surfaces of the sintered samples
(0.4BF-0.6PT, 0.6BF-0.4PT, 613, 514) are shown in Fig. 7.
The addition of DF into the binary BF-PT system expedites
the grain growth. The 514 showing the largest Pr value has
the largest grain size (~4 um). The grain size effect on the
Pr has been well reported in PZT and other ferroelectric
materials.'*'¥ Presently we would like to suggest that all
the three aspects discussed above can be the candidates for
the origin of the enhanced Pr value. Further study needs to
be done for clarifying these effects.

4. Conclusions

The effect of DF addition has been investigated on the
crystal structure and ferroelectricity over the phase bound-
ary region in the (1-x)BF-xPT system. The DF addition
drastically enhanced the ferroelectric property. The Pr
reaches a maximum value at y = 0.1 in the 0.6BF-yDF-(0.4-
y)PT and 0.5BF-yDF-(0.5-y)PT systems, 17 pC/cm® and
31 uCf/em® respectively. Both the 613 and 514 samples with
superior Pr values have a rhombohedral R-3c structure of a
pseudo-cubic nature. The DF addition resulted in the expe-
dited grain growth and the increase of dielectric constant €,
while the resistivity Q_ and tan  remaining in similar level
of values compared to the binary system.
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