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bstract

Mixed bismuth layer-structured Na0.5Bi8.5Ti7O27 ceramic and SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions were prepared by the solid-state reaction
ethod and the ferroelectric properties of the samples were characterized in this study. As for the Na0.5Bi8.5Ti7O27 ceramic, a single phase

orthorhombic crystal structure with B2cb space group) was produced at the sintering temperature of 1150 ◦C. The maximum remanent polarization
Pr) of the Na0.5Bi8.5Ti7O27 ceramic was obtained at the sintering temperature of 1150 ◦C. On the other hand, the coercive field (Ec) of the sample
intered at 1050 ◦C for 2 h in air was approximately 100 kV/cm, whereas the values of the samples remained unaltered at the sintering temperatures
igher than 1075 ◦C. From these results, the bulk densities of the samples were connected with the Pr values, because it was recognized that the

ariations in the bulk density of the samples showed the same tendency as that of the Pr values caused by the increase in the sintering temperature.
lso, the Sr substitution for Na and Bi is effective in improving the Pr values of SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions. The Curie temperatures

Tc) of the solid solutions decreased slightly, depending on the composition x, and then the variations in the Tc values are related to the structural
istortion caused by the Sr substitution for Na and Bi.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The bismuth layer-structured ferroelectrics (BLSFs) are
ttractive candidates for use in commercial applications such
s the ferroelectric random access memory (FE-RAM). A large
emanent polarization (Pr), a low coercive field (Ec) and a
igh Curie temperature (Tc) are generally required for these
pplications. In the BLSF compounds, the general formula is
ndicated by (Bi2O2)2+(Am−1BmO3m+1)2−, where A is a com-
ination of ions with 12-fold coordination (e.g., Bi, Na and Sr),
nd B is a combination of ions suitable for 6-fold coordina-
ion (e.g., Ti and Nb) [1]. In general, the pseudo-perovskite
locks (Am−1BmO3m+1) are sandwiched between the Bi2O2
ayers, and these perovskite blocks are composed of m layers
f oxygen octahedra with A-site cations. The (Bi2O2)2+ lay-

rs act as the insulating paraelectric layers and considerably
ffect the electronic response such as the electrical conductiv-
ty, band gap, etc., while the ferroelectricity results mainly in
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E-mail address: sugisita@ccmfs.meijo-u.ac.jp (J. Sugishita).

b
t
(
d
S
e
h

925-8388/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2007.08.056
owder diffraction; Solid-state reaction method

he pseudo-perovskite blocks [2]. Furthermore, the spontaneous
erroelectric (Ps) and insulating properties strongly depend on m
f the perovskite blocks [3]. Also, BLSF compounds have gen-
rally some drawbacks: a relatively low remanent polarization
nd a high processing temperature [4]; thereby, the improve-
ent of these drawbacks is necessary for their use in commercial

pplications.
In research field of ferroelectric materials, there is an increas-

ng demand to develop the alternative Pb-free ferroelectric
aterials to replace the Pb(Zr1−xTix)O3 compounds [5]. There-

ore, the BLSF compounds as mentioned above are considered to
e one of the appropriate candidates as the Pb-free ferroelectric
aterials.
The Na0.5Bi8.5Ti7O27 ceramic is one of the complex layered

ismuth compounds, where the crystal structure is presented
y Bi4A2m−1B2m+1O6m+9 with m = 3 and 4. The crystal struc-
ure of this compound is a regular intergrowth of Bi4Ti3O12
m = 3) and Na0.5Bi4.5Ti4O15 (m = 4) layers along c-axis [1]. The

ielectric and ferroelectric properties of MBi8Ti7O27 (M = Ca,
r, Ba and Pb) ceramics have been reported [6–8], how-
ver, the ferroelectric properties of Na0.5Bi8.5Nb7O27 ceramic
ave not been clarified to date. Thus, in order to reveal
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he ferroelectric properties of Na0.5Bi8.5Ti7O27 ceramic, the
a0.5Bi8.5Ti7O27 ceramic was prepared by the solid-state reac-

ion method; the relationship between synthesis and ferroelectric
roperties of Na0.5Bi8.5Ti7O27 ceramic was investigated in
his study. Moreover, the effects of the Sr2+ substitution for
a+ and Bi3+ on the dielectric and ferroelectric properties of
rxNa0.5−x/2Bi8.5−x/2Nb7O27 solid solutions were also investi-
ated.

. Experimental method

High-purity (>99.9%) SrCO3, Na2CO3, Bi2O3 and TiO2 powders weighed
n the basis of their stoichiometric composition were mixed and calcined at
00 ◦C for 4 h in air. These calcined powders were re-ground and mixed with
polyvinyl alcohol, and then pressed into a pellet of 12 mm in diameter and
mm in thickness under the pressure of 100 MPa. Subsequently, the pellet of
a0.5Bi8.5Ti7O27 ceramic and the Sr0.5Bi8.5−x/2Na1.5−x/2Ti7O27 solid solutions
ere sintered at the various temperatures ranging from 1050 to 1150 ◦C for
h in air. The bulk density of the sintered sample was measured by using
rchimedes method. The crystalline phase of the crushed sample was identified
y the X-ray powder diffraction (XRPD) with Cu K� radiation. Also, the lattice
arameters of the samples were calculated by using the least squares method [9].
he microstructure of the samples was examined using a field emission scan-
ing microscopy (FE-SEM). In order to evaluate the temperature dependence of
ielectric constants, these pellets were electroded by a platinum paste and fired
t 850 ◦C for 30 min. The temperature dependence of the dielectric constant was
easured at 1 MHz by a LCR meter in the temperature range from room tem-

erature to 800 ◦C. The P–E hysteresis loop at room temperature was observed
sing an aixACCT TF2000FE-HV ferroelectric test unit at 50 Hz in silicon oil.

. Results and discussion

.1. Synthesis and ferroelectric properties of
a0.5Bi8.5Ti7O27 ceramic

Fig. 1 shows the XRPD patterns of Na0.5Bi8.5Ti7O27 ceramic

intered in the temperature range of 1050–1150 ◦C for 2 h
n air. From the XRPD patterns of Na0.5Bi8.5Ti7O27 ceramic
intered at the various temperatures, the single phase of
he Na0.5Bi8.5Ti7O27 ceramic was obtained at the sintering

ig. 1. XRPD patterns of Na0.5Bi8.5Ti7O27 ceramic sintered at various temper-
tures for 2 h in air.
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ig. 2. XRPD patterns of (a) Bi4Ti3O12, (b) Na0.5Bi8.5Ti7O27 and (c)
a0.5Bi4.5Ti4O15 ceramics sintered at various temperatures for 2 h in air.

emperature of 1150 ◦C, which is an orthorhombic crystal
tructure with B2cb space group [10]. However, the single
hase of the Na0.5Bi8.5Ti7O27 ceramic was not recognized
t the sintering temperatures smaller than 1100 ◦C. Fig. 2
ives XRPD patterns of Bi4Ti3O12, Na0.5Bi8.5Ti7O27 and
a0.5Bi4.5Ti4O15 ceramics sintered at the various temperatures.
he (h k l) peak of the Na0.5Bi8.5Ti7O27 located at the mid-
le of the (h k l − 1) peak of Bi4Ti3O12 and the (h k l + 1) peak
f Na0.5Bi4.5Ti4O15. Similar results have been demonstrated
reviously for Bi4Ti3O12–SrBi4Ti4O15 compounds [11]. For
nstance, the 2θ for peak (1 1 5) of Bi4Ti3O12 ceramic is 27.18◦,
he 2θ for peak (1 1 7) of Na0.5Bi4.5Ti4O15 ceramic is 27.78◦ and
he peak (1 1 6) of Na0.5Bi8.5Ti7O27 ceramic locates at 27.30◦.

As mentioned previously, the crystal structure of
a0.5Bi8.5Ti7O27 ceramic consists of the structural units of two
arent phases such as Bi4Ti3O12 (m = 3) and Na0.5Bi4.5Ti4O15
m = 4) compounds by sharing the ‘Bi2O2’ sheets along the
-axis as shown in Fig. 3.

Moreover, the bulk densities of the samples as a function of
intering temperature are shown in Fig. 4. The bulk densities of
he samples were drastically increased from 5.89 to 7.17 g/cm3

n the sintering temperature range of 1050–1100 ◦C, while the
alues of the samples remained the constant value at the sintering
emperatures above 1100 ◦C. Thus, it was found that the increase
n the sintering temperature was effective in improving the bulk
ensity of the samples.

In order to elucidate the increase in the bulk density caused
y the increasing the sintering temperature, the morphological
hanges in the samples were investigated by using the FE-SEM.
ig. 5 gives the morphological changes in the samples sintered
t 1075 and 1100 ◦C for 2 h in air. When comparing these pho-
ographs, the reduction of porosity and the grain growth was
bserved and these results agreed with the increase in the bulk

ensity as described above. Therefore, an increase in the sin-
ering temperature leads to increased densification, as would be
xpected. In order to see whether the ferroelectric properties
ere also affected, the hysteresis loops of the samples sin-
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Fig. 3. Schematic diagram of crystal structure of Na0.5Bi8.5Ti7O27 ceramic.

Fig. 4. Variations in bulk density of Na0.5Bi8.5Ti7O27 ceramic sintered at various
temperatures for 2 h in air.
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Fig. 5. FE-SEM photographs of Na0.5Bi8.5Ti7O27 cera
ig. 6. P–E hysteresis loops of Na0.5Bi8.5Ti7O27 ceramic sintered at various
emperatures for 2 h in air.

ered at various temperatures were observed, using an aixACCT
F2000FE-HV ferroelectric test unit.

Fig. 6 shows the P–E hysteresis loops of the Na0.5Bi8.5Ti7O27
eramic measured at room temperature. The increase in the sin-
ering temperature was effective in improving the Pr value of
he ceramic. The Pr values of the ceramic increased from 4 to
�C/cm2 with increasing the sintering temperature, whereas the
c values of the ceramic remained constant at approximately
5 kV/cm in the sintering temperature range of 1075–1150 ◦C.
rom these results, the substitution for the other element in the
eramic is necessary in order to improve the Pr and Ec values.

The temperature dependence of dielectric constant of the
a0.5Bi8.5Ti7O27 ceramic is shown in Fig. 7. As for the
a0.5Bi8.5Ti7O27 ceramic, two peaks are present at the temper-

ture of approximately 662 and 673 ◦C, respectively. A similar
esult was also reported in the mixed bismuth layer-structured
i7Ti4NbO21 ceramic [12] and the former is attributed to a phase

ransition within the orthorhombic crystal structure by a space

roup change and the latter corresponds to the Curie temperature
Tc) [13]. Thus, these peaks were related to the Curie tempera-
ures of the Bi4Ti3O12 and Na0.5Bi4.5Ti4O15 ceramics, because

mic sintered at 1075 and 1100 ◦C for 2 h in air.
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ig. 7. Temperature dependence of dielectric constant of Na0.5Bi8.5Ti7O27

eramic measured at a frequency of 1 MHz.

he Curie temperatures of the Bi4Ti3O12 and Na0.5Bi4.5Ti4O15
eramics are 675 and 650 ◦C, respectively [14,15].

.2. Crystal structure and ferroelectric properties of
rxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions

In general, it is known that the Sr substitution for Na and Bi
s effective in improving the ferroelectric properties of BLSF
ompounds [16]. Thus, in order to improve the ferroelectric
roperties of Na0.5Bi8.5Ti7O27 ceramic, the Sr substitution for
a and Bi was performed and the SrxNa0.5−x/2Bi8.5−x/2Ti7O27

olid solutions were synthesized in this study. Fig. 8 shows the
RPD patterns of SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions

intered at various temperatures for 2 h in air. From the XRPD
esults, no secondary phase was detected over the whole compo-
ition range; XRPD patterns for these samples in which all peaks

an be indexed in the correct space group B2cb as described
arlier. Moreover, the peak shifts to a low angular of 2θ were rec-
gnized with increasing the composition x. Thus, it is expected
hat the lattice parameters are varied by the Sr substitution for

ig. 8. XRPD patterns of SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions sintered
t various temperatures for 2 h in air.
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ig. 9. Effects of Sr substitution for Na and Bi on lattice parameters of
rxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions.

a and Bi; the lattice parameters of the samples are calculated
n terms of the least squares method, and are shown in Fig. 9.
ll the lattice parameters varied linearly, depending on the com-
osition x; therefore, these results are predominantly due to the
onic radii, because the ionic radius of Sr2+ (1.44 Å) is larger
han the ionic radii of Na+ (1.39 Å) and Bi3+ (1.3 Å), when the
oordination number is twelve [14,17]. From these results, it was
onsidered that the SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions
atisfied Vegard’s law, because of the linearly variations in the
attice parameters of the solid solutions that were shown in the
omposition range of 0–1.

Fig. 10 gives the P–E hysteresis loops of the
rxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions sintered at various

emperatures for 2 h in air. The Sr substitution for Na and Bi was
ffective in improving the Pr values. Fig. 11 gives the Pr and Ec
alues of the solid solutions caused by the Sr substitution for Na
nd Bi. The Pr values of the solid solutions linearly increased

rom 9 to 11 �C/cm2 with increasing the composition x. On the
ther hand, the Ec values of the samples increased, depending
n the composition x, and then the additional modification

ig. 10. P–E hysteresis loops of SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions
btained at room temperature.
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ig. 11. Effects of Sr substitution for Na and Bi on (a) remanent ferroelectric
nd (b) coercive field of SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions.

n Ec values is required for the commercial applications. A
imilar result was also recognized in the Pr and Ec values of
rBi8Ti7O27 ceramic as reported by Noguchi et al. [8].

The temperature dependence of the dielectric constant of
he SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions measured at

frequency of 1 MHz is shown in Fig. 12. In the case of
a0.5Bi7.5Ti7O27 ceramic, it was found that two peaks present

t the temperatures of approximately 662 and 673 ◦C as men-
ioned earlier, however, a single peak was recognized with
ncreasing the composition x. The Curie temperature of the
rxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions linearly decreased,
epending on the composition x. Other studies indicate that
he Curie temperature of the bismuth layer-structured ferroelec-
ric correlated with structure distortion in the pseudo-perovskite
lock; therefore, the relationship between the Tc and the struc-
ural distortion of the pseudo-perovskite block, i.e., the tolerance
actor (t) of the pseudo-perovskite block, was investigated in
his study [14,18]. The tolerance factor is determined by the
ollowing equation [19]:

RA + RO
= √
2(RB + RO)

(1)

here RA, RB and RO are the ionic radii of A, B and O ions,
espectively. The t values in the pseudo-perovskite block of the

ig. 12. Temperature dependence of dielectric constant of SrxNa0.5−x/2

i8.5−x/2Ti7O27 solid solutions measured at a frequency of 1 MHz.

(

ig. 13. Relationship between Curie temperature and tolerance factor of
rxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions.

rxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions linearly increased
rom 0.954 to 0.958 in the composition range of x = 0–1. Thus,
he relationship between the tolerance factor and the Curie tem-
erature are given in Fig. 13. It was considered that the decrease
n Tc is attributed to the increase in the t values, i.e., the increase
n the structural distortion of the pseudo-perovskite block caused
y the Sr substitution for Na and Bi.

. Conclusions

Na0.5Bi8.5Ti7O27 ceramic was synthesized, and the relation-
hip between the Sr substitution for Na and Bi and ferroelectric
roperties of the SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions
ere investigated in this study.

1) From the XRPD patterns of Na0.5Bi8.5Ti7O27 ceramic sin-
tered at various temperatures for 2 h in air, the single phase
of the sample was obtained at the sintering temperature of
1150 ◦C, which is an orthorhombic crystal structure with
B2cb space group as indicated above. The Pr value of the
ceramic increased with increasing the sintering temperature;
therefore, it was considered that the variations in the bulk
densities of the Na0.5Bi8.5Ti7O27 ceramic depended on the
Pr values caused by the increase in the sintering temperature.
However, the Ec values of the samples were on the order of
approximately 65 kV/cm at the sintering temperatures above
1075 ◦C.

2) As for the Sr substitution for Na and Bi, the secondary phase
was not detected over the whole composition range. The
Sr substitution for Na and Bi was effective in improving
the Pr values of SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions
and the maximum Pr value is 11 �C/cm2 at x = 1. On the
other hand, the Ec values of the solid solutions slightly
increased from 65 to 95 kV/cm with increasing the com-
position x; the substitution of the other elements in this
sample is necessary in order to improve the E values.
c
Furthermore, the decrease in the Curie temperature of the
SrxNa0.5−x/2Bi8.5−x/2Ti7O27 solid solutions is attributed to
the increase in the tolerance factor of the pseudo-perovskite
block.
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