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Nucleation and growth of antiferrodistortive Polar nano regions into a long-range ferroelectric
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In this study, we have investigated the temperature dependence of atomic ordering at multiple length scales in
a lead-free sodium niobate-based relaxor, i.e., 0.75NaNbO3- 0.25Bag ¢Cag ; TiO3 (NN-25BCT) via Synchrotron
X-ray diffraction, Raman spectroscopic, and Pair distribution function analysis. High-resolution Synchrotron
X-ray powder diffraction(SXRD) measurements reveal a ferroelectric phase transition in a relaxor ferroelec-
tric NN-25BCT below the Vogel-Fulcher freezing temperature(Ty¢ ~ 270 K). In addition, SXRD analysis
demonstrates the competition between in-phase octahedral tilting and ferroelectricity using mode crys-
tallography. On the other hand, Raman spectroscopic analysis provides evidence of polar ordering for T>
Ty¢(with tetragonal symmetry) persisting up to the Burns temperature(Tg). Furthermore, Pair distribution func-
tion (PDF) analysis reveals the presence of a polar antiferrodistortive tetragonal phase with P4bm space group
at short ranges throughout the studied temperatures (i.e., 110< T< 500 K), irrespective of non-polar long-range
ordering above Tys. Therefore, our measurements provide a direct evidence for the presence of polar ordering
at short ranges and their gradual transformation into long-range polar ordering using an integrated multiscale
structural analysis. As a result of a transition from relaxor to a ferroelectric phase in the vicinity of room
temperature, NN-25BCT can be exploited for applications in pyroelectric detectors, electrocaloric devices, and

multi-layered ceramic capacitors.

Relaxor Ferroelectrics(RFs) have consistently drawn atten-
tion of the scientific community owing to thermal stability
and are suitability for various applications, viz., multilayered
ceramic capacitors, sensors, high-precision actuators applica-
tions etc. [1-5]. The origin of relaxor behaviour has been at-
tributed to nanoscale heterogeneity formally known as Polar
nano regions(PNRs) [4, 6]. These Polar nano regions (PNRs)
appear below Burn’s Temperature(Tg). Immediately below
Tp, there exists a short-lived correlation among PNRs, which
results in a zero time averaged polarization. Nucleation of
PNRs starts from Burn’s temperature, and their number and
size grow on lowering temperatures. Polar nano-regions are
dynamic at high temperatures, and their dynamics slows down
on decreasing temperature, eventually forming a glass-like
structure below Vogel-Fulcher freezing temperature (Ty¢) [6].
Unlike conventional ferroelectrics, most of the relaxors do
not exhibit a long-range ferroelectric ordering below Ty [7].
However, for some relaxors, a long-range ferroelectric order-
ing can be stabilized at low temperatures(below Ty¢) on the ap-
plication of external electric field [8]. Interestingly, there are
a number of reports on relaxors showing transformation into
a long-range ferroelectric state below Ty¢ without the applica-
tion of electric field [9-13]. In light of the above discussion,
relaxors can be divided into two categories based on the be-
haviour demonstrated by them below Tys. The first category
includes relaxors exhibiting a long-range ferroelectric order
below Tyf (e.g. PbMgi3Nby;303-xPbTiO3 (PMN-PT))[12]
while second category does not experiences a phase transition
even at the cryogenic temperatures and demonstrates an aver-
age cubic structure (e.g. PbMg;;3Nby303 (PMN)) [14, 15].
Various models have been proposed to explain the long-range
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ferroelectric phase transition at low temperatures in relaxors
[9, 10].

For decades, lead-based relaxor materials have been in
vogue, but concerns over the toxic effects of lead on human
health led researchers to explore lead-free alternatives that can
provide similar properties [2]. In our earlier work, we re-
ported a solid solution of NaNbO3(NN) and Bag9Cag 1 TiO3
(BCT), where 0.75 NaNbOj3- 0.25(Bag¢Cap;)TiO3 (NN-
25BCT) demonstrates relaxor behaviour [16]. In this letter,
we report the temperature evolution of short, medium and
long-range crystal structure of NN-25BCT in a wide tem-
perature range (110 K < T < 500 K). Dielectric analysis
demonstrates nucleation and growth of polar nano-regions
(PNRs) below Burns temperature (T< Tg). Synchrotron X-
ray diffraction(SXRD) data clearly reveals relaxor to ferro-
electric phase transition in NN-25BCT at low temperature
(T < Typ). Distortion mode analysis of the low-temperature
ferroelectric phase(SG: P4bm) provides an experimental evi-
dence of competitive interactions between ferroelectricity and
in-phase octahedral rotations. Raman spectroscopy and Pair
Distribution function analysis, in conjunction with SXRD
analysis, suggest the presence of local polar order for T > Tyt
in the long-range paraelectric matrix.

For a detailed synthesis and experimental procedure, see
the supplementary file. In our previous paper, we examined
composition-dependent phase transitions of (1-x) NaNbOs3-
x BapgCagTiO3 (NN-xBCT) for 0.00 < x < 1.00. We
observed a relaxor ferroelectric-like behaviour for x=0.25
characterised by a high diffusion coefficient (y =1.94) [16].
Fig. 1(a) illustrates temperature-dependent real and imaginary
parts of dielectric permittivity at various frequencies(1KHz-
1MHz) in the wide temperature range (100 < T < 550 K).
The real part of dielectric permittivity exhibits a diffuse nature
around the maximum (T, ~ 285 K) and demonstrates a typ-
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FIG. 1. (a) Temperature-dependent evolution of real and imaginary part of dielectric permittivity. (b) The inverse of dielectric permittivity as a
function of temperature marking the Burn’s Temperature(c)Vogel-Flucher fitting of the temperatures corresponding to the dielectric to estimate
the freezing temperature. Temperature-dependent evolution of (d) superlattice reflections (e-g) main perovskite reflections. (h) variation of
tetragonality of the unit cell. Evolution of (i) lattice parameters (j)volume of the elementary cell.

ical relaxor behaviour. The relaxor behaviour in the present
system can be attributed to the presence of multiple cations
with different oxidation states/sizes occupying the same crys-
tallographic site, resulting in local strain and local fields si-
multaneously. Fig 1(b) shows the inverse of dielectric permit-
tivity as a function of temperature at 10 kHz. For NN-25BCT,
the dielectric permittivity deviates from the Curie-Weiss law
above T, but exhibits linear behaviour above T ~ 410 K. The
temperature at which this deviation starts is referred to as the
Burns temperature(Tg). It is also known that the nucleation
and growth of the polar nano regions(PNRs) start at Burns
temperature. At high temperatures(but below Tg), these PNRs
are mobile, and their dynamics slow down on cooling. The
PNRs freeze in a glass-like state below a temperature(Ty¢),
which can be determined using the Vogel-Flucher(V-F) rela-

tion.
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where Tys is the static freezing temperature, E, is the activa-
tion energy, f, is an attempt frequency, and Tp, is the tem-
perature of the dielectric permittivity maximum [17, 18]. Fig.
1(c) shows Vogel- Fulcher fitting of the real part of the per-
mittivity of NN-25BCT. in the frequency range of 500 Hz
to 1 MHz. The data was well-fitted by Vogel-Fulcher equa-
tion with pre-exponential factor f,=7.68 x 10'> Hz, activa-
tion energy E;= 0.028 eV and Vogel-Fulcher freezing tem-
perature Tyy =~ 271 K, respectively. These values closely
align with those reported in similar studies [2, 19]. It has
been reported earlier that relaxors with activation energy close
to the present value transform into a long-range ferroelectric
phase at low temperatures [9]. Therefore, we aim to explore
relaxor-ferroelectric phase transition below freezing tempera-



ture T¢(if any).

To explore temperature-dependent structural phase transi-
tions of NN-25BCT, we have performed Synchrotron X-ray
diffraction measurements. The indexing of the diffraction
pattern has been done with respect to a doubled perovskite
cell(dpc). Fig.1(e)-(g) depicts main perovskite reflections
viz., {400} gpc, {440}ape, and {444} 4p. for a wide tempera-
ture range (110 < T < 500 K). Fig. 1(d) demonstrates the
appearance of the superlattice reflection(s) on decreasing tem-
perature. At 500 K, all the reflections are singlet in nature: a
typical feature of high-temperature phase in relaxors having a
cubic structure with Pm3m space group [10, 20]. At low tem-
peratures, a weak shoulder appears near {400} q,c at a lower
20 and {440} 4p. becomes asymmetric. Moreover, we see the
appearance of a weak superlattice reflection near {222}
reflection for T<400. This weak reflection was indexed as
{310} with respect to doubled perovskite cell and is associated
with in-phase octahedral rotation [21]. The superlattice reflec-
tion remains stable down to the lowest studied temperature,
i.e., 110 K. The main perovskite reflections, viz., {hoo}q,c and
{hho}gpe spit, whereas {hhh}q,. reflections remain singlet,
suggesting a tetragonal symmetry. Such splitting of main per-
ovskite reflections has been observed for pure NaNbOs at high
temperatures[SG: P4/mbm(paraelectric); tilt system: agagca“ ]
and BaTiO3 at ambient conditions[SG: P4mm(ferroelectric)]
[22]. However, the presence of superlattice reflections along
with splitting in the main perovskite reflections of NN-25BCT
discards Barium Titanate-like tetragonal phase(SG: P4mm),
which results only due to octahedral distortion. Following the
literature on similar systems, a plausible ferroelectric tetrago-
nal phase with in-phase octahedral rotations is P4bm space
group(tilt system: aga(o)ci, cell size: \@ap X \/iap X ¢p)
which can be visualized as a ‘polar version’ of the tilt ori-
entated tetragonal phase observed in the paraelectric region
of NaNbO3 (with P4/mbm space group) [21-23]. The pres-
ence of a superlattice reflection (due to an in-phase octahedral
tilt) and splitting of the main perovskite reflections suggest a
paraelectric tetragonal phase with a P4/mbm(T1) space group
at ambient conditions. Nonetheless, a ferroelectric tetragonal
model (SG: P4bm(T2)) is plausible below the V-F freezing
temperature, i.e., Ty¢ /= 270 K. To confirm the evolution of the
crystallographic phases as a function of temperature, Rietveld
refinements of the diffraction patterns have been carried out
using the FULLPROF package [24]. We have used the fol-
lowing models to fix the diffraction pattern (i)Pm3m(PE): for
500< T< 410 K (ii) P4/mbm (PE): for 400< T< 270 K (iii)
P4bm (FE): for 260< T< 110 K. The choice of these mod-
els has been made on the basis of splitting in main perovskite
reflections and the appearance of superlattice reflections on
decreasing temperature. The transition from a centrosymmet-
ric tetragonal phase with P4/mbm space group (paraelectric)
to a non-centrosymmetric tetragonal phase with P4bm space
group (ferroelectric) is evident from a discontinuity in the unit
cell volume and a non-analytical behaviour in tetragonality
around T~270 K which also coincides with the V-F freez-
ing temperature T,~=270 K (see Fig. 1(h) & 1(j)). Sim-
ilar characteristics of the phase transition are also observed
for (PMN-PT, PZN) where relaxors undergo a long-range
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FIG. 3. Room temperature P-E and I-E curve of NN-25BCT mea-
sured at a maximum electric field of 20 kV/cm. The slim hysteresis
loop is characteristic of a relaxor-like behaviour.

ferroelectric phase transition below Vogel-Fulcher freezing
temperature(Ty)[9-13]. Fig. Sl in the supplementary file
depicts the fitted diffraction patterns of NN-25BCT for some
representative temperatures. Table S1 presents the lattice pa-
rameters, atomic coordinates and thermal parameters obtained
after refinements of the diffraction patterns collected at 110
K and 300 K, using P4bm and P4/mbm space groups, re-
spectively(see supplementary file). Fig. 1(i) shows the evo-
Iution of reduced lattice parameters as a function of tem-
perature. Henceforth, Rietveld refined fits, along with rea-
sonable agreement factors, suggest a long-range ferroelec-
tric order below V-F freezing temperature(T¢)in the present
system exhibiting relaxor-like characteristics. Unlike lead-
based relaxor systems, which display an average cubic struc-
ture with rhombohedral clusters at short ranges that trans-
forms into a long-range rhombohedral phase below the freez-
ing temperature(Tys), NN-25BCT exhibits an average cen-
trosymmetric tetragonal structure (SG: P4/mbm) at room tem-
perature. This phase transforms into a non-centrosymmetric
tetragonal ferroelectric phase(SG: P4bm) upon cooling.

The structure of an ideal perovskite is cubic with Pm3m
space group [25]. However, most of the perovskites are dis-
torted at ambient conditions, exhibiting fascinating properties.
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FIG. 4. Variable temperature Raman spectra of NN-25BCT at differ-
ent temperatures in the range of 100-500 K. The Raman spectra have
been taken during the heating cycle using the protocol described in
the experimental section. The inset shows the FWHM for v; and v,
Raman modes.

There exist three different types of distortions: (i) distortion of
BOg octahedra, (ii) cationic displacements, and (iii) tilting of
BOg¢ octahedra with respect to each other [26, 27]. Identi-
cal displacements of B-site cations are responsible for ferro-
electricity, and such distortions are linked with the I'(k=0,0,0)
point of the cubic billion zone. On the other hand, in-phase
and out-of-phase octahedral tilting results in cell multiplica-
tion and are linked with M(k=1/2,1/2,0) and R(k=1/2,1/2,1/2)
points of cubic Brillouin zone [26, 27]. The distortions present
in the low-symmetry structures correspond to a mode(s) that
are soft in the high-symmetry cubic structure [28, 29]. Fur-
ther, these distortion modes are associated with the irreducible
representations of the parent space group [28, 29]. Symmetry
mode analysis has been performed to quantify the contribu-
tion of different modes in the low-symmetry distorted struc-
ture. In the present work, the low-temperature phase of NN-
25BCT is ferroelectric, having a tetragonal symmetry with
P4bm space group(tilt system: agagci). For quantifying the
structural distortions, we used AMPLIMODES program avail-
able at the Bilbao Crystallographic server [28, 29]. As input
for AMPLIMODES, we have used the high-symmetry cubic
phase (SG: Pm3m & ag= 3.95854 A)asa reference(parent)
structure and the low-symmetry tetragonal(SG: P4bm) phase
as a distorted structure. To describe the atomic positions of the

undistorted cubic phase, we have used a Wyckoff sequence in
which A, B, and O atoms occupy 1b(1/2,1/2,1/2), 1a(0,0,0),
and 3d(1/2,0,0) sites, respectively. The transition from cu-
bic phase to the tetragonal phase occurs through the split-
ting of the Wyckoff sites(see Table I). As indicated in Ta-

TABLE 1. Wyckoff site splitting in high- and low-symmetry struc-
tures with corresponding symmetry breaking modes. Here, A and B
represent the atoms positioned at the A and B sites of the perovskite
structure.

Wyckoff site splitting
SG: Pm3m Symmetry breaking modes SG: P4bm
Ala ry A2b
B 1b ry B 2a
03d r,, M Ol 2a, 02 4c

ble I, the two modes, I'; and My, are responsible for the
symmetry-breaking transition from Pm3m — P4bm. These
irreducible representations(irrep) viz., M;r and I'; are linked
with the zone boundary and the zone centre of the cubic Bril-
louin zone, leading to in-phase rotations of adjacent octahe-
dra and ferroelectric displacements in the unit cell, respec-
tively. Therefore, we can quantify in-phase octahedral rota-
tions and ferroelectric displacements by calculating the am-
plitudes of M3+ and I'; modes using AMPLIMODES. Now,
the effect of octahedral rotations on ferroelectricity in the
perovskite-based systems has been a matter of discussion
for several decades [30-33]. Generally, ferroelectricity(polar
displacements) in perovskite-based systems increase with de-
crease in temperatures, and hence, the amplitude of the I'y
phonon mode would increase with decreasing temperatures
[34]. Fig. 2 illustrates the temperature-dependent evolution
of the amplitude of I, and M3Jr modes. From 260 K to 220
K, the amplitude of M3+ mode increases and reaches its satu-
ration value below 200 K. On the other hand, the amplitude
of the I'; mode initially decreases up to 200 K, after which it
increases with decreasing temperature. It is important to note
that the amplitude of the I'; mode starts showing its obvious
effect (i.e., increase in amplitude with the decrease in temper-
ature) once the amplitude of M;r mode reaches saturation. It
is widely reported in the literature that octahedral tilts have
detrimental effects on ferroelectricity, as they tend to suppress
it[32, 33, 35-37], which can be observed as a reduction in the
amplitude of the I'; mode. Thus, our experimental science re-
sults provide evidence of the competitive nature of octahedral
rotations with ferroelectric displacements in perovskites using
the mode crystallographic approach.

Fig. 3 shows the P-E and I-E curves at room tempera-
ture at a maximum field of 20 kV/cm. It is important to
note that the slim hysteresis (P-E) loop and the switching
peaks in the I-E curve suggest ferroelectric characteristics
contrary to the long-range centrosymmetric structure with a
tetragonal symmetry (SG: P4/mbm) at room temperature(i.e.,
300 K). This ferroelectric response likely stems from short-
range ordering observed in Polar nano regions typical to re-
laxors. In order to explore short-range ordering and their sym-
metry, temperature-dependent Raman spectroscopy (RS) has



been employed [16, 38—40]. Fig. 4 shows the temperature-
dependent evolution of Raman spectra collected in the tem-
perature range 100 < T < 500 K. All the Raman spectra were
corrected for the Bose-Einstein population factor [41]. The
Raman spectra can be decomposed into two distinct types of
modes: (i) Motion of A-site cation with respect to BOg octa-
hedra(external modes) and (ii) Isolated vibration of BOg oc-
tahedra which involve bending and stretching modes(internal
modes) [42]. At the lowest temperature(i.e., T=100 K), there
are three prominent peaks are present around ~250 cm™! (vs),
~ 600 cm™! (v}), and ~ 850 cm™! (v;+Vs). Here vs and v4
are bands corresponding to bending motion of BOg octahedra
while v; and v, corresponds to symmetric and asymmetric
stretching associated with O-Nb-O bonds. Significant Raman
scattering has been detected at 500 K, where the long-range
structure is Pm3m, with all atoms positioned at sites possess-
ing a centre of inversion. Consequently, first-order Raman
scattering should be forbidden under these conditions. Such
Raman Scattering is often attributed to cationic disorder or
second-order effects [40, 42]. Further, for T< 400 K, we can
see the evolution of a shoulder around the broad peak at ~
250 cm™'. Tt is important to mention that for NN-25BCT,
a long-range polar phase exists only below the V-F freez-
ing temperature Ty¢(= 270 K). Therefore, these findings of-
fer strong evidence for the presence of ferroelectric ordering
at short ranges(PNRs) for T< 400 K. Similar Raman spec-
tra have also been reported earlier in related systems, where
the ferroelectric ordering with tetragonal symmetry has been
observed at smaller length scales(short-range order) [21, 43].
All the Raman spectra were fitted using a suitable number of
Lorentz peaks (see Fig. S2 in the supplementary file). The v,
and v5 modes exhibited a clear shift to lower wavenumbers
as temperature increases, indicating a gradual softening of the
B-O vibrations. This softening is attributed to the weakening
of the bond between the B-site cations and oxygen due to in-
creased B-O bond lengths at high temperatures. The softening
of phonon modes and a noticeable increase in the full width
at half maximum (FWHM) for the v, and v, modes reflect an
increase in structural disorder and reduction in unit cell polar-
ity(see inset of Fig. 3).

Generally, it has been observed that the symmetry at short-
ranges(PNRs) in relaxors is lower than the symmetry at long-
range [22, 44-48]. Pair distribution function analysis(PDF)
is widely used for quantitative analysis of short-range struc-
tural distortions [49, 50]. Fig. S3 shows the temperature-
dependent PDF profiles of NN-25BCT in a wide tempera-
ture range, i.e., 110-500 K(see supplementary file). To de-
termine a plausible short-range structural model, we simu-
lated Pair Distribution Function (PDF) profiles for several
closely related phases (see Fig. 5). In many systems, it
has been reported that the long-range symmetry at low tem-
peratures matches with the symmetry of the short ranges
(PNRs) at high-temperature non-polar phase [9, 10, 14, 20].
For clarity, we simulated three probable tetragonal phases:
(i) P4bm: tilt-oriented(antiferrodistortive) ferroelectric; (ii)
P4mm: the tilt-free ferroelectric; and (iii) P4/mbm: tilt-

oriented(antiferrodistortive) paraelectric phase. In the sim-
ulations, the volume of the unit cell was kept the same for

Experimental
PDF @500 K
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FIG. 5. Comparison of simulated PDF profiles with the experimen-
tal PDFs at 110 K and 500 K.

all three models. Fig. 5 compares the experimental PDF
with these potential models. While all models exhibit simi-
lar characteristics, the PAbm model aligns more closely with
the experimental data, as indicated by the peak profiles in the
highlighted region. Consequently, we conclude that the short-
range symmetry is the same as the long-range symmetry at
low temperatures(i.e., tetragonal with P4bm space group). As
the temperature increases, no sharp transitions are observed,
with peak broadening attributed to increased thermal disorder
at higher temperatures. Thus, we can conclude that no struc-
tural phase transition occur at short ranges within the studied
temperature range(110 K < T < 500 K).

In summary, the dielectric analysis of NN-25BCT reveals
relaxor-like behaviour with a freezing temperature Tyf =~
270 K. Further, SXRD confirms a long-range relaxor(SG:
P4/mbm) to ferroelectric (SG: P4bm) phase transition at low
temperatures (T<Tyf). Our experimental work clearly re-
veals that in-phase octahedral tilting suppresses ferro-
electricity in the perovskite-based systems. Temperature-
dependent Raman spectra reveal local polar distortions for
temperatures above Ty contrary to the long-range centrosym-
metric structure obtained from SXRD. Further, PDF analy-
sis provides evidence of local distortions with ferroelectric
tetragonal ordering(SG: P4bm) stable throughout the studied
temperature range, i.e., 110 K < T < 500 K. Therefore, it
is reasonable to believe that the relaxor to ferroelectric phase
transition originates from the nucleation and growth of short-
range ordered polar tetragonal phase (PNRs with P4bm sym-
metry) present in a long-range centrosymmetric matrix (with
P4/mbm space group). Thus, relaxor ferroelectric NN-25BCT
can be a potential candidate for applications in pyroelectric
detectors, electrocaloric devices, Multi-layered ceramic ca-
pacitors(MLCCs), etc.
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