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Recent work has indicated that the symmetry of the lead-free piezoelectric perovskite NagysBigsTiO3 can
be changed from monoclinic to rhombohedral through the application of an electric field, which may have
implications for the study and design of piezoelectric materials close to a morphotropic phase boundary. We
have examined high-quality, single-crystal Nay sBip s TiO3 using transmission electron microscopy and have used
digital electron diffraction to observe the symmetry of defect-free regions of material on length scales of a few
nanometers. This unequivocally demonstrates that the material is rhombohedral with space group R3c on this
length scale. We find that a model that allows disordered displacements of Bi atoms from their nominal sites
in the R3¢ symmetry, while retaining this symmetry on average, gives a very significant improvement in fit to
simulations. We use conventional transmission electron microscopy to enumerate the different types of defects
that are observed in other regions of the crystal and find a complex microstructure of antiphase boundaries, domain
walls, and tetragonal platelets. Their interaction leads to the formation of very high densities of nanotwins. We
show that these are expected to have a variable monoclinic Cc symmetry that is driven by the constraint of

continuity of the crystal across a domain wall.
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I. INTRODUCTION

The lead-free piezoelectric perovskite NagsBigsTiOs
(NBT) is widely promoted as one of the main components in
several environmentally friendly piezoelectric materials [1-9].
Nevertheless, understanding of this material remains elusive,
and even definitive classification of its space group has
proved difficult. The initial neutron diffraction study of a
sample consisting of flux-grown crystals crushed to produce
a powder [1] yielded an R3c perovskite symmetry with an-
tiphase a~a~a~ tilting (in Glazer notation [10]) of the oxygen
octahedra from Rietveld refinement of the data. However,
in this study, it was apparent that Bi, confined by the R3c
symmetry to a single site on the threefold axis, was severely
underbonded. Subsequent studies have confirmed that there
are Bi-O bond lengths that are significantly shorter (~2.2 A)
than the nominal R3c symmetry allows (~2.5 A) [11-13].
Recently, using reverse Monte Carlo (RMC) modeling of
neutron diffraction data, Keeble et al. [12] found a split
Bi-O pair distribution function which varied with temperature,
also indicating displacements which are inconsistent with
a rhombohedral symmetry. Other studies have found that
polycrystalline or powder samples of NBT produce x-ray data
that is better fit to an a“a~ ¢~ Cc monoclinic symmetry [13]
or mixed R3c and Cc [5,8,14]. Aksel et al. [15], using x-ray
and neutron diffraction, were able to repeat the RMC result
of Keeble, as well as showing that the departures from an
average structure were larger in calcined in comparison with
sintered material and that variations over different length scales
were present in the data. Interestingly, Rao et al. have shown
recently that application of a strong electric field (poling) can
produce an irreversible transformation from mixed R3¢ + Cc
to solely R3c phase as measured by x-ray diffraction [5,6,8],
although they were unable to distinguish between the presence
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of a bulk Cc phase and the adaptive diffraction that would
give diffraction akin to a Cc phase, which is the result
of a high density of nanotwins [16]. Ma et al. have used
selected area electron diffraction (SAED) of sintered NBT
pellets to distinguish between R3c and Cc symmetries and
confirmed the presence of the Cc symmetry in heavily twinned,
unpoled material [7]. Their technique relies on the presence
or absence of superstructure reflections in the diffraction
patterns and is unaffected by adaptive diffraction effects. In
a transmission electron microscopy (TEM) study, Levin and
Reaney [17] proposed a more complex pseudorhombohedral
model of locally variable octahedral rotations in order to
explain the presence of weak spots in electron diffraction
patterns that indicate the presence of in-phase tilting of the
oxygen octahedra [2,17-20]. Their model used assemblages
of nanoscale orthorhombic domains that exhibited a~a~¢*
tilting, where the in-phase tilting was maintained only over
lengths of a few nanometers, while antiphase tilting was
maintained over longer distances to give an average a _a~a~
or a~a” ¢ tilting over the scale probed by x-ray diffraction.
Most recently, Rao et al. performed a comprehensive study
using x-ray, neutron, and electron diffraction as well as Ra-
man spectroscopy and first-principles calculations [21]. They
presented evidence to support the view that the application
of an electric field suppresses the variable nanoscale in-phase
tilting proposed by Levin and Reaney, converting NBT from
a relaxor to a normal ferroelectric, and showed that heating
to >300°C was necessary to reinstate the monoclinic state
upon cooling. These observations raise interesting questions
concerning the origin, nature, and stability of the spatial
variations in structure and symmetry. For example, do changes
induced by the application of an electrical field to NBT change
symmetry occur at the unit cell level or over length scales of
a few nanometers (i.e. changes that could be considered to
truly different phases), or is a change in the microstructure
produced, giving diffraction data that is best fit by a different
average symmetry? Microstructure clearly has a significant
part to play, as the work of Aksel et al. has highlighted the
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difference between sintered and calcined materials. There is
a fundamental difference between these two possibilities; the
first implies that there are several crystal structures that have
similar energies, and the material can be switched from one to
another, while the second would require defective material to
have a different symmetry from that of defect-free material.

We tackle this question here by examining unpoled single
crystals of NBT prepared using a flux growth technique [1]
using TEM. We use computer control to obtain new types
of electron diffraction data [22] from defect-free material (on
the scale of a few nanometers) to give an unequivocal deter-
mination of symmetry. This is followed by an investigation
of the defect microstructure of unpoled material. The results
show that the average symmetry of bulk NBT is R3c even in
unpoled material, although (disordered) deviations from this
symmetry on the unit cell level are required to match the data.
We also show that the observed defect symmetry would be
expected to produce a material with monoclinic Cc symmetry
when averaged over large volumes of material.

II. RESULTS

A. Symmetry determination using digital electron diffraction

The basis of the technique of Ma et al. [7] is illustrated
in Fig. 1, and uses the result that h/2,k/2,l/2 (h, k, [ all
odd integers), or %2 ooo superstructure reflections are absent
in diffraction patterns taken along a direction perpendicular
to the oxygen octahedral tilt axis [23]. For symmetry R3c,
half of the (110)p, patterns, where the subscript PC refers
to the axes of the pseudocubic perovskite cell of side ~4 A,
have no superstructure spots, whereas for symmetry Cc, spots
are absent in only one of the six patterns. Thus, a statistical
approach may be used, which is based on the rarity of
the pattern which does not contain superstructure spots in
symmetry Cc. This approach clearly assumes that there is no
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FIG. 1. (Color online) Stereographic projections looking along
the pseudocubic [001]p¢ axis showing the point symmetry elements
of the R3¢ and Cc structures. Mirror (glide) planes are marked by solid
lines, and the threefold axis in R3c is marked by a triangle. (110) p
SAED patterns can be classified as with (red with blue line) or without
(solid blue) 2 0oo superstructure spots. In symmetry R3c, all (110) p¢
patterns with superstructure spots have a mirror, and all (110)p.
patterns without superstructure spots have symmetry 1. In symmetry
Cc, only one (110)p pattern, which also has superstructure spots,
has a mirror (circled at [101]p¢), and all (110) o patterns related to
that pattern by {110} p¢ twin planes must also have superstructure
spots but no mirror (commas). See also Figs. S1 and S2 [27].
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FIG. 2. (Color online) Diffraction patterns taken along a pseu-
docubic (101) p axis on different sides of a {011} pc domain wall at
the sites indicated. The domain wall is inclined at 45° to the beam
direction. (101) - SAED patterns (a) without and (b) with 2 ooo
superstructure spots. (c) and (d) show D-LACBED patterns (c) with
symmetry 1 and (d) with {110} p¢ mirror symmetry.
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Simulation

FIG. 3. (Color online) A =g pair of D-LACBED patterns, 242 and —2-4-2, taken from defect-free Nay sBig5TiOz at a [—321]p¢ zone axis
(see Fig. S3 [27]). Simulated patterns using dynamical diffraction theory [35] are shown for the R3¢ Jones and Thomas symmetry [1] and a
modified average R3c symmetry with disordered Bi displacements off [111]p¢ [12].

reorientation of polarization in the thin TEM specimen that
would affect these probabilities. Ma et al. also noted that, in
the case of domains with {100}p¢ (twinning) domain walls,
the presence of superstructure spots in electron diffraction
patterns for the two different (110) p directions in the plane
of the domain wall only occurs in symmetry Cc. Based on
the presence of these spots in two such patterns, they assigned
the symmetry of their Nag sBig sTiO3 to be Cc, although they
did not rule out the possibility of a mixed phase Cc + R3c
material.

The information in SAED patterns is limited in compar-
ison with other forms of electron diffraction which allow
the measurement of dynamical diffraction effects, such as
convergent beam electron diffraction (CBED) [24]. However,
CBED can be difficult to apply to materials which have
even a moderate lattice parameter, since the angle between
adjacent diffracted beams decreases in inverse proportion to
the lattice parameter, and the amount of information which
can be reliably extracted becomes smaller. Recently, we have
developed a new technique which uses computer control of a
transmission electron microscope to capture many individual
CBED patterns at different angles of incidence and recombine
them into a single dataset [22]. These digital large-angle CBED
(D-LACBED) patterns allow unambiguous measurements of
symmetry, such as the presence of mirror planes or a center
of symmetry, and are used here to study Naj sBig sTiOs. They
are interpreted using the well-established rules for standard
CBED patterns, first developed by Buxton et al. [24].

A first-principles CBED study to determine symmetry
would typically require tilting of the crystal in order to obtain

diffraction patterns at several low-index zone axes [25]. The
insight of Ma et al. was to use the geometry of twinning to
describe the relationship between different patterns, reducing
the need to examine exactly the same region of material at
several orientations, which would typically require TEM with
a high tilt (>=%30°) goniometer. Nevertheless, as they used
SAED spot patterns, they were unable to eliminate the need for
tilting completely and needed to access two different (110) p
directions, 90° apart, to give an unequivocal answer. This is
still not a trivial exercise to undertake, since a region can vary
significantly in appearance at different orientations, and—due
to spherical aberration in the electron microscope—the region
of material that actually produces a SAED pattern may be
displaced from its apparent location [26]. Here, we find that the
additional information that is present in D-LACBED patterns
allows us to determine symmetry from two well-defined
regions, each a few nanometers in size, on either side of a
domain wall and without any tilting of the crystal.

In our material, we found that {100} p domain walls were
extremely rare, preventing a similar approach to that of Ma
et al. [7]. However, {110} p¢ domain walls were common (and
often mobile under the electron beam). In order to distinguish
between R3c and Cc symmetries when {110} p¢c domain walls
are present, we consider Fig. 1 in more detail (see also Figs. S1
and S2 in the Supplemental Material [27]). We consider the
{110} pc domain walls to be twin planes, i.e. the crystal on
one side of the domain wall is a broken symmetry-related
orientational variant of the crystal on the other side, in this
case, areflection. There are obvious differences—for example,
the presence of three mirror (glide) planes in R3¢ and only one
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FIG. 4. (a) Transmission electron microscopy images from thin
(specimen thickness ¢ < 40 nm) Nag sBigsTiO; showing antiphase
domain walls (dark field, g = 113), (b) and (c) a wedge-shaped
domain, bounded by {110}pc domain walls, moving under the
influence of the electron beam and interacting with APBs to produce
a nanotwin (arrowed; bright field, g = 220).

mirror (glide) in Cc. Furthermore, because of the lower order
of the point group (m) of Cc, more twin-related variants exist
in this than in R3c.

In symmetry R3c, all (110)p. patterns with %2 ooo
superstructure spots lie on a mirror (glide) plane, while those
that have no superstructure spots do not. For any given (110) p
pattern, there are three twin-related patterns that can be found
by crossing three different {110} ¢ domain walls, and only one
of these three is of the same type (Fig. S1 [27]). In contrast,
for symmetry Cc, only one (110)p. direction lies in the
mirror-glide plane, marked by a circle in Fig. 1, and this pattern
has both a mirror and exhibits superstructure spots. However,
in this case, there are five twin-related patterns, and all of
them have superstructure spots but no mirror (Fig. S2 [27]).
It is possible to have twin-related (110)p. patterns that are
of different types in Cc (e.g. viewed along [—101]p¢ and
[011]pc¢) but neither of them exhibit a mirror. Thus, the ability
to distinguish between patterns (i) with and without mirror
symmetry, and (ii) with and without superstructure spots, gives
several ways to distinguish between R3c and Cc symmetries,
(which we assume here are the only two possibilities to
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consider). For example:

(1) if a (110) p pattern has superstructure spots and no
mirror, the symmetry must be Cc;

(2) if two twin-related (110) p patterns have both super-
structure spots and a mirror, the symmetry must be R3c;

(3) fora (110) p pattern with no superstructure spots, the
twin-related (110) p- pattern must have superstructure spots
for both R3c and Cc. If it has no mirror, the symmetry must
be Cc (by condition 1); if it has a mirror, the symmetry must
be R3c.

In our experiment, the crystal was grown using a flux growth
technique [1], and TEM specimens were prepared using
conventional methods, i.e. mechanical grinding and polishing
to a thickness of approximately 20 pm, followed by Ar™ ion
milling to electron transparency and were examined in JEOL
2000FX and 2100 electron microscopes operating at 200 kV.
Images were recorded using Gatan Orius digital cameras.
Figure 2 shows an experimental measurement of symmetry at
a (110) p- zone axis on either side of a {110} p- domain wall.
Care was taken to ensure that the regions chosen for analysis
were defect-free. Selected area electron diffraction patterns
(a) and (b) show that the twin-related (110) p patterns are of
opposite type. The central 13 D-LACBED patterns, taken from
the sites indicated on either side of the domain wall, are shown
in (c¢) and (d). Digital large-angle CBED was performed using
computer control of the JEOL 2100 TEM using a Gatan Digital
Micrograph script (see Ref. [22] for more details). Figures 2(b)
and 2(c) are composites of 1681 individual CBED patterns,
and each pane covers an angular range larger than that of the
SAED pattern. The lack of any mirror is readily apparent in
(c), as expected for both R3¢ and Cc structures. Furthermore,
the difference between +g patterns is very obvious (e.g. the
020p¢ pattern is not the same as the 0-20p¢ pattern). This
is consistent with the absence of a center of symmetry [24],
as expected for a ferroelectric polar material. Condition (3)
indicates that pattern (d) should have a mirror in the case of
R3c, and have no mirror in the case of Cc. Simple inspection
of the patterns reveals that a vertical mirror is indeed present in
(d), confirming the symmetry of our defect-free Nag sBig 5 TiO3
to be thombohedral R3c by condition (3) above.

Nevertheless, we find in general that dynamical simulations
of our D-LACBED patterns using the original R3¢ model of
Jones and Thomas [1] fail to reproduce the structure or
detail of the experimental patterns. This is in contrast with
simulations of well-known materials, where a very high
degree of correspondence between experiment and simulation
can be obtained [22]. As an example, we show the +g
pair of reflections from a [—321]pc zone axis in Fig. 3
(see also Fig. S3 [27]). Significant differences exist between
the experimental 242 and —2-4-2 patterns, consistent with
an acentric symmetry. Simulated patterns are also shown,
obtained using the R3c Jones and Thomas structure [1]
(Model 1), with a single Bi atom, and a modified R3c
symmetry using the structure obtained by reverse Monte Carlo
fit to neutron diffraction data of Keeble [12] (Model 2). In
this model, the Bi atoms occupy multiple positions, consistent
with monoclinic polarization on a unit cell level, while the
average structure remains consistent with an R3¢ symmetry.
(We have not considered the additional rotations of oxygen
octahedra that may be induced by these Bi displacements. In
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200 nm
|

FIG. 5. Transmission electron microscopy images showing defect structures in NagsBigsTiO3 (specimen thickness t ~ 60 nm) under
different two-beam diffraction conditions. (a) g = 00-4p¢ and (b) g = 220p¢ are taken close to the [1-10]p¢ zone axis. (c), g = 0-2-2p¢
and (d) g = 0-22p¢ are taken close to the [100]p¢ zone axis. DW = domain wall; APB = antiphase boundary; TP = tetragonal platelet [4];
NT = nanotwins. Note that the nanotwins are invisible for g vectors perpendicular to (110) p, consistent with rhombohedral twinning that is

described by a shear along (110) p¢.

the Levin and Reaney model [17], these are locally a~a~ ¢,
a~cta~, and cta~a~, but globally a~a~a~, which might
also be consistent with this work.) Model 1 only produces
small differences in the g pair—and is clearly quite different
from the experimental data. By contrast, Model 2 reproduces
all the main features and details of the experimental data.
This electron diffraction study therefore supports the concept
of an average R3c¢ symmetry, which nevertheless contains
local atomic displacements to satisfy the bonding valence

requirements of Bi.

B. Defect structures in Nay sBiysTiO3

This diffraction study was only possible because the
prepared TEM specimens of our single-crystal material contain
many square microns of thin material (specimen thickness
t < ~50 nm). In fact, we find that all mobile domain walls
are expelled from very thin areas, leaving only a network of
sessile antiphase boundaries (APBs) as shown in Fig. 4(a).
These meandering boundaries must form closed surfaces and
have some tendency to lie on or close to {100} p¢ and {110} p¢
planes. An inhomogeneous distribution of small {100}p¢
platelets also remains [invisible in Fig. 4(a)]. These latter
defects exhibit 6 fringes [28] under certain imaging conditions,
consistent with platelets of tetragonal @ ~a ™~ ¢ material [4]. We
note that this microstructure appears rather different from that
seen in polycrystalline ceramics [17,20].

Domain walls with {110} p¢ orientations are often found to
be mobile in thin, relatively defect-free material [e.g. Figs. 4(b)
and 4(c)]. These have wedge-shaped morphologies, typical of
ferroelectric domain structures [29]. Interactions between the

domain walls and the APBs can be seen to occur (see also
Fig. S4 and Video V1 in the Supplemental Material [27]). In
Fig. 4(b), progress of the wedge-shaped domain from right to
left is blocked by its interaction with an APB lying almost
perpendicular to the {110} p¢ domain walls, blunting the tip
of the domain. In Fig. 4(c), the domain has overcome this

FIG. 6. Transmission electron microscopy image of the defect
structures in NagsBipsTiOs in a thicker part of the specimen (r ~
500 nm, g = 220p¢). A very high density of nanotwins is present,
decorating every APB.
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TABLE I. Local symmetries at planar defects in an a”a~a~ perovskite [3].

Twin {llo}pc APB {MULU}pC

Twin +APB {110} p¢

Twin {001},  APB {001},  Twin +APB {001} ¢

Interface symmetry
Local symmetry*

aac
a a o

aaa

a o o

0 0,00 aOaC—

a o a

a a c* a®a’ct 0

a a a-

aac

o o a a a o

“For the local symmetry, o (Where o < a) is used to indicate octahedral tilts that are smaller than the bulk value.

obstacle and is attracted by an APB that lies almost parallel
to it. A plateletlike domain (a nanotwin, NT), only a few
nanometers thick, is formed on the APB (arrowed). In slightly
thicker regions of the TEM specimen (50 <t < 200 nm),
these are found more frequently (Fig. 5) and are presumably
formed by the passage of a domain wall through an APB at
some point in the past. Both {110} p¢ [Fig. 5(b)] and {100} p¢
[Fig. 5(d)] NTs can be observed. Note also in these images that
the tetragonal a~a~c¢* platelets (TPs) are visible under some
diffraction conditions. Bulk material (+ > 500 nm) contains a
very high density of NT defects (Fig. 6), where every APB is
continuously decorated with nanotwins.

III. DISCUSSION

These observations not only demonstrate the complexity
of NBT, but also allow several of the different experimental
observations to date to be brought together in a coherent and
consistent manner.

Access to clean, defect-free material is possible in the
electron microscope since regions only a few nanometers in
size are required for analysis. All of our data are consistent
with the notion that the average bulk symmetry of NBT is
rhombohedral, R3¢ even while individual unit cells may have
Bi displacements which are not along [111]p¢. Furthermore,
differences from the bulk structure are clearly visible, in the
form of tetragonal platelets and planar boundaries such as
APBs and domain walls.

" (

aaga

N

-.-— .
APB+Twin

aaa

The tetragonal platelets demonstrate the local disorder that
is to be expected in such a mixed A-site perovskite. The
dimensions of these regions are consistent with incommensu-
rate modulations observed using neutron diffraction [30] and
diffuse contrast seen in x-ray diffraction [31,32]. They may
also be responsible for the relaxor behavior of NBT [9,33].
Using density functional theory calculations, Groting et al. [9]
found that the different possible configurations of Na and Bi
on their sublattice may favor different cation displacements
and octahedral tilting on a unit cell level [9], constrained
to an average symmetry only by crystal continuity. Both
a~a"a” and a”ac* structures were found to be low-energy
configurations, and a~a~ ¢ regions were found to be stable
in sheets up to 3 unit cells thick. This is in good agreement
both with the dimensions of the TPs as seen in Figs. 4(b)
and 4(c) and the thickness of planar zones derived from diffuse
scattering data by Kreisel ef al. [32].

The interaction between domain walls and APBs is driven
by the differences in local octahedral tilt structure, which
must be present at planar defects [2,3]. If continuity of the
oxygen octahedra is maintained across a planar defect in a
tilted perovskite, the local octahedral tilt system around the
planar defect must differ from the bulk. The local octahedral tilt
systems are summarized in Table I for an a“a~a~ perovskite.
The rigidity of the octahedral network may be expected to
generate a gradual transition from the local structure to the
bulk, and we find that these transitional regions will have
a local symmetry with general form a~a~ ¢, illustrated in
Fig. 7 for {110} pc domain walls. Table I shows that this is

0~0~0

APB aaa

ogoo o<a
APB+Twin ——— a%°c

ogoad o<a

Twin aac’

aago o<a

FIG. 7. (Color online) Schematic showing local octahedral tilting around {110} p domain walls which interact with APBs. Material in the

vicinity of the domain walls has a~a~ ¢~ tilting of variable magnitudes.
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also the case for {100} p¢ domain walls, i.e. twinning not only
is expected to give adaptive peaks in x-ray diffraction that
correspond to a symmetry Cc, which occur even if the material
is actually rhombohedral, but also the structural continuity of
the oxygen octahedra constrains material adjacent to the twin
boundary to actually adopt symmetry Cc as well. This may
explain the result of Ma et al. [7].

Since the local structures of the different types of domain
wall are different, it is inevitable that they will have a
different energy per unit area y. Since antiphase tilts cannot
be maintained across an APB, the octahedral tilting must
pass through zero (a’a’a®) at the boundary and y(app) might
be expected to be relatively large (confirmed by the density
functional calculations of Groting et al. [9]). Certainly, y(apg)
may be expected to be large in comparison with a {110} p¢
twin, which is coincident with an APB, where at least one of
the tilt systems can be maintained without interruption across
the boundary, and the local structure is (a’a’c™). Neglecting
strain energies which arise from domain geometries, if

ey

the reaction seen in Fig. 3(d) will be energetically favorable,
and the production of nanotwins as observed in bulk material
(Fig. 5) is likely to occur. Furthermore, interactions between
domain walls and the a~a~c™ TPs are also likely since the
different tilt systems will have a significant impact on their
energy. This model is also consistent with observations of
material subject to repeated cycling of electric fields, which
drives domain wall motion and thus may be expected to
generate more and more nanotwins decorating APBs and TPs,
leading to pinning, deactivation of mobile domain walls, and
fatigue [34].

The observation that unpoled material contains a high
density of defects with locally different symmetries provides
a consistent explanation for the experimental observations
described here using TEM and also give a framework to
interpret results obtained by x-ray diffraction [5,6,8]. In par-
ticular, it is to be expected that sufficiently high-poling fields
will convert material from multiple domains (and therefore
variably polarized) into a single domain, i.e. will remove the

V(APB) > ¥(Twin) T Y(Twin+APB),
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high density of nanotwins observed in unpoled bulk material.
Large-scale diffraction measurements, which give an average
measurement of the symmetry, should see a corresponding
change from monoclinic a~a~ ¢~ to rhombohedral a"a~"a~,
as observed by Rao et al. [5,6,8].

IV. SUMMARY AND CONCLUSIONS

‘We have used D-LACBED, a novel transmission electron
diffraction technique, to demonstrate that defect-free NBT
has an average R3c symmetry on length scales of a few
nanometers. Utilizing the twinning relationship between re-
gions on different sides of a domain wall, we have obtained
an unequivocal answer from a pair of measurements, made
with no tilting of the specimen. Simulations of 242-type
D-LACBED patterns are consistent with a disordered structure
that allows sufficiently short (~2.2 A) Bi-O bonding, as
observed in earlier local structure measurements [11,12,32].
Conventional TEM analysis of defect types in bulk NBT
reveals a complex structure of antiphase boundaries (APBs),
tetragonal platelets (TPs), and domain walls. We find that
the high energy of APBs, due to their incompatibility with
antiphase tilting of the oxygen octahedra, attracts domain walls
to lie in coincidence with them, resulting in the formation of
very high densities of nanotwins, a few unit cells wide, in
bulk material. We note that material in the vicinity of these
defects will generally adopt a variable a~a~ ¢~ structure as a
transition between the local symmetry at the defect and the
bulk, and speculate that their elimination by the application of
a high electric field may be the cause of the irreversible change
in symmetry seen in recent x-ray studies [5,8].
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