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Abstract

Crystal structural parameters, such as space group, lattice parameters, apparent valences (AV), and site occupancies were ana-
lyzed in Sr; 4 \Bi>, Ta>Og ceramics with varying ceramic compositions and diffraction temperature. The crystal structure was refined
by Rietveld method using neutron and X-ray powder diffraction data. The phase transition temperature 7, was measured on these
ceramics. The spontaneous polarization P was calculated from the refined parameters. The measured 7, decreased with increasing
Sr-content. The crystal structure of Sr;Bi,Ta,O9 changed from A21am at room temperature to B2cb at temperature above 400°C and
to a higher symmetry one eventually. The cation place exchanges were observed between Sr?* and Bi*" and the calculated AVs

were in accordance with the cation exchanges. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

SrBi>Ta,09 (SBT) is a member of the Bi-layered Aur-
ivillius phase.!-?> Recently, a great attention has been given
to the ferroelectric thin films of SBT due to the potential
applications in ferroelectric random access memories.>
Ferroelectric properties, such as P, E., and leakage cur-
rent of SBT thin films have been reported to be critically
affected by the chemical composition. The nonstoichio-
metric compositions with Sr-deficient/Bi-excess have
better ferroelectric properties than the stoichiometric.*>

Study on the ferroelectric property-structure relation
of the SBT ceramics can provide guidance for a better
understanding of the characteristics of SBT thin films.
The SrBi,Ta,09 phase has been reported to have phase
transitions at 583 and 843 K related with structural dis-
tortions and at room temperature (RT) it becomes a
space group A2lam.® The displacive ferroelectric SrBi,.
Ta,Oy is described in term of small displacive perturba-
tions away from I4/mmm (a’'=b'=3.85 A) parent
structure. However, the crystal structures of the high
temperature phases have been remained unresolved due
to the experimental and analytical difficulties.

* Corresponding author. Tel.: +82-041-540-5472; fax: +82-041-
548-3502.

Concerning the crystal structure at RT, some dis-
agreement between the previous reports is found about
the cation place exchange. Shimakawa et al.® analyzed
the structure of the nonstoichiometric SrygBi> Ta>Oyg
and of stoichiometric SrBi,Ta,0q using neutron powder
diffraction data at RT. The nonstoichiometric composi-
tion shows a partial Bi-substitution and cation vacan-
cies at the Sr-site resulting in enhanced ferroelectric
polarization. No cation exchange in the stoichiometric
composition was found. Contrarily, structural study on
the ABi,Nb,O9 (A =Ba, Sr, Ca) shows significant cation
placement exchanges between A2 and Bi*3.”

In this study, the crystal structures of high temperature
phases were analyzed using high temperature neutron
diffraction. The crystal structure and phase transition
temperature 7, with varying Sr-content from Sr-excess to
Sr-deficient ceramics were analyzed. For the analysis of
cation site occupancies in the structure we used both the
X-ray and neutron diffraction data. We found that Riet-
veld refinement using the X-ray diffraction data led to a
false minimum in the oxygen positions, while the neutron
diffraction data provided accurate oxygen positions espe-
cially in the Bi-layer ceramics due to the smaller scattering
power of oxygen compared to the cations. However, in
the case of neutron diffraction the scattering powers of
Sr- and Bi-ions are very similar to each other, hence the
cation site exchange could not be correctly calculated.
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Therefore, we used a combined refinement method using
both X-ray and neutron diffraction data for more accu-
rate analysis on the cation site occupancies. The bond
valences were calculated and compared to the refined
values of cation place exchanges.

2. Experimental

Ceramic samples were prepared by conventional
solid-state reaction method. The raw materials, Ta,Os,
Bi,O5 and SrCO; were mixed in desired proportions by
ball-milling. The mixtures were calcined at 900-1100°C
for 5 h. The binder-added calcined powder was pressed
into discs of 0.5-1 mm thickness and sintered at 1200—
1380°C under controlled atmosphere. The permittivities
of ceramics were measured at temperatures of 20-600°C
using HP4192A impedance analyzer at 100 kHz.

The X-ray powder diffraction data for Rietveld analysis
were collected using diffracted beam monochromator,
CuK, rad., 40 kV-40 mA, and 0.02° step scan. Neutron
diffraction data were obtained at temperature range of 20—
1000°C using HRPD diffractometer at HANARO in
KAERI. The neutrons for the Hanaro reactor were
monochromatized by a vertically focusing composite Ge-
monochromator to a wavelength of 0.18339 nm. The
Rietveld refinements were carried out using the program
Full-prof.

3. Results and discussion

Structural change with ceramic compositions and tem-
peratures were analyzed. Neutron diffraction patterns at
RT of the specimens, i.e. Sr;,Bi;gTa>Oq, SrBi,Ta,0y,
Srg.7Bi,Ta>Og and Sry 55Biy 3Ta>,0O¢ were judged to be
single phase material since no extra reflections could not
be found in all of the samples. All of these samples
showed reflections. Fig. 1 shows the lattice parameters, a,
b and ¢ with Sr-contents. The polar a-axis becomes larger
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Fig. 1. Lattice parameter change with Sr-contents in the
SrlixBiZi_yTa2O9: Sri2 (Sr12BisTaOy), Sry (SriBi;TayOy), Sro;
(St0.7Bi22Ta;09) and Sro 55 (Sro.55Biz3Taz0y).

than b-axis with decreasing Sr-content. At room tem-
perature, the crystal structure of space group A2lam
produced the most reliable R-values compared to any
other possible space groups, such as B2cb, F2mm, 14/
mmm, Bbab, and Abam. The refined structural para-
meters of SrBi,Ta,Oy were identical to the results of
Shimakawa et al.®

However, the occupational parameters refined by
XRD data of SrBi;Ta,Og in our study showed more
than ‘full occupancy’ that indicated Bi-substitution for
Sr-site inconsistently to neutron diffraction analysis.
For the precise analysis of the cation site occupancies, a
combined refinement method is introduced in which the
positional parameters for oxygen ions are refined by the
neutron data and the cation occupancies are refined by
XRD data. The cation occupations can be more accu-
rately analyzed by using XRD since the scattering
amplitudes of the Sr and Bi very differ each other for X-
ray but similar in the neutron case. Table 1 shows the
refined results of the cation site by the combined method.
The Sr-site in SrBi>Ta,09 shows partial substitution by
Bi (0.09). As will be discussed in Fig. 2 the Bi-placement
in Sr-site is attributed to the charge imbalance in the Sr-
site. The abnormally large thermal parameter of Bi
indicates a partial vacancy (=0.04) at Bi-site. With the
increase of excess-Bi the placement of Bi in the Sr-site
increases, and Bi-site is fully occupied by Bi as in the
Srg 7 and Srg s5 samples shown in Table 1.

In Fig. 2 are shown the calculated apparent valences
(AVs) based on bond valence sum rule.® The AV of Bi-
site is undervalenced and Sr-site is overvalenced. With
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Fig. 2. Calculated apparent valences (AVs) based on the bond valence
sum rule using the refined structural parameters.
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Table 1

Occupangcies of cation sites refined by a combined oxygen positions were refined by using neutron data and cations refined by X-ray diffraction data

Site (atom) Composition Sr;Bi, Ta,O9 Sro.7Biy 2 Ta;09* Srg.55Biy 3Ta;09*
Biso (A?) N (occup.) Biso (A2) N (occup.) Biso (A2) N (occup.)
Sr (St) 0.50 1.12 (1) 0.50 1.16 (0) 0.50 1.18 (0)
(St/Bi)P 0.50 0.90/0.09 (0) 0.50 0.66/0.22 (0) 0.50 0.59/0.27 (0)
Bi (Bi) 1.80 (0) 1.0 1.16 (1) 1.0 1.25 (0) 1.0
1.0 0.96 (1)°
Ta (Ta) 0.15 (0) 1.0 0.17 (0) 1.0 0.31 (0) 1.0
R R,=58 Ryp=7.79 R,=58 R¥=7.79 R,=58 Ryp=7.79
Ry=4.01 Ry=4.01 Ry=4.01

4 Refined under a constraint 2x+ 3y =2.
b Refined by placing both Sr and Bi at Sr-site.
¢ Released occupancy by fixing Biso=1.

increasing Bi-content the AV of Bi-site approaches its
formal valence 3 and the Sr-site becomes further over-
bonded. This enhanced overbonding of Sr-site in the
excess-Bi sample is consistent with the place exchange of
Sr- and Bi-sites as shown in Table 1. The AV of Ta-site
counterbalances the variation of AVs of Bi- and Sr-sites.
The AVs of O (1) in Sr-layer and O (3) in Bi-layer
apparently decrease with Sr-content in a way to accom-
modate the decrease of AVs of Bi- and Sr- sites.
Various structural models for the high temperature
phases are tested. In Fig. 3 the x’[= (R,p/R.)* values are
compared for the various structural models with tem-
peratures. Where the R,, and R, are the weighted pattern
R-factor and the expected R factor, respectively, as they
are commonly defined in the literatures concerning Riet-
veld refinement. At room temperature, the A21am model
shows incomparably low x> values to other models.
With increasing temperature, the differences in x> values
become reduced and converge to a narrow range (6-8%)
at 1000°C. At above 400°C, the B2cb model produced
the lowest x2. Considering that the lattice parameters of
the a- and b-axis are different even at 1000°C, the space
group I4/mmm cannot be assigned as the correct model
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Fig. 3. x*[=(Rwp/Rc)?] values of various structural models.

at 1000°C. Table 2 shows the refined structural para-
meters using the space group B2cb model.

Fig. 4 shows the dielectric permittivity change with
temperature of various Sr-content samples. They show
the peaks typical of ferroelectric transitions. The transi-
tion peaks shift to high temperature from 290°C in the
stoichiometry to 470°C in the Sr-deficient Sr s55Bi5 3.
Ta,Oq. The phase transition peak is completely sup-
pressed in Sr;, sample.

Table 2

Refined structural parameters for at 500°C: space group B2cb,
a=5.534(1), b=5.533(1), ¢=25.125(1) A, R,=7.06%, Ryp,=9.40%,
Rr=12.6%, x*[(Rwp/Re)*1=7.58, N (occupancy) fixed at 1

Atom X ¥ z Biso (A2)
Sr 0.0 0.0 0.0 1.68 (19)
Bi 0.5158 43)  0.5099 (25) 02008 2)  1.73 (13)
Ta 05114 (51)  0.4977 (2) 104156 2)  0.29 (10)
ol 0.4809 (46) 0.0 0.0 2.23 (30)
02 0.4608 (54)  0.5250 (36) 03410 3) 181 (22)
03 0.7473 (54) 0.7347 (32) 0.2570 (3) 0.25 (14)
04 0.2721 (64)  0.7396 (30) 00773 (4)  0.68 (21)
05 0.7488 (66)  1.2276 (34) 0.5742 (6)  2.61 (23)
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Fig. 4. Dielectric permittivity change with temperature.
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In the A21am structure, atomic displacements along the
polar axis from the parent structure (I4/mmm) contribute
to the spontaneous polarization. The total spontaneous
polarization P; is calculated as

P, = Z(mj-ij-Qje)/v

J

where m; is the site multiplicity, Ax; is the atomic dis-
placement along the a-axis, Qe is the electric charge of the
jth ions, and v is the cell volume. The calculated P, (uC/
cm?) of the specimens, Sr),, Srjg, Sro7, and Sryss, were
7.1, 15.7, 19.5 and 22.2 respectively. The calculated P
increased with Sr-deficiency of the samples. In Sr; , sample
the calculated P, substantially reduced to 7.1 pC/cm?. In
the ferroelectric materials large ferroelectric displace-
ment Ax; is generally related to high 7, and large P..'°
Therefore, the variation of measured T. with ceramic
composition agrees with the calculated Pg change.

4. Conclusion

The crystal structure of Sri;.Bi>y Ta>,O9 changes
from the orthorhombic A21lam to the B2cb at tempera-
ture higher than 400°C. At 1000°C the x*[(Rwp/Re)’]
values for the B2cb, A21am, [4/mmm, F2mm, and Bbab
models converge to a narrow range (x>=6-8). This
implies that the amplitudes of displacive modulation
from the parent I4/mmm become small. The phase
transition temperature decreases with the decrease of Bi-
content in the sample from 470°C at Sry 55Bi, 3Ta,09 to
290°C at SrBi,Ta,Oy. The phase transition peak is
completely suppressed in Sr; ,Bi; gTa,O9 composition.
In the stoichiometric SrBi,Ta>Oy, both Bi (0.09) and Sr
(0.91) occupy the Sr-site and the placement of Bi ions at
Sr-site increased with the excess Bi. The calculated

apparent valences are in agreement with the refined Sr/
Bi place exchange values.
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