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In the current work, we have performed multiscale structural analysis of a Pb-free sodium niobate-based smart
system, i.e., 0.9NaNbO3 - 0.1Bag 9Cag 1 TiO3 (NN-10BCT) reported earlier for its high ferroelectric response.
We have investigated the temperature-dependent evolution of crystal structure at long, medium, and short ranges
using Synchrotron X-ray diffraction(SXRD), Raman scattering, and Pair distribution function(PDF) techniques
in conjunction with dielectric studies. Temperature-dependent Synchrotron X-ray diffraction data combined
with dielectric analysis suggests two unique Polymorphic Phase boundaries (PPB) with two coexisting fer-
roelectric phases stable in the wide temperature ranges. These PPBs are stable in different regions viz., (i)
cryogenic temperatures with coexisting R3¢ & Pmc2; phases (ii) vicinity of room temperatures with coexisting
Pmc2; & Amm2 phases. In contrast to the conclusions drawn from SXRD, PDF reveals structures having lower
symmetry (with coexisting Cc+ Pmc2; phases at 1.7 < r < 20 A ) at short ranges for these PPBs. The presence
of different long- and short-range symmetries (accommodating tilt-oriented ferroelectric phases) in the unique
polymorphic phase boundaries makes them thermally stable and advantageous for technological applications.

I. INTRODUCTION

Perovskite oxides exhibit various fascinating properties,
which makes them useful for several applications, including
ferroelectric memory devices, energy storage, sensors and ac-
tuators [1-5]. Currently, lead is a predominant component
in functional materials used for various electromechanical ap-
plications owing to their high performance [6, 7]. However,
environmental concerns trigger the development of functional
materials that are environmentally friendly [8]. It is important
to note that industrial implementation of the above materials
demands high efficiency along with thermal stability.

The functional properties of the perovskite (ABO3) based
materials stem from the displacement of the cations from their
centrosymmetric positions at A and B sites, octahedral distor-
tions and/or clockwise/anticlockwise rotation of the BOg oc-
tahedra [9-13]. Typically, off-centred polar cationic displace-
ments and octahedral distortions induced by external stimuli
viz., temperature, electric field, etc., enhance the ferroelectric
properties, which is a prerequisite for electromechanical ap-
plications. On the other hand, octahedral rotations are consid-
ered detrimental to the electromechanical response, although
they provide excellent thermal stability [14—17]. Generally,
crystalline materials transform from one phase into another
through two-phase coexistence under the influence of an ex-
ternal driver, viz., composition, crystallite size, temperature,
pressure, electric field, etc. [2, 9, 13]. The width of the phase
coexistence region decides the order of phase transition. In
the perovskite-based systems, two conventional phase bound-
aries have been exploited for various fruitful applications, viz.,
Polymorphic phase boundary (PPB) and Morphotropic phase
boundary (MPB) [2, 18-24]. The Polymorphic phase bound-
ary is strongly temperature dependent, resulting in a phase
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transition from one ferroelectric phase to another ferroelectric
phase via a very narrow region of phase coexistence. On the
other hand, the Morphotropic phase boundary is weakly tem-
perature dependent, and the functional properties of the mate-
rial become exceptionally high due to coexisting ferroelectric
phases (stable for a wide temperature range), making it ad-
vantageous for various smart materials applications [25]. The
concept of the morphotropic phase boundary and its influence
on physical properties (such as ferroelectric and piezoelectric
characteristics) has been extensively explored in lead-based
ceramic systems viz.,, Pb(TixZr; )O3, Pb(Mgi;3Nby/3)03-
PbTiO3, Pb(Zn;3Nby/3)03-PbTiO3 etc [26-28]. The reason
behind the high piezoelectricity in lead-based compositions
at the morphotropic phase boundary (MPB) is linked to the
presence of low-symmetry bridging structures, allowing po-
larization rotation within a plane [29-31].While a strongly
temperature-dependent Polymorphic phase boundary and a
nearly vertical (weakly temperature-dependent) Morphotropic
phase Boundary differ in their temperature responses, simi-
lar mechanisms contributing to enhanced piezoelectric perfor-
mance have been identified and confirmed for both the phase
boundaries [19, 21, 32]. In light of the above discussion, it
could be anticipated that a polymorphic phase boundary fea-
turing coexisting ferroelectric phases with octahedral tilts can
offer enhanced properties and substantial thermal stability si-
multaneously.

In our previous work, we proposed the coexistence of
two ferroelectric phases at room temperature in 0.1NaNbO3-
0.9 BaggCag TiO3 (hereafter referred as NN-10BCT) and
discussed the possibility of PPB/MPB in the above system
[9]. In the current study, we explore the existence of poly-
morphic phase boundary in this system, using temperature-
dependent synchrotron X-ray diffraction and dielectric data
complemented by temperature-dependent Raman analysis and
Pair distribution function(PDF) analysis. We find that at ambi-
ent conditions, the enhanced dielectric and ferroelectric prop-
erties of NN-10BCT are due to the existence of polymor-
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Temperature dependent (a) real and (b) imaginary part of dielectric permittivity in a wide temperature range of 100 K-600 K.(c)

Derivative of the real part of dielectric permittivity with respect to temperature marking the weak phase transition around 200 K and 130 K
during the heating and cooling cycle respectively. (d) The inverse of dielectric permittivity is plotted against the temperature. The inset shows
the frequency-independent dielectric maxima, which is a feature of classical ferroelectric material.

phic phase boundary, which consists of two distinct ferro-
electric phases with space groups Pmc2; and Amm?2, respec-
tively. For this PPB, the two-phase coexistence was found
over an 80 K temperature range, suggesting significant ther-
mal stability in the vicinity of room temperature. Further, at
low temperatures, the system undergoes another phase tran-
sition, as suggested by dielectric studies and confirmed via
SXRD measurements. The low-temperature phase transition
involves the transformation from a single-phase orthorhom-
bic structure (SG: Pmc2;) to a region where two distinct
ferroelectric phases coexist viz., orthorhombic (SG: Pmc2;)
and rhombohedral (SG: R3c). This indicates the presence
of another polymorphic phase boundary at low temperatures.
Temperature-dependent Raman analysis corroborates the con-
clusions drawn from SXRD and dielectric studies. However,
PDF analysis indicates a relatively stable short-range struc-
ture throughout the studied temperature range, contradictory
to what has been obtained from SXRD measurements.

II. EXPERIMENTAL

Sample with the composition of 0.9 NaNbOs3- 0.1
Bap9CapTiO3 has been synthesized using conventional
solid-state reaction method. High purity precursor powder of
Sodium carbonate(Na, CO3), Barium carbonate(BaCOj3), Cal-

cium carbonate(CaCOj3), Niobium pentaoxide(Nb,Os) and
Tin di-oxide (TiO;) have been used as starting material.
Firstly, all the raw materials were weighted according to com-
position stoichiometry, followed by Ball milling for 24 Hours
in an ethanol medium. After that, the samples were calcined
at 1000 °C for 5 hr in an air medium. Afterwards, all the
samples were ball-milled and calcined again in similar con-
ditions to rule out the presence of any non-reacted material
or unwanted phase. The calcined powder was pressed using a
uniaxial hydraulic press, and hence, formed green pellets were
sintered at 1150 °C with a dwell time of 4hr. We have obtained
the Scanning Electron Microscope (SEM) data from Nova
Nano SEM 450. The Synchrotron X-ray Diffraction and PDF
(Pair Distribution Function) data was collected using Beam-
line 28-ID-1 (PDF) at NSLS2 (National Synchrotron Light
Source) at Brookhaven National Laboratory, with a wave-
length of 0.16650 A. The background-corrected intensity was
normalized and reduced to the structure-function S(Q). To ob-
tain the corresponding reduced PDFs, the S(Q) data were then
Fourier-transformed using the function

Qmax

G(r) = 2/m) [ QIS(Q) ~ 1]sin(0r) 0

Omin
where Qmax =27.8 A ! and Qpin = 0.1 A 1.

Silver electrodes were fired on the top and bottom surfaces
of the samples for the subsequent electrical measurement. The



{400; (4403 ey

T

490 K

a

450 K

IS
)
S
=

w%
e =
=)
h

u>
~J
3
=

7
T

350 K
330 K|

/\ 310 K]
290 K|
/\270K
/N\250K

230

IAVITY

190 K|

%

HEATING

e
e

S

Intensity (arb. unit)H HE E

(-
3
>

131031113} {222}
T

3.5 424849 6.87.0 8.4 8.6
20 (deg.)

7400} 440} (444}

-

%%%%%%%tiﬁ%%%%%

i

IS
o
S
=

i

50 K
30 K|

L\

%&&
==

o

350 K|
330 K]
310 K]

dccudiia

\
:

_J 29U
270 K|}
N\2s0k

230 K}

210K

190

SMN\170 K]

150 K|

:

COOLING

130 K]
10 K]
0 K
70 Kl
50 K]
30 K|

11K
\

35 424849 6.87.0 8.4 8.6
20 (deg.)

iy

[y

FIG. 2. Evolution of Main perovskite reflections viz., {400} qpc,{440}qpc and {444 }4,c as well as superlattice reflections in (a) Heating (b)
Cooling cycle. The shaded rectangle shows the appearance of a new peak beside the {444} 4, reflection around 190 K and 130 K during the
heating and cooling cycles, respectively. The dashed rectangle shows the changes in the main perovskite reflections around room temperature.

dielectric measurements were carried out using a Keysight
LCR meter in the temperature range of 100 K - 600 K. The
Raman spectra were acquired using a Horiba LabRAM HR
Raman spectrometer with an Olympus BX41 microscope at-
tachment. An excitation wavelength of 514.5 nm from a Lexel
Model-95 argon ion laser was used. The samples were placed
in a Linkam THMS600 microscope stage for variable temper-
ature Raman measurements. The laser beam was focused onto
the sample using a 50x LWD objective (N.A.=0.50), and the
backscattered light was dispersed via a 600 lines/mm grating
onto a liquid nitrogen-cooled CCD detector. The data was ac-
quired using LabSpec v5 software. Laser power at the sample
was approximately 0.4 mW. This value was checked to verify
that no local heating effects from the laser beam occurred.

III. RESULTS AND DISCUSSION

In our previous paper, we investigated the composition-
dependent structural phase transitions of (1-x) NaNbO3-x
(BagyCagp 1)TiO3 (NN-xBCT) for 0.00 < x < 1.00 [9]. It
has been shown that the AFE phase of pure NaNbO3 trans-
forms into several ferroelectric phases before stabilizing in a
paraelectric phase for x=0.25 on substituting BCT. On fur-
ther increasing the BCT content, the system displays relaxor
behaviour up to x=0.90 and, finally, stabilizes in a tetrago-
nal phase with PAmm space group for (Bag9Cag 1)TiO3. In
the current study, we have examined the technologically sig-
nificant composition 0.9 NaNbO3-0.1 (Bag9Cag 1)TiO3 (NN-
10BCT) due to its high dielectric and ferroelectric(i.e., three-
fold increment in remanent polarization compared to off-
boundary compositions) response [9]. We aim to identify
structural phase transitions as a function of temperature and
inter-atomic distances as well as the stability regions of dif-
ferent ferroic phases. SEM analysis conducted on the syn-
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thesized samples indicates the formation of fine grains and
chemical homogeneity (see supplementary information). The
following sections provide a detailed analysis of the dielec-
tric, Synchrotron powder X-ray diffraction patterns, Raman
spectroscopy and Pair distribution function measurements.

A. Dielectric studies

To investigate the temperature-dependent ferroic phase
transitions of the potential composition 0.9 NaNbO3-0.10
Bag9CapoTiO3 (NN-10BCT), we have conducted variable
temperature dielectric measurements. The measurements
were carried out in heating and cooling cycles within a wide
temperature range (100<T<600 K). Figures 1(a) and 1(b)
depict the temperature-dependent real and imaginary part of
the dielectric permittivity at 10 KHz in the temperature range
100<T<600 K. Ferroic phase transitions are typically investi-
gated by identifying anomalies in the temperature-dependent
real part of dielectric permittivity €’(T). The most pronounced
anomaly in temperature-dependent dielectric spectra is asso-
ciated with the Paraelectric(PE)-Ferroelectric(FE) phase tran-
sition. For e.g., in Barium Titanate (BT), this phase transition
corresponds to a cubic (PE) to tetragonal (FE) transition ob-
served around 130 °C [2]. For NN-10BCT, the most profound
anomaly in the real part of the dielectric permittivity is ob-
served at 520 K while heating and at 510 K while cooling, in-
dicating a first-order para-ferroelectric phase transition(PT1).
Additionally, a prominent anomaly is observed around room
temperature, exhibiting significant hysteresis. This suggests
a first-order phase transition(PT3) in accordance with the two
coexisting ferroelectric phases(Pmc2; & Amm?2) at ambient
conditions reported recently [9]. Notably, this anomaly dis-
plays more substantial hysteresis compared to the para-ferro
phase transition. In order to observe these phase transitions
more clearly, we have plotted the derivative of the real part
of the dielectric permittivity with respect to temperature(see
Fig. 1(c)). This approach helped us in identifying an addi-
tional phase transition(PT4) occurring at T ~200 K during
heating and at T ~130 K during cooling, indicating a large
hysteresis of 70 K, suggesting first-order nature for this phase
transition. Figure 1(d) presents the inverse of dielectric per-
mittivity as a function of temperature. It demonstrates that the
system follows the Curie-Weiss law just above the para-ferro
phase transition, a characteristic of long-range ferroelectric
systems. Additionally, the dielectric maximum is independent
of frequency, which is another feature typical of conventional
long-range ferroelectric systems. Detailed synchrotron X-ray
diffraction analysis has been conducted to examine stability
regions of various ferroic phases and related transition tem-
peratures, which is presented in the subsequent section.

B. Synchrotron X-ray diffraction Studies

Synchrotron X-ray diffraction(SXRD) measurements
were conducted within a wide temperature range of 8 K -
500 K, following a specific protocol. Initially, the sample

was cooled to 8 K, and measurements were taken with
increasing temperatures up to 500 K. Subsequently, the
sample was allowed to cool back, with measurements taken
throughout the cooling process. The diffraction patterns
have been indexed with respect to a doubled perovskite
cell(dpc) (a =~ 8 A). Fig. 2 depicts the evolution of SXRD
profiles of the main perovskite reflections, i.e., {400}gpc,
{440} 4pc, and {444}4p. as well as superlattice reflections
as a function of temperature for NN-10BCT. The data for
heating and cooling cycles have been depicted in the left
and right panels of Fig. 2, respectively. Although data were
collected in 10 K steps, we present the diffraction patterns
in 20 K increments for clarity. The reflections present
around 3.5°<0<4.3° with odd-odd-odd(marked as O) and
odd-odd-even(marked as I) indices are superlattice reflections
arising due to out-of-phase and in-phase octahedral rotation,
respectively, and are linked with condensation of soft phonon
modes viz., R} (¢ =1/2,1/2,1/2) and M5 (¢ = 1/2,1/2,0),
respectively [33, 34]. The reflections with all even (eee) type
indices are the main perovskite reflections(marked as M).
The characteristic main perovskite reflections viz., {400} qpc,
{440} 4pc, and {444}4,c are positioned around 4.7°, 6.9° and
8.4°, respectively. It is important to note that the splitting of
the main perovskite reflections corresponds to the distortion
observed in the subcell, whereas superlattice reflections
result due to in-phase, out-of-phase octahedral rotation as
well as antiparallel cationic displacements of A-site cation.
Temperature-dependent structural changes can be observed
as the splitting of the main perovskite reflection and the ap-
pearance/disappearance of the superlattice reflections, shown
in Fig. 2. The room temperature structure of NN-10BCT
consists of two coexisting ferroelectric orthorhombic phases
having space group Amm?2 (tilt system: ag bgcg, cell size:
ap X 2bp, x 2cp) and Pmce2; (tilt system: aja;cy, cell size:
2a, X \/Ebp X ﬁcl,) [9]. This two-phase coexistence is
confirmed by the presence of unique features corresponding
to the two orthorhombic phases, viz., a superlattice reflection
linked with out-of-phase octahedral rotation (a unique feature
of Pmc2, phase) and the singlet nature of the {444},
reflection (a unique feature of Amm?2 phase). The presence
of dielectric anomalies in heating and cooling cycles in the
vicinity of room temperature supports the idea of phase coex-
istence at ambient conditions(shown in the previous section).
On increasing temperature above the room temperature (in
the heating cycle), notable changes have been seen in the
diffraction profiles. As previously mentioned, the presence
of out-of-phase reflection is exclusively attributed to the
Pmc2; (FE2) phase. This unique reflection corresponding
to Pmc2; disappears above 370 K. Consequently, the range
for the two-phase coexistence is determined to be 290-370
K, indicating thermal stability of ~80 K. This temperature-
dependent coexistence of ferroelectric phases is known to
exhibit high electromechanical properties and is commonly
referred to as polymorphic phase boundary(PPB) [18]. When
the temperature exceeds 370 K, the system transforms into
a single Amm?2 phase, evident by the disappearance of
reflection corresponding to out-of-phase octahedral rotation.
The superlattice reflection market as "I" shows a doublet



Model Heating Cooling
R3c+Pmc2; | 8K <T<200K [11K<T<I30K
Pmc2; 210K <T<280K| 140K <T <260
Pmec2;+Amm2 290 K < T <370K| 270 K < T <350
Amm2 380K <T <460K|360 K <T <450 K
P4bm 470 K and above T>450K

TABLE 1. Various models used for fixing the diffraction pattern along
with their temperature range in heating and cooling cycles.

nature which disappears above 460K, suggesting another
phase transition(PT2) from an orthorhombic Amm2(FE3)

phase to a tetragonal P4bm(FE4) phase(tilt system: agagci,

cell size: ﬂap X \/Eap x ¢p) . Further, at low temperatures,
another phase transition takes place at 200 K during heating
and at 130 K in the cooling cycle (see shaded rectangle in
Fig. 2). This transition is characterized by the emergence of
an additional reflection adjacent to the {444 }4,. reflection(at
26 ~=8.35°), an abrupt increase in the intensity of superlattice
reflection corresponding to the out-of-phase octahedral rota-
tion followed by a drastic change in the peak shape/intensity
of the {400} gp. reflection.

To confirm the evolution of the crystallographic phases as
a function of temperature, Rietveld refinements of the SXRD
patterns have been carried out using the FULLPROF pack-
age [35]. The background was described in terms of linear
interpolation between a set of background points of refinable
heights. The refined parameters include the zero shift, unit
cell parameters, atomic coordinates, thermal parameters, peak
shape parameters, etc. For the sake of consistency, we have
carried out sequential refinement, i.e. for higher temperatures,
we have used refined parameters of lower temperatures as ini-
tial parameters. First, we refined the diffraction pattern ob-
tained during the heating cycle of measurements. Based on
our previous findings, the room temperature structure was re-
fined using a two-phase model viz., Pmc2; (O, FE2) + Amm2
(O, FE3), where O represents the orthorhombic structure,
and FE denotes the ferroelectric phase. The same two-phase
model was used to refine the diffraction patterns in the temper-
ature range 290 K< T < 370 K and obtained a very good fit.
In the temperature range 380 K< T < 460 K, a single Amm?2
model could fit the diffraction patterns. Above 460 K, a tetrag-
onal P4bm phase was used to fix the diffraction pattern up to
the highest measured temperature (i.e. 495 K). Below 290
K, the system completely transforms into a single phase re-
gion with Pmc2; space group, indicated by the disappearance
of the shoulder of the {400}4p reflection and the splitting of
{444} 4y reflection. The single-phase Pmc2; model very well
fits the diffraction patterns with reasonable agreement factors
for the temperature range 200 K< T < 290 K. Another struc-
tural phase transition occurs below 200 K, as suggested by the
preliminary analysis of SXRD profiles. The new phase that
emerged is likely the thombohedral R3¢ phase(FE1)(tilt sys-
tem: a a,a’, cell size: \@ap X \@ap X 2\/§cp in Hexagonal
setting) , a well known low-temperature phase of sodium nio-
bate, or the monoclinic Cc (FES) phase(tilt system: a, a’cy,
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FIG. 3. Rietveld refined X-ray diffraction (XRD) patterns of NN-
10BCT for a few representative temperatures. The red circles show
the observed diffraction data, while the black line shows the simu-
lated pattern. The blue line is the difference between observed and
simulated patterns. Inset show the fitting around the superlattice re-
flections and main perovskite reflections.
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cell size: \/gap X \@bp X ﬁcp), which has also been re-
ported for similar compositions at low temperatures [36, 37].
Notably, both of these phases involve only out-of-phase oc-
tahedral rotations, making a single-phase model inadequate,
as the reflection due to in-phase octahedral tilt remains stable
down to the lowest measured temperature(i.e., 8§ K). A two-
phase model, either R3c+Pmc2; or Cc+Pmc2, is likely to be
more appropriate. In order to ascertain the crystal structure
of NN-10BCT T<200 K, we have used the following mod-
els to fit the diffraction patterns. In line with the literature

considered models include (i) Rhmbhohedral(R3c), (ii) Mon-
oclinic(Cc), (iii) Orthrhombic (Pmc2;), (iv) R3¢ + Pmc2;, and
(v) Cc + Pmc2;. Here, the Cc and R3c phases involve only
out-of-phase octahedral rotations, whereas the Pmc2; phase
includes both in-phase and out-of-phase octahedral rotations.
As shown in Fig. 2, the in-phase octahedral tilt is visible down
to the lowest temperature, ruling out models (i) and (ii) as rea-
sonable options. Additionally, a single-phase Pmc2; model
is also infeasible, as it does not account for the additional re-
flection appearing besides {444} 4. reflection. This leaves us
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with models (iv) and (v). Ultimately, model (iv) accounts of
all the reflections and fit the diffraction patterns very well for
the temperature range 8 K<T < 200 K. Therefore considering
the higher symmetry, the model (iv) was chosen over model
(v). Thus, we have identified another PPB consisting of rhom-
bohedral(R3¢) and orthorhombic(Pmc2;) phases stable over
a wide temperature range 8 K < T < 200 K. Fig. 3 shows
the refined diffraction patterns at some representative temper-
atures(see supplementary file for structural models). During
the cooling cycle, the same crystallographic models were em-
ployed to fit the diffraction patterns, although their tempera-
ture ranges differed. The models were selected on the basis
of hysteresis(heating/cooling cycles) observed in the dielec-
tric measurements and the peak profile analysis of diffraction
patterns. Table I summarises the various diffraction models
used and their corresponding temperature ranges in heating
and cooling cycles.

C. Raman Spectroscopic Analysis

To understand the complex physical behaviour of
perovskite-based materials, a technique capable of probing
the local structure is also required. Raman spectroscopy is
an important tool for this purpose, as it is sensitive to chem-
ical bonding [38—40]. Moreover, it may provide evidence of
structural changes(if any) at intermediate/medium ranges in
disordered perovskites, which is usually tracked by the ap-
pearance/disappearance of Raman bands as well as changes
in the intensities and positions of the Raman bands [41].

The temperature-dependent (100 < T < 650 K) Raman
spectra of NN-10BCT are shown in Fig. 4. All the Ra-
man spectra were collected during heating mode following the
protocol mentioned in the experimental section. The Raman
spectra at all the temperatures have been deconvoluted using
a suitable number of Lorentz peaks. As can be seen, NN-
10BCT exhibits pronounced Raman scattering even at 650 K,
although it is in a paraelectric state (T >T,) in which, by sym-
metry, no Raman-active modes are allowed. The observed
Raman bands in the paraelectric state are often attributed to

the presence of cationic disorder in the long-range cubic ma-
trix or second-order Raman effect [42, 43]. The Raman spec-
tra of perovskites (ABO3) primarily results from two factors
(1) The motion of A-site cation with respect to BOg octa-
hedra (ii) The internal vibrational modes of BOg octahedra,
such as (a) stretching of B-O bonds and (b) bending of O-B-
O bonds. Following this, Raman spectra of perovskite-based
materials can be categorised into three main regions based on
wavenumbers (V): (i) v< 150 em’l: Translational modes of
A-site cation with respect to BOg octahedra (i1)150 <v< 450
em’l: Bending modes corresponding to O-B-O bonds. (iii)
450 <V< 850 cm’!: Stretching modes corresponding to B-O
bonds [9, 44]. Additionally, some authors attribute the Raman
band appearing between 100-150 cm™! to the rotation of BOg
octahedra [43].

NN-10BCT undergoes a series of antiferrodistortive phase
transitions as a function of temperature, and the appearance
of the octahedral tilts will affect the bending and stretch-
ing Raman modes. The group theoretical analysis was done
using the ‘SAM’ package available at the Bilbao Crystallo-
graphic server to calculate the Raman active phonon modes
for various phases [45]. Immediately below T, the com-
position NN-10BCT stabilizes into a ferroelectric tetragonal
phase with P4bm space group (cell size: ﬁap X ﬁap X
c¢p). This tetragonal phase has two molecular units in the
primitive cell. Thereby, thirty normal modes are present
at the zone centre(calculated by group theoretical analysis)
I'rorar= 5A1 + 3A2 + By + 3By + 9E. There are three acous-
tic modes T'acousric= A1 + E and twenty-four Raman active
modes I'rgman= 4A1 + By + 3B, + 8E. Further, for the fer-
roelectric orthorhombic phase with space group Amm2 (cell
size: ap x 2b, X 2cp), there are thirty normal modes at the
zone centre: ['7,q= 10A1 + 2A5 4+ 8By + 10B,. For this
phase, three acoustic modes and twenty-seven Raman modes
are theoretically possible viz., T'acousric= A1 + B1 + B> and
Traman= 9A1 + 2A5 + 7B1 + 9B;, respectively. Similarly, The
ferroelectric orthorhombic Pmc2; (cell size: 2a), x ﬁbp X
\@c,,) phase will have four molecular units in the primi-
tive cell. This results into sixty normal modes at zone cen-
tre: I'rps= 17A1 + 13A, + 13B; + 17B, with three acous-
tic Tacousric= A1 + B1 + By and fifty-seven Raman modes
Traman= 16A1 + 13A5 + 12B| + 16B;. Finally, for the low-
temperature rhombohedral phase with R3c space group (cell
size: \/Eap X \@ap X 2\/§cp) there will be 30 normal modes
I'7orai= 5A1 + 5A2 + 10E out of which there are three acous-
tic Tacoustic= A1 + E and twenty-two Raman active modes
T'raman= 4A1 +9E. Here, A and B are non-degenerate, while
E is a doubly degenerate mode. Generally, the number of Ra-
man modes observed experimentally is less than those calcu-
lated theoretically (using group theoretical analysis) due to the
overlapping of Raman bands [44].

The room temperature(i.e., at 300 K) Raman spectrum for
NN-10BCT is similar to what has been reported earlier [9].
Temperature-dependent Raman spectra have been analyzed to
track the structural phase transitions in two regions: (i)Region
I/ Low-temperature region (100<T<300 K) (ii)Region II/
High-temperature region (300<T<650 K). In Region I, Ra-
man spectrum exhibits sharp changes at T >200 K and T~300
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K, indicating two distinct structural phase transitions around
these temperatures. The phase transition at T >200 K is
marked by the disappearance of a peak around 130 cm™! while
the phase transition at T~300 K is characterized by the ap-
pearance of the broad band around 150 cm™. The presence
of Raman mode around 130 cm’! for T<200 K is an ex-
clusive feature of the low-temperature phase of sodium nio-
bate (i.e., thombohedral phase with R3c space group)[46].
In Region II, the characteristic broad band around 150 cm’!
disappears gradually for T > 450 K, which may be linked
with a structural phase transition above 450 K. It is impor-
tant to note that these phase transitions are in good agree-
ment with temperature-dependent dielectric and synchrotron
X-ray diffraction (SXRD) studies. At high temperatures (T >
550 K), sharp Raman modes disappear, resulting into broad
Raman bands, which has been attributed to the disorder(s)
present in the high-temperature phases also reported earlier
[46].

Although the modifications in the bending modes around the

phase transitions are clear, yet the changes in the stretching
modes are less obvious. To monitor the changes in the stretch-
ing mode, the Raman shift of the corresponding mode(present
at ~ 600 cm™') has been plotted against temperature (see Fig.
5). A sharp anomaly is observed at T ~ 300 K consistent with
the polymorphic phase transition (Pmc2; — Pmc2;+Amm?2)
in agreement dielectric and SXRD analysis. Moreover, sub-
tle changes could be noted around other phase transitions viz.,
Pmc2; — Pmc2;+R3c and Amm2 — P4bm. To conclude,
the transition temperatures obtained by Raman spectroscopic
analysis are found to be consistent with those obtained by
SXRD and dielectric analysis.

D. Pair Distribution Function analysis

The local structures of complex perovskite materials
may deviate from their long-range structures ascertained by
diffraction experiments. The pair distribution function (PDF),
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which describes the pairwise correlations among the atoms,
is a powerful tool to characterize various aspects of the local
structure in disordered perovskites [47-50]. To better char-
acterize the local structural distortions in NN-10BCT, we un-
dertook pair distribution function analysis of the synchrotron
X-ray diffraction data. Fig. 6(a) and 6(b) depict the evolution
of PDF peak profiles in the heating and cooling modes for a
wide temperature range (8 K < T < 490 K). Fig. 6(c) shows
the PDF of NN-10BCT forr < 4 Aat$ K, 250 K and 490 K,
respectively, collected during the heating cycle. The arrows
have been marked to identify the correlation peak arising from
B-O, A-O, O-O and A-B bonds. At the lowest temperature

(i-e., 8 K), there are two distinct sharp peaks for B-O nearest-
neighbour correlations at approximately ~ 1.9 and ~ 2.1 A,
indicating that Nb is off-centred within the oxygen octahe-
dra [50]. However, as the temperature increases, these two
peaks first merge, and then the left peak appears as a shoul-
der to the more profound right peak. A broad peak at 8 K
around 2.5 A has been observed, which is attributed to A-O
bonds [50]. The broad nature of this peak suggests a distribu-
tion of A-O bond lengths. On increasing the temperature, the
broad peak primarly splits into two distinct peaks. The peak
observed around 2.7 A could be attributed to both A-O and
0-0O bonds [50]. Apart from the above-mentioned features,



the other peak profile remains almost unchanged, which in-
dicates that the local structure remains relatively stable. Fig.
6(d) highlights the termination of G(r), indicating the struc-
tural coherence in the material. For quantitative analysis of the
structural distortions at short ranges, the PDF patterns were
fitted using the program PDFGui [51]. Firstly, we decided to
fit the PDF pattern at the lowest temperature, i.e., 8 K in the
region 1.7 <r < 10 A. To start with, we used the two-phase
model R3c+Pmc2;confirmed from Rietveld refinement of the
SXRD data. Although the agreement factor (Ry,) was 8.44,
some misfits are visible in the PDF fits at low r-regions. The
literature on similar disordered perovskites suggests that at
short ranges, structures exhibit lower symmetry than the aver-
age symmetry obtained from diffraction experiments [52—-54].
Several different local structure models were employed to un-
derstand the possible departure of local atomic structure from
the long-range structure. We have tried a number of possible
models viz., Pmc2; + Cc, Cc, Pm, etc. These models were de-
rived from numerous studies on similar materials [36, 52, 55].
Among these models, a comparison of the Ry, values and the
difference curves for the model fit of the X-ray G(r) func-
tion indicates that the best fit was achieved with the Cc +
Pmc2; model (for 1.7 <r< 10 A) similar to what has been re-
ported for NN-BT at low temperatures(see supplementary file
for structural model) [37]. Further, the X-ray PDF is fitted by
refining the structural model over successive intervals in real
space viz., (i) 1.7-10 A, (ii) 10-20 A, (iii) 20-30 A and (iv)
30-40 A. Fig 7 (a)-(h) shows the comparison of PDF fit and
their corresponding Ry, parameters for different intervals us-
ing the long-range structural model(i.e., R3c+Pmc2;) and the
most suitable short-range structural model(i.e., Cc+Pmc2;)
concluded after comparing the agreement factors between dif-
ferent plausible models with experimentally observed PDF
profiles. Interestingly, as we move towards higher r-regions,
the long-range Pmc2; + R3c model provides better agreement
factors. This is evident because, as we move towards higher r
values, the model should correspond to the long-range struc-
tural model, which is R3c+Pmc2; in the present case. To ex-
plore the temperature-dependent evolution of local structure,
we fit the PDF for 1.7 A <r< 10 A at different temperatures.
Interestingly, the same Cc + Pmc2; model gives the best fit
up to the highest measured temperature, i.e., T = 490 K. In
Figures 7(i)-7(k), we have shown the PDF fits using the Cc +
Pmc2; model at various temperatures. The above discussion
results in the following two conclusions: (i) The short-range
structure exhibits lower symmetry than that observed at long
ranges in powder diffraction data similar to what has been
observed earlier for pure sodium niobate [56]. (ii) At short
ranges (1.7 A <r< 10 10\), the model Cc + Pmc2; is stable for
8 K < T <490 K, suggesting that the local structure is ther-
mally stable in comparison to the long-range structure. How-
ever, a redistribution of Nb-O bond lengths causes changes
around 2 A in the PDF pattern, which can be fixed using the
same model, i.e., Cc + Pmc2;.
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E. Discussion

Traditionally, phase boundary engineering has been used
to enhance the physical response of perovskite-based oxides
[57]. The intrinsic mechanism that improves ferroelectric re-
sponse near the phase boundaries is generally believed to be
the flattening of the free-energy profile, a phenomenon com-
monly associated with most of the structural phase transitions
[22, 58, 59]. A flat energy profile provides an easy path for
polarization change, as phase boundaries separate two phases
with differing polarization orientations. Pb(ZrTi;x)O3 is
a well-known lead-based solid solution which consists of a
Morphotropic phase boundary(MPB) for a nominal compo-
sition of x=0.52 [60]. The extraordinary electromechanical
properties at MPB could be explained in terms of Gibbs’s
free energy profiles of the constituting ferroelectric phases
[61, 62]. Following the phenomenological theory in the vicin-
ity of MPB, it is theoretically predicted that the energy land-
scape for polarization becomes quite flat, allowing easy reori-
entation of polarization in the [111] direction of the rhom-
bohedral (R) phase towards [001] direction of the tetrago-
nal phase on the application of electric field and vice-versa
[61, 62]. This results in a transformation from the R phase
to the T phase through the intermediate phase(s) with mon-
oclinic symmetry, which was verified experimentally using
diffraction techniques [26, 63]. A similar mechanism of prop-
erty enhancement related to free energy flattening is polar-
ization extension(or contraction) [25].Thus, polarization ro-
tation and polarization extension are very well-known mecha-
nisms observed in the phase boundary region that enhance the
properties dependent on the changes in the direction and/or
magnitude of polarization. These mechanisms form the foun-
dation of morphotropic and polymorphic phase boundaries
[18]. However, PPBs are strongly temperature-dependent in
contrast to MPBs (which are weakly temperature-dependent),
limiting the use of PPBs in commercial applications [18]. In
the present case, we have identified two Polymorphic phase
boundaries viz., (i) at ambient conditions consisting of Pmc2;
& Amm?2 phases and (ii) at low temperatures consisting of
Pmc2; & R3c phases. In literature, a number of Polymor-
phic phase boundaries (PPBs) have been reported in similar
systems, for e.g.:

(i) In (Ko s5Nags)1—xLixNbO3, a PPB exists between the
orthorhombic and tetragonal phases [19].

(ii) In Ba(Tiy_xZry)O3, two PPBs are observed depending
on the composition: one between the orthorhombic and
tetragonal phases and another between the rhombohe-
dral and orthorhombic phases [21].

(iii) In Li, Ta, and Sb co-doped (Na,K)NbOs, a PPB
is present between the orthorhombic and tetragonal
phases [23, 64].

It is important to note that all of the above-mentioned
PPBs consist of phases where ferroelectricity arises primar-
ily from cationic displacements and octahedral distortions.
Even though octahedral tilting generally hinders ferroelectric-



ity in perovskite-based systems yet it contributes to excep-
tional thermal stability [14-17]. In the present system(i.e.,
NN-10BCT), both the PPBs comprise of phases that have fer-
roactive cations and octahedral tilt simultaneously. Conse-
quently, the two PPBs are stable in a wide temperature range
due to the presence of octahedral tilting. Thus, the thermal sta-
bility of these PPBs is comparable to the weakly temperature-
dependent MPBs commonly observed in the lead-based sys-
tems [65]. Moreover, in addition to the long-range structural
complexity, the short-range structure exhibits lower symme-
try than the long-range structure, which may also enhance the
overall physical properties.

IV. CONCLUSIONS

In this study, we have performed detailed structural phase
transition studies on a sodium niobate-based smart system
via integrated analysis of temperature-dependent synchrotron
X-ray diffraction, Dielectric, Raman spectroscopic, and Pair
distribution function data. Our findings demonstrate the ex-
istence of two distinct tilt-oriented and ferroelectrically ac-
tive PPBs, one stable at ambient conditions and the other at
low temperatures. The constituent phases of both the PPBs
are distinct and identifiable/separable via Synchrotron X-ray
diffraction data analysis. Our findings indicate that the im-
proved ferroelectric response of this material at ambient con-
ditions is due to the presence of a PPB (with two coexist-
ing ferroelectric phases viz., Amm2 and Pmc2; ) stable for a
wide temperature range (AT ~80 K). Moreover, our analysis
suggests the potential of this system for high electromechan-
ical response at cryogenic temperatures due to the presence
of another PPB at low temperatures (with two coexisting fer-
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roelectric phases viz., orthorhombic phase with Pmc2; space
group and rhombohedral phase with R3¢ space group) demon-
strating phase coexistence for a wider temperature range (AT
~190 K in the heating cycle and AT=120 K in the cooling cy-
cle) in comparison to the PPB observed at ambient conditions.
The high thermal stability of the PPBs has been attributed
to octahedral tilting (a commonly observed phenomenon in
perovskites). This high thermal stability of the PPBs makes
them reminiscent of the nearly temperature-insensitive Mor-
photropic phase boundaries (MPBs). Moreover, Raman spec-
troscopic analysis strongly supports the conclusions drawn
from the synchrotron X-ray diffraction and dielectric analysis.
In contrast, PDF analysis reveals the presence of lower sym-
metries at short ranges (r < 20 10\). However, for the higher
spatial regions (r > 20 A), structural symmetry concluded
from PDF analysis is similar to what has been inferred at
long ranges (using SXRD analysis). In conclusion, this smart
material can serve as a potential candidate for tuning dielec-
tric/piezoelectric/ferroelectric properties with excellent ther-
mal stability at ambient conditions and cryogenic tempera-
tures.
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