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Ordering behaviour and the factors which influence the ordering have been studied in both
single crystals and hot-pressed ceramics of Pb(Sc,,,Ta,,,)O; using TEM techniques, including
low-temperature microscopy. The characteristics of the structurally-ordered domains are
described and also the observation by electron diffraction of new superlattice reflections and
diffuse scattering in both the paraelectric and ferroelectric phases. The superlattice reflections
are interpreted in terms of Pb?* cation displacements. The non-interaction of ordered domains
and ferroelectric domains is explained within this model.

1. Introduction

Oxides with the perovskite structure, corresponding to
the general formula ABO;, have B ions at the centres
of regular octahedra of oxygen ions and A ions
occupying holes between the octahedra [1, 2].
Pb(Sc,,Ta,;,)O;, usually abbreviated to PST, has the
lead ion on the A-site whereas the B-site can be
occupied by either scandium or tantalum. Upon
isothermal annealing at high temperatures, the B-site
cations, Sc>* and Ta’*, tend to order themselves. The
dielectric properties of PST are seen to be dependent
on the degree of order [3, 4]. For example, the tran-
sition temperature can be adjusted by changing the
degree of order: for fully disordered PST the transition
temperature is ~0°C while for ordered PST it is
~26°C. At the transition temperature the crystal
structure changes from a cubic symmetry to a rhombo-
hedral symmetry with rhombohedral lattice par-
ameter ~0.4072nm [5, 6]. The first TEM study of PST
was carried out by Harmer ef al. [7], who charac-
terized the antiphase boundaries (APBs) of the
ordered domains. Chang and Chen [8] have recently
published the results of an investigation of PST at
liquid nitrogen temperatures and found no strong
interactions between APBs and ferroelectric domains.

2. Experimental details

The single crystals were grown from a PbF,-PbO-
B,O, flux as described by Setter and Cross [9] and the
ceramics were prepared by hot-pressing methods. The
ceramics had a grain size of 5um. Annealing of the
single crystals was carried out for various times at
temperatures of ~ 700°C, both in air and in a crucible
packed with PbZrO,. Subsequently samples were cut
from the annealed specimens and polished down to a
thickness of ~ 30 um prior to ion-beam thinning at
5kV, thereby enabling observations to be made by
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transmission electron microscopy (TEM). The TEM
analysis was performed on a JEOL-200CX with
Link Systems energy-dispersive X-ray analysis equip-
ment, including a high take-off angle spectrometer
(EDS). Cold-stage experiments were performed at
Imperial College, London using an AEI-EM7 electron
microscope which was operated at 300kV.

3. Results
3.1. The nucleation of structurally-ordered
domains in single-crystal PST

A number of PST single crystals were taken and
annealed for various lengths of time to allow the
kinetics of the ordering process to be investigated. The
unannealed as-grown samples have very weak F-type
(ordering) electron diffraction spots. These spots are
the result of the scandium and tantalum cations
occupying alternating B-sites (i.e. ordering on them).
This produces a superlattice doubling of the unit cells
to (2a, x 2a, X 2a,) and results in a face-centring of
the B-cations on the lattice (hence the designation
“F-type” to the corresponding electron reflections).
Using an F-reflection to give a dark-field (DF) image,
as shown in Fig. 1a, small ordered domains are seen.
The average size of the ordered domains was deter-
mined by a line intercept method. Fig. 1b shows the
corresponding {110} zone axis selected-area diffrac-
tion pattern. In the as-grown crystals the average
domain size was 2 mm. Figs 2 to 5 show the effect of
the time of annealing on the size of the ordered
domains. Not only does their size increase but so also
does the intensity of the superlattice (F-type) reflec-
tions {h + 1/2, kK + 1/2, I + 1/2} as previously
reported by Setter and Cross [3], who used X-ray
powder diffraction techniques.

Our observations further indicate that the ordering
process is not homogeneous within the crystals, there
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Figure 1 (a) DF image of unannealed sample of PST showing very small ordered domains, ~2nm in size. (b) {1 10) zone-axis electron
diffraction pattern from an unannealed PST crystal. Very weak F-type ordering spots are visible (arrowed).

being slight variations in domain size. The latter is
probably influenced by non-uniformities in com-
position and stoichiometry. Any results obtained by
X-ray methods are only an average of the whole crys-
tal and therefore are not sensitive to the slight chemi-
cal variations that can exist throughout the crystal.
However, an exceptional case was found by TEM
in one of the crystals, where a sharp interface was
observed between two regions with ordered domains
of differing sizes, as shown in Fig. 6. Selected-area
diffraction patterns taken from this region showed
no elongation or splitting of the strong non-super-
lattice spots, indicating that there is little change
in the lattice parameter between the two states of
order. The magnitude of the domain diameter changed
by approximately 100 times, being ~ 120nm in the
region with the small domains. Analysis by TEM/
EDS showed that the large ordered domains are lead-
rich, the rest of the crystal being slightly lead-deficient
{presumably because of loss of PbO during anneal-
ing). The chemical composition of the region with the
large domains was ~ Pb, ,(Sco4Tag5)0;.5 and for
the region with the smaller domains it was ~ Pbygs-
(Scoa9 Taag5)05_;.

In general we find that the size of ordered domains

Figure 2 PST after annealing at 700° C for 2 h. The domains have
grown to an average size of ~40nm.

obtained in PST single crystals with long annealing
times is smaller than that obtained in PST ceramics
with similar heat treatment, in agreement with Setter
and Cross [3]. We therefore conclude that grain
boundaries have an important influence on the order-
ing mechanism (in partially ordered grains the larger
domains are found around the grain peripheries). In
single crystals, sub-grain boundaries appear to have a
similar effect on the ordered-domain microstructure.
In highly ordered ceramics, the APBs are pinned by
grain boundaries and other microstructural defects;
this limits the complete ordering of a grain. Fig. 7a
illustrates the pinning of APBs by high-angle bound-
aries and also by particles of second phase in highly
ordered PST ceramic. Fig. 7b shows a grain in par-
tially ordered PST that has larger ordered domains
near the grain boundaries, but pinning is still appar-
ent. No chemical inhomogeneities were detected
within these grains. Both tilt and twist sub-grain
boundaries are also pinning sites for APBs. Fig. 7c
shows two 7° tilt sub-grain boundaries that pin
ordered domains within a lead-rich region of a single
crystal of PST.

3.2. The ferroelectric phase and superlattice
reflections in PST

Chang and Chen [8] reported that they did not
see any {110} type reflections from PST but we
found that long exposures revealed weak (110),
(310), etc. spots (denoted as a-spots) in partially-
ordered ceramics and single crystals. Fig. 8a shows a
{001) zone electron diffraction pattern of PST at
room temperature. We also observed thermal diffuse
scattering in (110} directions in reciprocal space,
features which are similar to those found with modi-
fied PZT [10] and other lead-based perovskites. The
cause of this diffuse scattering will be discussed in
another paper.

When the temperature of a PST crystal is lowered to
—150° C by means of a liquid nitrogen-cooled speci-
men stage, ferroelectric domains are induced. The
a-type reflections are also enhanced in intensity and a
new set of spots appear at reciprocal lattice pos-
itions (£00), (200), etc. (denoted B-spots). These are
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Figure 3 (a) PST after annealing at 700° C for Sh. The ordered domains have grown to an average size of ~ 120 nm. (b) Electron diffraction

pattern from PST which has been annealed at 700° C for 5h.

illustrated in Figs 8b and ¢, which show <001) and
{110) zone diffraction patterns, respectively. Fig. 9a,
recorded with the single crystal specimen at — 150°C,
shows the ferroelectric domains in PST: the dipole
displacement is in a {111) direction in the rhombo-
hedral phase and the low-energy domain walls are
parallel to {110} planes, as apparent from the above
micrograph. The presence of twin-like domains causes
elongation and spot splitting on the selected-area dif-
fraction patterns. No strong interaction between
APBs and ferroelectric domains was found. By using
the heat of the electron beam we could cause the
domains to vanish and we could observe the positions
where they nucleated on reappearing; Fig. 9b shows a
typical result. We conclude that APBs are not gener-
ally either nucleation or pinning sites for the ferro-
electric domains. We are therefore in agreement with
Chang and Chen [8] that there is no strong interaction
between APBs and ferroelectric domains.

3.3. Superlattice spots in relation to specimen
temperature and the zone axis of the
diffraction pattern

From ¢110) zone-axis diffraction patterns taken at

room temperature and at — 150° C from single-crystal

Figure 4 PST after annealing at 700° C for 8 h. The domains have
grown to an average size of ~ 150nm.
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specimens (Figs 3b and 8c, respectively) it is apparent
that the a- and f-superlattice spots are only present in
the low-temperature study, and that the intensities of
these two sets of spots are then similar. However, in
{00 1) zone patterns the behaviour is rather different:
at room temperatures the a-spots are present but not
the p-spots (Fig. 8a), whereas at low temperatures
(— 150° C) (where ferroelectric domains appear) both
sets of spots are present but the a-set is significantly
stronger (Fig. 8b). Even before the appearance of
f-spots in the {00 1) zone patterns, there is a gradu-
ally strengthening of the a-spots. The wa-spots are
found in the diffraction patterns of other zones, for
example (111> and {121). These a-spots are also
found at temperatures well above the transition
temperature — in fact, they have been observed at tem-
peratures of ~ 350°C. The occurrences of a-reflections
in the case of other lead-based perovskites, PLZT
(lead-lanthanum zirconium titanate) and modified
PZT at room temperature, have been confirmed using
X-ray powder diffraction techniques.

At temperaturés of about —140°C, localized
electron-beam heating was used to cause the disap-
pearance of ferroelectric domains and superlattice
spots. On reducing the beam intensity the domain

—

Figure 5 PST after annealing at 700° C for 16 h. The domain size is
~ 200 nm. There is evidence of PbO loss, in the form of a mottled
background contrast.



Figure 6 DF micrograph of an interface between two regions of
differing domain size in a PST crystal. X-ray microanalysis by
TEM/EDS reveals a change in lead concentration across the
boundary.

contrast returns, together with the superlattice spots.
In the (001> zone electron diffraction patterns the
B-spots disappear but the a-spots remain. However, in
the (110> zone pattern the disappearance of the
domains is coupled with the disappearance of both the
a- and f-spots. So, in summary, the presence of
g-spots above the transition temperature and the
dependence of a-spots upon the zone axis of the dif-
fraction pattern have led us to believe that a two-fold
explanation for a-spots is required, one dependent

on the displacements of the Pb*" ions (dipolar dis-
placements) and the other independent of them, as
discussed below.

4. Discussion

4.1. Dipole displacement model

Any equivalent (same magnitude and direction) dis-
placements of all B-site cations in relation to the other
lattice sites would only contribute to F-reflections and
would not produce «- or p-diffraction spots. Any
non-equivalent (either different magnitude and/or
direction) displacements of the B-cations would
weaken the F-reflection as the B-ordering site sym-
metry would no longer contribute. So the production
of the additional spots could thus be associated with
Pb** displacements. Recently, X-ray studies by
Groves [6] on PST have let him to suggest that its
displacive transition primarily involves displacements
of Pb*" . Such behaviour would be quite different from
that of normal perovskites where B-site cations are
displaced. The relative displacement of the lead
cations in the low-temperature phase from their pos-
itions in the cubic paraelectric phase will induce an
electric dipole between the lead cations and the oxygen
anions. It will be interesting to see whether this effect
occurs in other ordering, perovskite-structured oxides
such as Pb(Sc,;Nb,;)O; (abbreviation PSN).

The structure of the ferroelectric unit cell is based
upon a pseudo-cubic 2a, x 24, x 2a, superlattice cell
(where q, is the lattice parameter normal of the cubic
perovskite cell), as shown in Fig. 10. Here B, and B,
represent B-site cations in the F-type ordering pos-
itions. The + 6 and — & denote non-equivalent dis-
placements of Pb** cations. We note here that our
model ignores the scattering effects of the oxygen
atoms, on the grounds that they are negligible com-
pared to the scattering by cations.

The scattering factors for the first three superlattice

Figure 7 (a) DF micrograph of a grain in 80% ordered PST ceramic.
The arrows indicate where domains are pinned at a grain boundary
(A) and also pinning at a second-phase inclusion (B). (b) DF
micrograph of a partially-ordered grain in hot-pressed PST showing
a higher degree of ordering near the grain boundaries. (¢) DF
micrograph of single-crystal PST showing ordered domains which
are pinned by two adjacent tilt boundaries corresponding to
misorientations of about 7°.
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spots are

Fioo = fp, (cOS 210" — cos 2m07) = fopr — Jfou-
F%%o = f1>b+ _fpbf

F%%% = fpb+ _fph— + 4(f131 _fBz)

Figure 8 (a) <00 1) zone-axis electron diffraction pattern from PST
at room temperature. Weak a-spots (arrowed) and diffuse scattering
in {110} directions are visible. (Recorded at 300kV). (b) <001)
zone-axis electron diffraction pattern from PST at — 150° C. Super-
lattice spots, labelled « and B, are seen. Note the relative strengths
of the a- and B-spots. (Recorded at 300kV). (c) (110) zone-axis
electron diffraction pattern from PST at — 150° C. F-type ordering
spots, as well as o- and f-spots, are indicated. Note the similar
intensities of thé a- and f-spots. (Recorded at 300kV).

The last of these equations gives the enhanced inten-
sity of the F-ordering spot.

The successes of this model are that it predicts the
disappearance of spots of the a- and f-spots of com-
parable intensity in the {110} zone electron diffrac-
tion pattern and the disappearance of {100} type
reflections in the {00 1) zone pattern. The scattering
factors are directly dependent on the amount of dis-
tortion in the unit cell. In the ferroelectric phase the
lead cation displacements gradually increase with the
progressive lowering of the temperature. These dis-
placements increase the difference in scattering factors
and thus the intensity of the superlattice spots increases,

Figure 9 (a) BF micrograph illustrating ferroelectric domains in PST at — 150°C. (300kV image obtained with EM7 microscope). (b) BF
micrograph showing both ferroelectric domains and the APBs associated with structural order in PST at — 150°C. (300kV image obtained

with EM7 microscope).
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Figure 10 Diagram to show the arrangement and displacements of
jons in relation to the dipole displacement model; (®) Pb?* cation;
(O) B,-site atom (scandium, say); (O) B,-site atom (tantalum, say);
(+ ) displacement of Pb** cation, the sign distinguishing between
different displacements.

and these are eventually visible in the electron diffrac-
tion patterns. In the paraelectric phase there are no
displacements of the lead cations (6* and 6~ are both
zero) and there is no difference between the scattering
factors. Then

F%oo =0
Fipo = 0
F%% = 4 (fB1 - fBz)

Because of the increased distortions in the ferro-
electric phase on cooling, there is also an increase in
the elastic strain energy and this is accommodated by
the formation of ferroelectric domains. Ferroelectric
domains have a twin-like relationship, as first shown
by Tanaka and Honjo [11] for BaTiO; and by Randall
et al. [10] for rhombohedral ferroelectrics. This results
in the elongation and splitting of spots in the selected-
area diffraction patterns.

The dipole displacement model does not, however,
explain a number of observations such as the presence
of the a-spots at high temperatures, and why these
spots are stronger in the (100} zones. It is interesting
that a-spots observed at room temperature are always
found in the zones that exhibit diffuse scattering. No
diffuse scattering is found in {110) zones and these
have no a-spots at room temperature. We are con-
tinuing to develop a more complete model for the
superlattice spots and the diffuse scattering, which

seem to be associated with each other in lead-based
perovskites.

4.2. Ordering behaviour

The ordering of a perovskite like PST or PSN affects
the electrical properties and allows the possibility of
manipulating the electrical properties to suit the
application. The two main factors which control the
degree of order on the B-sites of the perovskite struc-
ture are the electrostatic energy (ionic valence) and the
elastic energy (ionic size).

Our observations show that the unannealed crystals
have very small domains, ~2nm in diameter. Order-
ing of the scandium and tantalum atoms between the
B-sites, made possible by heat treatment, allows the
electrostatic and elastic energies to be reduced and this
is reflected in the strengthening of the F-type super-
lattice spots and the growth of the ordered domains.
With long annealing times, structurally-ordered
domains in single crystals can grow up to and beyond
200 nm in size. In the case of lead-based perovskites,
samples used in long annealing experiments can suffer
from PbO deficiency and so we restricted ourselves to
no greater than 2% weight loss, which limits the pos-
sibility of growing very large domains. However,
interactions between APBs and grain boundaries in
the ceramics are complex. Regions adjacent to grain
and sub-grain boundaries are known to have high
vacancy concentrations (e.g. Atkinson and Taylor
[12], Koschek and Kubalek [13]). So, in the early
stages of hot pressing, we might expect the ordering
process on the B-sites to be assisted by an enhanced
vacancy concentration near the grain boundaries. In
the later stages of hot pressing, grain boundaries
inhibit ordering by pinning APBs.

An APB is a wall between two parts of the crystal
across which the ordered atom sequences are out of
phase: it is therefore a region of local disorder. Fig. 11
illustrates the situation which we assume to occur in
PST. The smaller is the average diameter of ordered
domains the greater the density of APBs, and thus the
larger the degree of disorder.

Using this model we must conclude that 100%
ordering implies that there will be no APBs in a grain
or crystal. Such an ideal system is inhibited by the
pinning of the APBs by other microstructural inter-
faces, second-phase particles, etc. It follows that in
fine-grained ceramics it will be especially difficult to

Sc Ta Ta Sc Ta Sc

Ta Sc Ta Ta Sc Ta
Sc Ta Sc Ta Ta Sc
DOMAIN I DOMAIN II
Ta Sc Ta Sc Sc Ta
Sc Ta Sc Ta Ta Sc

\ APB

Figure 11 Two-dimensional representation of an APB in PST.
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obtain a high degree of order because of these mech-
anisms. From our observations that a chemical inter-
face affects the ordering in a single crystal (Fig. 5), we
would expect regions of compositional inhomogeneity
to exhibit variations in transition temperature.

An important success of the dipole displacement
model is that because the ferroelectric domains are
associated mainly with the Pb*" cation displacements
and the APBs are associated with the B-cation sub-
lattice, we have an explanation of why no strong direct
interaction is observed between these two types of
“dynamic” microstructure, as noted by Chang and
Chen [8] and in this study. Some caution must be used
here, since the observations only pertain to thin films
and in such films the elastic strain fields of some
defects may be relaxed. Stronger interactions between
the two forms of microstructure may occur in bulk
materials.

5. Summary and conclusions

This TEM study shows that the ordering behaviour
of the B-site cations in PST is influenced by (i)
compositional inhomogeneity and (ii) defect micro-
structure, especially grain and sub-grain boundaries.
Electron diffraction patterns obtained at room tem-
perature and —150°C show significant differences:
(iii) the presence of additional spots and (iv) elongation
and splitting of spots owing to the presence of twin-
like ferroelectric domains. These diffraction observa-
tions are explained in terms of non-equivalent dis-
placements of adjacent A-site Pb’* ions. A model
which we offer is based upon and extends the ideas
recently proposed by Groves [6] to explain X-ray data
for PST. Phenomena which are specifically associated
with the A-sites and B-sites (electric dipoles and struc-
tural ordering, respectively) appear to have no direct,
strong interaction, as also noted experimentally by
Chang and Chen [8].
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