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Nanoscale polar regions embedded within ferroelectric domains in Na1/2Bi1/2TiO3-BaTiO3
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Relaxor ferroelectrics are an eminent group of functional materials, characterized by complex
micro- and nanoscale structures, accounting for their enhanced piezoelectric properties. In the
(1−x)Na1/2Bi1/2TiO3-xBaTiO3 (NBT-BT) solid solution, the evolution of nanoscale domains and their hier-
archical association with ferroelectric domains is investigated using conventional and scanning transmission
electron microscopy on compositions with 6, 9, and 12 mol % BT. Short-range fluctuations in the local polar
displacement (polar nanoregions, PNRs) account for a heterogeneous nanostructure at the morphotropic phase
boundary (6 mol % BT). Platelike nanodomains of tetragonal P4bm symmetry coexist with a minor volume
fraction of rhombohedral R3c nanodomains. Their overall population decreases with increasing BT content.
However, ferroelectric P4mm domains in the composition with 12 mol % BT still exhibit nanoscale regions,
which deviate from the average polarization. Small volume fractions of both P4bm and R3c nanodomains remain
embedded within the ferroelectric domains. This hierarchical domain configuration underpins the complex
structural characteristics of NBT-based relaxor ferroelectrics.

DOI: 10.1103/PhysRevMaterials.6.064409

I. INTRODUCTION

Relaxor ferroelectrics find wide applications ranging from
sensor and actuator technologies to energy conversion in
transducers. Those with a disordered perovskite structure
comprise short-ranged polarized regions, whose dynamic re-
sponse allows for high permittivities, diffuse phase transitions,
and large electrostriction [1]. Among lead-free ceramics,
Na1/2Bi1/2TiO3 (NBT)-based compositions show high po-
tential for piezoelectric high-power applications [2–4]. The
solid solution (1−x)Na1/2Bi1/2TiO3-xBaTiO3 (NBT-BT) has
been widely studied due to enhanced piezoelectric properties
at its morphotropic phase boundary (MPB). Relaxor ferro-
electric NBT exhibits local A-site chemical and displacive
disorder, resulting in a complex structure, described with a
rhombohedral (R3c) and/or monoclinic (Cc) symmetry [5–8].
Nanometer-sized platelets of tetragonal (T ) P4bm symme-
try were observed within the R3c matrix [9]. In contrast,
the end member BaTiO3 (BT) is a classical ferroelectric of
tetragonal P4mm symmetry, displaying a long-range lamellar
ferroelectric domain structure [10,11]. The NBT-BT system is
rhombohedral (R) until the MPB with x ≈ 0.05–0.07, where
R (R3c) and T (P4bm) phases coexist [12–15]. Both phases
display superlattice reflections (SR) in electron diffraction
patterns due to tilting of the oxygen octahedra [15,16]. The
P4bm phase comprises an a0a0c+ oxygen octahedral tilting,
resulting in SR of the type 1

2 {ooe} (“o” for odd and “e” for even
Miller indices). The R3c phase can be allocated to the a–a–a–

antiphase tilt system, featuring SR of the type 1
2 {ooo}. The

phase mixture at the MPB is described as volumes of larger
R3c domains adjacent to P4bm nanodomains [17]. The MPB
composition x = 0.06 (NBT-6BT) is often associated with an
average pseudocubic structure [18,19], since the rhombohe-
dral and tetragonal phases feature very small distortions from
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the cubic symmetry. The P4bm phase was observed in a large
compositional range of 0.05 < x < 0.11 [12]. For x > 0.11,
the system is described as ferroelectric with P4mm symmetry
[20], where oxygen octahedral tilting is absent. Both nano-
domains and lamellar domains were observed, however, only
in different grain regions [17]. A recent study reports on the
coexistence of both tetragonal phases (P4bm + P4mm) over a
larger compositional range of 0.065 < x < 0.18 [13].

The relaxor nature of NBT-6BT reflects in a frequency
dispersion of the temperature-dependent permittivity response
[21]. Relaxor characteristics are influenced by the existence of
short-range ordered polar nanoregions (PNRs) [22–24]. PNRs
form upon cooling from the high temperature cubic phase
and eventually either freeze into a nonergodic state or trans-
form into larger ferroelectric domains [22]. The absence of a
long-range ferroelectric order and the presence of PNRs on
the nanoscale length results in low-energy barriers for dipole
reorientation [25]. P4bm nanodomains are proposed to give
rise to the nonergodic relaxor characteristics [17]. Here, the
polarization can fluctuate around the six 〈001〉pc directions,
enabling the pronounced frequency dispersion of permittivity
[17]. The P4bm phase is denoted as the relaxor phase [13],
while the tetragonal nanodomains can be termed analogous to
PNRs [26,27]. Neutron diffuse scattering experiments show
diffuse streaking along 〈001〉pc, revealing planar disk-shaped
PNRs [28]. A direct correlation between the relaxor behavior
and the evolution of such PNRs was drawn [27]. It is assumed
that both R3c and P4bm PNRs coexist in the MPB compo-
sitions [20] and allow for an easy conversion between the
symmetries due to a small energy difference [21].

How nanodomains (or PNRs) and long-range ferroelectric
domains are correlated within a single grain is still an open
question. Here, transmission electron microscopy (TEM) is
used to shed light on the transition from a short-range ordered
relaxor structure into a long-range domain morphology. The
techniques of highly resolved high angle annular dark-field
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(HAADF) imaging in scanning transmission electron micro-
copy (STEM), selected area electron diffraction (SAED), and
dark-field (DF) imaging in TEM mode are deployed. The
association of nanoscale polar areas and larger domains is
visualized, reflecting a complex hierarchical structure.

II. EXPERIMENT

Three unpoled compositions with a BT content of 6, 9,
and 12 mol % were investigated, termed NBT-6BT, NBT-9BT,
and NBT-12BT, respectively. The ceramics were prepared via
solid state synthesis route from Na2CO3 (99.5 %), BaCO3

(99.8 %), Bi2O3 (99.975 %), and TiO2 (99.6 %) powders (all
Alfa Aesar, Kandel, Germany). The reactants were dried
before stoichiometric weighing and then milled in ethanol
for 24 h. Calcination of the dried powder was conducted at
900 °C for 3 h followed by a second milling step, sieving,
and subsequent uniaxial isostatic pressing. The cylindrical
green bodies were sintered at 1150 °C for 3 h with a heat-
ing rate of 5 °C/min. For electrical measurements, samples
with a diameter of 11–12 mm were ground to 0.6 mm, an-
nealed to relieve induced mechanical stresses and sputtered
with Ag electrodes. The frequency-dependent permittivity
was measured at ambient conditions on the unpoled, cylindri-
cal samples using an impedance analyzer (Alpha-Analyzer,
Novocontrol, Montabaur, Germany). TEM specimens were
prepared by grinding and polishing a 3-mm-diameter disk
down to 20 μm, successively annealing it at 400 °C, fol-
lowed by thinning to perforation under an Ar+-ion beam
in a DuoMill 600 (Gatan, Pleasanton, USA). The TEM ex-
periments were carried out with a JEM-2100F microscope
(JEOL, Tokyo, Japan), equipped with an energy-dispersive
x-ray (EDS) detector (Oxford Instruments, Abingdon, UK).
Zone axes of diffraction patterns were indexed corresponding
to a pseudocubic structure with the help of a program for
interpreting electron diffraction patterns [29]. High-resolution
scanning transmission electron microscopy (HR-STEM) was
carried out with a Cs-corrected JEM-ARM200F microscope
(JEOL, Tokyo, Japan). To find the atom positions and map
the corresponding polar displacement in the HAADF-STEM
images, the Python-based programs ATOMAP [30] and TEMUL

Toolkit [31] were used.

III. RESULTS AND DISCUSSION

The analyzed NBT-BT ceramics range from MPB (NBT-
6BT), over near-MPB (NBT-9BT), to off-MPB (NBT-12BT)
compositions. The EDS data illustrate that the Ba content
within the compositions gradually increases (Fig. 1). NBT-
6BT and -9BT display a similar relaxor behavior, indicated
by the high permittivity ε′ and pronounced frequency disper-
sion (Fig. 2). An elevated permittivity of relaxor materials
is related to the high number of interfaces or domain wall
density [32]. NBT-12BT shows less frequency dependence
in permittivity due to a more ferroelectric nature, which
is attributed to a larger domain size with a more narrow
distribution [33,34].

The high permittivity of NBT-6BT can be linked to the
short-range polar structures characterizing the relaxor com-
position. The terminology for nanometer-sized polar regions

FIG. 1. EDS spectrum of a NBT-6BT grain obtained in the TEM
(the Mo peak is due to the TEM grid material). The inset displays the
Ba Kα1 and Kα2 peaks in the three compositions and the increasing
nominal (stoichiometric) and measured Ba at. % values.

holds a certain ambiguity, often termed PNRs or nanodomains
interchangeably. Here, we refer to atomic-scale fluctuations
in the polar displacement as PNRs. The 1–4 nm large PNRs
can be visualized using highly resolved HAADF-STEM imag-
ing (Fig. 3). Bright regions imaged in TEM-DF, reflecting
the symmetry based on oxygen octahedral tilting, are termed
nanodomains (5–25 nm in size; compare Fig. 5). In contrast,
regular ferroelectric domains can be up to the micrometer
range in size [compare also Fig. 6(a)].

Figures 3(a)–3(c) illustrate short-ranged variations (PNRs)
in the direction and magnitude of the polar displacement in
NBT-6BT, viewed along the [010]pc zone axis. NBT and its
solid solutions not only exhibit displacement of the B-site but
also of the A-site atoms [6]. Here, the polar vectors [yellow
arrows in Fig. 3(a)] indicate the relative Ti4+ displacement
(B-site) with reference to the A-site sublattice. The position
of the anions (O2–) is not accounted for, since oxygen atoms
are not visible in HAADF images. Regarding the a0a0c+ tilt

FIG. 2. Permittivity ε’ of unpoled NBT-6BT, NBT-9BT, and
NBT-12BT as a function of the logarithm of the measuring fre-
quency. Linear fits are plotted as straight black lines.
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FIG. 3. High-resolution HAADF-STEM images of NBT-6BT, -9BT, and -12BT viewed along the [010]pc zone axis. Panel (a) depicts the
polar displacement of Ti4+ with reference to the A site as yellow arrows in NBT-6BT. Panel (b) shows the magnitude of polar displacement.
PNRs become visible, indicated by the dotted white lines. Panel (c) illustrates the direction of polar displacement as an angle color map. The
same configuration applies for NBT-9BT in (d)–(f) and for NBT-12BT in (g)–(i). The square-shaped inset in (i) is magnified in Fig. 4(b).

system of P4bm, the oxygen octahedra are tilted around the c
axis. Thus, when viewed along 〈010〉pc, the plane in which the
oxygen atoms are tilted either lies parallel or perpendicular
to the viewing plane. This should not change the center of
mass for the anions. The displayed polar vectors can thus be
assumed to be very close to the real polarization direction.
The polar vectors vary by approximately +/− 90◦ around an
average direction [Fig. 3(c)]. Islandlike regions (dotted white
lines) of few nanometers in size display a coherent and pro-
nounced polar displacement. The magnitude of displacement
within those PNRs is higher compared to the surrounding

[Fig. 3(b)]. The transition between the PNRs is gradual and
significant areas with zero polar displacement are absent.

Mapping of the NBT-9BT composition [Figs. 3(d)–3(f)]
displays similar features as described for NBT-6BT. The
heterogeneous microstructure of the MPB and near-MPB
compositions is in contrast to the more homogeneous and
ordered structure in the off-MPB composition NBT-12BT.
The polar displacement near a ferroelectric 90° domain wall
is displayed in Figs. 3(g)–3(i). While the magnitude of po-
larization along the domain wall is reduced [Fig. 3(h)], a
pronounced and coherent polar displacement is present within
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FIG. 4. (a) STEM bright field (BF) image of ferroelectric domains in NBT-12BT and corresponding SAED pattern. The 90° polarization
“p” is indicated with arrows. (b) HAADF image of a domain wall [inset in Fig. 3(i)] and mapped polarization vectors (yellow arrows). Intensity
profiles were drawn over ten atom spacings, indicated by the colored rectangles. (c) The plot on the left depicts an exemplary intensity profile.
The plot on the right shows the lattice spacing along a and c axis on each side of the domain wall. Values were obtained from ten profiles each.

both domains [Fig. 3(g)]. However, local regions of a few
nanometers in size display a divergence from the average
polar direction [Fig. 3(i), dotted white lines]. These local areas
reflect the presence of a reduced population of PNRs prevail-
ing within the ferroelectric domains. The findings demonstrate
a hierarchical microstructure where nanometer-sized polar re-
gions and ferroelectric domains are closely associated. The
weak frequency dispersion of permittivity noted for NBT-
12BT (Fig. 2) can be rationalized by the coexistence of
ferroelectric domains and relaxor-type PNRs.

Local variances in cationic displacement in NBT-BT is
known to affect the local distortion and symmetry [35]. Bi3+

is found to exhibit a larger off-centering than Na+ due to
its lone pair character and orbital hybridization with oxygen
[36]. A correlated displacement of Bi3+ is assumed to promote
the formation of locally ordered PNRs [28]. The direction of
Bi3+ displacement was found to change with increasing BT
content [28]. The increase of Ba2+ on the A site in NBT-12BT
and the consequential decrease in Bi3+ therefore relates to a
reduced population of PNRs and favors a long-range ferro-
electric structure.

HAADF-STEM imaging further allows us to determine lat-
tice parameters in the lamellar ferroelectric P4mm domains. In
NBT-12BT, an alternating 90° polarization direction is present
[Fig. 4(a)]. The polar vectors change from the [001]pc towards
the [100]pc direction, when crossing the (101)pc domain wall.
This observation also confirms the feasibility of the applied
analysis technique. By measuring atomic distances [colored

line profiles in Fig. 4(b)], the lattice spacing can be calcu-
lated and correlated to the a and c crystal axis on each side
of the domain wall [Fig. 4(c)]. The differences of a and c
axes are in good agreement with lattice parameters obtained
from high-resolution x-ray powder diffraction measurements
on the same composition (see the Supplemental Material of
Ref. [37]). The highly magnified image in Fig. 4(b) does
not display PNRs in this specific local area, however, slight
irregularities in both polarization directions are visible.

In order to further examine the local structural configu-
rations, TEM-DF imaging acts as a viable tool to directly
visualize the nanoscale morphology and association of differ-
ent phases. The phase coexistence of T (P4bm) and R (R3c)
symmetries in NBT-6BT has been demonstrated in previous
TEM results [38,39]. Here, focus is laid on the P4bm phase,
since it constitutes the relaxor characteristic polar nanore-
gions. The bright-field (BF) image of a grain along the [111]pc

zone axis [Fig. 5(a)] features a grainy contrast. Large domains
are absent, indicating the nanoscale structure of P4bm. The
corresponding SAED pattern in Fig. 5(b) depicts 1

2 {ooe} SR.
They can be divided into three different variants: 1

2 (oeo),
1
2 (eoo), and 1

2 (ooe). Each variant is slightly elongated in one
particular reciprocal direction [Fig. 5(c)]. DF imaging can be
used to visualize the corresponding excited regions by select-
ing a SR with a small objective aperture. In Figs. 5(d)–5(f),
the DF image of each variant is displayed. The SR is encir-
cled in the SAED pattern in Fig. 5(c) with the corresponding
color, respectively. Bright nanodomains of approximately
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FIG. 5. TEM-BF image of a rather featureless grain in NBT-6BT (a), the corresponding SAED pattern (b), and an enlarged region
highlighting the three variants of the 1

2 {ooe} SR (c). The three marked reflections 1
2 (3̄21), 1

2 (4̄31), and 1
2 (3̄30) correspond to the three variants

1
2 (oeo), 1

2 (eoo), and 1
2 (ooe), respectively. The DF images of the same area as in (a), obtained from the encircled SR in (c), are displayed in

(d)–(f), featuring slightly elongated nanodomains. The elongation direction projected on the (111)pc viewing plane is emphasized by the red,
green, and blue arrows, respectively. (g) SAED pattern in NBT-6BT viewed along the [013]pc zone axis, depicting elongated 1

2 (eoo) SR and
very weak 1

2 (ooo) SR. Panel (h) shows the DF image of the 1
2 (031̄) SR and the platelike morphology of the P4bm variant oriented in the

(100)pc plane. (i) DF image of the very faint 1
2 (1̄31̄) SR, revealing the presence of a minor amount of R3c nanodomains.

5–25 nm become visible, displaying an elongated shape which
is perpendicular to the elongation of the corresponding SR.
The elongation direction projected on the viewing plane is
indicated by the red, green, and blue arrows in Figs. 5(d)–5(f).
In fact, the tetragonal c axis of each variant points towards
one of the three main pseudocubic axes. This results in
platelike nanodomains lying in {001}pc planes and SR stretch-

ing along 〈001〉pc directions [9,40]. Imaged along [111]pc, the
nanodomains are thus inclined towards the viewing direction.
Their platelike character becomes well visible when imaged
along the [013]pc zone axis. Here, the viewing direction is
parallel to the (100)pc plane. The 1

2 (eoo) SR stretches along
the [100]pc direction in the SAED pattern [Fig. 5(g)]. The
corresponding DF image [Fig. 5(h)] illustrates the platelike
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FIG. 6. (a) TEM-BF image of a grain in NBT-9BT, where (b) and (c) display SAED patterns of regions marked in (a). Corresponding
intensity profiles are drawn over the main and superlattice reflections. (d) DF image obtained from a 1

2 (eoo) SR, namely the 1
2 (2̄1̄3) reflection,

depicting the location of P4bm nanodomains. (e) Color map of nanodomains (orange) and long-range ferroelectric domains (blue).

nanodomains lying in the (100)pc plane. Taking a closer look
at the SAED pattern [Fig. 5(g)], very faint 1

2 (ooo) SR can be
observed as well, indicating the presence of a minor amount
of the R3c phase. The corresponding DF image [Fig. 5(i)] re-
veals rhombohedral nanodomains up to 20 nm in size located
between the T nanodomains.

It has been hypothesized that the dark matrix consists of
other tetragonal variants and a cubic phase [17,41]. However,
models for the nanoscale structure of relaxors are controver-
sial. The concept of PNRs embedded within a nonpolar matrix
is widely adopted. The concept of ferroelectric nanodomains,
which are separated by a high density of domains walls, makes
the presence of a cubic matrix obsolete. The latter serves as
a more suited model fitting experimental observations such as
diffuse scattering experiments [42]. For classical relaxors such
as Pb(Mg1/3Nb2/3)O3 (PMN)-based materials, a continuously
and smoothly varying polar displacement across nanoregion
boundaries could be demonstrated [43]. A multidomain state
with domains of very few nanometers in size was simulated,
invalidating the existence of a nonpolar matrix [44]. From the
DF images in Fig. 5 it can be concluded that the volume of
NBT-6BT is primarily built up by densely packed variants

of platelike T nanodomains and a minor volume fraction of
antiphase tilted R nanodomains. These findings agree with the
modeled oxygen octahedral tilt disorder in NBT-5BT, where
T platelike regions are surrounded by R nanodomains [45].
From the TEM observations in this study, it cannot be estab-
lished with certainty if a nonpolar cubic matrix is present.

NBT-9BT marks a transition between the relaxor and
ferroelectric states. The predominantly tetragonal composi-
tion exhibits relaxor behavior, as illustrated by the strong
frequency dependence of permittivity (Fig. 2). The mi-
crostructure already comprises a high fraction of long-range
lamellar P4mm domains [37]. Figure 6(a) displays a grain in
NBT-9BT, where the right half is fully occupied by lamellar
domains. The left half features intergrowth of domain bands
and regions, revealing no pronounced contrast. The latter
correspond to the heterogeneous area imaged in Figs. 3(d)–
3(f). A SAED pattern from the region without domains
[Fig. 6(b)] exhibits well visible 1

2 (eoo) SR, while the SAED
pattern of the lamellar domains [Fig. 6(c)] does not show any
obvious SR. However, the intensity profile reveals small SR
remnants. They are not completely absent, but only of very
weak intensity. The DF image of the 1

2 (2̄1̄3) SR [Fig. 6(d)]

064409-6



NANOSCALE POLAR REGIONS EMBEDDED WITHIN … PHYSICAL REVIEW MATERIALS 6, 064409 (2022)

FIG. 7. (a) TEM-BF micrograph of lamellar domains in NBT-12BT viewed along the [001]pc zone axis. (b) Corresponding DF image
obtained from the marked 1

2 (ooe) SR [the 1
2 (3̄10) reflection] in (c), clearly revealing the presence of P4bm nanodomains embedded within the

lamellar domains. (d) BF image of another grain in NBT-12BT viewed along the [013]pc zone axis and corresponding SAED pattern. Panels
(e) and (f) show the DF images obtained from the marked 1

2 (03̄1) and 1
2 (13̄1) SR, respectively. Both T and R nanodomains are present.

illustrates the location of the P4bm nanodomains. Figure 6(e)
visualizes the intergrowth of nanodomain-dominated areas
(orange) and ferroelectric domains (blue). The P4mm sym-
metry does not feature tilting of oxygen octahedra. However,
a very weak nanodomain signal also arises from within the
ferroelectric domains [Fig. 6(d)]. Their population within the
ferroelectric domains appears significantly reduced.

In the ferroelectric NBT-12BT specimen, which features
pronounced lamellar P4mm domains, very weak 1

2 {ooe} SR
can still be observed. The occurrence of a small P4bm fraction
results in an overall less ordered ferroelectric structure. These
characteristics are illustrated in Figs. 7(a)–7(c). The grain fea-
tures a ferroelectric domain contrast with a lamellar (11̄0)pc

domain wall configuration [Fig. 7(a)]. The corresponding
DF image [Fig. 7(b)] obtained from the marked 1

2 (ooe) SR
[Fig. 7(c)] clearly reveals the presence of P4bm nanodomains
embedded within the lamellar domains. These findings add a
further complexity to the ferroelectric structure, which how-
ever cannot be inferred from BF imaging alone. When viewed
along the [013]pc zone axis [Figs. 7(d)–7(f)], the platelike
character of the T nanodomains is still preserved. However,
compared to NBT-6BT in Fig. 5(h), they are slightly reduced
in size (now 3–15 nm). Interestingly, the T nanodomains are
absent from a domain band marked in Fig. 7(e) by the dashed
white lines. This is an indication that within the lamellar

domains, not all three variants of the P4bm nanodomains oc-
cur. Unexpectedly, nanodomains of R3c symmetry occurring
within the lamellar domains could be detected in NBT-12BT
as well [Fig. 7(f)]. Thus, local rhombohedral antiphase tilted
regions still prevail in compositions with such a high BT
content.

A summarizing schematic [Fig. 8(a)] illustrates the com-
positionally induced transition from the relaxor structure at
the MPB towards a ferroelectric domain morphology. The
latter still entails T + R nanodomains in a reduced population.
For pure NBT, the occurrence of tetragonal platelets within
lamellar R3c domains was reported [9], which correlates with
the hierarchical structure in BT-rich compositions. It has to
be further noted that a very small macroscopic rhombohedral
volume fraction also prevails in the NBT-9BT and -12BT
compositions.

The HAADF images revealed a heterogeneous local struc-
ture in the relaxor compositions (compare Fig. 3). Variations
in the polar displacement, denoted as PNRs, are present on
an atomic level. The size of these PNRs (1–4 nm) only spans
several unit cells, while the P4bm nanodomains can be up to
25 nm in size. This suggests that the local fluctuations imaged
in Figs. 3(a)–3(f) occur within a P4bm nanodomain variant.
It can be inferred that T nanodomains can be built up by
PNRs featuring a superordinate polarization direction, which

064409-7



FETZER, WOHNINSLAND, LALITHA, AND KLEEBE PHYSICAL REVIEW MATERIALS 6, 064409 (2022)

FIG. 8. (a) Schematic describing the structural changes in the NBT-BT system with increasing BT content, emphasizing the hierarchical
microstructural development. The structure of pure NBT is based on the description by Dorcet and Trolliard [9]. (b) Crystal structure and
according symmetry operations (solid lines = mirror planes vs dashed lines = glide planes) of the P4bm phase, where a0a0c+ tilting of oxygen
octahedra is present and the P4mm phase, where tilting is absent.

corresponds to the [001] direction of the variant. The polar
vector can thus fluctuate around an average direction within
the nanodomains, promoting the monitored relaxational
behavior.

The presence of both P4bm and R3c polar regions in
NBT-6BT was previously inferred from the occurrence of
both types of SR [21]. The DF images (Fig. 5) now provide
visual evidence that the bulk of NBT-6BT is indeed built
up by dispersed P4bm and R3c nanometer-sized domains.
Low energy barriers between both symmetries can enable an
easy polarization reversal. Therefore, it can be assumed that
a facilitated transformation of P4bm and R3c PNRs promotes
the relaxor behavior reflected in the temperature dependent
frequency dispersion of permittivity [21].

Although the ferroelectric domains in NBT-12BT dis-
play on average a consistency in polarization direction and
magnitude, nanoscale areas of incoherent polar displace-
ment occur [compare Figs. 3(g)–3(i)]. This is corroborated
by the presence of T and R nanodomains within the ferro-
electric domains, as verified by DF imaging (Fig. 7). The
observations validate that the coexistence of all three phases
(P4mm + P4bm + R3c) spans over a wide compositional
range. Complex domain arrangements are also reported for
the relaxor ferroelectric Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-
PT). Monoclinic and MPB compositions feature microscale
domains with striationlike nanodomains, which, unlike here,
disappear in the tetragonal P4mm phase [46]. It could, how-
ever, be demonstrated on relaxor-PT solid solutions that PNRs
within a ferroelectric matrix can enable an easy polarization
rotation during poling and thus significantly contribute to the
high piezoelectricity of relaxor-ferroelectric materials [47].

The formation of a ferroelectric long-range order (by
changing the BT content or by poling) has been related to
an increase in size and coherence length of polar nanoscale

regions [41]. The findings here, however, illustrate that the
nanodomains do not grow and coalesce into larger struc-
tures. Instead, a reduction in size by up to 10 nm was
observed in NBT-12BT. The transformation can rather be
viewed analogous to a recrystallization process, where the
P4bm nanodomains undergo a transition to a P4mm symme-
try. Nanodomains, in which the polar axis is in favor of the
average ferroelectric polarization within the P4mm domain,
may transform more easily. This can reduce the number of
variants within the domains from three to two or even one.
When comparing both tetragonal phases, the difference in
symmetry arises by the a0a0c+ in-phase tilting of oxygen
octahedra in the P4bm phase, which causes the appearance of
mirror glide planes compared to P4mm [Fig. 8(b)]. In general,
tilting of oxygen octahedra enables a larger flexibility in the
coordination of the A site [48]. In NBT-BT, the A site is
occupied by Na+, Bi3+, and Ba2+ cations. Since Na+ and
Bi3+ have relatively small ionic radii, octahedral tilting in
pure NBT is expected [6]. Tilting reduces the volume of the
intermediate space of the A site and therefore supports the
stability of the structure [49]. Ba2+ on the other hand has a
larger ionic radius, so that oxygen octahedra are not tilted in
pure BT. By increasing the percentage of Ba2+ cations on the
A site, oxygen octahedral tilting is continuously reduced and
finally absent, accounting for the transition towards P4mm.
The partial persistence of nanodomains can be rationalized by
very local chemical heterogeneities, locally allowing tilting
of oxygen octahedra. Due to the reduced free space on the
A site by the Ba2+ increase, an overall reduction in cationic
displacement can be expected [50]. Likewise, off-centering of
the Bi3+ cations, which promotes the relaxational behavior,
is reduced with increasing BT content. However, it clearly
needs to be considered that a certain degree of tilt disorder,
evidenced by both T and R nanodomains, is still present
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in BT-rich compositions. This is further corroborated by the
reduced, however still existing, frequency dispersion of the
permittivity in the NBT-12BT sample.

IV. CONCLUSIONS

In unpoled NBT-BT ceramics, HAADF-STEM and TEM-
DF imaging act as viable tools to portray the correlation of
short-range polar structures (nanodomains and PNRs) and
large ferroelectric domains. Both are inherent to the relaxor-
ferroelectric system. The techniques are used to visualize
the evolution from a nanoscale relaxor structure towards an
association of nano- and ferroelectric domains with increas-
ing BT content. The major volume fraction at the MPB
(NBT-6BT) is characterized by three variants of platelike
P4bm nanodomains, dispersed with a minor fraction of R3c
nanodomains. Short-ranged variances (PNRs) in the direction
and magnitude of the polar displacement occurring within a
variant underpin the heterogeneous structure. The nanoscale
structural fluctuations and coexisting phases can facilitate
polarization reversal, which accounts for the relaxor-typical

enhanced piezoelectric response and high permittivity. Inter-
growth of lamellar P4mm domains and nanodomains occurs
with increasing BT content (NBT-9BT). It should be em-
phasized that the nanodomains do not coalesce into larger
polar structures. Instead, the structural transition towards an
overall P4mm symmetry is associated with the increase of
Ba2+ on the A-cation site and, as a consequence, an overall
reduction in oxygen octahedral tilting. However, small volume
fractions of P4bm and R3c nanodomains still remain embed-
ded within the ferroelectric domains even at a higher BT
content (NBT-12BT). A hierarchical and complex arrange-
ment of short-range and long-range polar structures results.
The observed hierarchical association demonstrates that the
microstructure itself clearly differentiates from a typical well-
ordered ferroelectric material.
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