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We show that the ferroelectric system (1 — x)SrTiOs-(x)NagsBigsTiO5; exhibits an interesting interplay of
local polarization, ionic size effect, and octahedral tilt. This interplay results in (i) a nonmonotonic composition
dependence of the lattice volume at room temperature and (ii) existence of a unique temperature (300°C) at
which the competing effects of electrostriction caused by the formation of polar nanoregions and geometrical
ionic size make the system exhibit composition independent lattice parameters in a large composition interval

x < 0.40.
DOI: 10.1103/PhysRevB.109.014107

I. INTRODUCTION

For decades SrTiO; (ST) has been a model system for
understanding soft mode driven structural phase transitions
in crystalline solids [1]. ST is also known for its quantum
paraelectric/incipient ferroelectric behavior [2]. Compared to
normal ferroelectrics such as the PbTiO3, wherein the fre-
quency of the zone-center (¢ = 0,0,0) soft ferroelectric mode
decreases on cooling in the paraelectric state and freezes at the
Curie point, the freezing of the ferroelectric mode is precluded
in ST by the overwhelming effects of quantum fluctuations
associated with the zero-point vibrations [2]. The temperature
dependence of permittivity of ST deviates from the classical
Curie-Weiss law and, instead, follows Barrett’s equation [3]
which incorporates quantum corrections to the Curie-Weiss
formula. The permittivity becomes almost temperature inde-
pendent in the low temperature regime for such materials. The
quantum fluctuations in ST can be suppressed by suitable dop-
ing and the system can exhibit quantum ferroelectric behavior
for low concentration of the dopants [4-6].

Apart from the intriguing polar behavior, ST also has a soft
zone boundary mode (¢ = 0.5, 0.5, 0.5). This mode freezes
at 105 K leading to a cubic (Pm3m)—tetragonal (I4/mcm)
structural phase transformation [7]. This tetragonal structure
is nonferroelectric and comprises of a®a® ¢~ octahedral tilt
[8]. The existence of the polar and nonpolar structural modes
provide an interesting opportunity to tune the functionality
of SrTiO; by promoting/suppressing one or the other. For
example, epitaxially grown ST on a suitable substrate can
stabilize the ferroelectric state even at room temperature [9].
Among the different approaches to tune the functionality of
materials, chemical modification is most popular. The effect
of homovalent (Ba, Ca, Pb substitutions at the Sr site) [2,10—
13] and heterovalent (Pr, Bi substitutions at the Sr site) chem-
ical modifications [14-20] on the structural and polar states
of ST have been investigated in the past. Ca-modified SrTiO3
i.e., Sr;_,Ca,TiO3, is among the most investigated systems
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[4,21-26]. In the low concentration regime (x < 0.02), it ex-
hibits the quantum ferroelectric ground state [4]; the dielectric
maximum temperature follows (x — xc)?? composition de-
pendence. In the higher concentration regime (0.15 < x <
0.40), the ground state is reported to be antiferroelectric [26].
The antiferroelectric phase (space group Pbcm) consists of
complex modulation of the in-phase and antiphase octahedral
tilt leading to quadrupling of the unit cell along the cubic
axis [27]. Among the heterovalent substituents Duran et al.
reported that Pr doping of ST stabilizes the ferroelectric phase
even at room temperature [16]. The onset of a spontaneous
electrostrictive strain below 500 K was also reported, sup-
porting the development of ferroelectric correlations in Pr
modified ST [18-20]. Chen et al. reported quantum ferroelec-
tric and relaxor behavior below 50 K in Bi-modified ST [6].

In perovskite-based compounds, the 65> lone pair electrons
of Bi*® on the A site promote ferroelectric distortion [28].
However, the nonstoichiometric nature of the standalone Bi
substitution at the Sr site limits its dissolution in ST [14,15].
A way to increase Bi concentration in the ST matrix is by al-
loying ST with stable Bi-based perovskite compounds such as
BiFeO; (BF), Nag sBip sTiO3 (NBT), or Ko 5Bio5TiO3 (KBT).
The multivalent states of Fe in solids generally increase the
leakage current and preclude switching of the ferroelectric-
ferroelastic domains in BF-based perovskites [29]. In contrast,
NBT and KBT are very good electrical insulators. Alloying
ST with them can not only increase the population of Bi at the
Sr site but also retain the good electrical insulating behavior
of the material and allow exploitation of the functionali-
ties associated with the mobility of domains for practical
applications.

NBT is a nonergodic relaxor ferroelectric at room tem-
perature [30]. Application of strong electric field transforms
irreversibly the relaxor state to a ferroelectric state. This is
accompanied by a monoclinic (Cc) to rthombohedral (R3c)
transformation on the global scale [31-33]. The nonergodic
relaxor state of NBT is characterized by the presence of
short ranged a° a® ¢t in-phase tilted octahedral regions amid
a~aa" tilted antiphase octahedral regions of the rhombo-
hedral structure [34,35]. Poling suppresses the short ranged
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a® a® ¢t regions and system exhibits a rhombohedral struc-

ture [32]. On heating poled NBT, the in-phase tilt appears
and gradually depolarizes the system in temperature interval
150—300°C. Above 300°C, the ferroelectric R3c distortion
disappears completely; the system acquires P4/mbm tetrago-
nal structure with a® a® ¢ tilt [36]. This phase survives up to
550 °C above which the cubic Pm3m phase sets in [37].

The (1 — x)ST-(x)NBT alloy system offers an interesting
opportunity to explore the interplay of the different types
of structural-polar interactions the system inherit from both
the parent compounds ST and NBT. In comparison to the
analogous solid solutions like Nag sBig 5TiO3-BaTiO3 (NBT-
BT) [37—39] and Na05B105T103—K05B105T103 (NBT—KBT)
[40—42], where both the end members (BT and KBT) are
ferroelectric, the end member ST in NBT-ST is an incipient
ferroelectric. That is, the system is susceptible to become
polar when perturbed suitably. The incipience character offers
scope for designing ST-based dielectric materials for high
energy storage applications [43]. NBT-modified ST is among
such possibilities [44]. Since, as stated above, Bi*t at the
A site of the perovskite structure promotes ferroelectric dis-
tortion, its incorporation in the ST matrix will help induce
formation of polar regions and improve the polarizability
even at room temperature. In this context, Yu and Ang [45]
have reported that heterovalent Bi*? substitution increases
the unit cell volume of ST. Although the authors did not
highlight this as an anomalous behavior, we may note that
jonic radius of Bit? (~1.40 10%) is smaller as compared to Srt?
(1.44 A) [46] and Bi*? substitution is expected to shrink the
lattice purely from the viewpoint of ionic size consideration.
A plausible scenario of the lattice getting expanded, despite
the smaller size Bi*® ion substituting for the Sr*? ion, is
electrostriction. This phenomenon is associated with the for-
mation of polar nanoregions which appear to have formed
even at room temperature when Bi is incorporated into the
lattice of ST. We anticipate the same phenomenon to occur
when ST is alloyed with the Bi containing perovskite, NBT.
However, the literature presents conflicting reports. While the
data reported by Cui et al. [44] suggest the cell volume to
decrease with increasing NBT concentration [44], a perusal
of the data published by Pettry er al. [47] do not seem to
suggest such a monotonic decrease in the volume. We may
note that these studies [44,47] are not focused on structural
evolution per se, but on the properties. The ambiguity, how-
ever, calls for a careful examination of the structural issues
pertaining to the ST-NBT system. In this paper, we have ex-
plored this aspect in detail using a set of complementary tools
such as neutron powder diffraction, x-ray powder diffraction,
and Raman spectroscopy. In conjunction with polarization
and field-driven strain measurements, we show an interesting
interplay of ionic size, polar nanoregions, and octahedral tilt
leading to (i) a nonmonotonic composition dependence of cell
volume at room temperature and (ii) existence of a critical
temperature at which the system exhibits a composition inde-
pendent lattice parameter.

II. EXPERIMENT

(1 — x)SrTiO3-(x)Nag sBi 5TiOs specimens were synthe-
sized using the conventional solid state reaction method.

Dried powders of StCO;3; (99%, Alfa Aesar), Na,CO;3 (99.5%,
Alfa Aesar), Bi, O3 (99%, Alfa Aesar), and TiO, (99.8%, Alfa
Aesar) were weighed in stoichiometric ratios and ball-milled
in an acetone medium using zirconia vials and balls in a
planetary ball mill at 200 rpm for 12 h. Calcination was done
at 1000 °C for 4 h. The calcined powder was remilled at 200
rpm for 8 h and calcined again for better homogenization
of the chemical species. Pellets of the calcined powder were
made under uniaxial pressure of 250 MPa followed by the cold
isostatic compaction at 350 MPa. The pellets were sintered in
the range 1250-1350 °C for 6 h in ambient atmosphere. The
density of the sintered pellets was ~95%. For ferroelectric
measurements the pellets (diameter of 12 mm and thickness
of 0.5 mm) were painted with silver paste. X-ray powder
diffraction (XRPD) patterns of the specimens were collected
on powder specimens obtained by grinding the sintered pellets
to powder and subsequent annealing at 700 °C for 2 h to re-
move the effect of residual stresses, if any, incurred during the
grinding process. XRPD measurements were carried out using
Rigaku SmartLab x-ray diffractometer with monochromatic
Cu K« radiation, operated at 4.5 kW. Data were collected at a
26 step size of 0.01° and scan speed of 1°/min. High tempera-
ture (in the range 30-500 °C) XRPD data were collected using
the Anton Paar heating attachment with the Rigaku SmartLab
diffractometer. Neutron powder diffraction (NPD) data were
collected at room temperature on the Echidna diffractometer,
ANSTO, using a wavelength of 1.300 A. Structural analysis
was performed by the Rietveld method using the FULLPROF
software [48]. The polarization-electric field loop were taken
from the Precision Premier II ferroelectric loop tester (Ra-
diant Technologies) up to the field of 60 kV/cm at 1 Hz
frequency. Raman spectra were collected using a 532-nm laser
(Lab-RAM, HORIBA spectrometer) using 1 um? of spot size
and 50x long working distance lens. Transmission electron
microscopy (TEM) examination of the samples were carried
out using Titan Themis (300 keV). The TEM specimens were
prepared using the conventional method, i.e., sectioning and
polishing followed by ion milling to electron transparency
using Gatan PIPS II.

III. RESULTS AND DISCUSSION

X-ray powder diffraction patterns of (1 — x)ST-(x)NBT
suggest a cubiclike structure for all compositions in the range
x ~0—0.60 (Fig. S1 of the Supplemental Material [49]).
The composition dependence of the cubic lattice parameter,
however, exhibits a peculiar nonmonotonic trend with a max-
imum at x ~ 0.35 [Fig. 1(a)]. This suggests two competing
processes—one that increases the volume and the other which
decreases the volume. Given that the Shannon radii of Na*!,
Bi*?, and Sr*? for 12 coordination are 1.39, 1.40, and 1.44 A
[46], respectively, the average ionic radius of (Nag sBigs)™ =
1.395 A. From a pure ionic size consideration, it is therefore
anticipated that the incorporation of (Nag sBigs)>t into the
ST matrix should decrease the unit cell volume. In contrast,
the increase of lattice parameter until x ~ 0.35 suggests an
onset of a phenomenon which expands the lattice to such an
extent that it overwhelms the volume reducing tendency of
the smaller sized (Nag sBigs)>" ions. The trend in the lattice
expansion is, however, suddenly arrested for x > 0.35.
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FIG. 1. (a) Composition dependence of the cubic lattice parameter of (1 — x)ST-xNBT(x = 0.0—0.60) (the error bars are smaller than the
data points). The lattice parameter was calculated by Le-Bail fitting of PXRD data. (b) Bipolar polarization-electric field (P-E) loops at room
temperature. (c) Compositional dependence of remanent polarization P, and (d) maximum polarization Py, (at 60 kV/cm).

Figure 1(b) shows the polarization (P)—electric field (E)
bipolar loops for the different compositions of this series.
For x = 0.00, i.e., ST, as expected, the P-E graph is linear.
Nonlinearity sets in and the P-E loop opens up gradually
with the increasing NBT concentration (Fig. S2 [49]), and the
unipolar strain (S)—electric field (E) loop shows an increase in
hysteresis and electrostrain with composition (Fig. S3 [49]).
The nonlinearity confirms the onset of polar nanoregions in
the NBT modified ST specimens. The remanent polarization,
which is a measure of the degree of irreversibility of the
switched domains on removal of the field, shows a noticeable
increase for x > 0.35 [Fig. 1(c)]. A similar trend was revealed
in the composition dependence of the maximum polarization
(measured from the bipolar P-E loops with field amplitude
60 kV/cm) which shows a notable increase in the slope of
linear Ppax — x curve for x > 0.35 [Fig. 1(d)]. This suggest
that the volume decrease for x > 0.35 [Fig. 1(a)] is associated
with a structural distortion which promotes the development
of ferroelectric correlations in the presence of strong elec-
tric field. Since the x-ray powder diffraction patterns fail to
capture the structural distortion (the average structure appears
to be cubic for all compositions in the range x ~ 0—0.60),
we looked for symptoms of possible structural distortions
using Raman spectroscopy, transmission electron microscopy
(TEM), and neutron powder diffraction techniques.

Figure 2(a) shows the Raman spectra of (1 — x)ST-
(x)NBT. The Bose-Einstein corrected spectra were fitted with
Lorentzian function to deconvolute the various vibrational
Raman modes (Fig. S4 [49]). Although in principle the cubic
(Pm3m) symmetry of ST forbids first-order Raman modes,
they are visible due to the presence of defects (strain, grain
boundaries, oxygen vacancies, impurity atoms, and other ex-
ternal conditions [8,9]). These modes can be seen at 174, 539,
and 791.4cm~! and correspond to TO,, TO,, and LO, + Ang
modes, respectively [10,11]. Second order modes are seen in
the band region of 220-500 cm~! and 580-750cm ™" [8,12].
With increasing NBT content, the second order scattering
disappears. Defects in ST are also known to induce polar
nanoregions (PNRs) which break the local inversion symme-
try and contribute to the first order Raman scattering, more

specifically the TO, and TO4 modes [15,16]. As shown in
Fig. 2(b) the intensity of both the modes increases with com-
position up to x ~ 0.35. It decreases thereafter. The similarity
of this trend with the composition dependence of cell volume
confirms that the volume increase in the composition range
x ~ 0—0.35 is associated with the electrostriction caused by
the growth of PNRs.

Figure S5a [49] shows the evolution of neutron powder
diffraction (NPD) patterns of ST-NBT at room temperature.
Similar to the XRD patterns, a cursory glance at the NPD
patterns suggests a cubiclike structure for all compositions
in the range x = 0—0.60. However, when examined carefully
[Fig. 3(a)], weak superlattice peaks can be seen for composi-
tions x > 0.40. On indexing with respect to a doubled cubic
perovskite cell, both %(odd odd odd) and %(odd odd even)

type superlattice peaks can be seen (Fig. S6 [49]). The %(000)

and the %(ooe) type reflections are commonly attributed to the
R3c and P4bm phases of NBT. These reflections are barely
discernible for x < 0.50. We extracted the integrated inten-
sities by deconvoluting the two neighbouring peaks %(530)

and %(531) by fitting with two Lorentzians. From the com-
position evolution of the relative intensities of %(530) and

%(531) peaks, shown in Fig. S5b [49], it is evident that both
the R3c and the P4bm distortions grows simultaneously for
x > 0.35. Our Rietveld analysis with P4bm+R3c two phase
coexistence model proved insufficient to accurately fit all the
details of the NPD pattern as highlighted by the misfit regions
near the superlattice reflections in Fig. S7 [49]. However, the
main Bragg peaks can be fitted well (Figs. S7 and Fig. S8
[49]). A similar misfit of the superlattice peaks with P4bm
model has been reported in NBT-BT and NBT-KBT systems
in the tetragonal phase region [37]. Following the previous
reports [37,50], we label the phase as a disordered P4bm
phase. Our NPD study therefore confirms that the volume
decrease for x > 0.35 is caused by the onset of octahedral tilt.
Ignoring the weak superlattice peaks, the NPD patterns can
be easily fitted with cubic Pm3m model. Important to note
is that the composition dependence of the lattice parameter
derived from the NPD data follows exactly the same trend

014107-3



SHARMA, PUNETHA, DAS ADHIKARY, AVDEEV, AND RANJAN

PHYSICAL REVIEW B 109, 014107 (2024)

100 200 300 400 500 600 700 800 9001000
Raman Shift (cm'l)

(a) (b)
A-site Ti-O bond __TiO, Octahedra 100 ¢ TO2mode
—® TO4 mode °
< = A
8 ——NBT <
g —sT-08288T & 60 / \@—
£ ——ST-O76NBT o / A
7 ——ST-073NBT <= / o
a ——ST-060NBT *3 / e
Y —sT05088T = 40 /
E ——ST-045NBT - //
EV e 2 ’
Y 1;04 stosoner 20 Ve,
ST-0.20NBT
f ST-0.10NBT /. o
LOg+Azg ST ol s
L L L L L L L L L

0.0 0.1 0.2 03 04 0.5 0.6
Composition (x)

FIG. 2. (a) Raman Spectra of (1 — x)ST-xNBT at room temperature. The data in this plot have been corrected with the Bose-Einstein
factor. (b) Composition dependence of the intensity of TO, and TO, Raman modes.

as that obtained from the XRD data (Fig. S5c [49]), further
confirming the correctness of the composition dependence of
the lattice parameter obtained using the XRD data.

Although the NPD study suggests a correlation between
octahedral tilt and a decrease in cell volume, the superlattice
peaks in the NPD patterns are visible only at x > 0.50. On
the other hand, the cell volume/lattice parameter shows a
decreasing trend for x > 0.35, i.e., well below x = 0.50. To
resolve this discrepancy, we performed electron diffraction
studies on selected compositions x = 0.50, 0.30, and 0.20.
Figure 3(b) depicts selected area diffraction pattern (SADP)
along the [110] zone axis of x = 0.50. Consistent with the
NPD pattern of this composition, the [110] zone axis SADP
shows 1/2(odd odd odd) superlattice spots. %(odd odd even)
superlattice spots could also be seen in the [111] zone axis
SADP of this composition. Interestingly, similar diffraction
spots, though with significantly less intensity, can be seen in

5331} 0.5{531pe

—
Y
~

0.5(553} 5

0.5{333} 0.5{530

—S8T

the SADP of x = 0.30. In view of this, the absence of the
superlattice peaks in the NPD patterns of x = 0.30 can be
attributed to the short-range correlation of the octahedral tilt.
Such a situation is not surprising in NBT-based systems. For
example, 1/2{ooe) superlattice spots have been reported in
the electron diffraction pattern of unpoled NBT but not in
the neutron diffraction pattern, suggesting that the correlation
length of the in-phase octahedral tilt is very small in NBT at
room temperature [33]. The decrease of volume for x > 0.35
can be attributed to the onset of the octahedral tilt on the global
scale. We could not detect the superlattice spots in the SADP
of x = 0.20 confirming the absence of the octahedral tilts for
this composition.

Given the contrasting influences of the octahedral tilt and
ionic size vis-a-vis the polar nanoregions on the cell volume
of ST-NBT, we sought to understand the interplay of these
influences better by heating the different compositions of this
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FIG. 3. (a) Parts of the neutron powder diffraction pattern of (1 — x)ST — xNBT at room temperature (the complete pattern can be seen in
the Supplemental Material [49] (Fig. S3a). The superlattice peaks are indexed on the pseudocubic cell. (b) Selected area electron diffraction
patterns (SADP) of ST-0.50NBT along [110],. and [111],. zone axes. The SADP of x = 0.20 and x = 0.30 are shown for the [110],. and
[001],. zone axes. x = 0.20 does not show superstructure reflections along any of the zone axes. The composition x = 0.30 exhibits faint
superstructure spots corresponding to %(ooo) and %(ooe) indices. Similar types of superlattice spots are also visible in the SADP of x = 0.50.
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FIG. 4. Temperature evolution of the cubic lattice parameter (calculated from XRPD patterns) of two representative compositions (a)
x =0.10 and (b) x = 0.50. The solid lines are linear fit to the data in the high-temperature region. Deviations from this linear trend occur
below a critical temperature. Insets depict the temperature dependence of the thermal expansion strain (calculated from the departure from
linearity). (c) Composition dependence of the lattice strain at 30 °C is calculated by extrapolating a straight line from the linear region at high
temperature down to room temperature, then taking the difference (Aa) of the calculated lattice parameter and the lattice parameter for the
extrapolated straight line at 30 °C. The lattice strain (Aa/a) for all the compositions at room temperature is then calculated by dividing the
difference by the calculated one. The nonmonotonic trend follows the intensities of the TO, and TO, Raman modes in Fig. 2(b).

system (in the range x ~ 0—0.60) above room temperature.
The temperature evolution of the lattice parameter for a few
representative compositions is shown in Figs. 4(a) and 4(b).
Similar plots for the remaining compositions are shown in
Fig. S9 [49]. In all cases, we found a notable departure from
the linear thermal expansion behavior below a (composition
dependent) critical temperature. We attribute the excess lat-
tice parameter (with respect to the extrapolated linear trend)
to electrostriction effect caused by the onset of the polar
nanoregions. The excess lattice strain thus estimated at room
temperature (30 °C) for the different compositions is shown
in Fig. 4(c). Interestingly, this turns out to be the maximum
for x = 0.35, i.e., the composition which also shows the
maximum lattice parameter [Fig. 1(a)]. This, together with
the fact that the intensity of the TO, and TO, Raman modes
follow the same composition trend [Fig. 2(b)] confirms that
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the increase of volume with increasing composition in the
range x ~ 0—0.35 is due to the growth of PNRs.

Figure 5(a) depicts the lattice parameter as a function
of composition at different temperatures of this system. For
x < 0.40, at room temperature, the lattice parameter increases
with increasing composition. For the same composition range
(x < 0.40), at 500°C, the lattice parameter decreases with
increasing composition. We estimated the slope da/dx at
different temperatures [Fig. 5(b)] and found that there exists
a temperature (~300 °C) around which the lattice parameter
of this system (for x < 0.40) becomes independent of the
composition (da/dx = 0). As discussed above, from the pure
ionic size consideration, Nag 5Big s substitution is expected to
decrease the lattice parameter. However, the electrostriction
caused by the polar nanoregions dominates over the ionic size
effect and expands the lattice. With increasing temperature,
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FIG. 5. (a) Composition dependence of the cubic lattice parameter (a) of (1 — x)ST-(x)NBT at different temperatures. (b) The slope
(da/dx) for the regions x < 0.35 and x > 0.50 is calculated separately at various temperatures and plotted against the temperature. The slope
becomes zero at ~300 °C suggesting that at this temperature, the specimen lattice parameter is independent of the composition (in the range

x = 0-0.35).
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the polar nanoregions weaken as does their contribution to
the lattice expansion. It appears that 300 °C is the temperature
at which the contraction of lattice (due to ionic size) nearly
compensates for the expansion due to electrostriction in the
different compositions in the range x < 0.40, giving rise to
the unusual phenomenon of composition independent lattice
parameter. We may note that this feature may not be exclusive
to the NBT modified ST system. More work along a similar
line may reveal this interesting phenomenon in other modified
ST systems.

IV. CONCLUSIONS

In conclusion, we show that the (1 — x)ST-(x)NBT sys-
tem exhibits a complex interplay of polar nanoregions and

octahedral tilt. Despite the smaller average ionic size of
Na®!/ Bi*® with respect to Sr'2, the system exhibits an
anomalous increase in the lattice parameter due to dominating
effect of electrostriction caused by the polar nanoregions. The
onset of octahedral tilt above x > 0.30 reverses this trend,
causing the volume to decrease with increasing x. We also
show that there exists a critical temperature ~300 °C at which
the competing ionic size and electrostriction effects make the
system exhibit a composition independent lattice parameter.
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