PHYSICAL REVIEW B 111, 024104 (2025)

Evidence of distinct nonpolar/polar ordering at long/short ranges in relaxor ferroelectrics
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Distinct atomic nonpolar/polar ordering is determined at long, intermediate, and short ranges using syn-
chrotron x-ray diffraction, Raman scattering, and pair distribution function data in Ky sNaysNbOs-doped
BaTiOs-based relaxor ferroelectrics, viz., (1 — x)BaggSrgTiO3-xKNN50. Two different polar phases with
distinct symmetries are identified at short/intermediate ranges for x = 0.10, where a monoclinic phase at short
ranges gradually transforms into a rhombohedral phase at intermediate ranges. In contrast, a nonpolar phase
with average cubic symmetry is found to be stable at long ranges for a wide temperature range (100 < T
< 500 K). The polar behavior of short/intermediate-range ordering is quantified in terms of the amplitude of
ferroelectric phonon mode I'; (¢ = 0, 0, 0) (which corresponds to the zone center of the cubic Brillouin zone).
The amplitude of the I'; phonon mode increases with decreasing temperature, suggesting the enhancement
of ferroelectric polarization at short/intermediate ranges on lowering temperatures. Enhanced ferroelectric
polarization at low temperature is also visible and evident by ferroelectrostriction and is quantified by the increase
in magnitude of spontaneous volume ferroelectrostriction. Consequently, Zero thermal expansion is observed at

low temperatures.
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I. INTRODUCTION

Various properties of perovskite-based smart materials
can be tailored by engineering atomic ordering at various
length scales. Among perovskite-based smart materials, re-
laxor ferroelectrics (or relaxors) have been widely studied
for their numerous applications, including electrical energy
storage systems, sensors and actuators, medical ultrasonic
imaging, and many more [1,2]. The relaxors possess dis-
tinct structures at long and short ranges that are responsible
for various fascinating properties. Unlike ordered systems,
relaxor ferroelectrics such as PbMg, /3Nb2/303 (PMN) [3],
PbSC]/zTal/203 [41], PbZn1/3Nb2/3O3 (PZN) [5], etc., exhibit
chemical heterogeneity that leads to disorder, resulting in
enhanced physical responses [1,2]. The relaxor behavior is
often linked to the presence of polar nanoregions (PNRs),
which nucleate and start growing below the Burns temperature
Ts [1,6,7]. The presence of PNRs and their interactions are
considered to be responsible for various physical properties
observed in relaxor materials [1,8].

Among various intriguing properties exhibited by
perovskite-based  oxides, controlled thermal expan-
sion/negative thermal expansion (NTE) is scientifically
and technologically important [9-12]. NTE/zero thermal
expansion (ZTE) in perovskite-based ferroelectrics is
attributed to ferroelectrostriction, which is driven by large
ferroelectric displacements resulting from the strong covalent
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nature of the A/B-O bonds [13-18]. Ferroelectrostriction
in perovskite-based relaxor ferroelectrics arises from the
enhanced correlations among intra-/interpolar clusters
(PNRs) exhibiting ferroelectric (or polar) distortions [8,19].
The ferroelectric (or polar) distortions responsible for
ferroelectrostriction are associated with the freezing of a soft
phonon mode corresponding to the zone center of the cubic
Brillouin zone (¢ = 0, 0, 0) [20-22]. Among various phonon
modes corresponding to the I point of the cubic Brillouin
zone, a triply degenerate I, phonon mode (often known as
the ferroelectric mode) is responsible for ferroelectric (or
polar) ordering. The freezing of the I'; phonon mode along
various dimensions leads to various low-symmetry phases of
BaTiOs;, viz., P4mm, Amm?2, and R3m with (a, 0, 0), (a, a, 0),
and (a, a, a) order parameter directions (OPDs), respectively.
Hence, the frozen phonon mode approach (symmetry mode
analysis) can be used to quantify the ferroelectric (polar)
distortions. [20-22]. Most prominent relaxor ferroelectrics
are Pb based, viz., PZN [9], PMN [12], etc. Due to the
harmful effects of Pb on the environment and humans,
various alternatives, viz., Ba(Zr,Ti)O3 [23], Ba(Sn,Ti)O3[24],
(K,Na)NbOs [25], (K,Na,Ba,Sr)(Nb,Ti)O3 [26-28], and other
related materials, have been widely studied.

The alkali niobate-based system, i.e., KgsNagsNbO;
(KNN50), has been widely studied because of its en-
hanced physical responses, which are due to the presence
of morphotropic phase boundary [21,25,29-32]. Orayech

et al. reported a series of structural phase transitions, viz.,

~135 K ~465 K ~700 K -
R3¢ —— Amm2 —— Pdmm —— Pm3m as a

function of temperature using x-ray and neutron diffraction
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data [21]. Moreover, later Kong et al. reported another series

.. . ~471 K ~674 K =
of phase transitions, viz., Pm —— P4mm ——> Pm3m,

where a monoclinic phase is found to be stable down to
the lowest studied temperature [25]. Further, Gupta et al.
and Kong et al. confirmed the monoclinic symmetry at short
ranges using pair distribution function (PDF) data [25,33].

Moreover, the alkaline earth metal based perovskite
BaTiOs3 and its solid solutions have also been widely studied
as a potential alternative to Pb-based materials. The doping of
elements like strontium at the A site induces disorder/relaxor
behavior in the material. Among various compositions of St-
doped BaTiO;3, i.e., Ba(_y)Sr,TiO3, the maximum dielectric
response at ambient conditions is observed for x = 0.10
(BST10). BST10 undergoes structural phase transitions simi-
lar to those of BaTiOs, i.e., R3m — Amm2 — P4mm —
Pm3m, but with a shift in T- (2369 K) to lower temperatures
[34-38]. Among other Pb-free alternatives, KNN50-doped
BaTiO3; (KBTx) has been studied for its unique structural
properties at short and long ranges, leading to the discovery
of the morphotropic relaxor boundary [28]. Moreover, some
authors have doped Sr at the A site of KBTx to enhance the
disorder/relaxor property of the ceramics [26,27].

In the present work, we chose Pb-free Sr-doped BaTiOs,
i.e., BagySry TiO; (BST10), as one of the parents due to
its maximum dielectric response [34-37] and KNN50 as the
other parent to form a solid solution, viz., (1 —x)BST10-
xKNN50 (BKSTx). The crystal structures at long ranges,
along with various electrical properties, are determined for
BKSTx (x = 0, 0.05, 0.10) ceramics. A relaxor behavior is
observed for x = 0.10 (BKST10) in temperature-dependent
dielectric data. Moreover, the atomic ordering at various
length scales (long, intermediate, and short) for BKST10 is
determined using temperature-dependent synchrotron x-ray
diffraction, Raman scattering, and pair distribution function
data. The ferroelectric displacements at various length scales
are quantified by calculating the amplitude of structural dis-
tortion modes using ISODISTORT. In addition, spontaneous
volume ferroelectrostriction (SVES) is calculated using the
Debye-Griiniesen equation.

II. EXPERIMENTAL PROCEDURE

The BKSTx (x = 0.00, 0.05, and 0.10) ceramics were pre-
pared using a solid-state reaction technique. The precursors,
viz., K,CO3 (Sisco Research Laboratories; 99%), Na,COs3
(HIMIDEA Labs; 99.5%), BaCOs; (HIMIDEA Labs; 99%),
SrCO; (HIMIDEA Labs; 99%), Nb,Os (HIMIDEA Labs;
99.9%), and TiO, (HIMIDEA Labs; 99%), were preheated
in an oven at 393 K. The heated powders were weighed per
stoichiometry and mixed via milling for 24 h. After milling,
the powder slurry was dried and calcined at 1173-1223 K
for 4 h. The pellets were formed at 8—10 metric tons of
pressure and sintered at 1423-1473 K for 3 h. The room
temperature x-ray diffraction data were collected over the
26 range 20°-120° with a step size of 0.02 from a Rigaku
Miniflex 600 x-ray diffractometer with Cu K« radiation. The
sintered pellets were electroded with silver paste on both sides
for the dielectric and Polarisation vs. Electric field (PE) loop
measurements. The dielectric measurements were carried out

using a Keysight LCR meter with a frequency and temperature
range of 1 kHz to 1 MHz and 100 < 7' < 650 K, respectively.
For PE loop measurements at 10 Hz frequency, Radiant Tech-
nology’s Precision LCII Ferroelectric Tester was used. The
temperature-dependent synchrotron x-ray diffraction mea-
surements were performed at the 28-ID-2 (XPD) beamline at
the National Synchrotron Light Source II at Brookhaven Na-
tional Laboratory with A = 0.1821 A for a temperature range
of 100 < T < 500 K. The intermediate- and short-range
crystal structure was analyzed using temperature-dependent
Raman scattering and PDF data. The temperature-dependent
Raman spectra were obtained with a Horiba LabRAM
HR Raman spectrometer with an Olympus BX41 microscope
attachment with an excitation wavelength of 514.5 nm from
a Lexel Model-95 argon ion laser. The samples were placed
in a Linkam THMS600 microscope stage for Raman mea-
surements at varying temperatures. A 50x Long Working
Distance (LWD) objective lens (numerical aperture = 0.50)
was used to focus the laser beam onto the samples, and
the backscattered light was dispersed using a 600 lines/mm
grating onto a liquid-nitrogen-cooled CCD detector. Data ac-
quisition was carried out with LABSPEC version 5 software.
The laser power at the sample was approximately 0.4 mW,
which was confirmed to ensure there were no local heating
effects from the laser. The spectral range for this study was
selected to span from 80 to 1900 cm ™.

The PDF data were obtained from the high-energy syn-
chrotron x-ray diffraction (SXRD) data, which were reduced
to the total scattering structure function S(Q), given as [39,40]

(1<) = Y cil Q)]
| 2 fi(@eil? ’

where Q is defined as Q = 4msinf /X and is referred to as the
wave vector, 20 is the angle between incident and diffracted
beams, 7°°" corresponds to the coherent part of the diffraction
data, and ¢; and fi(Q) are the atomic concentrations and x-ray
structure factor of atomic species of the ith type. S(Q) was
then transformed to the final pair distribution function G(r)
via Fourier transformation with Q,x = 23.6 A1 [39,40]:

S@ =1+

ey

Omax

2 .
G(r) = P Q[S(Q) — 1]sin(Qr)dQ, @)
Qmin
where Qmin = 0.65 A",
Further, the decomposition of phonon modes was done
using the ISODISTORT tool available online [41,42].

III. RESULTS AND DISCUSSION

A. XRD analysis of BKSTx ceramics

The structural analysis of BKSTx (x = 0.00, 0.05, and
0.10) ceramics is given in the Supplemental Material [43]. The
parent, i.e., x = 0.00 (BKSTO), exhibits tetragonal symmetry
(space group: P4mm [ajaci 1), which transforms to cubic
(space group: Pm3m [adaga)]) for both x = 0.05 (BKSTS5)
and 0.10 (BKST10; see Figs. 1 and 2 in the Supplemental
Material [43]). The electrical properties of BKSTx ceramics
are discussed in the next section.
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FIG. 1.

Electrical properties of BKSTx ceramics, including (a)—(c) the temperature-dependent real (¢’) and imaginary (¢”) parts of BKSTx

ceramics, (d)—(f) a plot of the inverse of the real part of the dielectric constant with temperature, i.e., 1/€’ vs T for BKSTO, BKSTS5, and
BKST10 ceramics at 100 kHz, respectively, (g) a frequency-dependent plot of the real part of the dielectric constant €’ vs temperature for
BKSTS and BKST10 ceramics, (h) PE loops for BKSTx ceramics, and (i) and (j) the temperature-dependent evolution of the PE loop for

BKST10 ceramics at 253, 263, and 300 K.

B. Dielectric and PE loops of BKSTx ceramics

The temperature-dependent dielectric measurements for
all the compositions were carried out for a wide temper-
ature range (100 <7 < 650 K). Figures 1(a)-1(c) show
the temperature-dependent dielectric behavior [real (¢”) and
imaginary (e”) parts] for BKSTO, BKST5, and BKST10 ce-
ramics at 100 kHz. For BKSTO, three dielectric peaks are

observed, which are attributed to the three phase transitions,

viz., Pm3m 28K pamm 22K amma 222K R3m, sim-

ilar to those of BaTiOs3 w1th a decrease in T¢ [44,45]. A
single broad and diffuse dielectric peak is observed with
increasing KNN50 content, i.e., for BKST5 and BKST10
ceramics, suggesting the presence of a diffuse phase transi-
tion. Additionally, 7, shifts towards room temperature with
increasing KNN50 content [see Figs. 1(d)-1(f)]. The normal
ferroelectrics follow the Curie-Weiss law above Curie temper-
ature, while the dielectric behavior of disordered ferroelectrics
(exhibiting a diffused dielectric peak) deviates away from
the Curie-Weiss law below a certain temperature referred to
as the Burns temperature Ty [1,26,46]. The nucleation and
growth of PNRs begins below the Burns temperature [1,2,8].
The diffuseness of the dielectric peak can be analyzed and
quantified by calculating the deviation from the Curie-Weiss
law ATy, which is given as [26,47]

ATy, =Tg — Ty, (3)

where T denotes the Burns temperature and Ty, is the temper-
ature corresponding to the dielectric maximum. Figures 1(d)—
1(f) show plots of the inverse of the real part of the dielectric

permittivity vs temperature (1/€’ vs T) and depict the dif-
fuseness AT, of the dielectric peaks with increasing KNN50
content. For BKSTO the dielectric behavior follows the Curie-
Weiss law. On the other hand, for BKST5, AT, = 81 K, while
for BKST10, AT;,, = 100 K, which implies an increase in the
diffuseness of the dielectric peak and hence the disorder in the
system with increasing KNN50 content [26], which is further
supplemented by PE loops.

Figure 1(h) represents the PE loops of BKSTx ceramics.
For BKSTO, the loop dictates ferroelectric behavior similar
to that of BaTiO3 [48], while the shape of the loop changes
with increasing KNN50 content. Ferroelectric (FE) loops for
BKST5 and BKST10 ceramics depict increasing disorder in
the system, finally demonstrating a linear lossy dielectric
behavior for BKST10 ceramics [49]. Hence, the maximum
disorder is observed for BKST10 ceramics, which is further
analyzed for its relaxor behavior. Figure 1(g) depicts the
frequency-dependent behavior of the real part of the dielectric
constant as a function of temperature. A frequency disper-
sion of AT =~ 6 K is observed in BKST10 ceramics, while
BKSTS5 ceramics do not exhibit any frequency dispersion [see
Fig. 1(g)]. This suggests that BKST10 is a potential relaxor,
while BKSTS5 exhibits only a diffuse phase transition. More-
over, Figs. 1(i) and 1(j) depict the temperature-dependent PE
loops for BKST10. It is clearly evident from Figs. 1(i) and 1(j)
that the shape of the loop changes with decreasing tempera-
ture, dictating the transformation of a linear lossy dielectric
to a relaxorlike behavior, suggesting enhancement in cationic
ordering [19,49].
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FIG. 2. (a)~(c) Temperature-dependent evolution of the main
perovskite peaks, viz., (200), (220), and (222), of BKST10 ceramics
for the wide range of temperature (100 < 7' < 500 K), respectively.
(d) Temperature-dependent evolution of the volume for BKST10
ceramics. The symbols represent the experimental volume; solid
and dashed lines represent the polynomial fit of the experimental
volume and nominal volume V,,, respectively. The inset shows the
temperature-dependent evolution of spontaneous volume ferroelec-
trostriction calculated using interpolated volume data.

C. SXRD analysis and zero thermal expansion in BKST10
ceramics

Owing to the relaxor behavior observed for BKST10
ceramics, the temperature-dependent evolution of the long-
range crystal structure of BKST10 is analyzed. Figures 2(a)—
2(c) depict the evolution of the main perovskite peaks, viz.,
(200), (220), and (222), observed in the SXRD pattern of
BKST10 ceramics for a wide temperature range (100 < T <
500 K). The peaks do not split and exhibit a singlet na-
ture throughout the temperature range, which suggests the
presence of cubic symmetry down to the lowest studied
temperature. The cubic symmetry (space group: Pm3m) is
confirmed by analyzing the SXRD data using the Rietveld
refinement program available in the FULLPROF suite [50].
Moreover, Fig. 2(d) depicts the volume as a function of tem-
perature for BKST10 ceramics. The volume deviates from the
linear behavior below the Burns temperature (75 ~ 410 K),

which is determined using the inverse of temperature-
dependent dielectric data [see Fig. 1(f)]. The volume begins
to saturate at low temperatures, indicating zero thermal ex-
pansion in the material.

The nearly temperature-independent volume observed at
low temperatures for BKST10 ceramics suggests ZTE in the
material [see Fig. 2(d)]. The ZTE is quantified using the vol-
umetric coefficient of thermal expansion «y, which is defined
as follows [13]:

10V 4
VT’ @
where V corresponds to volume at temperature 7 [13,51]. For
cubic systems, the volumetric thermal expansion coefficient
ay is 3 times the linear thermal expansion coefficient ¢y, i.e.,
oy = 3a; [13]. For BKST10 ceramics, the calculated linear
thermal expansion coefficient o ranges between 0.623 and
10.109 x 1079 K~! (100-500 K), which suggests ZTE behav-
ior in BKST10 ceramics [19].

As discussed earlier, the NTE/ZTE in perovskite-based
materials results from ferroelectrostriction. The ferroelec-
trostriction causes volume gain (or the ferroelectrovolume
effect) [12] in the material, which can be quantified using
SVES, which is defined as [13,14,16]

Vexp - Vnm
P T 100%, 5)

ay

ws =
nm

where wg represents SVFS and V.., and V,,,, correspond to
experimental and nominal volumes, respectively. Ve, is ob-
tained from the lattice parameter after refinement, while Vy,,
is obtained after fitting the experimental volume using the
Debye-Griiniesen equation in the temperature range of 400
< T < 500 K (see the Supplemental Material [43]) as the
deviations begin near the Burns temperature (73 =~ 410 K)
[13,51,52].

Figure 2(d) depicts the ZTE behavior of BKST10 ceramics.
The volume gain arising from the ferroelectrostriction can be
clearly observed. The inset depicts the evolution of SVFS
ws with temperature. The SVES (or ferroelectrostriction) in-
creases with decreasing temperatures. The increase in SVFS
suggests an increase in ferroelectrostriction, consequently re-
sulting in ZTE in the material. Furthermore, the presence
of ZTE in BKSTI10 ceramics is attributed to the relaxor
behavior of the material having distinct atomic ordering at
various length scales, which will be discussed in the following
sections.

D. Raman analysis of BKST10 ceramics

Owing to the relaxor behavior of BKST10 ceramics, the
presence of PNRs is obvious. SXRD, Raman scattering, and
the pair distribution function are the unique techniques used
to analyze the symmetry of the materials at different length
scales [53]. Temperature-dependent Raman spectra were ob-
tained to analyze the symmetry of BKSTI10 ceramics at
intermediate ranges. Figure 3 depicts the evolution of Raman
spectra at 77, 300, and 527 K. The long-range structure of
BKST10 ceramics is cubic (space group: Pm3m) with five
triply degenerate phonon modes [56]. Among these, there is
one triply degenerate acoustic phonon mode (7},), and the re-
maining four are optical phonon modes, which comprise three
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FIG. 3. The Raman spectra of BKST10 ceramics at 77, 300, and
527 K. Descriptions of various modes are given in the top right
[54,55] and also in Table VII of the Supplemental Material [43].

polar 77, modes and one nonpolar 75, mode, i.e., T, + 373,
[56]. All these phonon modes are Raman inactive, yet we
observe Raman peaks in the spectra, which suggests the pres-
ence of local distortions (or PNRs) [56]. The observed Raman
spectra of BKST10 ceramics feature seven bands (given in
Table VII of the Supplemental Material [43]) similar to the
rhombohedral phase of BaTiO; [54,55]. Among these seven
bands, six correspond to the internal vibrations of the BO3>~
anion, while the seventh band (or lowest-frequency band)
corresponds to libration mode of BOg octahedra [54,57]. The

presence of all these bands in the Raman spectra of BKST10
confirms the rhombohedral symmetry. The six modes corre-
sponding to internal vibrations of BO32~ are divided into two
categories, viz., stretching modes or high-frequency modes
(denoted by v) and bending modes or low-frequency modes
(denoted by §). Both of the modes can be symmetric or asym-
metric, represented by a subscript s or as, respectively [54,55].
The presence of B = O stretching vibrations (v peak) around
727cm~! is clear evidence of the polar distortions in BOg
octahedra [54]. This peak remains present at all three studied
temperatures, confirming the existence of polar distortions up
to the highest temperature [54,58,59]. Further, the symmetry
of BKST10 ceramics at different length scales is analyzed and
confirmed using temperature-dependent PDF data, which will
be discussed in the next section.

E. PDF analysis of BKST10 ceramics

The symmetry of BKST10 ceramics at various length
scales, viz., short and intermediate ranges, can be confirmed
using PDF analysis and refinements. We determined the sym-
metry of BKST10 ceramics at various length scales and three
different temperatures, viz., 100, 300, and 500 K. Figure 4
depicts the PDF fits of BKST10 ceramics at 100 K at different
length scales for rhombohedral (orange line) and monoclinic
(green line) symmetries. Owing to the rhombohedral sym-
metry concluded from Raman spectra, the R3m [aﬂa&aﬂ]
space group was used to refine the PDF data for the range
1.7<r <10 A. Various misfits were observed at different
bond lengths, as indicated by the black arrows in Fig. 4(a).
Thereafter, PDF data were fitted using monoclinic symmetry
(space group: Pm [a.b9.c{]) at short ranges (1.7 < r < 10 A).

3.0
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FIG. 4. The fitting of PDF profiles at various length scales, viz., (a) 1.7-10 A, (b) 10-20 A, (c) 15-25 A, (d) 20-30 A, and (e) 3040 A,
using the Pm and R3m space groups, where black open circles denote observed PDF data and orange and green lines correspond to R3m and
Pm fits, respectively. The arrows represent the misfit observed by the R3m space group at r < 10 A.
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FIG. 5. Temperature-dependent evolution of the amplitude of the
ferroelectric phonon mode (I",) for the Pm (1.7 < r < 10 A) and
R3m (15 < r < 25 A) phases.

Here, it is important to note that this monoclinic phase is
reported for KNNS5O0 at both long and short ranges stable for
wide temperature ranges (100 < 7T < 471 K) [25,33]. This
is reminiscent of an earlier report on NaNbOj [60]. The PDF
fit significantly improves with the Pm space group and gives
a lower Ry, value for 1.7 < r < 10 A in comparison to the
R3m space group [see Fig. 4(a)], confirming monoclinic (Pm)
symmetry at short ranges (r < 10 A).

Moreover, at higher interatomic distances i.e., for » > 10 A
(intermediate ranges), the PDF data were fit using the Pm and
R3m space groups. It is clearly observed that at intermediate
ranges (r > 10 A), the R3m phase fits the PDF data better
than the Pm phase, with lower R,, values obtained for the R3m
phase at different length scales, viz., 15 < r < 25 A, 20<r
< 30 A, and 30 < r < 40 A [see Figs. 4(c)-4(e)]. This anal-
ysis of PDF fits across various length scales at intermediate
ranges confirms the gradual transformation from the Pm to
R3m phase at higher length scales, i.e., intermediate ranges.
Now, as discussed in the previous section, a rhombohedral
symmetry was confirmed at intermediate ranges at all tem-
peratures (77, 300, and 527 K) by Raman scattering. This is
further validated via PDF refinements at intermediate ranges,
where a rhombohedral phase (R3m) gives a better fit relative
to the Pm phase observed at short ranges (r < 10 A). Hence,
PDF analysis at a higher length scale (intermediate ranges)
conforms well with the observed Raman spectra.

Furthermore, the PDF refinements were also done for 300
and 500 K at short and intermediate ranges using monoclinic
and rhombohedral phases, respectively. The refinements at
short ranges (1.7 < r < 10 A) with monoclinic (Pm) and
rhombohedral (R3m) space groups at 100, 300, and 500 K are
shown in Fig. 5 of the Supplemental Material [43]. The mono-
clinic symmetry provides better fits (with lower R,, values) for
r < 10 at all the temperatures (see Fig. 5 of the Supplemental
Material [43]), confirming the monoclinic phase (Pm) at short
ranges for a wide temperature range. Moreover, the rhom-
bohedral phase was confirmed at intermediate ranges using

Raman scattering (see Fig. 3) and PDF data (see Fig. 6 of
the Supplemental Material [43]) for a wide temperature range
(100 < T < 500 K). Further, the structural parameters ob-
tained after PDF refinements at short and intermediate ranges
(see Tables IV-VI of the Supplemental Material [43]) are used
for symmetry mode analysis in the next section.

F. Frozen phonon mode approach

Static atomic displacements are considered to be respon-
sible for distortions within the unit cell [22,61]. In order to
quantify these distortions, the frozen phonon mode approach
is considered. The freezing of the phonon mode(s) associated
with the cubic Brillouin zone along certain dimensions with
equal/unequal magnitudes leads to the stabilization of a low-
symmetry phase. The phonon mode responsible for symmetry
breaking is referred to as primary, while other phonon modes
are referred to as secondary [22,61,62]. A cubic phase (Pm3m
space group) with lattice parameter a = 4.00934 A with A-
site, B-site, and oxygen atoms fixed at the 1b (0.5,0.5,0.5),
1a (0,0,0), and 3d (0.5,0,0) Wyckoff positions, respectively, is
used as the high-symmetry phase. The high-symmetry phase
is related to the low-symmetry phase via a group-subgroup
relation as follows [20,62,63]:

r(w, ) = ro(p, i) + uu, i), (6)

where r(u,i) corresponds to the position of the u (=
1,2,3,4,...) atom of the low-symmetry space group,
ro(u, i) corresponds to atomic positions of high symmetry,
and u(u, i) are the static displacements associated with the
low-symmetry phase.

Now, in order to quantify the ferroelectric distortions
present in the structure at short and intermediate ranges, the
amplitudes of symmetry-adapted distortions were calculated
using ISODISTORT [41,42]. As discussed earlier, a monoclinic
phase (Pm) and a rhombohedral phase (R3m) are observed for
short and intermediate ranges, respectively. The monoclinic
and rhombohedral phases result from the freezing of the triply
degenerate ferroelectric phonon mode (I';), with OPDs of
(a,0,b) and (a, a, a), respectively.

Figure 5 depicts the variation of the amplitude of the fer-
roelectric phonon mode (Fgl_) as a function of temperature
for short (1.7 < r < 10 A) and intermediate (15 < r <
25 A) ranges. The amplitude of the FE phonon mode quan-
tifies the ferroelectric distortions present in PNRs. Moreover,
the amplitude of FE phonon mode increases with decreasing
temperature (see Fig. 5). This increase in the amplitude of the
FE phonon mode can be linked to an increase in the ferroelec-
tric polarization of PNRs. Therefore, enhanced ferroelectric
polarization (amplitude of I'}’) at low temperatures can be
attributed to thermally induced ferroelectrostriction (volume
gain), which can be considered the origin of the zero thermal
expansion in the material.

IV. CONCLUSION

In conclusion, distinct atomic nonpolar/polar ordering was
observed at various length scales in a ferroelectric relaxor,
viz., 0.90(BST10)-0.10(KNN50) (BKST10), determined and
quantified by analyzing temperature-dependent real (PDF)
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and reciprocal (SXRD) space data in conjunction with sym-
metry mode analysis. Successive ferroelectric phases, viz.,
monoclinic (Pm) and rhombohedral (R3m), were identified
at short and intermediate ranges via integrated analysis of
temperature-dependent Raman scattering and PDF data. In
contrast, a centrosymmetric nonpolar cubic phase (Pm3m)
was confirmed at long ranges using temperature-dependent
SXRD. The ferroelectric (or polar) distortions observed at
short and intermediate ranges were quantified in terms of
the amplitude of the ferroelectric phonon mode I';. The
amplitude of the I'; phonon mode increases with the de-
crease in temperature, suggesting an increase in ferroelectric
polarization with decreasing temperature. This increase in
ferroelectric polarization at short/intermediate ranges, along
with an increase in intra-/interpolar cluster interactions, was
attributed to the volume gain (ferroelectrostriction) in the

material at low temperatures. Thus, ferroelectrostriction re-
sults in ZTE with the linear coefficient of thermal expansion
ranging from 0.623 to 10.109 x 10~®K~! (100-500 K).
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