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INTRODUCTION

Sodium bismuth titanate, Na1/2Bi1/2TiO3 (NBT), is known 
to be a typical relaxor perovskite and has been extensively 
investigated for its potential applications to actuators, sensors, 
and transducers (Siny et al., 1991; Tu et al., 1994; Jones & 
Thomas, 2000; Kreisel et al., 2000; Xu & Ching, 2000; Kreisel 
et al., 2001; Petzelt et al., 2004; Dorcet & Troillard, 2008). NBT 
exhibits the peculiar ferroelectric property as a function of 
temperature: the ferroelectric below 200oC, antiferroelectric 
up to 320oC, and paraelectirc above 320oC. On the contrary 
to the phase transition, in terms of crystallography, four kinds 
of phases related with three phase transition arise during 
the temperature sequence: rhomoboheral below 200oC, 
tetragonal & rhombohedral up to 320oC, tetragonal up to 
520oC, and cubic above 520oC. More interestingly, the broad 
frequency dependent permittivity vs. temperature in NBT 
strongly arise the possibility of its relaxor ferroelectricity 
even though the large coercive electric field and remnant 
polarization in NBT imply the strong ferroelectricity at room 

temperature. The relaxor behavior in complex perovskite 
oxides has been mostly studied in lead-based perovskites such 
as Pb(Mg1/3Nb2/3)O3, Pb(Sc1/2Ta1/2)O3 and Pb1-xLax(ZryTi1-y)
O3 (Smolenskii et al., 1961a; Chu et al., 1993; Dai et al., 1994; 
Krunmins et al., 1994); relaxor property is explained to be 
attributed to nano polar cluster with a cationic ordering, 
which is embedded in the nonpolar matrix with a cationic 
disordering. In addition, homovalent solid solutions, such 
as Ba(Ti1-xZrx)O3 and Ba(Ti1-xSnx)O3, also exhibit a relaxor 
characteristic with compositional disorder (Sciau et al., 2000; 
Simon et al., 2004; Yasuda et al., 1996). However, in case of 
NBT, the origin of relaxor ferroelectricity is still controversial; 
the relaxor ferroelectricity is said to be induced by the polar 
nanoregions (PNRs) just like in the lead-based perovskites 
(Tai & Lereah, 2009; Yao et al., 2012), while third-party phase, 
such as a modulated orthorhombic phase mediating between 
rhombohedral and tetragonal, is reported to plays a crucial 
role in the relaxor property (Dorcet et al., 2008a, 2008b; Levin 
& Reaney, 2012). 
To unveil the mysterious ferroelectricity in NBT, it is 
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indispensable to firstly verify the existence of a superlattice, 
where chemical ordering of A-site species (Na and Bi) occurs, 
since the cationic ordering at room temperature more likely 
gives rise to the ferroelectricity rather than relaxor property. 
With regard to the ordered NBT structure, the criss-cross 
superlattice (Fig. 1A) has been found to be energetically stable 
by using first principle calculations (Burton & Cockayne, 
2001); however, in general, the NaCl-type ordering of Na 
and Bi cations (Fig. 1B) seems more reasonable because it is 
the stable crystal structure for equal numbers of positively 
charged ions and negatively charged ions on a simple cubic 
structure. Once the superlattice is formed by compositional 
ordering of Na and Bi, the criss-cross or NaCl-type ordering 
structure is assumed to create a noticeable superlattice 
peak in the diffraction pattern. From this viewpoint, the 
compositional ordering/disordering of NBT has also been 
studied using statistical analysis tools such as X-ray diffraction 
(XRD), neutron diffraction, and Raman spectra (Vakhrushev 
et al., 1985; Siny et al., 1991; Park et al., 1994; Chiang et al., 
1998; Jones & Thomas, 2002). Park et al. (1994) have observed 
weak superlattice single crystal XRD refl ections and attributed 
them to the compositional ordering of Na and Bi cations. In 
contrast, Vakhrushev et al. (1985) observed three structural 
octahedral tilting behaviors that might be induced by 
compositional disordering. In addition, a neutron diffraction 
study on NBT has revealed that it possesses no long range Na-
Bi cationic ordering (Jones & Thomas, 2002). Although the 
compositional ordering of complicated-structured perovskites 
is feasibly affected by sintering conditions (Bokov et al., 1999) 
and thus it could be why the cationic ordering/disordering of 
NBT is still controversial, it is imperative to identify the crystal 
structure of the prepared NBT under the respective sintering 
conditions before addressing the piezoelectric properties. 
Recent progress in the correction of aberrations in electron 
microscopy facilitates the visualization of atomic structures 
even on the sub-angstrom level, and furthermore the 
intensifi ed electron beam enables the observation of sensitive 

variations in atomic column images as well as chemical 
information by energy dispersive spectroscopy and electron 
energy loss spectroscopy (EELS) (Haider et al., 1998; Batson 
et al., 2002; Nellist et al., 2004; Lupini & Pennycook, 2007; 
Chung et al., 2008; Jia et al., 2008; Choi et al., 2009; Chung et 
al., 2009; Hovden et al., 2010). Therefore, in this study, moving 
beyond statistical methods, we attempt to visualize the 
atomic structure of NBT via aberration-corrected scanning 
transmission electron microscopy (STEM) to determine its 
availability of cationic ordering and to identify the origin of 
relaxor ferroelectricity in NBT. 

MATERIALS AND METHODS

NBT Sample Preparation
The NBT sample was prepared from commercial powders of 
Na2CO3 (Acros Organics, Fair Lawn, NJ, USA), Bi2O3 (Kojundo 
Chemical Lab Co., Saitama, Japan), and TiO2 (Sigma-Aldrich, 
St. Louis, MO, USA). The batched powders were ball-milled 
for 24 h in ethanol using a polypropylene bottle and 5 mm-
sized ZrO2 balls. After drying the slurry after the milling 
process, the mixture powder was fi red at ~800oC to synthesize 
the starting NBT powder. Powder compacts of 14 mm 
diameter and ~4 mm thickness were cold-isostatically pressed 
at 200 MPa and then sintered at 1,120oC for 4 h on a platinum 
plate in an alumina crucible in air. The heating and cooling 
rates were fi xed to 4oC/min. 

STEM Observation and Image Simulation
The thin foils were prepared using a conventional route 
including mechanical thinning to ~20 µm and ion beam 
milling to electron transparency at an acceleration voltage of 
2~4 kV using an Ar ion beam. Z-contrast high-angle annular 
dark-field (HAADF) images were recorded with a scanning 
transmission electron microscope (JEM-2100F, JEOL, Tokyo, 
Japan) at 200 kV with a spherical aberration corrector (CEOS 
GmbH, Heidelberg, Germany), where an electron probe 

Fig. 1. (A) NaCl-type and (B) criss-cross 
superlattice structures of Na1/2Bi1/2TiO3, 
where the green, purple, gray, and red 
spheres represent sodium, bismuth, 
titanium, and oxygen atoms, respectively.
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size of ~1.0 Å is available. In the HAADF imaging, a probe 
convergence angle of about 22 mrad and a HAADF detector 
with an inner angle greater than ~80 mrad were used for 
clear atomic number (Z)-sensitive images. The contrast of the 
HAADF-STEM image clearly refl ects the A-site compositional 
information: the intensity in the HAADF-STEM image 
depends on the atomic number and therefore the Bi 
(ZBi=83) atomic column results in brighter contrast than Na 
(ZNa=11). The obtained raw images were fi ltered to eliminate 
background noise using 2-dimensional difference filters 
(HREM Filters Pro; HREM Research Inc., Higashimastuyama, 
Japan). HAADF STEM image simulations based on the 
multislice method were performed using WinHREM (HREM 
Research Inc.). 

EELS Calculation (O-K Edge)
To predict the O-K edge structure of EELS, calculation 
was performed by using a commercial program (CASTEP; 
Accelrys Inc., San Diego, CA, USA). A 2×2×3 supercell was 
constructed based on the previously reported crystal structure 
(Jones & Thomas, 2002) and then an electronic hole, namely, 
a core-hole, was generated at the core-orbital following the 
one-particle calculation method (Mizoguchi et al., 2010). The 
electron exchange-correlation potential was described by the 
generalized gradient approximation in the form of Perdew, 
Burke and Ernzerhof. Brillouin-zone sampling using a 5×5×6 
Monkhorst-Pack mesh was performed for the NBT supercell. 
It was confi rmed that these conditions ensured a good total 
energy convergence of 2×10-6 eV/atom. 

RESULTS AND DISCUSSION

In general, a NaCl-type superlattice structure seems to be 

more reasonable (Siny et al., 1991; Park et al., 1994), since 
NaCl is the ground state structure for equal numbers of 
positively charged Na+ and negatively charged Cl- on a simple 
cubic structure; thus Bi3+ and Na1+ might be able to effectively 
array like NaCl, giving rise to an average A-site charge of +2. 
Along with NaCl-typed superlattice, the criss-cross structure, 
where Na1+ and Bi3+ cations are arranged perpendicular 
to [001], was found to be energetically stable by using the 
first principles calculation on the assumption that NBT has 
long range cationic ordering (Burton & Cockayne, 2001). 
Under the assumption that NBT has a superlattice with 
A-site cationic ordering, a HAADF-STEM image simulation 
along the [001] projection was performed. Since A-sites are 
identically occupied by both Na and Bi atoms in a NaCl-type 
superlattice (inset ‘A’ in Fig. 2A), the simulated STEM image 
exhibits only two kinds of atomic contrasts, Na-Bi column 
and Ti-O column; thus, it resembles a simple perovskite 
structure such as BaTiO3 and SrTiO3. In the case of the criss-
cross superlattice, the simulated STEM image (inset ‘B’ in Fig. 
2A) along the [001] projection shows somewhat complicated 
contrasts; there are four kinds of atomic contrasts: Bi column, 
Na column, Na-Bi column, and Ti-O column. Although the 
crisscross superlattice shows a complicated STEM image, the 
important feature is that those four atomic contrasts were 
periodically arrayed and thus the cationic ordering can be 
easily determined. 
Fig. 2A is an HAADF-STEM image of NBT and the inset ‘C’ 
is an enlarged image, which appears to exhibit two kinds of 
contrasts, as described for the NaCl-type superlattice, and 
therefore this experimental HAADF-STEM image seems 
to be consistent with the simulated image of the NaCl-type 
superlattice. This might imply that NBT holds a NaCl-type 
superlattice, as previously noted in other studies. However, 

Fig. 2. (A) HAADF-STEM image experimentally obtained from NBT along the [001] projection and the inset image ‘c’ is a magnified HAADF-STEM 
image from image. Inset images ‘a’ and ‘c’ are simulated HAADF STEM images along the [001] projection from NaCl-type and criss-cross superlattices, 
respectively. The green, purple, gray, and orange spheres in the insets ‘a’ and ‘b’ represent Na, Bi, Ti-O, and Na-Bi atomic columns, respectively. (B) 
HAADF-STEM image from a thin area showing cationic disordering. (C) Intensity profi les along the [110] direction from the linear region indicated by the 
yellow rectangle in image (B). HAADF, high-angle annular dark-fi eld; STEM, scanning transmission electron microscopy; NBT, Na1/2Bi1/2TiO3. 
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the recorded HAADF-STEM image from the thin area (Fig. 
2B), the thickness of which was measured to be ~12 nm by 
using the intensity ratio between the first plasmon-loss and 
the zero-loss peaks in the electron energy loss spectra, vividly 
demonstrates that there is no cationic ordering structure. 
Since the HAADF-STEM image, so-called the Z-contrast 
image, refl ects the chemical information due to its sensitivity 
to the atomic number (Z), the Bi atom (ZBi=83) causes much 
stronger contrast than the Na atom (ZNa=11); therefore, Bi-
excess A-site (A1) in Fig. 2B looks much brighter than Na-
excess one (A2). Fig. 2C shows the profi led contrast along the 
[110] direction from the linear area indicated by the yellow 
rectangle in Fig. 2B. In this profi le, all A-sites are indicated by 
arrows and the weak peaks between the A-site peaks represent 
the Ti-O atomic columns. A-sites randomly are composed of 
Na-excess (green arrows) and Bi-excess (purple arrows) sites. 
The ground state of the complex perovskite, A′1/2A″1/2BO3, 
must hold a chemically ordered structure because the 
electrostatic and elastic energies of the superlattice can be 
minimized in the ordered structure owing to the difference in 
the charge and the size between A′ and A″ cations. However, 
thermal activation can destroy the ordering structure and the 
occurred cationic disordering cannot be changed even by an 
additional annealing process, as in a PbMg1/3Nb2/3O3 system 
(Smolenskii et al., 1961b). 
Even though it is well known that the rhombohedral phase is 
stable at room temperature, NBT exhibits both rhombohedral 
and tetragonal phases. The diversity of NBT phase reflects 
the difference in the oxygen octahedral tilting, which gives 
rise to the superlattice reflection in the electron diffraction 
pattern: 1/2(ooo) spots (o represents an odd value of the 
Millers indices) is typical of the rhombohedral supercell with 
the a-a-a- anti-phase octahedral tilting and 1/2(ooe) spots 
(e represents an even value of the Millers indices) indicates 
the tetragonal supercell with the a0a0c+ in-phase octahedral 
tilting. 1/2(310) spot in the electron diffraction pattern from 

[001] projection (Fig. 3A) and 1/2(111) spot from [011] 
projection clearly shows that NBT sample in this study has 
both rhombohedral and tetragonal phases. Tetragonal phase 
exhibits a nonpolar structure, where the cationic disordering 
is expected, while rhombohedral phase is associated with a 
polar structure having the cationic ordering. 1/2(ooo) spots 
are also related with the cationic ordered tetragonal phase 
and thus those superlattice spots are observed even at 620oC 
(Dorcet et al., 2008a, 2008b). Thus, the observed 1/2(ooo) 
spots at high temperature can be explained by the Na/Bi 
ordered superlattice structure (like a rock salt structure) 
rather than the survival of rhombohedral phase. On the 
contrary, we could not trace any 1/2(oee) spots in the electron 
diffraction from [001] projection, which is originated from 
the orthorhombic phase with the a-c+a- anti-phase octahedral 
tilting, although this orthorhombic phase was reported to 
play the role of PNRs together with rhombohedral phase at 
room temperature (Levin & Reaney, 2012). Therefore, in our 
study, NBT is the typical relaxor ferroelectric materials of 
the PNRs of rhombohedral phase surrounded by nonpolar 
tetragonal phase; and thus the typical behavior of hard P-E 
curve with a high coercive fi eld and remnant polarization in 
NBT is thought to be related with nonergodic state (frozen 
PNRs) (Tagantsev & Galzounov, 1998; Bao et al., 2002).
Although the polar rhombohedral phase with a cationic 
ordering is expected to exist in NBT, we could not fi nd them 
due to its small dimensionality. If the size of PNRs is several 
nanometer scale, it is challenging to observe the locally formed 
PNRs since the thinnest area in our study was measured 
to be about 12 nm. Therefore, the local atomic structure in 
the current work is mainly related with nonpolar tetragonal 
phase. As the A-site cationic disordering is visualized in Fig. 
2B, this cationic disordering is thought to affect the local 
atomic structure or octahedral tilting. In order to visually 
examine the actual effect of the compositional disordering, an 
annular bright fi eld (ABF)-STEM image was simultaneously 

Fig. 3. Selected area electron diffraction 
patterns recorded along (A) <100> and (B) 
<110> zone axes. 1/2(ooe) and 1/2(ooo) 
reflections appear in <100> and <110> 
zone axes, respectively. 
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recorded from the same area together with a HAADF-STEM 
image, as shown in Fig. 4. Since ABF imaging is capable of 
visualizing light atoms such as Na and O in NBT (Okunishi 
et al., 2009; Findlay et al., 2010; Ishikawa et al., 2010; Choi 
et al., 2012), we can directly observe all component atoms 
in NBT and determine the exact atomic positions. Fig. 4A 
and D are the HAADF-STEM images from [001] and [110] 
projections, respectively. The red rectangle in (a) and the 
green rectangle in (d) represent the Bi-excess areas, whilst the 
blue rectangle in (a) and orange one in (d) indicate the Na-
excess areas. Enlarged ABF images of the area indicated by the 
red, blue, green, and orange rectangles are shown in Fig. 4B, C, 
E, and F, respectively. ABF images along the [001] projection 

of Fig. 4B and c show no significant atomic displacement, 
which implies that the recorded Bi-excess and Na-excess 
atomic structures are associated with the nonpolar tetragonal 
phases. Careful observation of Fig. 4B and C reveals that the 
oxygen atoms align along [110] in a zig-zag shape, and thus 
oxygen octahedral tilting vividly appears. The ABF images 
along the [110] projection also show no evident differences 
in the octahedral tilting between Bi- and Na-excess tetragonal 
phases. Even though there is no apparent difference in the 
atomic array between Na- and Bi-excess areas, there should be 
a clear disparity between them based on a consideration of the 
local charge balance induced by compositional disordering. 
Bi- and Na-excess areas create positive and negative charges, 

Fig. 4. (A) and (D) are HAADF-STEM images from NBT along [001] and [110] projections, respectively. (B) and (C) are magnifi ed ABF-STEM images from 
the region indicated by the red and blue rectangles in image (A), respectively. (E) and (F) are magnifi ed ABF-STEM images from the region indicated by 
green and orange rectangles in image (D). Th e unit cell structure along the [001] or [110] projections was superimposed into each ABF image, where the 
orange, gray, and red spheres indicate A-site (Na & Bi), Ti, and O atomic columns, respectively. HAADF, high-angle annular dark-fi eld; STEM, scanning 
transmission electron microscopy; NBT, Na1/2Bi1/2TiO3; ABF, annular bright fi eld. 
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because the average charge of the A-site is supposed to be +2. 
Therefore, there is expected to be a lower-dimensional defects 
cluster in each region, which does not critically affect the 

atomic displacement.
To this end, we performed EELS measurements in STEM 
mode using ~1 Å probe size and obtained O-K edge and 

Fig. 5. (A) and (B) are the experimentally obtained O-K and Ti-L edges from a Bi-excess area. (C) and (D) are the experimentally obtained O-K and Ti-L 
edges from a Na-excess area. (E) shows the calculated O-K edge structures from Bi-excess models: pure Bi-excess, Bi-excess with a A-site vacancy, and 
Bi-excess with a titanium vacancy. (F) shows the calculated O-K edge structures from Na-excess models: Na-excess NBT, Na-excess NBT with an oxygen 
vacancy, and Na-excess NBT with a titanium vacancy. NBT, Na1/2Bi1/2TiO3.
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Ti-L edge structures from Na- and Bi-excess areas, since 
the EELS structure is sensitive to the formation of point 
defects. Fig. 5A and 5C are O-K edges recorded from Bi- 
and Na-excess areas, respectively. The first peak at ~534 eV 
indicated by the red arrow is the peak that should be noted, 
since the EELS calculation results revealed that this peak is 
mainly affected by compositional disordering and defect 
formation, as shown in Fig. 5E and F. To predict the O-K 
edge structure of EELS, a 2×2×3 supercell structure was 
constructed and Bi (Na)-excess structure was assumed to 
have A-sites of 70% Bi (Na) and 30% Na (Bi). The simulated 
O-K edge from the Bi-excess structure without introducing 
any atomic defects is shown in Fig. 5E, which is found to be 
inconsistent with the experimental O-K edge from the Bi-
excess area. This indicates a signifi cant occurrence of atomic 
defects. As aforementioned, the Bi-excess structure is capable 
of creating positive charges and subsequently negatively 
charged cationic vacancies are expected to generate to build 
up a local charge balance. Therefore, a Bi-excess structure for 

calculation was constructed with an A-site vacancy and then 
an O-K edge structure was calculated as shown in Fig. 5E. 
Interestingly, the first peak is largely decreased by an A-site 
vacancy and thus the calculated O-K edge become consistent 
with the experimental O-K edge of Fig. 5A. This means that 
the Bi-excess areas by compositional disordering create and 
accumulate A-site vacancies. 
As for the Na-excess area, the O-K edge of Fig. 5C is quite 
similar to that from the Bi-excess area (Fig. 5A), where the 
fi rst peak is also signifi cantly diminished. The Na-excess area 
is negatively charged and thus is expected to be compensated 
by the positively charged oxygen vacancies. However, the 
calculated O-K edges from the Na-excess structure exhibit 
no distinguishable differences regardless of incorporation of 
oxygen vacancies, as shown in Fig. 5F, and both calculated 
O-K edges are similar to the experimental O-K edge from the 
Na-excess area; therefore, the O-K edge is no longer useful to 
characterize the formation of an oxygen vacancy in the Na-
excess area. Fortunately, however, the Ti-L edge is known to be 

Fig. 6. The enlarged ABF-STEM images from (A) [001] and [110] projections. The inserted red spheres in (A) and (B) indicate the location of oxygen 
columns. Th e schematic structures of (C) a0a0c+ and (D) a–a–a– octahedral tilting appear with respect to [001] projection. (D) Th e schematic structure of a–

a0a0 octahedral tilting is shown via [110] projection. Th e green, gray, and red spheres indicate A-site (Na & Bi), Ti, and O atomic columns, respectively. ABF, 
annular bright fi eld; STEM, scanning transmission electron microscopy.
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very applicable to determine the existence of oxygen vacancies 
in perovskite ceramics (Klie & Browning, 2000; Muller et al., 
2004; Mizoguchi et al., 2010), since the disappearance of its t2g 
can be clearly observed by the formation of oxygen vacancies, 
which is related with the transition of the Ti-valence state 
from +4 to +3. The appearance of t2g in the Ti-L spectrum 
is due to the strong covalence state between the d-shell of Ti 
and the p-shell of O; thus the decrease in the intensity of t2g 
directly indicates a weaker covalence state between titanium 
and oxygen, thereby implying a decrease in the valence state 
of titanium. Therefore, the experimental Ti-L edge of Fig. 5D 
clearly demonstrates that the Na-excess area is compensated 
by the oxygen vacancies. The calculated O-K edges in the case 
of incorporation of a titanium vacancy (Fig. 5E and F) show 
that the first peaks appear to become stronger in both Bi- 
and Na-excess structures, and therefore a titanium vacancy 
formation should be outside of consideration. Therefore, 
the determined O/Ti ratios deduced by O-K and Ti-L edges 
obtained from Bi- and Na-excess areas provide quantitative 
information on the amount of oxygen vacancies. Under the 
assumption that there is neither a titanium vacancy nor an 
oxygen vacancy in the Bi-excess area, the measured O/Ti 
ratio, 1.85, can be stoichiometrically normalized to 2. The 
normalized O/Ti ratio from the Na-excess area is thus found 
to be 1.53 and therefore ~23.5% of oxygen atoms are expected 
to evacuate to compensate the charge imbalance induced by 
the compositional disordering. 
Finally, it deserves mentioning the ambiguity in the octahedral 
tilting. First, despite the chemical inhomogeneity and local 
atomic defects, the long-range octahedral tilting is maintained 
as shown in Figs. 4 and 6. Second, the octahedral tilting 
structure is not consistent with proposed models. Fig. 6C and 
D show the a0a0c+ octahedral tilting in nonpolar tetragonal 
structure and a-a-a- octahedral tilting in polar rhombohedral 
structure, respectively. Since the atomic structure is thought to 
be related with the nonpolar tetragonal phase, the octahedral 
tilting of Fig. 6A is supposedly comparable to a0a0c+ tilting. 
However, the recorded ABF image of Fig. 6A seems to be 
consistent with neither a0a0c+ (Fig. 6C) nor a-a-a- octahedral 
tilting (Fig. 6D). In the case of [110] projection (Fig. 6B), the 

oxygen position is aligned in a zig-zag way but this alignment 
cannot be explained by a0a0c+ or a-a-a- octahedral tilting, 
either. Instead, this zig-zag alignment is deduced from a-a0a0 
or a-a-a0 octahedral tilting, as shown in Fig. 6E. Observed 
octahedral tilting in our ABF STEM experiments is not 
feasibly understood by the previously proposed models. The 
ambiguous octahedral tilting in this study might be related 
with the third party candidate for octahedral tilting and 
therefore the careful analysis using neutron diffraction or 
Raman spectroscopy should be carried out in parallel. The 
other plausible possibility is that the positively charged oxygen 
vacancies and negatively charged A-site cationic vacancies 
are distributed in an ordered way to compensate the charge 
imbalance and it gives rise to the unexpected octahedral 
tilting, because the analyzed NBT is the as-sintered sample 
without any poling process. To avoid the problematic issue, it 
is necessary to analyze the atomic structure of the electrically 
poled NBT sample, which stabilizes the atomic displacement 
as well as the octahedral tilting via the redistribution of the 
charged vacancies. 

CONCLUSIONS

By using the aberration-corrected STEM technique, we could 
visually confirm that NBT has no superlattice structure 
but compositional disordering inhomogeneously occurs. 
Na- and Bi-excess areas are inhomogeneously distributed 
through all samples but this A-site cationic disordering does 
not significantly affect either the atomic structure or the 
octahedral tilting. However, the charge imbalance caused 
by the cationic disordering is compensated by the vacancy 
formation: Na- and Bi-excess areas hold oxygen vacancies 
and A-site vacancies, respectively. Even though coexistence 
of the polar and nonpolar phases is examined via electron 
diffraction analysis, the PNRs could not be observed via 
atomic scale STEM analysis. Though ABF STEM analysis, 
the octahedral tilting is directly visualized but none of the 
proposed models in terms of octahedral tilting in NBT is 
comparable to the experimentally observed octahedral tilting.
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