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Abstract

Hierarchical domain structures associated with.oxygen octahedra tilting patterns were observed in
lead-free (Bii2Nai2)TiO3 ceramics using aberration-corrected high-resolution transmission
electron microscopy (HRTEM). Fhree types of domains are induced by distinct mechanisms: the
“orientation-domain”. is indueed at micrometer scale formed by different tilting orientations of the
oxygen octahedra, the ‘“‘meso-chemical-domain” occurs at a few tens of nanometer scale by
chemical composition variation on the A-site in the ABOs perovskite structure, and the “nano-
cluster-region” runis acrossiseveral unit-cells with apparent A-site cation segregation with oxygen
vacancigs clustering around Na cations. Based on HRTEM amplitude contrast imaging (ACI), the
correlation between the oxygen octahedral tilting pattern and compositional non-stoichiometry
was established. The role of the hierarchical domain structure associated with the tilting patterns

of the oxygen octahedra on the ferroelectric behavior of (Bii2Nai2)TiOs is also discussed.
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1. Introduction

(Bi12Nai2)TiO3 (BNT) based lead-free compounds are promising materials to replace the lead-
containing Pb(ZrixTix)O3 in piezoelectric technologies in the future.[1] Although previous
research has largely focused on BNT solid solutions with BaTiOs, SrTiO3s, afd (Bi12K12)TiO3 due
to their outstanding electromechanical properties,[2—4] the detailed /study on, the BNT-based
compound is of fundamental interest as it is an ideal model perovyskite crystal with rich physics
and chemistry involving cation displacement, oxygen octahedra tilting and'A-site cation disorder.

The crystallographic and compositional complexity in BNT engenders the elucidation of its
microstructure, even at room temperature, rather difficult. Joneset.al. determined the space group
at room temperature to be R3c which features the/oxygen octahedral tilting about the three-fold
axis (Glazer notation: a’a’a’).[5] Gorfman efal. assigned a monoclinic (Cc) space group with the
a’a’c tilting pattern to the room temperature structureé:based on their high resolution single crystal
x-ray diffraction results,[6] which wasylater supported by a systematic electron diffraction
investigation conducted by Ma efal.[ 7] However, either R3c or Cc was then realized to be merely
the average symmetry and the long-range crystal structure is found to be perturbed by various local
deviations. First, an anti-phase l;undary (APB) forms when two regions with the same tilting
pattern but nucleated out of phase'meet in the middle.[8,9] Second, the ferroelectric domain wall
is the most common symmetry-breaking defect in ferroelectric crystals. Adjacent to a {110}, wall
between two R3édomains, two oxygen octahedron layers on each side exhibit an a’a’c” tilting
pattern, which can be regarded as an orthorhombic Pnma phase accommodating the local strain
field.[10,11] Third, a little residual of the high temperature phase (tetragonal P4bm) persists at
room temperature in the form of (001). textured platelets, giving rise to the diffuse Y2{ooe} type

superlattice spots that are elongated along <100>. direction in the electron diffraction pattern.[9,12]

Page 2 of 21



Page 3 of 21

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NANO-133074.R2

Domain structures in lead-free perovskite at an atomic scale has been extensively studied
before as reported in references.[13—18] It should be noted that none of the aforementioned types
of local deviation from the average symmetry has been found composition-related, such as A-site
non-stoichiometry or A-site cation ordering.[19,20] Indeed, such correlation is.uneasy to establish
because those structures with extremely short coherent length can by no means be examined using
conventional diffraction methods. In this paper, we employed the aberration-corrected high-
resolution transmission electron microscopy (HRTEM) to identify erientation-associated domain
in BNT ceramics. Moreover, the amplitude contrast imaging (ACI) mode in HRTEM enabled us
to establish a clear correlation between the A-site non-stoichiometry and oxygen octahedra tilting

patterns within the orientation-domains. IS

2. Experimental

Polycrystalline ceramic of (Bi12Nai2)TiO3 was fabricated via the solid state reaction method.

Powders of Na;CO3 (=99.9 wt.%), B1203.(=99.9 wt.%), and TiO2 (=99.99 wt.%) were used as

starting raw materials. The powdersswere mixed in ethanol according to stoichiometry and milled
for 7 hours on a vibratory mill. A&er drying, the mixture was calcined twice at 850 °C for 3 hours,
and then sintered at 1175 °C for 3 hours.

For the TEM specimen,preparation, as-sintered ceramic pellets were mechanically ground and
polished down to,120 pum thickness, and then ultrasonically cut into disks with a diameter of 3 mm.
After mechanical dimpling and polishing, the disks were annealed at 250 °C for 2 hours and Ar-

ion milled to thepoint of electron transparency. TEM observations were carried out using the
Argonne Chromatic Aberration-corrected TEM (ACAT) operated at 200 kV. The ACAT

microscopeis equipped with an image corrector to correct both spherical and chromatic aberrations,
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enabling information limit better than 0.08 nm at 200 kV. Detailed experimental setup ecan be

found in Figure S1 in Supplementary Information and in our previous report.[21]

3. Results
3.1 Orientation-domains

The BNT ceramic is observed to have a typical grain size about 1 um, as shown'in Fig. 1a. The
grain was tilted along the <I110>c zone-axis, which allows studying the correlation between oxygen
octahedra tilting pattern and A-site composition since the titaniufh.column and the oxygen column
are clearly separated when viewed along this direction.[22]The selected-area electron diffraction
(SAED) pattern from the entire grain is shown in Fig. 1b. In this diffraction pattern, there is one
set of extra diffraction spots compared with the £1T0>c S/}ED pattern of a cubic perovskite
structure (similar to the diffraction pattern in Fig. 1c). Using one of these extra diffraction spots,
for example, the 4[111] spot circled in Fig. 1b, a dark-field (DF) TEM image of the grain can be
obtained (Fig. 1a). Several distinct domains aréiebserved in this grain. The SAED pattern from a
bright domain (highlighted with a _green circle) is similar to Fig. 1b, but with slightly stronger
intensity of 2{111} spots. A cotresponding SAED pattern from the dark domain (highlighted with
a red circle) exhibits the <] 10>c?attern without any extra /2{111} spots (Fig. 1c). Figure 1d and
le show typical aberration-correctéed HRTEM images taken from the two domains, respectively.
The bright domain/displays an alternatively up and down oxygen displacement pattern in TiO2
planes marked with agreen box (Fig. 1d); we termed this pattern “corrugated”. On the other hand,
the dark domain'shows elongated oxygen columns perpendicular to TiO> planes marked by red
ovals (Hig. le); we termed this pattern “split”.

Given the fact that the 2{111} spots in the SAED pattern are essentially the Y2{0o00} type
superlattiee diffraction originated from the oxygen octahedra tilting about the three-fold axis,[23]

the different features observed from the two domains can be interpreted as the same tilting pattern
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observed along two orthogonal directions, as illustrated in Fig. 1f. Assuming the oxygen‘octahedra
are tilted about the [111], direction, the projected image viewed along the [110], direction
(indicated by the green arrow in Fig. 1f) will produce a corrugated pattern (Fig..lg). A projected
image viewed along the perpendicular [110]c direction (indicated by the red atrow in Fig. 1f) will
produce a split pattern (Fig. 1h). In our case where the entire grain is viewed(along the [110],
direction, the region with the tilting axis oriented along [111], appears_as the corrugated domain,
while the region with the [111]. tilting orientation forms the split demain. Simulated SAED
patterns corresponding to corrugated and split patterns are.shown in/Fig. S2, matching with the
experimental SAED patterns in Fig. 1b and 1c, respectively. Thus, the corrugated and split
domains are, by their nature, “orientation-domains”. 4

This conclusion is further confirmed by simulatedsHRTEM images using, for example, a
structure reported in the reference.[24] The insets in Fig. 1d and 1e are simulated HRTEM images
along [121] and [110] of the R3C structureyrespectively. In the “corrugated” region (Fig. 1d), the
degree of corrugation is determined by the tilt angle of octahedra around the zone axis. In Fig. 1d,
the tilt angle is directly measured\ as ~10°, consistent with the atomic model along this direction.
In the “split” region (Fig. 1e), the oxygen columns are imaged as elongated dots due to the imaging
resolution of the micrescope (0.08 nm of the information limit) is larger than the projected distance
between two splitl oxygen atoms. The oxygen elongation is not an artifact, since other atomic
columns are imaged as round dots, for example, the titanium columns (circled in blue in Fig. le).

Similarto other types of domain boundary,[25] the orientation-domain boundary also has a
special transitional structure. The HRTEM image shown in Fig. 2a was taken across an edge-on
domain boundary shown in Fig. la. The left side of Fig. 2a has no corrugation but exhibits an

elongation of the oxygen sites in a direction perpendicular to the TiO: plane. So, this portion of
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the micrograph has the features characteristic of the split pattern described in Fig. 1e£The right
side exhibits the up and down positions of oxygen atoms characteristic of the corrugated pattern
illustrated in Fig. 1d. Moving from left to right, there is a general decrease in thé elongation of the
oxygen columns which leads to an ultimate disappearance on the right. Meanwhile, moving from
right to left there is a general decrease in the degree of corrugation of the oxygen columns which
leads to an ultimate disappearance on the left. In the boundary region, a«combination of the split
and corrugated patterns is evident, which is different from either the left.of the right region of the
micrograph. Figures 2b through 2d are zoomed-in HRTEM images from these three different
regions in Fig. 2a, where Fig. 2c clearly shows the combined split-corrugated pattern. The
boundary could be a sharp interface in the (100) or (010) planes, which is inclined to the
observation direction. The observed transition.from split.to corrugated pattern is therefore due to
the overlapping effect across the inclined boundary. However, we cannot rule out the possibility
that the boundary is not sharp but resides in the plane of (001). Presumably, the domain boundary
between the corrugated and split orientation-domains possesses elastic energy that needs to be
accommodated. Unlike the ferroelectric domain boundary with a thin Pnma sheet reported
previously,[12] the oxygen octah;ha gradually adjust their tilting condition across the corrugated-

split orientation domain boundary, forming a thicker transition layer.

3.2 Meso-chemical-domains

In addition toithese orientation-domains, we found another level of domain structure associated
with chemical . composition variation, which we termed “meso-chemical-domains”. Such meso-
domains, with a typical domain size of several tens of nanometers, can be found within orientation-
domains as.shown in elemental mapping using energy dispersive spectroscopy (Fig. S3). The
composition of Ti and O columns maintain the same across the mapping area, but Bi and Na show

compositional variation of about 10% from the line profile. This means the BNT ceramic is not
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homogenous in terms of Bi and Na content at this length scale; there exists a deviation from the
nominal chemical composition of 50% Bi + 50% Na on the A-site.

In order to better understand the oxygen octahedra tilting pattern within the.meso-chemical-
domain, we applied the newly developed amplitude contrast imaging (ACI).mode in HRTEM,
which can not only discriminate between heavy and light element columns based on channeling
contrast, but also enables us to explore the oxygen octahedra tilting patterns. For a TEM with a
spherical aberration (Cs) image corrector, Urban and Jia et al. introduced.the negative Cs imaging
(NCSI) method to balance the contrast and resolution, which enables imaging all atomic columns
including light elements such as oxygen.[26] Under the NCSI imaging mode, all atomic columns
were imaged as white dots on a dark background; thereforeyit ¢ rather difficult to use this imaging
condition to discriminate heavy and light elements. With.the correction of both Cs and chromatic
aberration (C.), we are able to achieve ACI mode in HRTEM instead of phase-contrast HRTEM
under conventional HRTEM and NCSI tmaging modes.[21] Under the ACI mode, heavy elements
columns show darker contrast compared to light elements due to the channeling contrast.[27]
Figure 3a is a HRTEM image taken under the ACI mode from the corrugated domain in Fig. 1a.
Note that it is more difficult to stziy the degree of split compared to the degree of corrugation. In
this figure, we can see an.,obvious variation from bright to dim at the A sites from the top to bottom.
Figure 3b and 3c are zoomed-in images from the boxes in the bright and dim regions in Fig. 3a,
respectively. Clearly, wercan see the corrugated oxygen octahedra tilting pattern in Fig. 3c. In
contrast, Fig. 3b shows an apparently suppressed corrugated pattern, which is different from the
split pattern since there is no elongation in oxygen columns. The insets of fast Fourier transform
(FFT) images in Fig. 3b and 3c show correspondingly weak and strong superlattice diffraction

spots, consistent with the degree of corrugations.
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In HRTEM images taken under the ACI imaging mode, the intensity at the A-site‘column is
dependent on the projected atomic number Z: light atomic columns are imaged as bright dots.and
heavy atomic columns are imaged as dim dots. Fig. 3d shows simulated HRTEM images with
different ratios of Bi/Na at the A-site using simulation parameters described in Fig. ST. With the
increase of Bi/Na ratio from 0.2/0.8 to 0.8/0.2, intensity at the A-site decreases. In the range of
Bi/Na ratio from 0.2/0.8 to 0.5/0.5, there is no obvious intensity /€hange at A-sites. In contrast,
when Bi/Na ratio changes from 0.5/0.5 to 0.8/0.2, the A-site. intensity becomes dimmer
dramatically. Therefore, ACI-HRTEM imaging is not so sensitive to Na enrichment on the A-site,
but it is very sensitive to Bi enrichment. In order to quantitativelyymeasure the Bi/Na ratio on the
A-site, we normalize the A-site intensity at each atomic colummnrusing two titanium columns above
and below, i.e. Iy 4 = L+*2/(I1i above+ITi below)s The right'celumn in Fig. 3d shows the normalized A-
site intensity from simulated images. The average value of 7, 4 in Fig. 3b is 1.0228+0.0182,
indicating that Bi/Na ratio locates between 0.4/0.6 and 0.5/0.5. In contrast, /, 4 in Fig. 3c is
0.9544+0.0267, indicating that Bi/Na ratio is between 0.5/0.5 and 0.6/0.4. These results are
consistent with the EDS measirements that the deviation of actual Bi/Na ratio from the
stoichiometric value is around 10%:

As described above, Na-rich regions with bright A-site contrast in ACI images generally have
less corrugation of oxygen octahedra while Bi-rich regions with dim A-sites contrast have more
severe corrugation. To better visualize the correlation between A-site intensity and the degree of
corrugationgpywe need to extract these two quantities separately from Fig. 4a. Since superlattice
diffraction spots result only from the corrugation of oxygen octahedra, mapping of the degree of

cotrugation is obtained by acquiring an inverse FFT image (Fig. 4b) only using all these

superlattice spots. The details of the process are described in Fig. S4 in the supplementary materials.
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The degree of corrugation shown in Fig. 4b has roughly a negative correlation with Fig. 4a; that
is, the top portion with stronger A-site intensity in Fig. 4a coincides with the weaker intensity of
superlattice spots (less degree of corrugation) in Fig. 4b. Alternatively, a more aCeurate correlation
can be established via directly measuring the A-site intensity and the degtee of corrugation. To
avoid any possible thickness change along the electron beam direction, A=site intensity is
calibrated using the average intensity at Ti columns above and below an“A-site. The degree of
corrugation is measured using the separation width between above and.below oxygen columns
along [001]. direction. Figure 4c and 4d show the mapping of ealibrated A-site intensity and the
degree of corrugation. Unambiguously, the correlationnis re-confitmed: Na-rich regions have less
corrugation while Bi-rich regions are accompanied with stronger corrugation.

3.3 Nano-cluster-regions

Within the meso-domain which manifests chemical composition variation at tens of nanometer
scale, we have further noticed many sharper contrasts at a much shorter length scale in HAADF
images. A large collection angle (> 75 mrad) was used for acquiring the HAADF image in order
to minimize diffraction contrast, and  in this case, the HAADF intensity is approximately
proportional to Z? (Z: atomic nurﬁ)er). Many brighter (more Bi) or dimmer (more Na) regions are
evident in Fig. 5a, which we teemed ‘“nano-cluster-regions”. It should be noted that such nano-
cluster-regions arefobserved in corrugated/split orientation-domains as well as in Bi-/Na-rich
meso-chemical-domains. As mentioned in the meso-chemical-domain section, the change of Bi/Na
ratio would induce the variation in the degree of corrugation, which may remain valid in the nano-
cluster-tegions. As exemplified in Fig. 5b and 5Sc, the sudden change in the degree of corrugation
oceurs within two or three-unit cells. Unfortunately, it is difficult to directly correlate the nano-
regionsiwith the A-site contrast intensity, as the sample thickness is often larger than the nano-

region dimension and overlapping effect does not allow us to discriminate unit-cell-level Bi/Na
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ratio using the ACI mode. On the other hand, the intensity for a number of oxygen columns
indicated by red arrows in Fig. 5b and 5c is significantly weaker. Weak intensity. in the oxygen
columns does reflect oxygen vacancy under ACI imaging conditions. In theseiregions, exygen
vacancies facilitate octahedral deformations and thus reduce corrugation,‘indicating a different

mechanism for the nano-cluster-regions with oxygen vacancies clustering around Na cations.

4. Discussions ~

As a matter of fact, neither the inhomogeneity of A-site cations.nor the'variation in the degree
of corrugation in BNT is surprising. Both Bi and Na are velatile species so they inevitably
evaporate during the high temperature sintering process. The mobility of Bi and Na vacancies,
even though much lower than that of oxygen vacancies, should allow them to migrate at elevated
temperatures.[28] On the other hand, thé eomplex phase transitions that take place during
temperature decrease involve multiple phases with distinct tilting patterns, i.e. Pm3m (a’a’a’),
P4bm (a°a’c™), Pnma (a'a’c"), R3c (aaa), or Ce(aac’). Consequently, the tilting disorder is also
likely to appear at room temperature. 8]

However, the impact of A-site non-stoichiometry on the tilting angle was rarely studied before.
Jeong et al. found that the Na Var;tion from +1% excess to -5% deficiency corresponds to a linear
suppression of the a'a’a’ tilting angle, while the Bi displays an opposite but much less significant
trend.[29] This is apparently not in agreement with our present study that Na excess is associated
with smaller degree of cofrugation, if we assume only R3c phase is present. Recently, Cann and
co-workers showed that 1% Na excess in 0.93(Bii2Nai2)TiO3-0.07BaTiOs solid solution almost
doubles the volume fraction of the P4bm phase.[30] The addition of Ba into BNT essentially
lowers thet depolarization temperature and increases the P4bm phase fraction at room

temperature.[31] So, in pure BNT where only a little residual of the high temperature P4bm phase

persists to room temperature, the Na meso/nano-segregation is likely to stabilize the P4bm over
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the R3c phase in the corresponding length scale. Since the P4bm phase features the m=phase
oxygen octahedra tilting with respect to one of the four-fold axes, it would appear identical to the
suppressed corrugated pattern when observed along the <110>. direction.

More importantly, the 6s> lone pair electrons in Bi cation on A-site. are known to be
stereochemically active and are the primary driving force for the distortion of perovskite
lattices.[32] In the meso-chemical-domain with a slight richness in/Bi, itis plausible to have more

severe lattice distortion. When it is in the R3¢ phase, a stronger corrugatiof 1s manifested.

Our present study provides a deeper insight for the dispersedidielectric response of BNT as a
relaxor ferroelectrics by revealing the spatial variation of Bi 221d Na content at tens of nanometer
scale as well as at unit-cell scale. This is addirect confirmation that BNT is an inhomogeneously
disordered compound, which has implications on the.electric dipole order as Bi-cation has higher
charges than Na-cation. Consequently, the Bi-rich region (either at meso-scale or at nano-scale) is
positively charged while the Na=rich region 1s negatively charged. Such paired regions can be
considered as electric dipoles‘across unit cells up to even tens of nanometers. BNT, hence,

. . CeN
possesses hierarchical electric dipoles.

5. Conclusions

In this work, a fiovelitype of orientation-associated domain is identified in the BNT ceramic.
Within the orientatien-domain, meso-chemical-domains and nano-cluster-regions induced by
composition variation or segregation are found. Taking advantage of the ACI mode in HRTEM,
the correlation between the oxygen octahedra tilting pattern and the chemical non-stoichiometry
is established. Our discovery encourages further explorations on the oxygen octahedra tilting

engineering in designing new ferroelectric materials.
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Fig. 1 Orientation-domains with different oxygen octahedral tilting patterns in a single grain of
BNT. a) Dark-field TEM. image using the circled diffraction spot 4[111] in b). Selected-area
electron diffraction pattern in b) and c) are from green and red circled regions in a). Corresponding
HRTEM images from green and red circled regions in a) showing d) corrugated and e) split
features. Two.insets are simulated HRTEM images with major simulation parameters as follow:
Af=-1 nm, Cs =5 um, t = 7 nm. f) Schematic diagram showing tilting of an oxygen octahedral
about [111] direction. Viewing along [110] or [110] results in g) corrugated or h) split patterns,

respectively.
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32 Fig. 2 a) HRTEM image showing a transition.from “split” to “corrugated” pattern at orientation-
34 domain boundaries. b), c¢), and d)y'are zoomed-in HRTEM images from split, boundary, and

corrugated regions, respectively.~
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Fig. 3 ACI-HRTEM image of meso-chemical-domain associated with A-site composition. a)
original amplitude-contrast HRTEM image. Note the top part has bright A-site intensity and the
bottom part has dim A-site ntensity. b) Zoomed-in image from the bright area shows less
corrugation (corresponding to‘superlattice extra spots in the inserted FFT). ¢) Zoomed-in image
from the dim area showsimore corrugation (corresponding to strong superlattice spots in the

inserted FFT). d)sSimulated HRTEM images with different Bi/Na ratio at A-site.
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34 Fig. 4 Correlation between A-sitesintensity and degree of corrugation. a) original HRTEM image
36 as shown in Fig. 3a. b) Inverse F{st-Fourier-Transform image using all extra diffraction spots. ¢)

Direct mapping of calibrated A-site intensity from a). d) Degree of corrugation measured from the

41 width of up and down oxygen columns from a).
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Fig. 5 a) HAADF image showing nano-cluster-regions associated with A-site nano-segregation.
Dim (bright) regions correspond to Na-rich (Bi-rich), respectively. An intensity profile from the
atomic row. indicated by two white arrows is shown below. b) and ¢) HRTEM images under an
amplitude-contrast image (ACI) mode show the isolated corrugation of oxygen octahedra at unit-
cells'scales For a number of oxygen columns indicated by red arrows, the intensity is weaker,

indicating oxygen vacancy. In these regions, reduced corrugations are also observed.
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