
Mt$o/J3£o 

:lH" ' *
N UM-P-90/64 

FERROELECTRIC AND FERROELASTIC DOMAIN STRUCTURES 
IN PIEZOELECTRIC CERAMICS 

L.A. Bursill and Peng JuLin 
School of Physics 

The University of Melbourne 
Parkville 3052 Victoria 

Australia 

ABSTRACT 

There exist a hierarchy of domain textures in both single crystal and 
polycrystalline piezoelectrics. Considerable effort has to be made to 
develop imaging techinques which allow the different contributions to 
be distinguished; e.g. ferroelectric and/or ferroelastic domains, 
discommensurations versus antiphase boundaries, extended versus 
localized chemical defects and multiphase versus grain boundaries. 

The present paper presents a discussion of the results of conventional 
and high-resolution high-voltage electron microscopic studies of two 
important ferroelectrics, barium sodium niobate (BNN) and lead 
zirconium titanate (PZT). The first case is relatively well-characterized 
whereas the latter reveals the complexity of a commercial piezoelectric 
ceramic. 

BARIUM SODIUM NIOBATE (BNN; Ba2NaNb20is) 
BNN has essentially a tetragonal-tungsten bronze type framework 
superstructure with the corner-shared octahedral sites fully-occupied 
by Nb (Fig. la). The room temperature phase has cell parameters a = 
35.18A, b = 35.24A, c = 7.99A, space group Im2a [1]. The pentagonal and 
square tunnels are fully-occupied by Ba and Na respectively. A high-
resolution electron micrograph (Fig. lb) shows all of the cations imaged 
for the [001] projection. Since the point group of the paraelectric phase 
(4/m2/m2/m) has order 16 compared with the room temperature 
ferroelectric phase which has point group mm2 of order 4 then we 
expect two ferroelectric variants and two ferroelastic variants [2]. 
Physically we may say the polarization vector lies either parallel or 
antiparallel to the c axis whereas the orthorhombic a axis lies either 

parallel to [110], or [110], of the tetragonal paraelectric phase. 
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( a ) Ferroelectric domains. Fig. 2a shows 180" domain walls in as grown 
BNN at room temperature. Note the irregular nature of the walls, which 
may be ribbon-like at low magnification. The fringe pattern shows the 
"black-white" contrast (cx-fringes) typical of inversion boundaries in 
ferroelectric materials. On approaching the thin edge of the specimen 
these domains become typically lenticular in shape (Fig. 2b). In this 
high-resolution dark-field image asymmetrical excitation of 001 
systematic rcflcclions gave rise to a background change, whereas 
interference between .subccll and supcrccll reflections maintained a 
lattice image. Thus it can be seen that ihc wall thickness is virtually 
zero. These walls arc elongated in the direction of the ferroelectric c-
axis. Sub-lattice steps have been visualized clearly in many areas. The 
lenticular nature of these domains, with c alternately parallel and 
antiparallcl to the crystal surface may indicate the considerable 
influence of surface depolarization mechanisms on the domain wall 
topology. Crystallographic studies (3] show that all the metal cations in 
BNN arc displaced along c, in the same sense, away from the nearest 
mean plane of oxygen atoms, which provides the origin of the 
fcrroclcctricity and determines Ihc macroscopic polarization vector. 

Other more complex domains, including zig-zag and tightly-curved 
pat terns . represent alternative surface depolarization mechanisms. 
Here the domain texture is strongly dependent on the orientation of the 
polarization vectors with respect lo the surface and edge directions of 
ihc wedgc-shaped crystals used typically for electron microscopy. Any 
electric fields due to charging of the specimen serve only to complicate 
the domain texture. Thus focussing the electron beam to an intense spot 
may induce rapid rearrangements of the surface domains. 



( b ) Fcrroclast ic/fcrroclcctr ic domain walls . The room temperature 
phase of BNN is both ferroelectric and fcrroelastic, but the spontaneous 
polarization and strain appear to remain uncoupled, with the 
configuration of the fcrroclaslic domain not strongly coupled to the 
180° ferroelectric domain walls. Two sets of ferroclcctric-fcrrojlastic 
domains arc observed with domain walls approximately parallel to 
I 100] or [010]. directions, referred to the tetragonal subccll axes (sec 

Fig. 3). These 90°-fcrroclasiic/fcrroclcctric domains present distinct 
contrast for appropriate bright- or dark-field imaging conditions. They 
also show essentially planar walls, quite unlike the 180° domain walls, 
i.e. the surface energy would appear to be much higher, due to the 
piezoelectric induced strain across ihc walls. 
( c ) Commensurate supcrlalticc domain walls (or discommon sural ions). 
Incommensurate supcrlatticc phases of BNN were studied by X-ray 
difffraclion [4 | . The commensurate/incommensurate transition near 
56IK gives a phase» having a double c axis and an incommensurate 
modulat ion along | 1 1 0 | . tetragonal axis, yielding orthorhombic 
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symmetry for the average structure It has been suggested 
theoretically |5] Ihat the incommensurate phase is composed of 
commensura te domains separated by out-of-phasc domains or 
discommcnsuralions. Bear in mind that the results of the present 
section all refer to the commensurate ph;<sc, which is stable at room 
temperature. Dark-field diffraction contrast images were obtained 
using the commensurate supcrlatticc reflections (inset in Fig. 3). Very 
faint streaking parallel to [110] was also included (not visible). A 
special tilt condition was required, to enhance those weak reflections to 
produce observable contrast. A distinct array of ribbonlike domain 
contrast was then observed, accompanied usually by 180°-fcrroclcctr ic 
domain walls as well as 90°-ferroclastic domains. These new features are 
relatively very rough (stepped) and irregular compare•' to the smooth 
wavy 180° walls, or the essentially planar 90° walls (cf. Figs. 2). Fig. 3 
refers to a crystal orientation tilted a few degrees away from the 
tetragonal c-axis. A second imaging condition was obtained close to the 
orthogonal [110] projection, which gave discommension images which 

were elongated essentially parallel to the c-axis. These were again 
easily distinguished from the 180° and 90° domains, which could be 
extinguished for this projection by appropriate choice of dark-field 
imaging conditions. Thus the discommcnsuraiion domain walls arc 
elongated along c but have an irregular, chaotic cross-section, perhaps 
best described as irregular prismatic in shape. Close inspection of the 
discommensuration morphology reveals a predominance of quadruple 
modes when they intcrscci (sec Fig. 4) confirming that at least four 
translation variants exist in the room temperature phase. 

Referring to our Fig. 1 , note the sequence of rotated octahedra C A A C 
along both [IOC] and [010]. Thus there arc four possible sequences 
generated by a discommensurat ion which intcrupts the normal 
sequence (Fig. 5) corresponding to four phase shifts which arc 
multiples of nil. The discommensuration density increases dramatically 
on approaching the commensurate to incommensurate phase transition 
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(d) Chemical defects. The isostructural phase strontium barium 
niobate (SBN ; Ba xSrj _ x N b 2 0 5 ; 0.25 <. x < 0.75) exhibits a further domain 
texture, due to short-range ordering associated with the mixed 
occupancy of Ba and Sr alonj the [001] tunnels [8]. 

(e) Conclusions. Use of highly perfect single crystals of BNN has 
enabled the hierarchy of domain textures *o be sorted out using a 
combination of high-resolution and conventional bright- and dark-
field electron optical techniques. 

LEAD ZIRCONIUM TITANATE (PZT; Pb(Zrj x T i x ) 0 3 ) 

The phase diagram of the PbZrCs-PbTiCs system shows a complete solid 
solution at high temperature [9] with Zr and Ti distributed randomly 
over the octahedral sites of the cubic perovskitc structure. On cooling \ 
there is a displacive phase transformation into a distorted perovskite 
structure. Titanium-rich compositions favour a tetragonal modification 
with significant elongation along [001] and a large spontaneous 
polarization in the same direction. There are six equivalent polar axes 
in the tetragonal state, corresponding to the <100> directions of the 
cubic paraelectric state. A rhombohedral ferroelectric state is favoured 
for zirconium-rich compositions. Here the distortion and polarization 
are along the [111] directions, giving rise to eight possible domain 
states, corresponding to the eight <11I> directions of the cubic 
paraelectric phase. The compositions which pole best are near the 
morphotropic boundary between the rhombohedral and tetragonal 
ferroelectric phases. Thus, for x z_ 0.5 there may be up to 14 poling 
directions over a wide temperature range. We note that the 
piezoelectric coefficients are largest near the R-T phase boundary. 

Domain walls are an important source of dielectric loss for temperature 
below T [9]. Under applied fields, domain wall motion takes place, 
dissipating energy. A number of different types of walls are expected 
in PZT. Tetragonal PZT has 180° walls, and both charged and uncharged : 

90° walls. Charged walls are important only in conducting ceramics, 
where currents can flow, neutralizing the charge. The 180° walls are 
generally more mobile than 90° walls because of the mechanical strain 
associated with the latter. The magnitudes of the piezoelectric 
coefficients depend markedly on dopants and defect structure because 
of their influence on domain wall motion, due to alignment of defect 
dipoles against spontaneous polarization below the Curie temperature 
(~3 5C°C) [9]. Oxygen vacancy diffusion is believed to be the 
predominant relaxation mechanism contributing to dielectric losses [9]. 



The aim of the present work was to observe submicron texture for PZT 
ceramics of commercial interest. Bright- and dark-fie'd TEM images 
were used to characterize the ferroelectric and fcrroelastic twin 
domains in both tetragonal and rhombohcdral phases of PZT. Attempts 
have also been made to apply atomic resolution electron microscopy to 
investigate domain wall widths (charged walls may be diffuse, whereas 
uncharged walls arc sharp [10,11], as well as interactions between twin 
variants and dislocations. The grain texture is also accessible to high-
voltage instruments (say >.300 kV). Results are reported here for a pure 
tetragonal PZT, i.e. Pb(ZrQ CO.TJQ 47 )0 , and a rhombohedral doped PZT + 6 

mol.% NiNbCK. Thin specimens were prepared by mechanical grinding 
and dimpling, followed by ion-beam thinning using argon. Thin edges 
were carefully aligned with <001>, <011> and <111> pseudocubic vectors 
parallel to the electron beam. A JEOL-4000EX instrument was used, 
operated at 400 keV. 

(a) Pb(Zrq ^-,. TJQ ^-)Q~, Low magnification shows grain size about 7 
um. Complex intersecting fringe contrasts, indicative of multiple 
polysynthctic twin lamellae give rise to textural detail within each 
grain on the scale ^.50 nm. Fig. 6 shows a whole grain, containing lath
like domains parallel to [110], as well as fringe contrasts due to extended 
defects inclined to the projection axis. The overwhelming complexity of 
the domain texture, and the fine scale have so far prevented a 
systematic identification of the many possible combinations of 
ferroelectric and ferroelastic twins in this material. 

fig 6 Edge-on (£e£t) and incJUnzd [night) h&vuozJLzctnic domain* 
in tetAagona^. PIT 



High-resolution images showed areas of perfect pcrovskitc- typc 
structure with changes of image detail and symmetry occuring on ,hc 
scale of ~1() nm. Such changes arc consistent with the existence of 
coherent domain walls. This specimen closely rcssemblcd BaTiO^ and 

K N b O o in its behaviour in the electron beam. Thus the specimens often 
showed charging effects. 

( b ) PbTZi-Q J J - ^ J U 4^)0^, + 6 mol.% NiNbO->. This ^ombohedrai 
specimen was relatively very stable in the electron microscope, 
showing no charging effects. Fig. 7 shows a typical gn in again 
showing complex domain textures. Some grain boundaries showed 
precipitates. High-rcsoluiion images again showed local changes of 
periodicity (doubling) and symmetry implying a fine-scale coherent 
microdomain texture, with fluctuations on the scale of 5-10 nm (Fig. 8). 
This texture was remarkably similar to results obtained previously for 
silver ion-exchanged lithium tantalatc [12,13], proton- and Fc-dopcd 
lithium niobatcs [14,15]. The papers [12-14] should be consulted for a 
discussion of the coherency and structural relationships between 
various pscudocubic and rhombohcdral pcrovskitc phases. 

f-'.<(} 7 Fen.ioetaitic, and fo'Uhoch'ctlic domain*, hi 'ihombehcdnal' I'lT 
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( c ) C o n c i n s i o ti The prcscnl results demonstrate that knowledge of the 
i n t e r a c t i o n h e t w e e n s l o i c h i o m e t r y , p r o c e s s i n g r o u t e s , n i i c r o s t r u c t u r e 
and p iezoe lec t r i c charac te r i s t i c s is rat lie r p r imi t ive , due largely to the 
complexi ty of P'/.T. It is clear however that there is a rich variety of 
mi'TO.sf ruc tu ra l i n f o r m a t i o n a c c e s s i b l e in P'/.T, us ing h i g h - v o l t a g e 
HRF-M and Tl-M techniques 

ACKNOWI.PTXH-MI-NTS 

Th i s work was s u p p o r t e d I ' inancial ly by the Aus t ra l i an Kesea tch 
C o u n c i l , the V ic to r i an Sta le ( i o v c n i m e n t and The I ' l i ivers i iy ot 
Melbourne . throu<.:h the National Advanced Mater ia ls Analytical Cente i . 



We are grateful for the collaboration of Dr J.R. Sellar, ICI Australian 
Research Laboratories. 

REFERENCES 

[I] Peng JuLin and L.A. Bursill, Acta Crystallogr. B 42, 504 (1987). 
[2] V. Janovec and V. Dvorak, Ferroelectrics 6_&. 169 (1986). 
[3] P.B. Jamieson, S.C. Abrahams and J.L. Bernstein, J. Phys. Chem. Sol. 

4_9_ 4352 (1969). 
[4] J. Schneck, J.C. Toledano, C. Joffrin, T. Aubree, B. Joukoff and A. 

Gabelotard, Phys. Rev. B 21, 1766 (1982). 
[5] W.L. McMillan, Phys. Rev. B 14, 1496 (1976). 
[6] G. van Tendclloo, J. van Landuyt and S. Amelinckxz, (J.F. Scoll and 

N.A. Clark (Eds.) "Incommensurate Crystals, Liquid Crystals and 
Quasicrystals", NATO A.S.I. Series, Plenum Press, NY, (1987). 

[7] Feng Duan, Cryst. Latt. Defects and Amorp. Mat. 12, 229 (1985). 
[8] L.A. Bursill and Pen? JuLin, Acta Crystallogr. B 4_3_ 49 (1987). 
[9] R. E. Newnham, Rep. Prog. Phys. 52, 123 (1989) 
[10] L.A. Bursill, Peng JuLin and Feng Duan, Phil. Mag. 4J, 953 (1983). 
[II] Peng JuLin and L.A. Bursill, Phil. Mag. 48., 251 (1983). 
{12] L.A. Bursill and Peng JuLin, Ferroelectrics 16_. 175 (1987). 
[13] Peng JuLin and L.A. Bursill, Ferroelectric 22, 6? (1988). 
[14] Yan Yong, Feng Duan, Peng JuLin and L.A. Bursill, Ferroelectrics 

22, 91 (1988). 
[15] L.A. Bursill and Peng JuLin, Ferroelectrics 22, 81 (1988). 


