ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Journal of the European Ceramic Society 27 (2007) 3687-3690

ELRRS

www.elsevier.com/locate/jeurceramsoc

Structure versus relaxor properties in Aurivillius
type compounds

J. Tellier®*, Ph. Boullay?, D. Ben Jennet®, D. Mercurio?

 Laboratoire de Sciences de Procédés Céramiques et Traitements de Surface, CNRS UMR6638, 123 Av.
Albert Thomas, Université de Limoges, F-87060 Limoges Cedex, France
b Laboratoire de Chimie Minérale Appliquée, Université de Tunis El Manar, Faculté des Sciences, 1060 Tunis, Tunisia

Available online 2 April 2007

Abstract

Structure refinements in M"Bi; Ti;O5 (M" = Ca, Ba), Bi,_,Ba, Ti3_,Nb,O},, (Nag 5Bigs),_Ba,Bi;s TizO;5 and Bi; Ti;O,,-PbTiO; systems are used
to report structural features of relaxor Aurivillius phases. In compounds with relaxor-like behaviour, the average structure is almost undistorted,
closed to the archetypal HT paraelectric phase, with a tolerance factor >0.996. The coordination number of Bi** in fluorite layers changes
from {4+ 2} for ferroelectrics to {4} for relaxors. Transmission Electron Microscopy reveals some characteristic features of relaxors such as
micro-twinning, shearing-type defects which attest from the existence of a compositional inhomogeneity and a disorder at a local scale.
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1. Introduction

The ferroelectric properties of the Aurivillius type com-
pounds of general composition A,;,+1B,,,03;,+3 currently arouse a
keen interest because of their potential application in the fabrica-
tion of ferroelectric non-volatile memories (FeERAM). Members
of this family of bismuth layered oxides are well known fer-
roelectric materials which can be described as the regular
stacking of [A20,]?* slabs (usually A =Bi) and perovskite-like
[Am_leO3m+1]2_ blocks where m corresponds to the num-
ber of sheets of corner-sharing BOg octahedra.! For most of
the ferroelectric Aurivillius phases, the structure observed at RT
presents three structural distortions from the archetypal HT para-
electric phase: two tiltings of the octahedra around the a- and
c-axis and atomic displacements along the polar a-axis.

Crystallographic studies have demonstrated the key role of
the A-site cation in the ferroelectric behaviour of these mate-
rials and, at first approximation, a direct relation between the
average ionic radii of the A-site cation and the temperature of
the ferroelectric—paraelectric transition (7.) can be has been
established.>? This will be illustrated in the present article
for a series of Aurivillius phases: MIBi4TisO;5, (MU =Ba?*
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or Ca%"), the two solid solutions Bis_,Ba,Tiz_ Nb,O12
(0<x<1.2),and (Nag5Bips);_Ba,BisTisO15 (0 <x<1)and
the system BigTizO12-PbTiO3 (3 <m <6). As the Aurivil-
lius phases existing within these systems possess either a
“normal” or a “relaxor-like” ferroelectric behaviour in terms
of dielectric properties (see references for M'BisTizOs,*
Bis_Ba, Ti3_Nb,O2,°> (NagsBigs)i—Ba,BisTi405,° and
Bi4Ti3012—PbTiO37’8), we will point out some structural speci-
ficities related to this “relaxor” behaviour.

2. Experimental

Pure powder samples were prepared by a solid state reac-
tion of the precursor oxides and carbonates. Stoichiometric
amounts of high purity BaCO3, Nb,Os, Na,CO3, PbCO3, Bi, O3
and TiO, were mixed, pressed into pellets and then heated at
850-1000 °C for 2-10h depending on the composition. When
necessary, a two-step procedure was used and, for each thermal
treatment, the pellets were reground and pressed again. The XRD
patterns used for the structural determination were recorded in
the 260 range of 10-100°, with a 0.02° step using a Siemens
D5000 diffractometer (Cu Ka, graphite monochromator).

For the M''Bi4 Ti4O15 compounds, single crystals were grown
using a flux method in BioO3 excess: heating up to 1150 °C at
5°Cmin~!, dwelling at 1150 °C for 5 h, cooling down to 500 °C
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at 3°Ch~! and finally free cooling down to room temperature.
Platelet-shaped transparent thin crystals were extracted using
hydrochloric acid and then washed in hot water. After observa-
tion in polarised light optical microscope, those which presented
only one ferroelectric domain or nearly so were selected for XRD
experiments using a Siemens-Bruker KAPPA-CCD four-circle
diffractometer equipped with a CCD detector and a graphite-
monochromatized Mo Ka wavelength.

The electron microscopy study was carried out with a JEOL
2010 microscope working at 200 kV and fitted with a double-tilt
(£30°) rotating sample holder.

Structure refinements were performed with the Jana2000
software’ using single crystals or powder X-ray diffraction data
and for both 3D or 3 + 1D superspace group approach (useful
for long period structures).'?

3. Results and discussion

Previous works have shown, considering the perovskite
tolerance factor t=(Ra +Ro)/«/§(RB +Rp) of a number of
Aurivillius phases, that both the structural distortion and the
Curie temperature Tc increase as ¢ decreases.'!® Regarding
the Aurivillius members of different series, the variation of the
“reduced” unit cell volume with the tolerance factor highlights
a critical value of ¢ around 0.996 (Fig. 1). Above this value, all
considered Aurivillius phases present a relaxor-like behaviour.

All structures are closely related and only the number m of
octahedral sheets in perovskite blocks differs from one com-
pound to another. Complete results of the structure refinements
are not the aim of this paper and can be found elsewhere.!?
As supposed by the values of the tolerance factor, refined
structures of ferroelectric compounds are more distorted than
those of relaxor compounds. As an example, Fig. 2 shows the
representations of two members of the Bis_,Ba, Tiz_Nb,O12
(m=3) solid solution: BisTi3O1,, a “classical” ferroelectric and
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Fig. 1. Evolution of “reduced” unit cell volume (a~5.4 A, b~54A
and ¢~82A) with increasing Goldschmidt tolerance factor for
Biy_,Ba,Tiz_,Nb,Oj» (BaNB12), (Nags5Big5)1-xBaBisTi4O15 (NBBTILS),
BisTi301,—PbTiO3 (PbBi) and M"BiyTisO;g (MIIO18). Relaxor compounds
are characterised by ¢ 2> 0.996. “Reduced” means unit cell parameters used in
the 3D + 1 description.
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Fig. 2. Representation of BisTizO1p (x=0, classic ferroelectric) and
Baj 2Biz gNbj 2 Tij 3012 (x=1.2, relaxor); projections into yOz and xOy plans.
Double tilting of octahedral around a- and c-axis and atomic displacement along
a axis have disappeared for x=1.2.

Baj »Biy gTi; §Nb 2012, a “relaxor” ferroelectric. The classical
ferroelectric compound is characterized by structural distor-
tions, i.e. double tilting of octahedra around a and c axes and
atomic displacement along ag-axis. In agreement with the tol-
erance factor, the level of these structural distortions decreases
as the average ionic radius of the A-site cation in the perovskite
blocks increases. Hence, for the relaxor ferroelectrics, no or only
small distortions with respect to the HT prototype paraelectric
structure (/4/mmm) can be observed. This is a structural feature
common to all relaxor compounds.

This structural evolution can be observed in the reciprocal
space using selected area electron diffraction (SAED). Subtle
modifications from the archetypal structure as well as existence
of a structural disorder were observed. In particular the [120]
or [2—10] zone axis patterns (ZAP) are sensitive to twinning
and/or local disorder.'>!3 Examples of patterns of the relaxor-
like compound Pb,BisTisO1g are given in Fig. 3. The [010]
ZAP exhibits sharp spots compatible with the B2cb space group
whereas in the [120] or [2—10] ZAP the [hk£]" rows with
h+k#2n appear either as sharp spots or diffuse streaks along
¢ depending on crystallites. These SAED patterns show the
existence of micro-twinning (thin 90° twins domains witha <> b
permutation) along the ¢ direction and, also, attest of inhomo-
geneities at a local scale.

Another difference between ferroelectric and relaxor-like
compounds is the need to introduce a significant amount of non-
Bi cations into the fluorite layers during the structure refinements
(Fig. 4). This result might be related to the existence of shear-
ing defects, observed in the studied relaxor compounds. These
defects, highlighted with white arrows in Fig. 5, keep the global
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Fig.3. SAED patterns of relaxor PbyBigTisO1g. [1 2 0] ZAP patterns show sharp
spots or diffuse streaks on [2 —1 £] rows, depending on considered crystallites.
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Fig. 4. Bond valence sum calculated for A-site cations of fluorite slabs in (a)
Big—xBa, Ti3_xNb,Op2, (b) (Nag5Bigs)i—xBa,BisTigO15 and (c) BigTizO12-
PbTiO3. Significant decreasing of its value for relaxor compounds is related to
the presence of divalent non-Bi cations in these sites.
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Fig. 5. Shearing-type defects observed in relaxor compounds, (a) BaBisTizO15
and (b) PbyBisTisO;g. (c) Model for defect zone.
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Fig. 6. Oxygen environment of Bi** in the fluorite slabs for (a) ferroelectric and
(b) relaxor compounds. Coordination of cations is represented by black and grey
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Fig. 7. Cell parameters of (a) Biy_,Ba,Ti;_Nb,Oq2, (b)
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tetragonal metric is not always verified for relaxor compounds.
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stoichiometry unchanged with the same thickness of the per-
ovskite blocks. In the grey rectangle, the cationic row belonging
to the fluorite slab in the average structure contains some non-
Bi cations coming from the adjacent perovskite block. Details
on such faults would need further investigations to ensure this
feature is actually related to relaxor behaviour and not only a
general characteristic of Aurivillius phases.

In relaxor compounds the coordination number of Bi** in
fluorite layers decreases. It changes from {4 + 2} with four short
distances and two longer for ferroelectrics to {4} for relaxors
(Fig. 6). This latter configuration leads to a modification of the
direction of the Bi lone pair that moves to be parallel to the
c direction. Its stereo-chemical role weakens the Bi—O bonds
between the perovskite blocks and the [BizO3]%* slabs.

Lastly, for the BaBisTi4O15, Bis—,Ba,Tiz_Nb,Oj, and
(Nag 5Big 5)1—xBa,BisTisO15 relaxor compositions, the refined
structures show a positional static disorder on every A-site.
This phenomenon, not noticed in the Big Ti3012,—PbTiO3 system
where Bi** and Pb?* have the same environment, can be related
to the averaging of different atomic positions at a local scale
and thus cannot be considered as a condition of the apparition
of a relaxor-like behaviour. Also, pseudo-tetragonality is not a
necessary condition as metrically orthorhombic compounds can
have a relaxor-like behaviour (Fig. 7).

4. Conclusion

In this paper, the structural features of relaxor-like Auriv-
illius compounds are reported considering MBisTizOys,
BiyxBa,Ti3 xNbyO12, (NagsBigs)1—xBayBisTi4O15 and
BisTizO12-PbTiO3 systems. Compared to ferroelectric ones,
relaxor compounds show a less distorted average structure that
approach the prototype undistorted one, with a tolerance factor
above 0.996. Fluorite slabs are slightly bonded to perovskite
blocks, in relation with the decrease of coordination number
of its cationic sites. The introduction of an amount of non-Bi
cations into them can be related to observation of shearing
defects in relaxor compounds. SAED study reveals inhomo-
geneities within crystallites, with probably local changes in
Bi/non-Bi ratio leading to local variation of the tolerance factor
and to micro-twinning. Some structural aspects do not seem to
be relevant, as the static disorder and the pseudo-tetragonality
of the unit cell have not been observed in all relaxor compounds.

The introduction of an amount of non-Bi cations in these slabs
might be related to observation of shearing defects. TEM
study reveals structural inhomogeneities, with probably local
changes in Bi/non-Bi ratio leading to local variation of the
tolerance factor and to micro-twinning. Obviously, a more
precise local analysis may enable to determine the role of
microstructural features in the onset of a relaxor-like behaviour
in the Aurivillius phases.
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