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Abstract

The relationship between crystal structure and polarization properties of (Srgs_,Ca,)Bis,5Na; 25sNb3;O1, solid solutions was investigated in this
study. A single phase of (Srys_,Ca,)Biy,sNa; 2sNb3; Oy, solid solutions was obtained over the whole composition range; the lattice parameters and
the unit cell volume of (Srys_,Ca,)BissNa; 25Nb3; 01, solid solutions are linearly decreased with the Ca substitution for Sr. The decrease in the
atomic distances of oxygen—oxygen bonds, which compose the equatorial plane, led to the decrease in the volume of the Nb(1)Og and Nb(2)O¢
octahedra caused by the Ca substitution for Sr. The covalency of the Nb(1)-O(1) bond increased in the composition range of 0-0.3, while that of the
Nb(1)-O(1") bond decreased in this composition range. The remanent polarizations (P;) of the solid solutions were improved by the Ca substitution
for Sr; the highest P, value of 16 wC/cm? was obtained at x=0.3. Thus, the variations in the P; value caused by the Ca substitution for Sr may be
attributed to the variations in the covalency of Nb(1)-O bonds in the Nb(1)O4 octahedron, which is located the center of the pseudo-perovskite
block. On the other hand, the coercive field (E.) values of the solid solutions are in the order of approximately 45 kV/cm in the composition range
of 0-0.5. Also, the Curie temperatures (7;.) of the solid solutions increased with increased the composition x; therefore, the increase in 7, value

was connected with the decrease in the tolerance factor caused by the Ca substitution for Sr.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Oxides of the Aurivillius family constitute an important class
of materials because of their ferroelectric properties.! These
materials are of interest for use in integrated circuit memories,>
high temperature piezoelectric sensors® and electrooptic
modulators.* Bismuth layer structured ferroelectrics (BLSFs)
are generally formulated as (Bij 02)2+(Am_1Bm O3l )2’5 BLSF
compounds consist of an intergrowth between (Bi,07)>* layers
and (Am_leO3m+1)2’ pseudo-perovskite blocks with m being
the number of octahedra stacked along the direction perpen-
dicular to the layers; therefore, A and B are the 12- and 6-fold
coordination sites of the perovskite slab, respectively.®

In the research field of ferroelectric materials, there is
an increasing demand for the development of alternative Pb-
free ferroelectric materials to replace the Pb(Zr;_,Tiy)O3
compounds.” Thus, the BLSF compounds as mentioned above
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are considered to be appropriate candidates as the Pb-free
ferroelectric materials. One of bismuth-layered structures is
(Bin02)**(Srg 5Big25Naj 25Nb3010)>~ with m=3; the crystal
structure of Srg sBij 25Naj 25Nb3zO1, ceramic is an orthorhom-
bic structure with a B2c¢b space group which corresponds
to the BLSF compounds with m=3. In recent work it was
also reported that the tilting of oxygen octahedron in the
pseudo-perovskite block plays an important role in improving
the polarization properties of BLSF compounds.? In order to
improve the polarization properties of Srg 5Biz 25Naj 25Nb3O12
ceramic, the Ca substitution for Sr was performed and
the (Srp5-,Cay)Biz»sNaj25Nb3Oq2 solid solutions were syn-
thesized; the relationships between crystal structure and
polarization properties of the solid solutions were investigated
in this study.

2. Experimental method

Synthesis of the (Srg 5—,Ca,)Bis 25Na;j 25Nb3z 01, solid solu-
tions was conducted by the standard solid-state reaction method,
using high purity SrCO3, CaCOs3, Bi;O3, Nay;CO3 and NbyOs
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Fig. 1. XRPD patterns of (Srgs5—,Ca,)Biz25Naj 25Nb3O12 solid solutions sin-
tered at various temperatures for 2 h in air.

powders. These powders, weighed on the basis of the stoichio-
metric composition of (Srps5—,Ca,)Biz5Naj25Nb3O1o, were
mixed and calcined at 800 °C for 4h in air. Subsequently, the
calcined powders were ground and mixed with a polyvinyl alco-
hol, and then pressed into a pellet of 12 mm in diameter and
3mm in thickness under the pressure of 100 MPa. These pel-
lets were sintered at 1100—1160 °C for 2 h in air. The crystalline
phases of the crushed samples were identified by using the X-ray
powder diffraction (XRPD) to ensure the formation of a single
phase, and the crystal structure of the sample was refined with
Rietveld analysis (RIETAN).% !0 In order to evaluate the temper-
ature dependence of the dielectric constants, these pellets were
electroded with a platinum paste and fired at 950 °C for 30 min.
The dielectric constants of the solid solutions were measured at
1 MHz with an LCR meter in the temperature range from room
temperature to 850 °C. The P—FE hysteresis loop was obtained
at room temperature, using an aixACCT TF2000FE-HV ferro-
electric test unit at 50 Hz.

3. Results and discussion

Fig. 1 shows the XRPD patterns of Ca-substituted
(Srg5-xCa,)Bij »sNaj 25Nb3Oq; solid solutions sintered at the
various temperatures for 2 h in air. The XRPD results show that
no secondary phase was detected throughout the entire com-
position range, and the peak shifts to the higher angle of 26
are recognized with increasing the composition x. Thus, it is
expected that the lattice parameters and the unit cell volume are
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Fig. 2. Variation in lattice parameter of (Srgs5_xCay)Biz25Naj 25Nb3 O, solid
solutions as a function of composition x.

varied by the Ca substitution for Sr; therefore, the lattice param-
eters and unit cell volume of the solid solutions are refined in
terms of the Rietveld method, and the results are shown in Fig. 2
and Table 1. All the lattice parameters and the unit cell vol-
ume decrease in the composition range of 0-0.5; therefore, these
results are predominantly due to the ionic radii of Ca (1.34 A)
and Sr (1.44 A) ions, when the coordination number is 12.!1
From these results, it was considered that the
(Srg5_xCa,)Biz»5sNaj 25Nb3O12  solid solutions satisfied
Vegard’s law, because of the linear variations in the lattice
parameters of the solid solutions that were shown in the
composition range of 0-0.5. Moreover, the difference in
the lattice parameters, a and b, increased with increasing
the composition x. The decrease in the lattice parameter, b,
was larger than that in the lattice parameter, a, as shown in
Fig. 2. Shimakawa et al. reported that the change from the
orthorhombic phase to the tetragonal phase was attributed to
the lattice distortion.'? In order to clarify the lattice distortion
caused by the Ca substitution for Sr, the orthorhombicity, which
is defined as 2(a — b)/(a +b),'? was calculated in this study.
The orthorhombicity of the solid solutions increases linearly
with increasing the composition x as listed in Table 2; therefore,
the increase in the orthorhombicity may be attributed to the
increase in the lattice distortion. Moreover, it is considered that
the variations in the orthorhombicity are related to the tolerance
factor. Several researchers have used the tolerance factor to

Table 1
Lattice parameters, unit cell volume and reliability factors of Rietveld analysis for (Srp5—yCa,)Biz.25sNaj 25Nb3O12 (x=0-0.5) ceramics
X Lattice parameter A) Unit cell volume (A3) Ruwp Ry K

a b c
0 5.5083(6) 5.4929(7) 32.8434(33) 993.73(21) 8.41 6.41 1.75
0.1 5.5041(5) 5.4866(7) 32.8255(31) 991.31(19) 9.01 6.96 1.58
0.2 5.4998(6) 5.4786(7) 32.7860(34) 987.90(20) 9.50 7.28 1.78
0.3 5.4994(5) 5.4746(6) 32.7799(34) 986.91(18) 9.35 7.20 1.75
0.4 5.4912(6) 5.4643(9) 32.7518(39) 982.74(23) 10.8 8.28 1.89
0.5 5.4901(6) 5.4596(7) 32.7225(40) 980.82(21) 10.2 7.84 1.90
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Table 2
Variations in orthorhombicity and
(Srg5—,Cay)Biy25Naj 25Nb3 Oy, solid solutions

tolerance factor of

Composition (x) Orthorhombicity (x 1073) Tolerance factor

0 2.79 0.96752
0.1 3.19 0.96578
0.2 3.85 0.96405
0.3 4.52 0.96232
0.4 4.90 0.96058
0.5 5.58 0.95885

explain the stability of perovskites'?; the tolerance factor is
calculated from the following equation'3:

P Ra + Ro
V2(Rg + Ro)

where Rs, Rg and R are the radii of the A- and B- and the
O-ions, respectively. The ¢ values of the solid solutions varied
from 0.96752 to 0.95885 in the composition range of 0-0.5 as
listed in Table 2; therefore, it is considered that the structural
distortion in the pseudo-perovskite block is increased by the Ca
substitution for Sr. Such variations in the orthorhombicity and
the tolerance factor as described above may have an influence on
the polarization properties of (Srg5—,Ca,)Biz»5Naj25Nb3O12
solid solutions.

The crystal structure of SrgsBizosNaj25Nb3O1y ceramic
consists of the (Bip0y)%* layers and (SrgsBip2s5Naj2sNbs
012)*~ pseudo perovskite blocks with triple perovskite layers;
the schematic diagram of Nb(1)Og and Nb(2)Og octahedra are
shown in Fig. 3.

ey

Fig. 3. Schematic diagrams of crystal structure of Nb(1)Og and Nb(2)Og¢ octa-
hedra in pseudo-perovskite block.

T
Nb(1)Og octahedron

Fig. 4. Schematic diagram of Nb(1)Og octahedron in pseudo-perovskite block
along c-axis.

Since it has known that the ferroelectricity of BLSFs com-
pounds arises mainly from the perovskite blocks,'* we focused
on the Nb(1)Og and Nb(2)Og octahedra in the pseudo-perovskite
block. Fig. 4 gives the schematic representation of Nb(1)Og octa-
hedron in the pseudo-perovskite block along the c-axis. Several
researchers have reported that the rotation of oxygen octahe-
dron in the a—b plane exerts an influence on the polarization
property'3; the variation in the rotation angle () as shown in
Fig. 4 is proportional to the Curie temperature. In this study,
it was recognized that the variations in the orthorhombicity of
the solid solutions was related to the tolerance factor caused
by the Ca substitution for Sr. Thus, the variations in the axial
ratio may be associated with the Curie temperature, because
the increase in the axial ratio increases the rotation angle (o).
From these results, it is expected that the Curie temperatures of
the solid solutions are increased by the Ca substitution for Sr.
Moreover, the volumes of the Nb(1)Og and Nb(2)Og octahedra
in the pseudo-perovskite block were slightly decreased by the Ca
substitution for Sr. Therefore, it is considered that the volumes of
these octahedra may be attributed to the variations in the atomic
distances of these octahedra. In order to clarify the variations in
the atomic distances of Nb(1)Og and Nb(2)Og¢ octahedra caused
by the Ca substitution for Sr, those of the octahedra, which were
calculated from the results of the Rietveld analysis, were listed
in Table 3. The atomic distances of oxygen—oxygen ions in the

Table 3
Atomic distances of Nb(1)Og and Nb(2)Og octahedra

Atomic distances (A) (Sros—xCa,)Biz 25Naj 25Nb3O1, solid solutions

x=0 x=0.3 x=0.5
o(H-0(1y 2.7701 2.7656 2.7609
O(1)-0(1) 2.4813 2.4732 2.4664
o()'-0(1y 3.0685 3.0583 3.0500
0(6)-0(6Y 2.7678 2.7633 2.7586
0(6)-0(5) 2.9822 2.9725 2.9645
06)-0(5) 2.6952 2.6865 2.6793
0(5)'-0(5) 2.8128 2.8080 2.8032
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Fig. 5. Variation in covalency of (Srps5—,Ca,)Biz25Na; 25Nb3O1, solid solutions as a function of composition x.

equatorial plane of Nb(1)Og and Nb(2)Og octahedra decreased,
depending on the composition x. Consequently, it is considered
that the variations in these atomic distances lead to the decrease
in the volumes of these octahedra. Therefore, the covalency of
Nb-O bonds over the whole composition range were calculated
by using the refined bond length. The relationship between the

covalency and the bond length is given by two equations'®1%:
- (R) - @
Ry
and
fl=as" (3)

where s is the bond strength, R is the refined bond length,
and R, N, a and M are the empirically determined parameters,
which reported by Brown et al.'”»!® The covalencies of Nb-O
bonds in the Nb(1)Og and Nb(2)Og octahedra caused by the
Ca substitution for Sr are shown in Fig. 5. As for the Nb(1)Og
octahedron, the covalency of Nb(1)-O(1) bond increased in the
composition range of 0-0.3, whereas that of Nb(1)-O(1") bond
decreased in such the composition range. In the case of Nb(2)Og
octahedron, the covalencies of Nb(2)-O(6") and Nb(2)-O(5")
bonds remained unaltered, though the covalencies of these bonds
decreased at the compositions higher than x=0.3.

On the other hand, the covalencies of Nb(2)-O(5) and
Nb(2)-0O(6) bonds were increased by the Ca substitution for
Sr. It is expected that the variations in the covalencies of Nb—-O
bonds may be concerned with the changes in the polarization
properties of the solid solutions caused by the Ca substitution
for Sr.

Fig. 6 shows the P-E hysteresis loops of the (Srps—,Cay)
Bis »5Naj 25Nb3O15 solid solutions measured at room tempera-
ture. The well-saturated hysteresis loop was obtained at x=0.3;
therefore, the Ca substitution for Sr was effective in improving
the P; value of the solid solutions. Fig. 7 also provides the rema-
nent polarization (P;) and the coercive field (E.) of the solid
solutions as a function of composition x. The P, values of the
solid solutions increased from 12.4 to 16 wC/cm? in the com-
position range of 0-0.3, while the values of the solid solutions
drastically decreased at the compositions higher than x=0.4. On
the other hand, the E. values of the solid solutions remains the
constant value of approximately 45kV/cm in the composition

range of 0-0.5. Consequently, the Ca substitution for Sr was not
effective in improving the E; value in this system. From these
results, it is considered that the variations in the P, value of
the solid solutions may be connected with the difference in the
covalencies of Nb(1)-O(1) and Nb(1)-O(1") bonds, because the
difference in the covalencies of Nb-O bonds may lead the tilting
in the Nb(1)Og octahedron, which is located in the center in the
pseudo-perovskite block.

The temperature dependence of the dielectric constant of
the (Srgs5_,Ca,)Biz»5Naj 25Nb3zOqy solid solutions measured
at a frequency of 1MHz is shown in Fig. 8. It has been
known that the BLSF compounds, which contain the Na
ion, show an abnormal variation in the temperature depen-
dence of the dielectric constant.'® As for the Ca-substituted
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Fig. 6. Hysteresisloops of (Srg 5_yCay)Biz25Naj 25Nb3 O3 solid solutions mea-
sured at maximum applied field (Ep,) of about 130kV/cm.
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Fig. 8. Temperature  dependence  of  dielectric  constant  for
(Srg5—xCa,)Biza5sNaj 5sNb3O12  solid solutions measured at frequency
of 1 MHz.

(Srg.5_,Cay)Bij 25Naj 25Nb3O15 solid solutions, abnormal vari-
ations in the dielectric constant were recognized over the whole
composition range. The Curie temperature (7.) of the solid
solutions also increased from 402 to 595 °C, depending on the
composition x. It has been known that the variations in the 7
values of BLSF compounds are related to the tolerance factor.
As mentioned earlier, the tolerance factor of the solid solutions
decreased from 0.96752 to 0.95885 with increasing the com-
position x, as listed in Table 2. Thus, it is considered that the
structural distortion in the pseudo-perovskite block is increased
by the Ca substitution for Sr. From these results, the decrease in
the T¢ values is connected to the increase in the 7 values caused
by the Ca substitution for Sr.

4. Conclusion

The effects of the Ca substitution for Sr on the polarization
properties and the crystal structure of (Srgs5_,Ca,)Bizos
Naj 25Nb3Oy; solid solutions were investigated in this study.
From the results of XRPD, a secondary phase was not detected
over the whole composition range. The lattice parameters and
the unit cell volumes of (Srgs5_,Ca,)Bij»sNaj 25Nb3O12 solid
solutions decreased, depending on the composition x. Also, the
volumes of Nb(1)Og and Nb(2)Og¢ octahedra slightly decreased
with the decreased atomic distances of the oxygen—oxygen
bonds, which composed the equatorial plane. The P, values
of the solid solutions improved with the Ca substitution for Sr
and the highest P; value of 16 p,C/cm2 was obtained at x=0.3.
The variations in the P; values may be attributed to the cova-
lencies of Nb(1)-O bonds in the Nb(1)O¢ octahedron, which
locates the center in the pseudo-perovskite block. On the other
hand, the E. values of the solid solutions were on the order

of approximately 45 kV/cm. Furthermore, the increases in the
Curie temperature of the (Srg 5—,Ca,)Biz 25Naj 25Nb3012 solid
solutions is attributed to the decrease in the tolerance factor of
the pseudo-perovskite block.
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