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Abstract

Reversible antiferroelectric-ferroelectric phase transitions were recently observed in
a series of SrSnO;-modified NaNbO; lead-free antiferroelectric materials, exhibit-
ing well-defined double polarization hysteresis loops at ambient conditions. Here,
transmission electron microscopy was employed to investigate the crystallography
and domain configuration of this newly designed system via electron diffraction and
centered dark-field imaging. It was confirmed that antiferroelectricity is maintained
in all compositions, manifested by the characteristic % superlattice reflections in the
electron-diffraction patterns. By investigating the antiferroelectric domains and do-
main boundaries in NaNbOj;, we demonstrate that antiphase boundaries are present
and their irregular periodicity is responsible for the streaking features along the % su-
perlattice reflections in the electron-diffraction patterns. The signature domain blocks
observed in pure NaNbOj; are maintained in the SrSnO;-modified ceramics, but dis-
appear when the amount of SrSnO; reaches 7 mol.%. In particular, a well-defined
and distinct domain configuration is observed in the NaNbO; sample modified with

5 mol.% SrSnOj, which presents a parallelogram domain morphology.
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One of the prototype lead-free AFE materials is NaNbO;

Antiferroelectric (AFE) materials draw worldwide attention
due to their substantial potential in engineering applications,
such as energy-storage capacitors or electrocaloric cooling de-
vices.' The concept of “antiferroelectricity”” was first coined
by Kittel,* followed by an extensive investigation of proto-
type lead zirconate-based solid solutions.”® Nowadays, lead-
free AFE materials have gained increasing interest, driven by
the intensive research on lead-free piezoelectric materials™!°
concerning the severe environmental and health issues with
respect to the toxicity of lead-containing materials.""

(NN), which was first reported in 1949 and was extensively
investigated since then.'>'7 At ambient conditions, the AFE
phase of pure NN is commonly referred to as the P phase,
with an orthorhombic Pbma space group.18 However, an
additional ferroelectric phase, the Q phase with the orthor-
hombic space group P2 lma,18 can be induced out of the P
phase by application of electric field'® and change in grain
size.” The Q phase was reported to coexist with the P
phase at room temperaturem’zl’22 due to their minimal dif-
ference in free f:nf:rgy.23’24 It was recently reported that NN
ceramics are characterized by a irreversible AFE-FE phase
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transition.'® Characteristic double hysteresis loop was only
observed in few single crystals along specific crystallo-
graphic orientations.'* To enable the reversible field-induced
AFE-FE phase transition, chemical modifications have been
widely employed to stabilize the antiferroelectricity against
ferroelectricity by lowering the Goldschmidt tolerance fac-
tor, as reported for several NN-based solid solutions,>>?>%6
Recently, a new NN-based solid solution modified by SrSnO;
has been developed by altering the free energy guided by
first-principle calculations, characterized by a well-defined
double hysteresis loop and strongly enhanced energy storage
density (8-times higher) as compared to pure NN

The study of the domain structure of NN single crystals
was initiated in the early 1950s by the approach of optical
microscopy, shortly after the discovery of the antiferroelec-
tricity in NN.?”?’ The domains were generally observed to
form complex multi-domain structures in the crystal.” In the
1980s, it was concluded that only 90° and 60° domains were
allowed in orthorhombic NN by the crystallographic symme-
try.21’30 In the late 1980s, (transmission) electron microscopy
has started to play an important role in visualizing the 90° and
60° domains in both NN single crystals and polycrystalline
ceramics.”’* Since the 21st century, the rapid development
of transmission electron microscopy (TEM) has enabled its
wide application in the investigation of the domain structures.
It has been established that pure NN ceramic has a hierarchical
domain configuration, including signature micrometer-sized
domain blocks and characteristic ¥4 superlattice reflections of
the AFE phase in the reciprocal space.25 The observed lines
with dark contrast were claimed to be translational domains
walls, separating the translational domains.” Moreover, the
streaking feature in the electron-diffraction patterns was be-
lieved to be associated with incommensurate structures.*
However, after reviewing the fundamental theory of AFE
materials compared to ferroelectric (FE) materials®, we
think the concept of domain walls needs either correction or
further clarification. It is known that the antiparallel polar-
izations (antipolarization) in AFE crystals cancel each other,
providing no electrostatic interaction during the AFE domain
growth upon cooling from the high-temperature cubic phase.
In other words, the concept of “domain walls” developed in
FE materials (reduction of depolarizing fields and balancing
the electrostatic interaction or mechanical energy), partially
does not fit in the concept of AFE. Correspondingly, the term
“translational domain walls” should also be revised.

Moreover, incommensurate structures are frequently ob-
served in lead-containing AFE materials and characterized
by the non-integer superlattice reflections in the electron-
diffraction paltterns.36’37 However, no such irrational su-
perlattice reflections have been reported in the P phase of
NN at ambient conditions, only at elevated temperatures of
165°C and 420°C.*® On the other hand, the appearance of
the streaking feature is not necessarily associated with the

incommensurate structures. Such streaking feature was ob-
served in the commensurate AFE phase of (Pb, La)(Zr, Ti)O3,
which was attributed to either the strains rising from the in-
tergrowth of different structural modulations or irregularities
in the commensurate structures induced by impuritie:s.36’39
In this work, we carried out a systematic TEM study of the
newly designed NN-based AFE solid solution (1-x)NaNbOs-
xSrSnO324 by bright field and centered dark-field imaging in
conjunction with electron diffraction. We initially demon-
strate the typical domain morphology and crystallography
of pure NN ceramic, elucidated with an updated concept of
domain boundary (compared to the domain wall in ferroelec-
trics) and antiphase boundaries (APBs) in the realm of AFE
materials. Then, we validate the antiferroelectric nature of
the new solid solution by the presence of characteristic super-
lattice reflections in reciprocal space and reveal the domain
configuration via bright-field and dark-field imaging.

2 | EXPERIMENTAL PROCEDURES
The (1-x)NaNbO5-xSrSnO; ceramics (x = 0, 0.03, 0.05, and
0.07, where pure NaNbO; and SrSnOs;-modified samples are
abbreviated as NN and NN-xSS, respectively) were prepared
by the solid-state reaction route. NN-xSS powders were com-
pacted into green bodies and were subjected to cold isostatic
pressing with 200 MPa. The green bodies were sintered in the
temperature range of 1330-1355°C for 2 hours in air. Sintered
samples were ground to a thickness of 0.25 mm and were sput-
tered with Pt electrode. The electroded samples were annealed
at 400°C and were cut into dimensions of 2 X 1.5 X 0.25 mm’
for electrical characterizations. Scanning electron microscopy
(SEM, XL 30 FEG, Philips, Eindhoven, Netherlands) was
used to characterize the microstructure of the sintered sam-
ples. Detailed descriptions of the synthesis, microstructure,
and electrical characterizations can be found elsewhere.**
For TEM sample preparation, thin cross sections of the as-
sintered samples were polished down to a thickness of 20 pm
using the MultiPrep polishing system (Allied High Tech
Products Inc., USA) and diamond lapping films with grain
sizes ranging from 15 um to 1 um. Subsequently, the samples
were annealed at 400°C for 30 min to release the mechanical
stress that may have been introduced during the preparation
steps. Later, the thin sections were mounted on supporting
molybdenum TEM grids (100 mesh; Plano, Germany) and
Ar-ion milled using the DuoMill 600 (Gatan, USA) until
electron transparency was reached. Finally, the TEM samples
were lightly carbon-coated (Med 010; Liechtenstein) to min-
imize charging under the incident electron beam. It should
be noted that all zone axes of the electron-diffraction pat-
terns are arbitrarily indexed with respect to the pseudocubic
NN unit cell. The TEM studies were performed with a JEM
2100F microscope (JEOL, Japan) operating at 200 keV. To
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examine the twinning behavior, SAED patterns of each do-
main and domain boundary are taken with a camera length of
50 and 150 cm, respectively.

3 | RESULTS AND DISCUSSION

3.1 | Electrical properties

Polarization hysteresis loops of the investigated samples in the
second electric field cycle are shown in Figure 1. The NN sam-
ple exhibits a square-like polarization hysteresis loop, which is
a fingerprint of the irreversible field-induced AFE-FE phase
transition.'® In contrast, double polarization hysteresis loops,
which are a characteristic for AFEs with reversible transitions,
are observed for SrSnO;-modified samples NN-0.03SS and
NN-0.05SS. This indicates that AFE order can be at least par-
tially maintained after the samples are subjected to an electric
field. Note that polarization hysteresis loops were not obtained
for NN-0.07SS, due to the fact that the critical field required to
induce the phase transition was higher than the sample's break-
down strength. The microstructures of the investigated sam-
ples are shown in Figure 2. The average grain size of NN is
8.9 pm, whereas the average grain sizes of 10.7 pm and 8.1 pm
were determined for NN-0.03SS and NN-0.05SS, respectively.

3.2 | TEM characterization of pure NN

The TEM analysis was first carried out on pure NN, which
served as the benchmark AFE material. In our previous stud-
ies in conjunction with BNa solid-state nuclear magnetic
resonance investigations,”* only the P phase was present in
the virgin state (prior to the application of electric field)."”
The NbOy octahedron tilting system in the P phase can be
described by the Glazer notation, denoted as a bta” and
ab~a™*** for the upper and lower parts of the structure,
respectively. The top two layers of octahedra along the y
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axis are paired by a (010) mirror plane, leading to a paral-
lel displacement configuration, followed by an antiparallel
displacement in the bottom two layers. Therefore, the unit
cell is quadrupled along the [010] direction in the P phase.”
Correspondingly, the multicell crystal structure of the P
phase is characterized by the % type superlattice reflections
in the reciprocal space of the pseudocubic structure.”

The antiferroelectricity of pure NN at room temperature is
confirmed by the characteristic ¥4 superlattice reflections in
the electron-diffraction pattern (Figure 3B), denoted by the
arrows. By using one of these ' superlattice reflections for
centered dark-field imaging, the signature of the micrometer-
sized domain blocks can be observed (width ranging from
0.5 to 0.9 um, based on several images in this region; see
Appendix Figure S1), which are marked by the blue dashed
lines in Figure 3A. It should be pointed out that the entire
grain is composed of such domain blocks, which, however,
is not shown in Figure 3, due to the limitations of low mag-
nification imaging. The parallel straight lines with dark con-
trast marked by the white line, are considered as antiphase
boundaries (APBs), which are commonly reported in lead-
containing AFE systems.‘u'44 In the classical view, APBs are
manifested as interfaces, where the lattice structure on either
side is perfect, and can be related by a translation operation
with a displacement vector of half a lattice parameter, typically
V5 (a + b).* Note that such a definition of APBs is applicable
to non-ferroics. The lattice periodicity in ferroics concerns
not only the lattice structure, but also the identity of atomic
displacements within the unit cell structure. Therefore, APBs
in ferroics are treated as an area with finite thickness, separat-
ing the translational domains on both sides.*® When we zoom
into such a domain block, as shown in Figure 3B, the lattice
fringes with a modulation length of approximately 1.6 nm
along the [101] direction become visible, associated with the
APBs. In Figure 3C, the HRTEM image reveals clearly the 4-
layer multicell structure, separated by one additional atomic
layer. This is consistent with a recent study on lead zirconate
AFE ceramic, where APBs were characterized in HRSTEM
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FIGURE 1
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Polarization hysteresis loops of pure NN, NN-0.03SS, and NN-0.05SS, respectively [Color figure can be viewed at
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NN-0.03SS

FIGURE 2 Microstructures
characterized by scanning electron
microscopy (SEM) of pure NN, NN-0.03SS,
NN-0.05SS, and NN-0.07SS, respectively

NN-0.07SS

FIGURE 3 TEM characterization of the crystallography and domain morphology of one representative grain in pure NN ceramic. (A) centered

dark-field (CDF) image obtained with one of the % superlattice reflections marked by the white arrows in the selected-area electron-diffraction
(SAED) pattern inserted in (B) with [010] orientation. Here the blue and white dashed lines denote the domain and antiphase boundaries (APBs),
1.3 Note that in (B) lattice fringes denoted by the
white lines with a modulation length of about 1.6 nm associated with arrays of APBs (dark lines) are visible. The white square in the SAED pattern

respectively. The inset model shows schematically 90° and 60° domains, drawn after Zhelnova et a

encloses the streaking feature around the Y4 superlattice reflections along [101] direction. (C) The high-resolution TEM (HRTEM) image, revealing a
four-layer multicell structure with a modulation length of about 1.6 nm, separated by the orange line (APB), manifested by one atomic layer. The red
and green dashed lines denote the multicell structures on both sides of the APB, respectively [Color figure can be viewed at wileyonlinelibrary.com]

imaging by 1-layer or 3-layers stripes, interrupting the rigid
periodic arrangement of the multicell structure.*’ Therefore,
it can be concluded that the multicell structure appears as
lattice fringes, separated by APBs which appear as dark lines
at a medium-high magnification (Figure 3B). The electron-
diffraction pattern given in Figure 3B also reveals that the
V2 superlattice reflection spots originating from the oxygen
octahedron tilting are round and well defined. On the other
hand, the Y4 superlattice reflection spots are characterized
by an obvious streaking feature, which was also observed in
a commensurate orthorhombic AFE (Pb, La)(Zr, Ti)O5 ce-
ramic material, where the corresponding lattice image also
reveals structural modulations of various periodicity.36 It was

pointed out in the literature that the streaking feature is al-
ways present when there are structural modulations of vari-
ous periodicity, but appears very weak (or disappears) when
the lattice images show uniform spacing between fringes
which are incommensurate with the lattice.” Therefore, we
propose that the irregular periodicity of APB arrays is re-
sponsible for the streaking feature, in contrast to a previously
reported incommensurate phase.34 Note that no evidence for
irrational superlattice reflections was observed in this work.
It is known that AFE domains are non-polar due to the can-
cellation of antipolarizations. When domains with equivalent
crystallographic antipolarization directions meet and form
a boundary, mechanical stress is released. Correspondingly,
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domains in AFE were previously described as “mechanical
twins” since twinning is the main approach in many ce-
ramics to release mechanical stresses.”’*>** As mentioned
previously, there are only 90° and 60° twin domains in or-
thorhombic NN.*° Thus, domain blocks with the same anti-
polarization direction will form a 90° twin wall (denoted by
the blue dashed lines in Figure 3A), which is schematically
shown in the inset model in Figure 3A.

Another representative grain with orientational domains is
investigated in Figure 4A-C. When each domain takes equiv-
alent but different antipolarization directions independently
upon cooling from the paraelectric phase, they together as an
ensemble are referred to as orientational domains. In order to
reveal the specifics of the domain morphology of the orien-
tational domains (with different diffraction contrast) simul-
taneously, the direct beam and the surrounding superlattice
reflections were selected for the BF imaging, which is schemat-
ically denoted by the white circle shown in Appendix (Figure
S2A). From the BF image viewed along the [121] direction
(Figure 4A), orientational domains are displayed, where the
antipolarization in each domain is denoted by a double-headed
arrow. The domain configuration can also be recognized by
the different orientations revealed in the electron-diffraction
patterns with the same [121] zone axis. The characteristic Y4
superlattice reflections confirm the antiferroelectric nature
unambiguously. By using one of these ' superlattice reflec-
tions, the irregular periodicity of the APB arrays is illustrated
in both domains in the centered dark-field image, consistent
with the streaking observed in the diffraction patterns. The
APB nature is further confirmed by the existence of the inten-
sities between the lines in the line profile (Figure S2E), which
is in agreement with the situation depicted in Figure 3B. The
line profiles, together with the details of the domain structures
in domain 1 and 2, are given in the Appendix (Figure S2).

FIGURE 4 TEM characterization of
the crystallography and domain morphology
of another representative grain in pure

NN ceramic. (A) Bright-field (BF) image
viewed along the <121> direction, obtained
with the direct beam and the surrounding %4
reflections in the SAED pattern, taken at the
domain boundary; the SAED patterns shown
in (B) and (C) correspond to the upper and
lower domains both oriented in the [121]
zone axis with a 90° rotation, respectively
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As pointed out in the introduction, the term domain wall
(DW) is to some extent different in AFE from that in FE. In
FE, domain splitting is commonly the result of the reduction
in the electrostatic or mechanical energy.35 “% In AFE, how-
ever, domains experience no electrostatic interaction during
the growth. Therefore, the mechanism of the formation
of DWs in FE partially fails to describe the AFE behavior.
Instead, the term domain boundary (DB) or twin boundary
(TB) in terms of twinned domains would be a more accu-
rate way for the description of AFE. The domain boundary
between the upper and lower domain shown in Figure 4A is
determined to be a 60° DB,31 which is also depicted in the
schematic diagram in Figure 3A, originating from the inter-
section of the out-of-plane antipolarization orientations. This
can also be explained by the diffraction contrast between the
two domain variants, as indicated in the centered dark-field
images (see Figure S2B and C). Upon projection, the domain
variants appear perpendicular to each other.

To briefly summarize, both domain blocks as a result of the
reduction of mechanical stresses and orientational domains as
a result of taking different equivalent antipolarization direc-
tions independently (allowed by the symmetry) are observed
in pure NN ceramic. Such domain configuration is expected
to be the fundamental unit in NN-based solid solutions.

3.3 | TEM characterization of NN-SS

After the investigation of pure NN as a benchmark mate-
rial, SrSnO;-modified NN samples in the virgin state will
be investigated in this section. When 3% SrSnOj is intro-
duced into NN, the overall domain morphology such as do-
main blocks is preserved, as shown in Figure 5. As can be
seen from the BF image in Figure 5A, the grain is composed
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of several orientational domains (separated by the orange
lines), as also recognized by the different orientations of the
electron-diffraction patterns with the same [001] zone axis
shown in Figure 5B and C. The domain block has an aver-
age width of around 200 nm, smaller than those observed in
pure NN. The evident %4 superlattice reflections confirm the
presence of the antiferroelectric phase in this sample. The BF
image in Figure 5D, obtained by selecting the direct beam
and the surrounding % superlattice reflections in the SAED
pattern taken at the domain boundary, reveals the details of
the APB structure (partly curved) as well as the annihilation
of APBs. The irregular periodicity of APBs arrays is also vis-
ible, being consistent with the streaking feature in the SAED
patterns. In addition, the domain boundary has a zig-zag
character, denoted by the orange lines. Such zig-zag-shaped
DB is commonly observed in ferroelectrics, which was sug-
gested to act as a source of head-to-tail coupling to reduce the

electrostatic self—energy.so'52 However, as pointed out earlier,
the electrostatic energy in AFE is excluded due to the antipo-
larization nature of the structure. Thus, it is proposed that
zig-zag-shaped DB in AFE serve as a way to gain mechani-
cal compatibility and release mechanical stress. It is assumed
that the nucleation of AFE domains occurs independently in
different parts of the grain or near grain boundaries. When
the domains with different antipolarization orientations get
in contact, they form a domain boundary in a zig-zag shape
to enable mechanical stress release. In a recent report, such
zig-zag-shaped DB were found in PZ ceramics on the atomic
scale to compensate for the unit cell shift caused by the APBs
that had formed.*’ In general, the domain morphology and
crystallography of pure NN are maintained in NN-0.03SS.
The domain morphology is presented as a combination of
both translational and orientational domains within one
grain, including domain blocks with a smaller and more

FIGURE 5
the domain morphology and crystallography
of NN-0.03SS solid solution. (A) BF

imaging viewed along the <001> direction;

TEM characterization of

corresponding SAED patterns shown in (B)
and (C) for the upper left and lower right
domain oriented along the [001] zone axis;
(D) BF image obtained with direct beam
and the surrounding Y4 and %2 superlattice
reflections in the SAED pattern taken right
at the domain boundary; (E) the close-up

image of the APBs (partly curved, denoted
by the arrow) and the annihilation of APBs,
denoted by the circle; (F) the schematic
graph from this region, where the orange
lines depict the zig-zag-shaped domain
boundary and double arrows indicate the
antipolarization vector of the different
domains [Color figure can be viewed at

wileyonlinelibrary.com]
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homogeneously distributed size, as can be seen in the lower
part of the grain. The APB arrays appear straight in pure NN
but are partially curved in NN-0.03SS. Moreover, annihila-
tion of APBs was also observed in this composition.

Figure 6 shows the characterization of NN-0.05SS. A de-
fined and distinct domain structure with sharp domain bound-
aries is observed, as shown in Figure 6A-C, where domains
are numbered for the following analysis of local twining. We
name this distinct morphology “parallelogram domains” due
to the similarity in shape. The SAED pattern (Figure 6D)
with % superlattice reflections reveals readily the existence
of antiferroelectricity. By selecting one of these %4 superlat-
tice reflection in the CDF image, APBs with line contrast
of domain 3 were observed, as shown in Figure 6E. Based
on the observed domain morphology, a schematic model was
constructed from several images of this region, where the
double-headed arrows denote the antipolarization vector in
each domain; three domains are assigned accordingly. From
this schematic graph, domain twinning can easily be demon-
strated. It has to be noted that the electron-diffraction pat-
terns in Figure 7B-D were recorded with a slightly different
domain rotation with another zone axis [0 2 1]. It can be seen

ZA[103]
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that only domain 2 and domain 3 are tilted close to the zone
axis [0 2 1], whereas domain 1 is not (as seen also by the
domain contrast between domain 1 and 3). A slight flip of
the reflection spots was observed in the SAED pattern upon
crossing the domain boundary between domains 1 and 3,
after carefully making sure that the spot splitting is not aris-
ing from the defocus of the beam. The ED pattern taken at the
boundary between domains 1 and 3 is shown in Figure 7E,
where the spot splitting is marked by the white circle. Since
domains 2 and 3 have the same antipolarization directions,
spot splitting is not observable in the corresponding SAED
patterns. As previously observed in pure NN and NN-0.03SS,
the domain block feature can also be found in NN-0.05SS.
The parallelogram domains exhibit a very defined shape and
form twins to reduce mechanical stress.

When more than 5% SrSnOj; is introduced to NN, the
hysteresis loop cannot be induced anymore due to the crit-
ical field of the AFE-FE transition exceeding the dielectric
breakdown field.>* The TEM investigation of NN-0.07SS is
shown in Figure 8. The domain block feature is not observed
any longer and the grains are likely to be occupied by one
single domain, as shown in Figure 8 A. Note that the observed

FIGURE 6 TEM characterization of the domain morphology and crystallography of one representative grain of NN-0.05SS solid solution.
(A-C) BF images viewed along the <130> direction; (D) SAED pattern of this region; (E) CDF image, obtained with one of the Y4 superlattice
reflections; (F) schematic model constructed based on several images from this region [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Twinning characterization of one region in NN-0.05SS. (A) The BF image of three neighboring domains; (B-D) the SAED patterns
of domain 1, 2, and 3 with zone axis [0 2 1], respectively (see also Figure 6); (E) the SAED pattern taken at the boundary between domain 1 and 3

(strongly enlarged)

thickness fringes in (A) indicate an inclined grain boundary,
in this case at all interfaces to the adjacent grains. The exam-
ined grains are still of antiferroelectric nature, revealed by
the Y superlattice reflections along with streaking features
visible in the SAED pattern in Figure 8B. In the CDF image
obtained with one of the Y4 superlattice reflections, APBs
and dislocation loops53 are revealed. Other defects such as
secondary phases (SnO,) and misfit and threading disloca-
tions™* are also introduced at this high incorporation level.
It is assumed that the single domain grain morphology and
the appearance of a considerable number of defects may be
partially responsible for the lack of the respective double
polarization hysteresis loops. Note that dislocations were
previously demonstrated to interact with domain structures
in ferroelectrics and influence the electromechanical proper-
ties.>>*® The absence of stress-compensating domain bound-
aries could also indicate a higher level of residual stresses in
this sample, which additionally increases the critical AFE-FE
transition field beyond the breakdown field; however, further
experimental work is needed to clarify this hypothesis.

Overall, the domain morphology of pure NN is lost in
NN-0.07SS, with single domain grains being characteris-
tic of this composition. However, the antiferroelectricity is
maintained, revealed by the characteristic Y4 superlattice re-
flections. The irregular periodicity of APBs persists at this
composition and the resulting streaking feature becomes
again more significant.

In this study, the NN-SS series has been systematically in-
vestigated by TEM. In the pure NN, the irregular periodicity

of APBs arrays is observed, associated with the lattice fringes
and responsible for the streaking feature around % super-
lattice reflections. This feature is maintained in all NN-SS
series. The signature domain block is observed for low in-
corporation levels (up to 5%), but is absent in NN-0.07SS
where the single domain occupies the entire grain. In par-
ticular, NN-0.05SS has demonstrated a very defined domain
morphology with parallelogram domains.

The symmetry of the P phase with the Pbma space group
is preserved in the entire NN-SS series, which was confirmed
by the observation of the characteristic ¥4 superlattice reflec-
tions in all the investigated compositions, independent of the
incorporation level of SrSnO; This behavior contrasts the re-
ported behavior in PZ-based modified materials, where both
the domain morphology and the resulting crystal structures
are strongly compositional dependent.”’

It can be concluded that the substitution of Sr and Sn into
NaNbOj; leads to a significant change in the domain struc-
tures, whereas the antiferroelectricity is preserved. Moreover,
a previous study has shown that although the global crys-
tallographic structure is preserved, this substitution increases
the unit cell volume and induces large changes in the local
disorder on the Na sites.** The intrinsic changes in the struc-
ture as well as the extrinsic contribution from the domain
structure could be responsible for the observed change of the
irreversible AFE-FE transition in pure NN into a reversible
one in NN-SS. However, distinguishing these contributions
requires further investigations using advanced in situ charac-
terization methods.
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FIGURE 8 TEM characterization of
the domain morphology and crystallography
of NN-0.07SS solid solution. (A) BF image
of one representative grain; (B) SAED
pattern recorded along the [-310] zone
axis; (C) CDF image obtained by selecting
one of the % superlattice reflection, where
the circles denote two dislocation loops;
(D) the domain morphology of another
representative grain; (E, F) the close-up
images of dislocations present in this
sample, which are marked by arrows

4 | CONCLUSIONS

A (1-x)NaNbO;-xSrSnO; solid solution series was system-
atically investigated by TEM, focusing on the domain mor-
phology and crystallography, that is, the resulting crystal
structures after chemical modification. It was confirmed
that antiferroelectricity is maintained in all the investigated
compositions, revealed by the characteristic AFE electron-
diffraction patterns. The lines with dark contrast are clarified
to be APBs, whose irregular periodicity is responsible for
the streaking features around the % superlattice reflections.
The signature domain block of pure NN is preserved in the
NN-SS series, with the exception of NN-0.07SS. In par-
ticular, a well-defined and distinct domain configuration is
observed in NN-0.05SS, including a parallelogram domain
morphology.
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