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Nay sBip5TiO; (NBT) and its derivatives have prompted a great surge in interest owing to their potential as
lead-free piezoelectrics. In spite of five decades since its discovery, there is still a lack of clarity on crucial
issues such as the origin of significant dielectric relaxation at room temperature, structural factors influencing
its depoling, and the status of the recently proposed monoclinic (Cc) structure vis-a-vis the nanosized structural
heterogeneities. In this work, these issues are resolved by comparative analysis of local and global structures
on poled and unpoled NBT specimens using electron, x-ray, and neutron diffraction in conjunction with first-
principles calculation, dielectric, ferroelectric, and piezoelectric measurements. The reported global monoclinic
(Cc) distortion is shown not to correspond to the thermodynamic equilibrium state at room temperature. The global
monocliniclike appearance rather owes its origin to the presence of local structural and strain heterogeneities.
Poling removes the structural inhomogeneities and establishes a long-range rhombohedral distortion. In the
process the system gets irreversibly transformed from a nonergodic relaxor to a normal ferroelectric state. The
thermal depoling is shown to be associated with the onset of incompatible in-phase tilted octahedral regions in
the field-stabilized long range rhombohedral distortion.
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I. INTRODUCTION

Lead zirconate titanate (PZT)-based piezoelectric ceramics
are widely being used in electronic devices due to their superior
piezoelectric properties. However, lead oxide is toxic and
volatile at processing temperatures and causes environmental
pollution when these materials are disposed. As a result,
there is a pressing need to substitute PZT with lead-free
piezoelectric ceramics. Bismuth-based perovskite compounds
are among the promising class of materials in this regard as the
electronic configuration of Bi** is same as that of Pb** and
hence is expected to impart similar properties as that in lead-
based ceramics. Nay sBigsTiO3; (NBT) is one such interesting
compound with A-site disorder, which was first discovered
in 1961 by Smolenskii et al.! Suitable chemical modification
of NBT has been anticipated to yield a desirable lead-free
piezoelectric material. A tremendous surge in research on
Nay sBigsTiOs and its derivatives after the discovery of high
strain that exceed those achieved by PZT has been witnessed
in the past few years.” Interestingly, though a great volume of
literature reporting the structure-property correlations of solid
solutions of NBT with BaTiO3, KNaNbO3, and K]/zBi]/zTiO3
exists,>2? a clear understanding of their structural aspects still
remain incomplete. The most important reason is related to the
fact that the true structure and phase-transition behavior of the
parent compound NBT has eluded clarity even five decades
after its discovery.

Until recently, NBT was considered to possess rhombohe-
dral perovskite (R3c) structure.”* However, many groups have
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reported the occurrence of local disordered regions in NBT by
neutron diffuse scattering,>* x-ray diffuse scattering,” x-ray
absorption fine structure (XAFS),?¢ etc. These disorders have
been attributed to small perpendicular displacements of Bi+?
cations away from the polar (111). direction in order to im-
prove its coordination environment. Bond-valence calculations
have shown that Bi*3 is heavily under bonded in the aver-
age rhombohedral structure.”® Questioning the traditionally
accepted R3c structure, Gorfman and Thomas?’ suggested
an average monoclinic (Cc¢) structure at room temperature
using high resolution single crystal x-ray diffraction (XRD)
study. Subsequent experiments using optical birefringence
and synchrotron x-ray powder diffraction’ have affirmed the
global monoclinic distortion. Electron diffraction studies, on
the other hand, have suggested another aspect of departure
from pure rhombohedral symmetry on a local length scale.3%-3
These studies have revealed additional weak superlattice
reflections of the odd-odd-even %{ooe}C (notation in accor-
dance with Glazer’s scheme®3*) type along with diffuse
rodlike scattering,® indicating a presence of thin sheets of
localized in-phase (+) tilted octahedral regions. These tilts
are incompatible with both R3c (tilt system: a"a"a™) and
the currently suggested Cc (tilt system a~a~c™) structures.
Recently, Ma et al.>> used the difference in probability for
observing %{000}c spots in R3¢ and Cc structures to prove
the room temperature structure of NBT to be Cc. However,
they have not commented on the presence of the in-phase
tilt component that has been observed by other groups. It
may be noted that the superlattice reflections characteristic of
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the in-phase tilt have never been captured in bulk diffraction
techniques, such as x-ray or neutron diffraction at room
temperature, thereby suggesting their extremely small size
as compared to the coherence length of the x-ray/neutrons
used. Rao and Ranjan’® have recently demonstrated that the
structure of NBT becomes perfectly rhombohedral (space
group R3c) once it is electrically poled. Subsequently, Rao
et al*” argued in favor of the R3c + Cc phase coexistence
model for the unpoled state. The relative volume fraction of
the two phases was found to be highly susceptible to thermal
treatment, application of mechanical stress, or electric field.

Further, there is also a lack of unanimity on the temperature
evolution of structural and polar ordering in NBT. The
traditional view of the structural transitions is summarized in
the work of Jones and Thomas,?* who proposed the following
phase transition sequence:

0c 0c 0
R3¢ 22) R3c+P4bm 32; P4dbm sg Pm3m.

Subsequent experiments have verified this sequence of struc-
tural transition® (with recent reports replacing the R3¢ by Cc).
Optical isotropization around 300 °C has also been reported
for NBT,28:340 which could either be attributable to the
presence of an actual cubic phase at that temperature or to
the existence of optically small but anisotropic domains with
random orientation of their optical indicatrices. The relative
permittivity of NBT shows a weak anomaly (as a shoulder)
at ~200°C and a peak at ~325°C (Ref. 41). Though the
system is known to significantly depolarize above ~200 °C,
earlier reports have set the Curie point at ~325°C. So far
no distinct structural transformation has been reported at the
depolarization temperature. Dorcet et al.**~** have reported
emergence of octahedral tilt modulation in the temperature
range of 200-290 °C and related it to the relaxor and antifer-
roelectric behavior of NBT in this temperature region. In a
recent high temperature structural study using high resolution
synchrotron x-ray powder diffraction, Aksel et al.*> reported
the tetragonal phase in the temperature range 280-510 °C and
considered the monoclinic (Cc¢) + cubic (Pm3m) model below
280 °C. The cubic phase was included to account for the misfit
regions in the diffraction pattern attributed to the presence of
local disorders in the system, the origin of which has not been
discussed. Very recently, a phase transition into the tetragonal
phase involving bifurcated polarization rotation of Bi** has
also been reported using neutron pair distribution analysis.*®
From the above, it seems obvious that although several
studies have been reported on NBT, there is still a lack
of coherent understanding with regard to its structure and
dielectric/ferroelectric behavior. Some questions that deserve
serious attention and have direct bearing with regard to
the understanding of the piezoelectric properties of NBT-
derived systems include the following. (i) Is Cc a genuine
thermodynamic equilibrium phase? (ii) Is there a relationship
between the average monoclinic distortion and the nanosized
structural heterogeneities? (iii) What factors influence the
coherence length and the volume fraction of the local structural
heterogeneities? and (iv) What is the relationship between the
relaxor/normal ferroelectric behavior and the perceived struc-
tures at different length scales? The answers to these questions
require a way to relate the dielectric and the ferroelectric
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properties to the structural features observed at all pertinent
length scales. We have tackled this complex issue through a
comparative study on poled and unpoled NBT specimens using
a series of techniques: first-principles computation, electron
diffraction, high temperature x-ray, neutron diffraction, and
Raman spectroscopy. The study was also complemented by a
self-consistent set of dielectric and polarization measurements.
The results indicate that the reported global monoclinic (Cc)
structure does not correspond to a thermodynamic equilibrium
state. A one-to-one correlation between the coherence length
of localized a’a’c* tilts and the monocliniclike appearance
in the global diffraction pattern was found. The electric
field drastically reduces the coherence length of the in-phase
octahedral tilt and also the strain in the average lattice. In
the absence of both these interrelated features, the system
reveals its global rhombohedral (R3c) symmetry and a normal
ferroelectric state (instead of a relaxor ferroelectric state).

II. EXPERIMENTAL SECTION
A. Method

NBT ceramics were prepared by the conventional solid
state route. Dried oxides of high purity Bi, O3, Na,COj3, and
TiO, were used as raw materials. Stoichiometric amounts
of the oxides were mixed in a planetary ball mill for 10 h,
with acetone as the mixing medium using zirconia bowls
and balls. After drying, the mixed powders were calcined
at 900°C for 2 h in an alumina crucible. The calcined
powders were then mixed with 2% polyvinyl alcohol (PVA),
pressed into pellets by uniaxial pressing at 100 MPa, and
then compacted by cold isostatic pressing at 300 MPa. These
pellets were then sintered in air at 1140 °C for 3 h. Density
measurements carried out using Archimedes’ principle showed
the pellet to have a density of 98.5% of the theoretical
density. Poling was carried out at room temperature in
silicone oil by applying a dc electrical field of 70 kV/cm for
10 min on the sintered pellets. Powder XRD patterns at
room temperature and high temperature were collected from
a Bruker powder diffractometer (model D8 Advance) using
a Cu Ko x-ray source and nickel filter. Room temperature
and high temperature neutron powder diffraction data were
collected using a wavelength of 1.548183 A on the Structure
Powder Diffractometer (SPODI) at the FRM II neutron
reactor (Germany).*’ The powders for the high temperature
scans were taken in a niobium container; hence, the patterns
contain additional niobium peaks. Rietveld refinement was
carried out using the FULLPROF package (2000; Ref. 48).
The refined parameters include 26-zero, background fitted
by linear interpolation, lattice parameter, atomic coordinates,
thermal displacement parameters, and the pseudo-Voigt profile
shape parameters. A precision Premier II tester (Radiant
Technologies, Inc.) was used to obtain the polarization-electric
field (P-E) loop measurements. The piezoelectric coefficient
d33 was measured using a Berlincourt meter from Piezotest
(model PM300). The high temperature Raman measurements
were carried out in the backscattering geometry using an Ar +
laser excitation source at 488 nm attached with a LABRAM
HR-800 spectrometer and a charge-coupled device (CCD)
detector. The measurements were carried out on a pellet loaded
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in a Linkam (UK) temperature-variation cell with a stability
of 0.1 °C. The dielectric measurements were carried out using
a Novocontrol Alpha-A impedance analyzer. An FEI Titan
Cubed (80-300 kV) was used to carry out the transmission
electron microscopy (TEM) characterization. All the high
temperature experiments were carried out on the poled NBT
sample, and measurements were made in both the heating and
cooling cycles. As the structure resembles that of the unpoled
state after heating to a sufficiently high temperature, for all
practical purposes the cooling data can be considered as that
of the unpoled sample.

B. Computational details

First-principles computation, based on density functional
theory and implemented in the Vienna Ab initio Simulation
Package (VASP),* was performed to study the structural
stability of the Cc phase with respect to R3c in NBT.
Valence electron wave functions of all the atoms are con-
veniently described by the projector-augmented wave (PAW)
functional.® The exchange correlation part of total energy was
corrected by generalized gradient approximations (GGA).>!
For a good convergence of ground state energy, the high
kinetic cutoff energy of 500 eV was set as the plane wave
basis. The Brillouin zone of the periodic cell was sampled by
the Monkhorst-Pack method witha 6 x 6 x 2 and 2 x 6 x 6
k-point mesh for R3¢ and Cc structures, respectively. For
partial occupancies of the orbital, the Gaussian-smearing
scheme with a finite electronic temperature of 0.1 eV was set.
Using self-consistent calculation, both ionic and electronic
relaxations were alternatively performed until the energy
difference of two successive ionic steps and the force constant
of ions converged below 0.1 meV and 1 meV/A, respectively.

III. RESULTS

A. Relative stability of the R3c and Cc¢
structures—first-principles study

While examining the status of the recently proposed
monoclinic (Cc) structure of NBT vis-a-vis the traditional
rhombohedral (R3c) phase, a comparative study was carried
out using first-principles computation. The rhombohedral (in
the hexagonal setting) and monoclinic unit cell consists of
six and four formula units of NBT, respectively (Fig. 1). In a
recent paper by Ma et al.,>? first-principles calculations of NBT
were reported by considering NaTiOsz- and BiTiO3-ordered
layers in the [111],c and [001],. pseudocubic directions. The
authors reported that for any given structural distortion, the
model with [111], ordering gave lower energy as compared to
that with [001], ordering. Further, among the four noncubic
distortions, R3¢, P4bm, P4mm, and R3m, the lowest energy
was reported for the R3¢ model. More recently, Niranjan
et al>® showed that the R3¢ model with [111]. ordering
of Na and Bi could reasonably reproduce the experimental
values of atomic coordinates, lattice parameters, and the
frequencies of the transverse optical (TO) and longitudinal
optical (LO) modes. These studies suggest that although the
assumed ordered structural model does not actually represent
the experimental situation, it is not a bad model when it comes
to predicting properties. In view of this, we also considered the
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FIG. 1. (Color online) Crystal structure models of (a) rhom-
bohedral R3¢ (hexagonal setting) and (b) monoclinic Cc phases
considered in the first-principles calculations, drawn using the VESTA
package.

[111].-ordered Na and Bi layers for determining the relative
stability of the R3¢ and Cc distortions. In the hexagonal setting
of the R3c structure, the [111]; direction is parallel to the ¢
axis. In the Cc structure, this direction corresponds to the [101]
direction of the monoclinic unit cell. The initial cell parameters
of rhombohedral (R3¢ space group) and monoclinic (Cc space
group) structures were taken from the experimental results®’
and allowed to relax self-consistently through ground state
energy configuration. The optimized lattice parameters are in
good agreement with experimental values (98—100%; Table I).
Interestingly, the minimum energy of the Cc structure turns out
to be 106 meV/formula units higher than the minimum energy
of R3c structure (Fig. 2). This difference is comparable to the

TABLE I. The lattice parameters of the monoclinic and rhom-
bohedral structures calculated from first-principles computation. The
experimental parameters are also given for comparison.

Experiment Theory
Lattice parameters R3c Cc R3c Cc
a(A) 5.484 9.5196 5.475 9.585
b (A) 5.484 5.4798 5.475 5.507
c(A) 13.548 55114 13.556 5.542
B (deg.) - 125.278 - 125.43

224103-3



BADARI NARAYANA RAQO et al.

g
(o]
T

©
IS
T

Cc

o
N
T

Energy (eV)/ Formula unit

o
o
T

1 L 1 L 1 L 1 L 1 L
085 090 095 100 1.05
VIV,

1 L 1 L
1.10 115 1.20

FIG. 2. (Color online) Volume dependence of the relative energies
per formula unit of the monoclinic and the rhombohedral phases.
V, represents the equilibrium volume.

values reported by Ma et al., who showed that with respect to
R3c, the energy per formula unit of P4bm, P4mm, and R3m
structures are higher by 98, 93, and 133 meV, respectively.’?
Because the E-V curves of the Cc and the R3c phases do
not intersect for the compressed and expanded volumes, the
possibility of pressure-induced Cc-R3c transition is also less
likely. Hence, within the chosen chemically ordered structural
framework, first-principles results suggest that a global Cc
phase is energetically less stable compared to the global R3¢
phase. In the sections that follow, we present experimental
evidences to show that the global monoclinic distortion
observed in high resolution x-ray/neutron diffraction patterns
does not correspond to an equilibrium state but is intimately
linked to the presence of nanosized structural heterogeneity
and strain in the average lattice.

B. Field-induced disappearance of the average
monoclinic distortion

Figure 3 shows the Rietveld-fitted room temperature neu-
tron diffraction patterns with the rhombohedral R3¢ structural
model on poled and unpoled NBT specimens. For the unpoled
specimen, it is evident from the inset that the fits are not
satisfactory at higher angles. This misfit can be attributed to
the disorder and the average monoclinic distortion reported in
recent years.””>° On the contrary, the R3¢ model fits the entire
diffraction pattern of the poled specimen perfectly well. This
corroborates the results reported earlier from an XRD study>°
and confirms the disappearance of the monocliniclike average
distortion after application of the poling field. The refined
structural parameters obtained from the neutron diffraction
data of the poled specimen are given in Table II. If the
monoclinic structure is considered to be genuine, this result
would imply a field-driven monoclinic to rhombohedral
irreversible structural phase transition.

C. Field-induced disappearance of the localized in-phase tilt

The different aspects of the deviation from the global
rhombohedral structure captured by the x-rays and electron
and neutron scattering studies most likely arise from the
same nanosized structural heterogeneity. In order to establish
a one-to-one correlation between the local structural hetero-
geneity and the monocliniclike global distortion, a comparative
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FIG. 3. (Color online) Rietveld refinement fit of (a) unpoled NBT
powder and (b) poled NBT powder using neutron diffraction data with
the R3c structural model. Insets show the zoomed plot of the {321},
Bragg peak.

electron diffraction study of both the poled and the unpoled
specimen were carried out. Figure 4 displays the [111];
and [310]. zone TEM diffraction patterns for unpoled and
poled NBT. In conformity with the reports in the past, we
can see evidence of in-phase octahedral tilt in the form of

Poled Unpoled

za. [111]

za. [111]

za. [111]

z.a. [130]

FIG. 4. {111}, and {310}, zone TEM diffraction patterns of poled
and unpoled samples. Poled samples shows perfect rhombohedral
features, whereas unpoled samples features extra superlattice spots
corresponding to %{ooe}c-type reflections ([111], pattern) and traces
of {100} sheets ([130]. pattern).
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TABLE II. Structural parameters of poled NBT obtained by Rietveld analysis of neutron powder
diffraction data. UY represents the anisotropic displacement parameters.

Atom X Y Z
Na/Bi 0 0 0.27643 (10)
Ti 0 0 0.01077 (16)
o 0.12121 (15) 0.3384 (2) 0.08330*
U]l — U22 U33 U12 U13 U23
Na/Bi 0.0261 (6) 0.0213 (9) 0.0130 (6) 0 0
Ti 0.0067 (7) 0.0082 (10) 0.0033 (7) 0 0
o 0.0114 (5) 0.0213 (3) 0.0039 (5) —0.0032 (4) —0.0103 (3)

a = 5.47906 (4) A, ¢ = 13.56102 (16) A
Residual Factors: Ry, =2.97 x> = 1.85

*O(z) was fixed to deal with the floating origin.

%{ooe}c-type weak superlattice spots, which are inconsistent
with the R3c structure. The diffuse streaks running along the
[100]. direction in the [310]. zone pattern further confirm
the disorder to be present as planar defects. Interestingly,
the %{ooe}C superlattice spots and the diffuse streaks are

Poled

‘%

not seen in the diffraction pattern of the poled sample. A
significant reduction in the strain contrast can also be easily
noticed in the high resolution TEM (HRTEM) image of the
poled specimen (Fig. 5). The fast Fourier transform (FFT) of
the high resolution images from the poled sample is mostly

Unpoled

FIG. 5. (Color online) (a) Raw HRTEM image along [111], orientation obtained from a poled NBT specimen. (b) FFT of the HR image in
(a) from the majority of the areas. (c) FFT of a selected area (shown as white square) from (a), which shows additional faint superlattice spots
similar to the unpoled sample. (d) Raw HRTEM image along [111]. orientation obtained from unpoled NBT sample. (e) Corresponding FFT

of the HR image in (d), showing %{ooe}C superlattice reflections.
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devoid of %{ooe}C superlattice spots [Fig. 5(b)]. However,
some localized regions still show these superlattice spots
[Fig. 5(c)], whose intensity is very low when compared with
that of the unpoled sample [Fig. 5(e)]. This situation, though a
minor one, might be due to additional disorders created during
the unavoidable mechanical grinding and ion milling involved
during the TEM sample preparation process. It may be noted
that the %{ooe}c spots are not seen in the conventional TEM
diffraction patterns of the poled sample, where the selected
area aperture selects about a half-micron square sample
area, compared to considerably smaller areas sampled from
HRTEM images. These results suggest that the poled sample
exhibits drastically reduced regions of in-phase octahedral
tilts as compared to the unpoled specimen. The simultaneous
disappearance of the monoclinic distortion (in bulk XRD),
the in-phase tilted regions (in electron diffraction), and the
heterogeneous lattice strain on poling proves one-to-one
correspondence between localized in-phase tilted octahedral
regions and the perceived monoclinic distortion on a global
scale.

D. Field-induced transformation of the relaxor state
to a normal ferroelectric state

Figure 6 shows the variation of the P-E hysteresis loop
at different values of maximum applied field (Epnq.x). The
measurement was carried out on an initially unpoled NBT
pellet at a constant frequency of 1 Hz. In each subsequent
cycle, En.x was incremented until a saturated hysteresis loop
was obtained. Once a saturated loop was obtained, the E},,x in
the subsequent cycles were continuously decreased. As shown
in Fig. 6, though the first saturated loop was observed only at
Emax of 64 kV /cm, it was relatively easy to obtain saturation
at a lower E,x once polarization saturation was achieved
[Fig. 6(c)]. Since electron diffraction study has already
shown that poling drastically reduces the coherence length

E, =34 kVicm

()

E, =44 kVicm

o N b

1
N
T

0 20 40 -60 30 0 30 60
E_ =60kVicm E_ =64 kvicm

m:

Polarization (uC/cm®)
A
o
5

60-30 0 30 60

56030 0 30 60
Electric Field (kV/cm)

FIG. 6. (Color online) The trend of the P-E loops obtained from
an initially unpoled NBT pellet at varying E,,.. The black loop
shows the trend during increasing E., (squares), whereas the red
loop shows the trend during decreasing Ep,x (circles).
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FIG. 7. (Color online) Frequency vs relative permittivity plot for
the poled and unpoled sample at room temperature.

of the in-phase tilted region and makes the average lattice
homogeneous, it appears that the higher field required initially
for obtaining polarization saturation is related to overcoming
the hindrance posed by these local structural heterogeneities.
It must also be noted that these comparisons were made at one
particular frequency. Decreasing the frequency would cause
the polarization saturation during increasing Eax to occur at
a lower field as the domains get more time to align in the field
direction. In this context, it may be noted that poling an NBT
sample for sufficient time, even at 40 kV/cm, was enough to
obtain the global R3c distortion, and the d3; value obtained
was close to that obtained at higher poling fields.?’

Another notable difference between the poled and unpoled
NBT specimen was found in the degree of their dielectric
dispersions. As shown in Fig. 7, the plot of dielectric
permittivity vs log frequency shows a linear trend. The slope
of the linear plot can be taken as a measure of the degree of
dielectric dispersion. The slope in the unpoled state is about
3.5 times larger than that in the poled state. The considerably
enhanced relaxation in the unpoled state is due to lack of
long-range polarization, which in turn, as shown above, is due
to the lack of long range structural coherence. Vakhrushev
et al >* have reported average size of the polar domains to be of
the order of ~11 nm at room temperature. Levin and Reaney>?
have argued about structural inhomogeneities at two different
length scales, i.e. 1-3 nm of the tetragonal (a’a’c™) regions
embedded in pseudorhombohedral twin domains of 10-40 nm
thickness. A modulated domain structure of real space period
of ~ 4 nm has been suggested by Thomas et al.>> Balagurov
et al.** have argued about incommensurate modulation of the
R3c phase along the fourfold axis of the precursor tetragonal
phase. While we have shown that the coherence length of
in-phase tilted octahedral regions is dramatically reduced
after poling, we also anticipate that poling would drastically
reduce the diffuse scattering signal in x-ray/neutron scattering
studies and also that the incommensurate modulation** would
disappear.

E. Depoling and normal to relaxor ferroelectric transition

The inset in Fig. 8(a) shows the variation of remnant
polarization with temperature, which gives an insight into

224103-6



LOCAL STRUCTURAL DISORDER AND ITS INFLUENCE ...

PHYSICAL REVIEW B 88, 224103 (2013)

3500 (a) Poled 3500 (b) Unpoled
| <30l m— mm. | 14F
1S L &
13f F
30001 S 20f N 300 oF
I =10k b roS
25001 o P 2500 £ 4ob
L 20720 ggg) L o |
emperature ) ) )
~w 2000 =42 2000 850021020

1500
1000

500

r Temperature (°C)
1500

1000

500

150

50

150

S 100

50

1 . I . I .
100 200 300 400

1 . I . I .
100 200 300 400

Temperature (°C)

FIG. 8. (Color online) Temperature variation of the real and imaginary parts of relative permittivities of (a) poled and (b) unpoled NBT.
Inset in (a) shows variation of remnant polarization as a function of temperature. Inset in (b) shows the Vogel-Fulcher fitting of frequency vs
T'n, the temperature of maximum in imaginary part of dielectric permittivity.

the depoling behavior of NBT. The depoling seems to start
above 150 °C and ends at 190 °C. The temperature of 190 °C
is generally treated as the depolarization temperature of NBT.
While at the visual level, the temperature dependence of
polarization observed [Fig. 8(a)] is typical of any ferroelectric
material; it will be shown in Sec. III G that the onset of
depoling at 150°C is due to a subtle but distinct structural
change. Figures 8(a) and 8(b) show the temperature variation
of the real and imaginary parts of the relative permittivity
of the poled and unpoled NBT at different frequencies. The
real and imaginary parts in the poled sample show sharp
anomaly at 200°C, suggesting a phase transition. Above
200 °C, both quantities begin to display dielectric relaxation.
In view of this, the anomaly at 200°C can also be termed
as the normal to relaxor ferroelectric transition (7gg). In
contrast, the unpoled sample merely shows a weak shoulder
around this temperature in the real part and relaxational peaks
characteristic of a relaxor ferroelectric in the imaginary part. A
Vogel-Fulcher analysis®®7 using the data of the imaginary part
of the unpoled specimen [inset of Fig. 8(b)] gives the freezing
temperature of the polar clusters (7) to be 190 °C. This is about
10°C less than the normal to relaxor ferroelectric transition
temperature (7r.r) exhibited by the poled specimen. A similar
observation has been made earlier for NBT substituted with
6 mol% BaTiO3, where depolarization has been explained in
terms of a two-stage process involving major randomization
of the domains followed by breaking of the domains into
nanoregions.”®

F. Temperature-induced structural transformations:
Raman studies

In the past, high temperature Raman spectra of NBT have
been analyzed by different groups.’®-%? The results suggest a
broad distribution of local structural distortions in the different
phases of NBT. Luo et al.®> have reported the persistence
of local polarization due to asymmetric Ti-O vibrations well
above Tpux (~325°C), the temperature corresponding to
maxima in the relative permittivity of NBT. Low frequency
modes corresponding to the A-site bonds are regarded as a
main source for relaxor features in NBT. These modes are
reported to exhibit anomalies in their intensity variation in the
vicinity of the rhombohedral-tetragonal transition (300 °C).%°
However, the diffuse nature of the modes with considerable
overlapping made it difficult to precisely determine the
transition temperatures. Here, we compare the temperature
dependence of the Raman spectra obtained from the poled and
unpoled sample. Figure 9(a) displays the temperature evolution
of the Raman spectra of the poled NBT pellet during the
heating and cooling cycle. The cooling data can be treated
as that of the unpoled sample since the specimen loses its
poling-related memory after heating into the paraelectric state.
The observed room temperature spectrum of our unpoled
sample is consistent with the previous reports.'>?*% The
dashed lines are drawn as a guide for the eye to show peak
shifts. The room temperature modes of NBT are mainly
centered in three regions: (A) 100-200 cm™!, (B) 200-400
cm™!, and (C) 400-650 cm ™. Following Kreisel et al.,>*%3 the
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FIG. 9. (Color online) (a) The temperature dependence of the Raman spectra for the poled sample heated up to a temperature of 527 °C
and then cooled to room temperature. The cooling data can be considered as the data for the unpoled sample. (b) Comparison of the selected
Raman modes at particular temperatures for the poled and unpoled sample.

mode in region A is associated with Na-O vibration, the broad
band in region B is dominated by Ti-O vibration, and the modes
in region C are dominated mainly by vibrations involving
oxygen displacements. With increase in temperature all of
the modes become broad. The modes in region A gradually
weaken and disappear above 300 °C. Figure 9(b) compares
the mode in region B of the Raman spectra of the poled and
unpoled sample at selected temperatures. We see that at room
temperature, poled NBT exhibits relatively more symmetric
mode as compared to the unpoled sample. In view of the
structural results, the asymmetry in the unpoled sample can be
attributed to excitation of additional vibrational modes around
the local structural heterogeneities.®* It is also interesting to
note that this subtle difference in the profile of poled and
unpoled samples exists only up to 200 °C [Fig. 9(b)], and above
this temperature both show a similar pattern. This indicates
that the major structural change in the poled sample occurs
at the normal to relaxor ferroelectric transition. The whole
spectra from 90 to 700 cm~! were fit using four Lorentzian
peaks by considering single peaks for region A and B and
two peaks in region C. Since the peak in region A disappears
above 300 °C, only three peaks were considered for fitting
above this temperature. Figures 10(a) and 10(b) show the
variation of the wavenumber of the modes in region A and B,
respectively, for both poled and unpoled samples as a function
of temperature. The anomalies in the modes of region C are
not shown since the error associated is high due to the large
line width and very diffuse peaks. Both the modes in region
A and B show anomaly at 200 °C for the poled sample but
not for the unpoled sample. This indicates sudden disturbance

in the Na-O and Ti-O vibrations above Trg, signifying the
onset of considerable local structural disorder in the system.
This anomaly is not seen in the unpoled sample because the
preexisting structural heterogeneities already present before
Tr.r mask the intrinsic instability. A similar situation was noted
in the dielectric studies discussed previously [Fig. 8(b)]. Mode
B shows another anomaly at 280 °C wherein the slope of the
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FIG. 10. (Color online) Variation of two modes of the Raman
spectra with temperature for poled and unpoled NBT.
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variation in the mode position suddenly changes [Fig. 10(b)].
This is accompanied by the mode in region A diffusing into the
Rayleigh peak above this temperature. We assign this anomaly
to the emergence of the tetragonal (P4bm) distortion in the
sample, and this feature is common to both the poled and
unpoled sample.

G. Structural transitions—x-ray and neutron
diffraction studies

In order to corroborate the results of Raman analysis,
temperature-dependent x-ray and neutron powder diffraction
studies on poled specimen were carried out. As already
pointed out, due to significant reduction in the structural
heterogeneities, poled NBT exhibits well-defined and sharp
Bragg peaks in the x-ray and neutron powder diffraction
patterns, which can be fitted with a thombohedral structural
model. Since the dielectric study has revealed a sharp anomaly
characteristic of a phase transition at 200 °C in the poled spec-
imen, we anticipated detecting a drastic structural transition
around the same temperature upon heating the poled specimen.
The diffraction patterns were recorded by first heating the
poled specimen and then cooling from the cubic phase. The
data recorded during the cooling cycle can be considered
as structural evolution of the unpoled NBT. Figures 11(a)
and 11(b) show the evolution of the main Bragg peaks with
temperature as contour plots. Both {110}, and {111}, peaks of
the poled sample show drastic changes above Trr (200 °C).
The large split in the {111}, peak appears to suddenly collapse
above this temperature. However the peak asymmetry survives
until 280 °C. In contrast, the unpoled sample shows a smooth
and continuous variation across 200 °C. A closer inspection of
the shape of {111}, peak of poled NBT revealed that its peak
shape at 210 °C is similar to that of the unpoled specimen at
room temperature [Fig. 12(c)], which has been interpreted
as monoclinic distortion.”>*> Since the perceived average
monoclinic distortion is due to the existence of localized
in-phase tilted regions and the resulting heterogeneous lattice
strain, the transition to the relaxor ferroelectric state on heating
the poled sample above 200°C must be due to a sudden
increase in the structural heterogeneity in the field-stabilized
R3c matrix.

Additional information with regard to the temperature-
induced structural changes was obtained by a neutron diffrac-
tion study of poled NBT by monitoring the evolution of the
superlattice reflections. Data was collected by first heating and
then cooling the powder of the poled specimen. The %{310}C
superlattice reflection becomes discernible at 150 °C (Fig. 13).
This corresponds to the same temperature above which sharp
drop in the remnant polarization was noted earlier (Fig. 9).
This proves that the onset of depoling is due to onset of
the in-phase tilted octahedral regions in the poled specimen.
At 200°C, another superlattice reflection %{312}C becomes
noticeable along with the %{310}C reflection. The intensity
of these superlattice reflections increases abruptly in the
narrow interval of 200-230°C. Though conventionally these
types of superlattice reflections have been associated with the
tetragonal (P4bm) structure, the main Bragg profiles do not
show any signature of tetragonal splitting below 280 °C in both
x-ray and neutron diffraction patterns. The tetragonal splitting
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FIG. 11. (Color online) Contour plot of selected Bragg reflections
of NBT obtained by high temperature XRD. The indexing of the
Bragg reflections is done with respect to the pseudocubic cell.
(a) Temperature dependence of initially poled NBT sample. (b)
Temperature dependence of an unpoled NBT sample.

in the pseudocubic {200}, Bragg peak becomes noticeable only
above 300 °C, which is well above the temperature at which
%{ooe}C superlattice reflections begin to appear (150 °C). The
emergence of spontaneous tetragonal strain manifests as a
sudden increase in the full width half-maximum (FWHM) of
the {200}, peak [Fig. 12(d)]. The odd-odd-odd superlattice
reflection %{331}0, which is characteristic of the R3c¢/Cc
phase, disappears at 300°C (Fig. 13). Simultaneously, the
FWHM of the {111}, XRD peak also becomes constant above
300°C [Fig. 12(e)]. Both these features prove the complete
disappearance of the R3c phase above this temperature.
The occurrence of both %{000}- and %{ooe}—type superlattice
reflections in the temperature range 150-300 °C would seem to
imply a coexistence of two phases, P4bm and R3c. Figure 13
shows the Rietveld refinement fits of selected Bragg reflections
of the neutron diffraction pattern at different temperatures
with the R3c 4+ P4bm structural model. It is interesting to
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FIG. 12. (Color online) (a) Evolution of {110}. and (b) {111},
Bragg reflection as a function of temperature between 190 °C and
300 °C obtained from high temperature XRD. (c) Comparison of the
{111}, peaks of the poled and unpoled samples at room temperature
with that of the poled sample at 210°C. The peak at 210 °C attains
similar features as that of the unpoled sample. (d) Variation of the
FWHM of the {111}, and (e) {200}, Bragg reflections as a function
of temperature obtained from the XRD.

note that below 230 °C the intensities of the observed %{ooe}
superlattice reflections do not match with that predicted by the
P4bm model. This seems to indicate that the occurrence of
the %{ooe}c superlattice reflections in the temperature range
150-230°C may not correspond to a true P4bm phase. We
may also note that the intensities of these superlattice peaks
could not be modeled by any of the other structural models
in the Glazers scheme.*® 1t is likely that this temperature
range contains a modulated structure, as proposed by other
groups 24324243

The entire XRD pattern at 300°C mimics a cubiclike
phase as all the peaks are singlet in nature. In fact, Rietveld
refinement of the XRD pattern at 300 °C with a single phase
cubic Pm3m model yielded a very good fit (Fig. 14). However,
this cannot actually be true since neutron diffraction patterns
exhibit prominent %{ooe}c-type superlattice peaks at this
temperature. This particular temperature also corresponds to
the temperature at which optical isotropization®®- 3347 has been
reported in NBT single crystals. What is interesting to note is
that not only are the Bragg peaks singlet but also that their
FWHMs are very close to the FWHMs of the corresponding
peaks when the specimen was in the high temperature cubic
state (~600°C) at which no excess broadening is expected.
For example, FWHM for {111}, and {200}, at 300°C was
0.09° and 0.11°, respectively, whereas the widths in the
cubic phase at 600°C was found to be 0.08° and 0.10°,
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FIG. 13. (Color online) Rietveld refinement fits of selected
angular range of the high temperature neutron diffraction data from
150°C to 300°C, fit using the R3c + P4bm model. * indicates the
Niobium peak position originating from the container used. The
encircled region shows the misfit between the observed and calculated
Bragg profile.

respectively. A similar situation has been reported for 6 mol%
BaTiO;-substituted NBT at room temperature.®®” The phase
at 300 °C is therefore a special type of noncubic structure with
a cubiclike lattice parameter. This rules out the possibility of a
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FIG. 14. (Color online) Rietveld refinement fit of high temper-
ature XRD pattern of poled NBT at 300 °C with the cubic Pm3m
model. The refined cubic lattice parameter is 3.8951 (2) A and the
residual factor, x2 = 1.55.

224103-10



LOCAL STRUCTURAL DISORDER AND ITS INFLUENCE ...

1200

©
o
o

1200

o]
o

Intensity (arb. units)

1800

1200

36 38 40 42 44 46 48 50
20 (degree)

FIG. 15. (Color online) Rietveld refinement fits of selected
angular range of the high temperature neutron diffraction data. (a)
Pattern at 400 °C fit using the P4bm model. (b) Pattern at 550°C
fit using the P4bm model. (c) Pattern at 650 °C fit using the Pm3m
model. * indicates the Niobium peak position originating from the
container used. The encircled region shows the misfit between the
observed and calculated Bragg profile.

truly cubic optically isotropic structure at 300 °C, as speculated
by Gorfman et al.*® Also, it is less likely that the optical
isotropization could be due to anomalously small domains with
random orientations of the optical indicatrices, since for such a
situation, one may expect considerable broadening of the XRD
peaks, which is not the case. A more detailed experiment would
be required to understand this phenomenon.

It is interesting to note that although the split between the
pair of {h00}. reflections disappeared at 520 °C, signaling the
tetragonal to cubic transformation (Fig. 11), the %{ooe}C super-
lattice peaks persisted beyond 520 °C (Fig. 15). The relative
intensities of the superlattice reflections in the cubic phase
region are similar to those observed in the temperature range
150-230 °C, which, as discussed above, could not be explained
by the P4bm model. For example, as shown in Fig. 15, at
400 °C the pattern fits very well with the P4bm model whereas
the pattern at 550 °C does not. This suggests that above 550 °C,
the system may be treated with a coexistence of a cubic and
a modulated structure consisting primarily of the in-phase
tilted octahedra. This superlattice peak could be observed
even up to 650°C and confirms a similar observation made
earlier by Trolliard and Dorcet,** who reported the superlattice
reflections in their electron diffraction pattern at 620 °C.
The occurrence of in-phase tilt components in the cubic
phase suggests that NBT is prone to exhibit this kind of tilt
disorder.

The above results can be summarized by the following.
High temperature XRD of poled NBT:

R3c R3c/Cc

RT & 200°c 4 Pmgm

300 °Clcubic] =" 520 °C "2

High temperature neutron diffraction of poled NBT:

RTE 150°C

P4bm

300°C = 520°C

l/2{ooo}+=1>/2{ooe}tilt 230°C

R3c¢/Cc+P4bm
=

1/2{ooe}disorder+ Pm3m
= .
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FIG. 16. (Color online) (a) Room temperature XRD plot of
selected Bragg peaks of the poled NBT powder, which was annealed
at different temperatures for 30 minutes and then cooled. The indexing
of the peaks is done with respect to the pseudocubic cell. (b)
Variation of volume fraction of the Cc phase for the poled NBT
powder annealed at different temperatures, which was modeled
with the R3c 4+ Cc model along with ex situ d3; measurement
of poled NBT, which was annealed at different temperatures for
30 minutes.

H. Thermal aging of the poled specimen
and structure-property correlation

Figure 16(a) shows the room temperature XRD plots
of poled NBT powder, which has been heat treated to
different temperatures. The diffraction pattern becomes
similar to that of the unpoled sample only after heating
the poled specimen above 300 °C, the optical isotropization
temperature. Annealing the poled powder up to 200 °C does
not cause any significant change in the room temperature
pattern. In contrast, the room temperature pattern of poled
powder that was annealed up to 250°C shows peaks that
are characteristic of both the unpoled and poled states.
All the patterns in Fig. 16(a) could be refined with the
R3c + Cc structural model. As reported earlier,”’ the strategy
of constrained refinement was adopted (lattice parameters
and atomic coordinates fixed to that obtained for fully
poled NBT and fully annealed NBT) to obtain a systematic
variation in the fractions of the two phases. Figure 16(b)
shows the variation of the Cc phase with increasing annealing
temperature obtained from the Rietveld analysis along with
the variation of ds3. It is interesting to note that though the
ds; decreases considerably at 200 °C, it becomes zero only
after annealing above 300 °C, thereby confirming that in spite
of considerable depolarization beyond 200°C, the system
retains to some extent the memory of the poled state up to this
temperature.
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IV. DISCUSSION

A. The relaxor/normal ferroelectric dilemma

The relaxor behavior in the lead-based ferroelectric com-
pounds Pb(Mg1/3Nb2/3)O3 (PMN), Pb(Zn1/3Nb2/3)O3 (PZN),
Pb(Scy/2Ta;2)O3 (PST), and La-modified Pb(Zr;_,Ti,)O3
(PLZT) are generally attributed to presence of polar nanore-
gions (PNRs), the correlation length of which grows on
cooling from the high temperature cubic phase. Can NBT
be categorized in the same way? There are several contrasting
features that make NBT somewhat different from the canonical
relaxor ferroelectrics such as PMN. For example, while
the canonical systems exhibit (i) very insignificant lattice
distortion below the dipolar freezing temperature, (ii) slim
polarization hysteresis loop, and (iii) frequency-dependent
dielectric maximum temperature in permittivity temperature
plots, NBT exhibits a well-defined saturated polarization
hysteresis loop, significant rhombohedral/monoclinic lattice
distortion with respect to the paraelectric cubic structure
and most interestingly a dielectric maximum temperature at
~320°C, which is not frequency dependent. These features
are rather representative of a normal ferroelectric material
such as BaTiO3, PbTiO3;, or KNbO3;. However, in contrast
to the normal ferroelectrics, polarization in NBT does not
develop below the permittivity maximum ~320 °C but only
below ~200°C. Around this temperature, NBT exhibits a
weak shoulder in the real part of the temperature-dependent
permittivity and frequency-dependent peaks in the imaginary
part. Earlier structural studies carried out on unpoled NBT
specimens were unable to identify any anomalies around the
depolarization temperature (200 °C). This is analogous to what
is commonly observed in lead-based relaxors,’®%® thereby
prompting NBT to be categorized as a relaxor ferroelectric
and not a normal ferroelectric. Petzelt et al.,>® using dielectric,
infrared, and Raman spectroscopy, discussed the dynamic
aspects of the nanoregions in NBT and showed that the critical
dynamics of these regions lie in the 5-10 GHz range. Unlike
usual relaxors, they indicate that the characteristic relaxor
behavior appears only in the gigahertz range in NBT; hence,
standard dielectric measurements at a lower frequency will
not show any major dispersion. Lattice dynamical studies,
on the other hand, have shown similarity between NBT
and PMN in terms of the occurrence of overdamped soft
modes, a “waterfall” effect, and its disappearance below the
depolarization temperature.”” Analogous to PMN, it might
be tempting to attribute the dielectric relaxation below the
depolarization temperature to the PNRs centered around the
nanosized planar defects.?>? Kreisel et al. have argued about
the difference in the nature of the PNRs in NBT and PMN
by highlighting the remarkable asymmetric diffuse scattering
in NBT against the symmetric diffuse scattering in PMN."°
This particular difference at room temperature may be due
to the comparatively smaller size of the PNRs in PMN
since the freezing temperature of the PNRs is below room
temperature in PMN as compared to ~190°C in NBT. A
better appreciation of the difference in signatures of the diffuse
scattering would require a temperature-dependent diffuse
x-ray scattering study. TEM studies have offered enough
evidence to suggest that nanoregions that give rise to diffuse
scattering are in low volume fraction and too small to be
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detected in bulk diffraction experiments (x-ray and neutron).
However, they are sufficiently big enough to show coherent
diffraction and reveal the localized in-phase octahedral tilt
(1-3 nm). The localized structural and strain heterogeneities
would break the long-range polar order and make the system
mimic as a relaxor ferroelectric. The considerable dielectric
relaxation and absence of visible structural change at 200 °C in
the unpoled specimen is akin to the nonergodic relaxor state of
NBT at room temperature. Poling of NBT at room temperature
transforms it irreversibly to a ferroelectric state as evident
from the drastic reduction in dielectric dispersion, appearance
of well-defined polarization-electric field hysteresis loop and
establishment of a homogeneous R3c distortion.

B. Status of the reported global monoclinic phase

Monoclinic structures are of great interest in ferroelec-
tric solid solutions exhibiting morphotropic phase boundary
(MPB) as they are considered to be responsible for the high
piezoelectric response by providing a low energy pathway for
continuous rotation of the polarization vector on application of
external field.”! So far, such structures have been encountered
mostly in ferroelectric solid solutions’> and not in pure
compounds, though such a possibility has been predicted for
PbTiOj3 at high pressure and low temperature.”® Ever since the
report of the average monoclinic distortion in NBT, the status
of this phase remained unclear. Initially, the monoclinic distor-
tion was proposed on a very local scale to explain the diffuse
x-ray scattering. It was suggested that Na/Bi are displaced
along the (100). direction away from the (111). to yield a
localized monoclinic distortion.?> Electron diffraction studies
on the other hand reported localized in-phase tilted octahedral
regions. The two techniques seem to reveal different aspects
of the same local structural distortion. The most notable result
in recent years is the claim of global monoclinic distortion in
NBT. Gorfman et al.*® have supported the global monoclinic
distortion in their recent optical birefringence study of NBT
crystals as they failed to observe well-defined domain walls,
expected for the rhombohedral symmetry. This negative result,
however, cannot be treated as a conclusive evidence for
monoclinic symmetry. Earlier, Geday et al.*® interpreted the
lack of well-defined domain walls in their birefringence study
to the existence of twinning coupled with strain, in conformity
with the high level of strain reported earlier by Isupov and
Kurzina.”* The lack of long-range coherence in the HRTEM
(Fig. 5) images supports the strain-induced randomization of
optical birefringence. Another important question that needs
to be answered is whether the monoclinic distortion in NBT
corresponds to a thermodynamically equilibrium state as in
the conventional MPB systems? It may be remarked that
compared to the lead-based MPB systems, the piezoelectric
response of NBT is significantly low (d33 ~ 80 pC/N). In
fact it requires substitution of about 6 mol% Ba to increase
its piezoelectric coefficient.® If the monoclinic distortion in
NBT represents an equilibrium state, then why should the
electric field permanently destroy this state and convert it to
rhombohedral? One would rather anticipate the equilibrium
state to revert back to a great extent after the field is
switched off, as has recently been demonstrated in PbTiO3-
BiSCO3.75
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With regard to the average monoclinic distortion reported in
high resolution XRD based studies, there can be two possible
scenarios. In view of the fact that the TEM studies have shown
the presence of fine scale pseudorhombohedral twin domains
that reside preferentially on {100} planes,*? the explanation
for the monocliniclike distortion in high resolution global
diffraction experiments may be sought within the framework
of the adaptive phase model.”® According to this theory, the
monocliniclike diffraction pattern can appear due to adaptive
coherent scattering from nanosized rhombohedral domains.°
Though the details are yet to be fully understood, a plausible
reason for the formation of nanosized rhombohedral domains
in NBT may be attributed to the compulsion for the R3c
regions to grow within the complex domain patterns set by the
high temperature P4bm phase. Application of the electric field
seems to merge the rhombohedral nanodomains and increase
its coherence length. Further, since the nanosized rhombohe-
dral domain state is not a thermodynamic compulsion at room
temperature, there is no competing factor that could force the
system to revert back to the nanodomain state after removal
of the field. In the absence of the adaptive coherent scattering,
the diffraction experiments would reveal the true symmetry of
the structure. This field-stabilized long-range coherence of the
rhombohedral lattice is substantially disturbed only after the
in-phase tilt regions grow significantly when heated beyond
200°C. The second possibility is that the strain due to the
incompatible in-phase tilt distorts the thombohedral matrix
to actually make it monoclinic on a mesoscopic length scale
around itself. In this scenario, the strain would not be uniform
throughout the matrix; hence, the amount of distortion would
vary in different regions. This would lead to a monoclinic
distortion with a distribution of cell parameters that cannot
be modeled with a single phase. Application of the electric
field in this case would minimize the in-phase tilted regions
and thereby also remove the strain on the matrix. Global
diffraction techniques will then be able to reveal the actual
rhombohedral R3c structure. In view of the results presented
in this paper, it is anticipated that poling would drastically
reduce the x-ray and neutron diffuse scattering signal>**> and
also reduce the extent of random orientation of indicatrices in
an optical birefringence study.?®

C. Depoling and structural changes

Though the depolarization temperature at ~200 °C is well
known for NBT, structural studies on unpoled specimens have
failed to offer any insight with regard to the nature of the
structural changes around this temperature. In fact, as noted
above, the lack of structural anomaly around 200°C has
been taken as evidence in support of the relaxor ferroelectric
character of NBT. Since the perceived average structure
changes from monoclinic to rhombohedral on application of
the high electric field,® looking for a correlation between
the depolarization behavior of NBT and temperature-induced
structural changes in unpoled specimen was, perhaps, not the
right strategy. The present study reveals that the depolariza-
tion is associated with the onset of incompatible in-phase
tilt in the field stabilized homogeneous R3c matrix. This
phenomenon starts at approximately 50 °C below the reported
depolarization temperature (~200°C). The field-stabilized
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homogeneous R3c lattice is not disturbed until 200 °C. Near
the depolarization temperature, the long-range coherence of
the rhombohedral lattice decreases drastically due to the
sudden increase in the in-phase tilted regions. The fraction of
the monocliniclike distortion, which is indicative of permanent
precipitation of nanosized structural heterogeneity in the
rhombohedral lattice, increases with an increasing annealing
temperature in the 200-300 °C range. Partial restoration of
the field-stabilized rhombohedral distortion was not possible
any more after heating the poled specimen above 300 °C,
the optical isotropization temperature. That the system could
retain some memory of the field-stabilized distortion after
cooling from a maximum temperature of 300 °C suggests that
it is not completely paraelectric up to this temperature.

D. Tilt disorder—an intrinsic feature in NBT

The origin of the complicated dielectric, ferroelectric, and
structural phase transition behavior of NBT lies in the disorder
of the Na'* and Bi** ions on the A-site of the ABO3 perovskite
and the contrasting nature of Na-O and Bi-O bonds. While the
Na-O bond is ionic, the Bi-O bond is highly covalent due
to the lone pair 6s2 of the Bi**. Bond-valence calculations by
Jones and Thomas?? showed that Bi was severely under bonded
when the average rhombohedral R3c structure of NBT was
considered. Even the XAFS study by Shuvaeva et al.’® showed
that the local environment of Bi is heavily distorted, and the
shortest Bi-O bond distance was found to be 2.22 A, which
is 0.3 A shorter than that calculated from crystallographic
data. The random occupancy of Na and Bi in conjunction
with the severe contrast in the bonding characteristics of Na
and Bi with O is expected to bring about positional disorder
on the oxygen sublattice. The presence of localized in-phase
octahedral tilt even in the global cubic phase® (Fig. 15),
seems to be a manifestation of this intrinsic oxygen positional
disorder. The slow decrease in the intensity of the superlattice
reflections on heating in the global cubic state suggests that the
in-phase tilted octahedral regions may survive at a localized
scale well above the temperature at which these superlattice
reflections become invisible in the neutron diffraction. The
complex phase transition behavior of NBT can therefore be
considered as a result of the intrinsic lattice instabilities in
the midst of the ever-present in-phase tilt disorder. While
this in-phase tilt disorder is compatible with the tetragonal
P4bm distortion, it is incompatible with the R3¢ ferroelectric
distortion. The local monoclinic displacement of A-site cations
within the disk-shaped structural heterogeneity found in the
local structure analysis® appears to be a result of competing
displacement tendencies in the global R3c and the local P4bm
regions. The simultaneous vanishing of (i) local in-phase tilted
regions, (ii) strain heterogeneity, and (iii) the monocliniclike
average lattice distortion suggests that the poling field is able to
force Bi, Na, and O to irreversibly take up positions compatible
with the global R3c phase. It appears that though local factors
did not allow the system to stabilize in its equilibrium R3c
structure, electric field helps in acquiring that very state by
suppressing the local structural heterogeneity. Ferroelectric
distortion in Bi-perovskite-based ferroelectric systems such as
BiAlOj; (Ref. 77) and BiFeO; (Ref. 78) are primarily stabilized
by the highly covalent character of the Bi-O bonds because
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of the 6s® lone pair electrons of Bi**. Though 50% of the
A-site is replaced by ferroelectrically inactive Na in NBT,
the reinforcement in favor of the R3c ferroelectric distortion
seems to come from the Ti-O hybridization as in BaTiO;
(Ref. 79).

V. CONCLUSIONS

In this work, a self-consistent set of mutually
complementing experimental and first-principles techniques
were used to resolve the interrelationship between (i)
local structural heterogeneities, (ii) the recently suggested
average monoclinic (Cc) structure, and (iii) its influence
on the dielectric and ferroelectric behavior of the lead-free
Nag 5BigsTiOs. First-principles study in conjunction with
electric field-dependent electron, neutron, and XRD study
confirmed the global rhombohedral (R3c) phase to be more
stable than the monoclinic (Cc) phase. The monocliniclike
distortion observed in bulk diffraction techniques was found
to be a result of the strain generated by the localized in-phase
(+) tilted octahedral regions in the R3¢ matrix. Electric poling
drastically reduces the coherence length of the localized
in-phase tilt and also the strain heterogeneities in the average
lattice, thereby enabling the ground state R3c structure of NBT
to be revealed on a global length scale. The disorder/strain-free
system exhibits anomalous structural instability at 7r.g while
heating, a feature that has not been possible to capture in
the unpoled specimen due to its masking by the preexisting
structural heterogeneity. A one-to-one correlation between the
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onset of depoling (~150 °C) and appearance of in-phase tilted
octahedral regions has been established. The depolarization
temperature is marked by the critical increase in the in-phase
tilted octahedral region. At around 300 °C, the reported optical
isotropization temperature, NBT exhibits a special noncubic
structure with a cubiclike lattice parameter. Interestingly,
though the depolarization seems to be complete at ~200 °C,
the system retains some memory of the field-stabilized
R3c phase until 300°C, suggesting sustenance of weak
polarization up to this temperature. The results suggest the
prominent role of in-phase (+4) tilted octahedral disorder
in influencing the dielectric, ferroelectric, and piezoelectric
properties of NBT. This disorder is intrinsic to the system
and is associated with the contrasting characteristics of Na-O
and Bi-O bonds, which tend to create positional disorder
on the oxygen sublattice and manifest as localized in-phase
tilted octahedral regions. In the zero field state the intrinsic
lattice instabilities (ferroelectric or otherwise) in NBT
therefore occur in the midst of this ever-present tilt disorder.
The understanding acquired in this study will provide
the framework for understanding the structure-property
correlations of the substituted NBT systems, which are
promising candidates as lead-free piezoelectric alternatives.
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