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The peculiar characteristics of relaxors, viz., a frequency-dependent dielectric permittivity peak and good

functional properties (dielectric, electromechanical, electrocaloric, etc.), are attributed to nanoscale regions with
correlated dipoles, or polar nanoregions (PNRs). However, the exact nature of PNRs and their contribution to
relaxor behavior remains debatable. In recent years, solid solutions of BaTiO3;-BiMeO; (where Me is a metal),
have emerged as an interesting system with characteristics in between that of relaxors and dipole glasses. Here,
we have examined the atomistic origins of weakly coupled relaxor behavior, specifically with regard to formation
of PNRs, in Sn-doped (1—x)(Ba, Ca)TiO3-xBiScO; using macroscopic polarization and neutron dynamic pair
distribution function measurements. We show that the short-range atomic correlations observed within the PNRs
dynamically fluctuate with frequencies of the order of THz. Furthermore the composition-dependent dielectric
and polarization behaviors are critically influenced by the relative stability of the atomic correlations near
~1 THz, while the instantaneous atomic correlations are largely independent of x. The current results are
discussed based on a model of intrinsic local modes distributed in a dielectrically soft matrix.

DOL: 10.1103/PhysRevB.103.214105

I. INTRODUCTION

Ferroelectrics are materials with a spontaneous polariza-
tion, which can be switched under the application of an
electric field [1]. Relaxors are a subclass of ferroelectric
materials, which are characterized by a broad dielectric per-
mittivity spectrum as a function of temperature, a strong
frequency dependence of the temperature for maximum
permittivity (7;,), and deviation from the Curie-Weiss law
[2-6]. They are of interest in several electronic applications
due to their uniquely high dielectric constant as well as
large electromechanical and electrothermal properties [7—10].
The peculiar physical characteristics and excellent functional
properties of relaxor ferroelectrics are generally attributed to
the presence of nanoscale domains with locally correlated
polarization, otherwise known as polar nanoregions (PNRs)
[4,11,12]. Despite considerable research over the last decades,
the physical mechanisms governing the formation of PNRs are
not fully understood.

Initial studies on Pb-based relaxors, such as Pb(Mg, Nb)O3
(PMN), emphasized the role of random fields towards the
formation of nanoscale domains or polar clusters in compo-
sitionally heterogeneous systems. Based on statistical ideas
originally put forward by Imry and Ma, [13], Kleemann pro-
posed that PNRs are created due to extreme slowing down
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of dynamics in the presence of random fields [14]. Later,
Pirc and Blinc proposed PNRs as reorientable polar clusters,
which interact through random bonds and are embedded in
an array of chemically ordered regions [15]. Then, Fu et al.
described that the relaxor behavior in PMN is due to the
presence of nanoscale inhomogeneous ferroelectric domain
structure, which exists together with random fields [16]. The
role of random fields is, however, more intriguing for the
case of isovalent substitutions, which are more prevalent in
Pb-free relaxors, viz., (K, Li)TaO3 or Ba(Zr, Ti)O; [17,18]. If
both the original and the substituting elements have the same
valence, the occupation of these elements on the same lattice
site should nominally generate few random fields. However,
it is argued that weak local random fields are generated due
to local modification of polarizability of the lattice in the
case of isovalent substitutions [17,19,20]. Even then, it was
shown for Ba(Zr, Ti)O; that turning off random fields does
not substantially alter the dielectric susceptibility curve [21],
which questions the role of random fields as a sole origin
of relaxor behavior [22,23]. Instead, it was proposed that the
origin of relaxor behavior can be mainly ascribed to the local
interaction among nanoscale polar clusters that are formed
due to the difference in ferroelectric strengths of the host
Ti and substituting Zr ions [21]. Therefore, more than the
random fields itself, the dynamic instability of the local polar
correlations becomes important for understanding and tuning
of relaxor behavior.

It was realized early that PNRs are dynamic and in-
clusion of dynamical effects would be necessary to clearly
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understand the mechanism for formation of PNRs [15]. Neu-
tron backscattering and spin-echo measurements revealed
slow dynamics for PNRs at GHz frequencies in Pb-based
relaxors [24-26]. However, relaxational dynamics at GHz or
lower frequencies is most likely associated with fluctuations
of a collection of atoms, such as within PNRs, rather than local
lattice dynamics. Broadband dielectric spectroscopy indicated
that dielectric relaxation in relaxors could be observed even
at THz frequency, which the authors attributed to dipolar
fluctuations caused by phonon absorption by existing PNRs;
however, the underlying physics was not clear [27,28]. In
other words, these measurements inform about the dynamics
of existing PNRs, rather than the underlying physical princi-
ples governing the formation of PNRs, which is the focus of
the present work.

Later models emphasized the role of localized lattice vibra-
tional modes towards PNR formation. In the model proposed
by Bussmann-Holder et al., the localized excitations are
described as intrinsic local modes or ILMs, which are multivi-
brational quanta bound states of elementary local excitations
[29,30]. The ILMs result from a distribution of highly po-
larizable dopants within a dielectrically soft matrix. Another
more recent study proposed that PNRs form due to Anderson
localization, which involves trapped standing waves caused by
coherent multiple scattering interference from randomly dis-
persed dopant sites [31]. The atomistic mechanisms leading
to localization of lattice dynamics was furthermore elucidated
from dynamic pair distribution function (DyPDF) studies. For
example, Dmowski ef al. showed that PNRs form in PMN
due to the interaction between soft phonons and local dynamic
off-centering of Pb atoms [32]. Similarly, PNRs can be stabi-
lized for an optimum addition of Zr in Ba(Zr, Ti)O3, which
locally alters the energy state of soft phonons and modifies
their interaction with dynamic off-centering of Ti ion [33].
However, barring a few examples as listed here, the number of
studies on THz atomistic dynamics that govern the formation
of PNRs is rather limited. The emergence of new Pb-free
relaxors in recent years provides an opportunity to further
examine the dynamic models for PNR formation.

One interesting system to study the governing princi-
ples for formation of stable PNRs is the solid solutions of
BaTiO3-xBiMeOs; (Me represents one or more metal ions),
which are described as weakly coupled relaxors [34,35].
These systems typically exhibit a highly diffuse phase tran-
sition leading to a broad peak in the dielectric permittivity
spectrum as a function of temperature, a large frequency
dispersion in 7;,, and higher values of activation energy for
dipole reorientation as compared to some other well-known
relaxors. The broadness of their temperature-dependent di-
electric permittivity spectrum makes (1—x)BaTiO3-xBiMeO3
solid solutions particularly attractive for high-density energy
storage applications [35-37]. Phenomenologically, the pecu-
liar characteristics of (1—x)BaTiO3-xBiMeO; relaxors are
described as a result of weak interactions among the polar
clusters, which are isolated in a dielectric matrix with dis-
persed random fields [34,35]. It was argued that the origin of
random fields is due to the substitutions of Bi and Me at the A
and B sites, respectively. Interestingly, the polarization behav-
ior of BaTiO3-BiMeOj solid solutions is strongly dependent
on the concentration of BiMeQOjs. For example, for low x <

0.05, a ferroelectric behavior was reported, while for higher
x polarization behavior similar to dipolar glass is observed at
low temperatures [38]. It was proposed that whether a dipolar
glass or polar ferroelectric state is obtained at low temperature
depends on the competition between local ferroelectric order
and surrounding random fields [38,39]. Alternately, an atom-
istic model for weakly coupled relaxor behavior was proposed
by Krayzman et al., in which the correlated hopping of Bi
and Ti on split A and B sites, respectively, is proposed to
give rise to a broad distribution of relaxation times [40,41].
Nevertheless, these pictures do not describe how PNRs form,
or the dynamic evolution of PNRs with composition and tem-
perature.

Here, in order to better understand the mechanism for
PNR formation, we examined the local atomic dynamics near
THz frequencies in the weakly coupled relaxor system of
Sn-doped (Ba, Ca)TiO3-xBiScO;. Recently, it was demon-
strated that this material exhibits attractive properties for
capacitative energy storage over a broad temperature range
from room temperature (RT) to 200 °C [36]. As shown below,
small changes in the BiScO; content significantly change
the dielectric and polarization properties of the Sn-doped
(Ba, Ca)TiO3-xBiScOs5 solid solution. Similar results were
also reported by Bharadwaja et al. for the BaTiO3-BiScO;
solid solution [38]. Separately, the effect of Bi concentra-
tion on weakly coupled relaxor behavior was also apparent
for a related solid solution of K, ,BiNb;,Yb,O3 [42].
These results indicate that incorporation of Bi and Sc has
a strong effect on the local dipolar correlations, which is
not explained by the existing phenomenological models for
weakly coupled relaxors. Rather, we anticipated that addi-
tion of BiScO; could influence the local atomic dynamics
and as a consequence the stability of PNRs. To examine
the effect of BiScO; on the local structural dynamics in
Sn-doped (1—x)(Ba, Ca)TiO3-xBiScOs3, we characterized the
temporal evolution of the local atomic structure using the
method of the dynamic pair distribution function (DyPDF).
The evolution of the local structural dynamics in Sn-doped
(Ba, Ca)TiO3-xBiScOs is studied as functions of both com-
position (x) and temperature. The experimental observations
suggest that the dynamic stability of local atomic correlations
within PNR in this system can be described in terms of ILMs
that are created by the addition of Bi at the A site, which is
similar to the effect of Pb in Pb-based relaxors such as PMN
[32]. The random occupancy of the B site by Sc** further
disrupts the long-range coupling between the ILMs, thereby
preventing long-range structural ordering.

II. EXPERIMENTAL METHOD

Polycrystalline ceramics of compositions 0.05BiScOs3-
0.95 Ba0_78,5Ca0,22_5 Snngi0,96$n0.04O3 ((S :00025) [)C: 005]
and 0.095 BiSCO3 -0.905 Ba0_7g_5Ca0‘22_3 SIlz,;Tio_96Sl’10.0403
(6§ =0.0025) [x=0.09] were prepared by using the
conventional solid state synthesis route. BaCO; (Alfa Aesar,
99%), CaCO; (Sigma-Aldrich, 99%), SnO, (UniChem,
99.8%), TiO, (Sigma-Aldrich, 99%), Bi,O3 (Sigma-Aldrich,
99.99%), and Sc,03 (Sigma-Aldrich, 99.99%) were used
as starting materials. The starting materials were mixed
in appropriate proportions, ball milled, and subsequently
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FIG. 1. Temperature-dependent dielectric permittivity and tan §
0.09 ceramics.

calcined to obtain powders of desired compositions. The
powders were then pressed in pellet form and sintered at
high temperature. Further details for calcination and sintering
conditions are provided in Ref. [36].

The sintered pellets were polished and painted with sil-
ver electrodes for electrical characterization. An Agilent
4284A Precision LCR meter was used for measurement of
temperature- and frequency-dependent dielectric properties.
For temperature control, a pour-fill liquid nitrogen cryostat
and an electrical furnace were assembled with the LCR me-
ter. A commercial Radiant PE system was used to measure
polarization versus electric field hysteresis loops (P-E loops)
of the ceramic samples.

For structural characterization, the sintered ceramics were
first crushed and sieved to obtain uniformly sized powder sam-
ples. The local atomic structure was characterized from the
x-ray and neutron total scattering patterns. The high-energy
x-ray total scattering patterns were measured at Sector 11-ID-
B of the Advanced Photon Source of the Argonne National
Laboratory, which provided information of the instantaneous
(time-frozen) structure of the materials studied. The inelastic
neutron scattering intensities were measured at the ARCS
spectrometer of the Spallation Neutron Source of the Oak
Ridge National Laboratory, which provided information about
the time-dependent evolution of the local structural correla-
tions. The details for analysis of the x-ray and neutron total
scattering data are provided in the following section.

III. RESULTS

A. Dielectric and ferroelectric properties

Figure 1(a) shows the temperature-dependent real dielec-
tric permittivity and dissipation factor (tand) of x = 0.05
ceramic, which are measured with ac fields of frequencies
200Hz < f < 1 MHz. A broad peak for dielectric permittivity
maximum as a function of temperature can be observed. The
temperature for maximum dielectric permittivity, or 7,,, is a
function of frequency and varies from ~200 K at 100 Hz
to ~280 K at 1 MHz. These features are characteristic of
relaxor ferroelectrics. Figure 1(b) shows the same data for
dielectric properties of x = 0.09 ceramic [36]. As compared
to x = 0.05, the dielectric permittivity peak for x = 0.09 is
broader. For both compositions, deviations from the Curie-
Weiss law for ferroelectric phase transition are observed,
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of Sn-doped (1—x)(Ba, Ca)TiO3-xBiScO; for (a) x = 0.05, and (b) x =

which indicates local dipole-dipole correlations instead of a
long-range ferroelectric state. To gauge the nature of local
dipolar correlations, the dielectric permittivity curve above T,
is fitted with the modified Curie-Weiss law, also known as the
Uchino and Nomura formula [43]:
— Ty

L1 _ @ty 0

g &m C
where ¢, is the dielectric permittivity value at 7,,, and C is
a constant and y is the critical exponent. The value of y is
~1 for an ideal ferroelectric, whereas the same is higher for
relaxors. For purely zero-point quantum fluctuations y ~ 2.
For relaxors, y typically lies between 1 and 2 [43,44]. The y
values obtained from the fitting analysis are 1.59 £ 0.02 and
1.71 £ 0.02 for x = 0.05 and x = 0.09, respectively, which
indicates the existence of relaxor behavior and that the dipolar
correlations are rather weak. (See Fig. S1 in the Supplemental
Material for details [45]. Also see [46-49].)

Beside the Uchino-Nomura criterion, we also employed
the dynamic scaling relation based on the Vogel-Fulcher law
to characterize the relaxation properties of the local dipoles
[50,51]. The Vogel-Fulcher law is widely used to characterize
the frequency dispersion of dielectric relaxation in materials
with short-range dipolar correlations [4,11], and can be repre-

sented as
—E
E } , 2

w = w, eXp [—kB(Tm — Tf)

where E, is the activation energy, w, = 27 f;, fo is known as
the attempt frequency (it corresponds to the Debye relaxation
frequency), 7, is the temperature of the maximum permittiv-
ity, Ty is the freezing temperature, and kg is the Boltzmann
constant. The fitting analysis yielded the following param-
eters, fo =7.2 x 10"°Hz and 4.1 x 10'"' Hz, T; = 130.8K
and 93.1 K, and E, =0.08¢eV and 0.12 eV for x = 0.05
and x = 0.09, respectively. The attempt frequencies (f,) and
activation energies (E,) of the current samples are in the same
range as that of weakly coupled relaxor ferroelectrics [34].
The high activation energies signified that the neighboring
clusters are weakly coupled.

The polarization-electric field (P-E) hysteresis loops at se-
lected temperatures for x = 0.05 and x = 0.09 are depicted
in Fig. 2. There is a clear difference in the temperature-
dependent polarization behavior of the two materials. At
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FIG. 2. Temperature-dependent P-E hysteresis loops and their corresponding derivative curves (OP/OE versus E) of Sn-doped
(1—x)(Ba, Ca)TiO3-xBiScO; for (a) x = 0.05, and (b) x = 0.09 ceramics.

temperature 7 = 173 K, the P-E loop for x = 0.05 exhibits a
characteristic that is typical of polarization switching; that is,
the curves for increasing/decreasing electric fields are strongly
nonlinear and there is a large remanent polarization at zero
field. However, the P-E loops become progressively thinner
and linear with increase in temperature. In contrast, for x =
0.09, the P-E loops remain nearly linear at all measurement
temperatures, with no significant remanent polarization. In
order to further ascertain the presence, or otherwise, of fer-
roelectric switching, the 0 P/OE versus E curves are extracted
for each measurement temperature, which are shown below
the corresponding P-E loops. For a linear P-E curve, OP/OE
should remain constant with E. For a nonlinear polarization
behavior, 0 P/OE should decrease with E, but should not show
an inflection point at an intermediate field. In the case of
ferroelectric switching, the 0 P/OE versus E curve will exhibit

an inflection point at coercive field or E,, such as observed for
x =0.05 at T = 173K (indicated by arrows in Fig. 2). For a
purely lossy dielectric, the 0P/OE curve is expected to appear
as a cross, such as observed for x =0.09 at T = 373K. It
can be observed that while at 7 = 173 K, the x = 0.05 ce-
ramic shows clear indication of ferroelectric switching with
inflection points in OP/OE, the signal for the same becomes
progressively weaker as the temperature is increased. Based
on this, it can be ascertained that for x = 0.05, the material
transforms from a high-temperature paraelectric phase to a
polar phase with decreasing temperature, although such a
transition occurs over a broad temperature from 298 to 173 K.
For x = 0.09, there is no obvious indication of an inflection
point in the OP/OE curve at any measurement temperature,
indicating no transition to a macroscopic polar state occurs at
lower temperatures.
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B. Local atomic structure using pair distribution
function analysis

For relaxors, local deviations from the spatially averaged
crystal structure give rise to their attractive dielectric and
other functional properties [4,11]. These local ionic displace-
ments are, however, correlated over nanometer lengths, and
therefore when averaged over longer length scales the net
ionic displacements amount to either zero or a very small
value. As a consequence of this, these ionic displacements are
not measured from Rietveld refinement against x-ray/neutron
Bragg diffraction peaks, which instead inform only about the
spatially averaged crystal structure [52]. In comparison, the
locally correlated atomic arrangements can be better char-
acterized using pair distribution function (PDF) analysis of
x-ray/neutron total scattering patterns.

1. Instantaneous local structure

The pair distribution function (PDF) represents pairwise
atomic correlations as a function of interatomic distances r.
The PDF G(r) is obtained from the total scattering pattern
using the relation

Omax

2
Gr)=— Q[S(Q) — 1]sin QrdQ, 3

Onmin

where Q is the scattering vector, S(Q) is the total scattering
structure factor, and r represents the interatomic distances
[53]. In this treatment, since no implicit assumption of trans-
lational symmetry is made, the obtained pairwise atomic
correlation is sensitive to structural distortions present over
multiple length scales. The PDF technique, therefore, is a
powerful method to characterize the locally correlated in-
teratomic correlations within the PNRs. Here, an important
clarification is in order. Conventionally, the total scattering
measurements are made with no distinction between different
energy transfers. In other words, the scattering intensity or
S(Q) is integrated over all energy transfers. Consequently,
provided that the energy integration is done over a large
enough energy range, such as implemented in a high-energy
synchrotron x-ray scattering experiment, the G(r) obtained
from Fourier transform of the energy integrated S(Q) repre-
sents the same-time correlations or an instantaneous snapshot
of the local atomic structure [53].

Figure 3 compares the x-ray PDFs of powdered ceram-
ics of x =0.05 and x = 0.09 compositions at temperature
T = 280K. The PDFs are shown for r < 6A, which repre-
sent the nearest and next-nearest atomic neighbors. The two
patterns appear virtually indistinguishable from each other.
The x-ray PDFs for x = 0.05 and x = 0.09 at 280 K were
fitted using PDFGUI in the range of r < 10 A [54], using three
different structures, viz., rhombohedral (R3m), orthorhombic
(Amm?2), and tetragonal (P4mm). The best fit is obtained for
the orthorhombic structure (R,, ~ 6.8%), as compared to the
rhombohedral (R, ~ 10.8%) and tetragonal (R, ~ 11.9%)
structures, as shown in Fig. 4. Similar values for R,, for the
three different phases were obtained for x = 0.09 composition
(see Fig. S2 in the Supplemental Material [45]; also see [49]).
However, it is also noted that the TiO3 octahedron is highly
distorted in the orthorhombic phase, which gives rise to a
bond valence sum (BVS) of 3.18 for Ba?>* and 3.52 for Ti*™,

T=280 K

x =0.05
x =0.09

G(r)

FIG. 3. (a) Comparison of the instantaneous local structure of
Sn-doped (1 — x)(Ba, Ca)TiO3-xBiScOs3, for x = 0.05 and x = 0.09
compositions.

indicating that Ba*" is severely overbonded, while Ti*" is
underbonded. In comparison, for the rhombohedral structure,
the calculated BVSs are 2.79 for Ba>™ and 3.83 for Ti*'.
For the tetragonal structure, the calculated BVSs are 2.81 for
Ba?* and 3.73 for Ti**. Therefore, rhombohedral/tetragonal
appears as a more plausible model for the instantaneous local
atomic structure, as compared to the orthorhombic structure.

Figure 5 shows the temperature-dependent evolution of
the PDFs for the two compositions from 80 to 400 K. The
peaks in the PDF for x = 0.09 are slightly broader as com-
pared to those for x = 0.05, especially at higher temperatures.
Nevertheless, very little difference can be noted between the
PDFs of the two compositions. The above results indicate
that there are minimal changes in the local instantaneous
structure, either as a function of composition or temperature,
which are covered in this study. This is remarkable given that
the macroscopic dielectric and polarization properties evolve
quite significantly over the same temperature and composition
ranges, as described in the previous section.

2. Time-dependent local structure

The above example illustrates that the instantaneous snap-
shot of the local atomic structure is insufficient in addressing
the relationship between local atomic structure and macro-
scopic properties of weakly coupled relaxors. Specifically,
the conventional PDF does not inform about the fimescale
over which the local atomic correlations vary. Since the PNRs
are intrinsically dynamic in nature, information about the
time-dependent evolution of their atomic structure becomes
necessary in order to better comprehend formation of PNRs.

Recent works have shown that the dynamic changes in
the local atomic correlations can be characterized using a
dynamic PDF (DyPDF) method [32,33]. In this method, the
dynamic structure factor S(Q, E), where E = hv is the energy
transfer, is obtained from the energy resolved total scattering
intensity 1(Q, E) after implementing background correction
and normalization, such as described in Refs. [32,33]. Fourier
transformation of S(Q, E) from Q to r yields the DyPDF, or
G(r, E), which represents pairwise atomic correlations for in-
teratomic distances r and excitation energy E. In other words,
G(r, E) represents the pairwise atomic correlations that are
stable with the characteristic frequency, v = E/h, where h
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Rhombohedral

FIG. 4. Fits of the instantaneous x-ray PDFs of Sn-doped (1 — x)(Ba, Ca)TiO3-xBiScOs, for x = 0.05, using three different structural
models, viz., rhombohedral, orthorhombic, and tetragonal. The lines mark the unit cell for the pseudocubic unit cell.

is the Planck’s constant. In the conventional PDEF, the total
scattering factor is integrated over all energy transfers, that is,
S(Q) = f S(Q, E)dE, and therefore the corresponding G(r)
provides the same-time atomic correlations or instantaneous
snapshots of the structure. For the ideally elastic scattering
intensity or £ = 0, Fourier transformation of S(Q, E = 0)
yields the time-averaged pairwise atomic correlations. For
obtaining atomic correlations over an intermediate time pe-
riod of t = 1/v = h/E, Fourier transformation needs to be
performed for the dynamic scattering factor integrated over
a small range of energy transfer. This is implemented by eval-
uating Smeas(Q, E) = [ w(E—E")S(Q, E")dE’, where w(E —
E') is the energy resolution function of the instrument. The

measurement conditions and data analysis methods, viz., the
incident energy used at ARCS, background subtraction, and
the energy integration window, were the same as described in
Ref. [33]. The methodology described in Ref. [33] provides
adequate resolution for G(r, E) in the ranges of r ~ 3—4.5 A
and E ~ 3.4-9.5 meV, which are of primary interest here.
Figures 6(a)-6(d) compare the G(r, E) of the two com-
positions for different energy transfers E, or corresponding
frequencies, v = E /h, at temperature 7 = 270 K. Figure 6(a)
shows the time-averaged (£ = 0) atomic correlations for the
two compositions, which appear to be virtually the same. The
interatomic distances as noted from the x-ray PDF are marked
for reference. A clear difference can be noted between the
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FIG. 5. Temperature-dependent x-ray PDFs of Sn-doped (1 — x)(Ba, Ca)TiO3-xBiScOs, for (a) x = 0.05 and (b) x = 0.09.

time-averaged and frequency-limited G(r, E) for r ~ 3—4.5 A.
In the instantaneous x-ray PDF (Fig. 3), a well-defined split
is noted between the peaks at r ~3.5A and at r ~ 4 A. In
contrast, for the time-averaged PDF, the peak appears asym-
metric without a clear split. For sufficiently faster timescales,
such as 2.3 THz, which is represented by G(r, E = 9.5 meV),
the split between the peaks at » ~ 3.5 A and r ~ 4 A becomes
clear. In order to characterize the temporal change in the
local atomic structure, we next compared the experimental
DyPDF with the calculated neutron PDF peak profiles for
3.5A <r<45A. Figures 6(e) and 6(f) show the calculated
neutron PDF peak profiles for the two plausible structures,
viz., tetragonal and thombohedral. The neutron PDFs are cal-
culated based on the refined structures obtained from fitting
of the corresponding x-ray PDFs (Fig. 4). It is clear that the
peak between 3.5 and 4.5 A is split for the rhombohedral
structure, but only a broad asymmetry is observed for the
tetragonal structure. By comparing the DyPDF patterns with
the calculated neutron G(r) peak profiles, it can be ascertained
that the instantaneous structure is closer to rhombohedral,
while the time-averaged structure is closer to tetragonal. A
gradual transition from rhombohedral to tetragonal structure
occurs with longer timescales.

The above situation can be compared to the order-disorder
model for BaTiOs3, as described by Comes et al. [55,56]. In the
order-disorder model, the local atomic structure is rhombohe-
dral with Ti displaced along the (111) directions. However,
the average structure can be different depending on the or-
dering of individual Ti displacements. At low temperatures
below 183 K, the (111) Ti displacements are ordered over
a longer range along one-dimensional chains, which gives
rise to an average rhombohedral phase. In comparison, a
disordering of the Ti displacements among four of the pos-
sible eight (111) directions at high temperatures (>283 K)
gives rise to an average tetragonal phase. A similar progres-
sion from rhombohedral to tetragonal structure is observed
here with progression of time. In DyPDF the local atomic

correlations are sharply defined at energies for which the
corresponding frequency, v = E/h, is above the frequency
of the fluctuating atomic displacements. At fast timescales,
such as 2.3 Hz, the local atomic correlations are closer to
a thombohedral structure, which has B-site atoms displaced
along (111). On the other hand, if the measurement frequency
for DyPDF, v = E/h, is lower than that of the frequency of the
atomic displacements, the fluctuating atomic displacements
are averaged over a given time period. This results in the
appearance of a tetragonal structure over longer timescales,
such as observed here for 0.8 THz or the time-averaged
structure.

A difference in the local atomic correlations for the two
compositions becomes obvious at intermediate timescales.
For E = 4.9meV or v = 1.2 THz, the split between the peaks
at 7 ~3.5A and r ~ 4.5 A is clear for x = 0.05, but only a
broad asymmetric peak is observed for x = 0.09. For E =
9.5meV or v = 2.3 THz, the G(r, E) for the two compositions
approach each other. In other words, the effect of composi-
tion on the A-B interatomic correlations is dependent on the
timescale over which they are observed. This also indicates
that the local atomic correlations in these compounds are not
“static” [40,41], but rather follow a dynamic evolution. For
example, at T = 270K and for x = 0.05, the local atomic
correlations in the rhombohedral structure stay stable for
frequencies as low as 1.2 THz. In contrast, for x = 0.09, a
structural transition resembling rhombohedral to tetragonal is
observed at 1.2 THz, indicating that the local atomic corre-
lations do not remain stable at this frequency. The difference
in G(r, E) for the two compositions near 1 THz can explain
their temperature-dependent polarization behavior, as shown
in Fig. 2. From Fig. 2, it can be observed that ferroelectric
switching is more obvious for x = 0.05 below 270 K, as
compared to x = 0.09. If the local atomic correlations are
stabilized near 1 THz or the transverse optic (TO) phonon
frequencies, this gives rise to PNRs with slower dynamics,
and therefore transition to a polar phase can be expected.
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FIG. 6. (a)—(d) Comparison of the neutron DyPDFs for x = 0.05 and x = 0.09 at various energy transfers, or measurement frequencies,
for temperature 7 = 270 K. The instantaneous interatomic distances, as observed in the x-ray PDFs (a), are marked for reference. (e), (f) The
calculated neutron G(r) profiles for the tetragonal/rhombohedral structures, which are obtained from refinement of the x-ray PDFs.

Figure 7(a) shows the evolution of DyPDFs for the two
compositions as a function of temperature. The primary in-
terest is for the region r ~ 3—4.5 A, which features A-B,
M-M, and O-O correlations and for which a clear difference
between the two compositions is observed in the DyPDF. As
noted above, at 7 = 270 K and £ = 4.9 meV, the peaks at r ~
3.5A and r ~ 4 A are split for x = 0.05, but not for x = 0.09.
The same information is apparent from the circled regions
of the two-dimensional (2D) plots for G(r, E) at T = 270 K.
Figure 7(b) shows the temperature-dependent G(r, E) line pro-
files for the two compositions for 3A < r < 4.5A. For x =
0.05, the split between the peaks at r ~ 3.5A and r ~ 4 A is
more clearly resolved for E = 4.9meV (or v = 1.2 THz) at

T = 270K, indicating stabilization of the rhombohedral
structure with (111) B-atom displacements. In contrast, for
composition x = 0.09, there is a weak shoulder present at r ~
3.5 A in the DyPDF for v = 1.2 THz at all temperatures above
270 K, which indicates that the instantaneous rhombohedral
structure is not stable beyond 1.2 THz for temperatures 270 K
and above. This correlates well with the observed differences
in dielectric permittivity spectra of the two compositions. For
x = 0.05, a comparatively stronger peak is observed for the
weak-field dielectric permittivity at 7 = 270 K measured for
applied electric fields of frequency 1 MHz (see Fig. 1), which
results from stronger coupling between PNRs that are more
stable. In comparison, a much broader dielectric spectrum
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x = 0.05 and x = 0.09, at different measurement temperatures.

is observed for x = 0.09 (see Fig. 1), which is reflective of
weak coupling between the PNRs due to their greater dynamic
fluctuations.

IV. DISCUSSION

The results presented above reveal the critical effect of
BiScO; concentration on the local atomic dynamics, and
the consequent dielectric and ferroelectric properties, of Sn-
doped BaTiO3-BiScOj3 solid solution. Based on analysis of
low-field dielectric permittivity, the system can be classified as
a weakly coupled relaxor, which is characterized by a broad
dielectric spectrum and a relatively higher E,, as compared
to traditional relaxors. With increasing Bi and Sc substitu-
tions, at A and B sites, respectively, the dielectric spectrum
becomes broader and E, increases, which indicates increasing

restriction towards long-range dipole ordering. Additionally,
transition to a low-temperature polar phase is more clearly
observed for a lower Bi/Sc content (x = 0.05). In previous
works, these characteristics were attributed to a weak cou-
pling between nanoscale polar clusters that form upon Bi/Sc
substitutions [34,35]. However, direct evidence of the effect
of BiScO;3 concentration on nanoscale polar correlations has
been absent.

To elucidate the local atomic correlations, we undertook
PDF measurements of Sn-doped (Ba, Ca)TiO3-BiScO; as a
function of temperature. The instantaneous pairwise atomic
correlations, as obtained from x-ray total scattering, did not
show any significant change as a function of either com-
position or temperature. However, we noticed a significant
difference in the short-range atomic correlations, when such
correlations are evaluated over different timescales as revealed
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FIG. 8. (a) Illustration of the ILM model, which depicts substitution sites in a dielectrically soft matrix. (b) Schematic of B-site atomic

displacements for the instantaneous and the time-averaged structures.

by the neutron DyPDF. Notably, for both the compositions
and for temperatures RT and above, the DyPDF indicates that
(111)-type B-site atomic displacements in the thombohedral
structure do not remain stable for sub-THz frequencies. In
other words, the PNRs are not visible below THz frequencies,
because they are dynamic. This is in contrast to the “static”
(stable below THz frequencies) PNRs reported for the related
ferroelectric relaxor Ba(Zr, Ti)O3 [33]. The weak coupling
between PNRs in BaTiO3;-BiMeO; systems, as described in
earlier works [34,35], can therefore be described as a sec-
ondary effect of greater dynamic fluctuations of the same in
the time domain.

Changes in the dynamic short-range atomic correlations
can be interpreted based on the model of intrinsic local modes
(ILMs) or discrete breathers, which was described earlier for
the Pb-based relaxor PMN [29]. ILMs are bound states of
elementary polar excitations, which are embedded in a soft
dielectric matrix. In PMN, the ILMs are constituted by local
off-centered displacements of Pb in the oxygen cage [57],
while (Mg/Nb)O; constitutes the soft dielectric matrix. The
off-centered displacement of Pb>" is caused by the presence
of lone pair electrons in the outermost 6s orbital. Similar to
Pb>*, Bi** has a lone pair of electrons in the outermost 6s
orbital, which incentivize the off-centered displacement of Bi
in the oxygen cage, such as those described in Refs. [41,58].
The local modes caused by Bi substitution sites constitute
ILMs in the (Ba, Ca)TiO3-BiScO;3 solid solution. In anal-
ogy with PMN, TiO3 provides the soft dielectric matrix in
the (Ba, Ca)TiO3-BiScOj5 lattice. Furthermore, the random
occupancy of the B site by Sc** ions disrupts the coupling
between the ILMs, giving rise to regions with short-range
dipolar correlations or PNRs. The microscopic picture is
schematically illustrated in Fig. 8(a). Here, for the present
composition, additional roles are also possibly played by Ca
and Sn substitutions. As described in Ref. [29], the Ti ions in
the vicinity of Ca constitute secondary ILMs, in addition to
the Bi*" ions. Furthermore, Sn>* present at the A site (see
Fig. S3 in the Supplemental Material [45]) plays a similar
role to that of Pb?>* due to the presence of lone-pair electrons
[59] and therefore constitutes additional ILMs. However, the
primary concern in the present study involves the effect of
Bi/Sc substitutions, which is implemented through systematic
variation in BiScO3 content.

In the two extreme scenarios described in Refs. [29,30], the
dilute and dense distributions of ILMs can lead to distinct dy-
namic polarization characteristics. In the dilute case, the ILM
energy lies below the TO frequencies, which leaves an energy
window into which the TO mode can soften and therefore
enables the system to transition to a ferroelectric-type polar
state. This is observed, for example, in (Sry.; 5,Bi,)TiO3, for
x < 0.0267 [60]. In contrast, for dense distribution of ILMs,
the ILMs occupy a broader energy window, which hinders a
softening of the TO mode and therefore the transition to a
ferroelectric-type uniform polar state is prohibited, an exam-
ple for which is PMN. The present case should correspond
to the dilute limit. Within this limit, a broad transformation
is possible for the Sn-doped (Ba, Ca)TiO3-BiScO; solid-
solution system depending on dopant content. For a relatively
lower Bi content, that is, x = 0.05, we observe a weak dielec-
tric permittivity peak and clear transition to a ferroelectric-
type hysteresis at a lower temperature of 173 K. In compar-
ison, for a higher Bi content for x = 0.09, the dielectric per-
mittivity peak is much broader and no significant indication of
polarization switching is noted at any measured temperature.

In correlation to the composition-dependent dielectric and
polarization properties, we also observed from DyPDF the ef-
fect of ILM concentration on the temporal short-range atomic
correlations. In undoped BaTiOs, the energy of the TO soft
mode at the zone center for the TiO; matrix lies at ~2.5—
4.5 meV or 0.6-0.8 THz (300420 K) [61,62]. In Sn-doped
(Ba, Ca)TiO3-BiScOs3, if an energy window is left for the TO
mode to soften, it would allow for resonance between the TO
mode and the ILMs, leading to stronger dipolar correlations
at lower frequencies. As can be observed from the DyPDF,
for low Bi concentration, i.e., x = 0.05, the rhombohedral
structure remains stable to at least 1.2 THz, which indicates
stronger correlations for the (111)-type B-site displacements.
With increasing Bi doping, Bi ions have more Bi ions in
the neighborhood to form dynamic ILM centers. Because
Bi in BiScO; shows antiparallel shifts from high-symmetry
positions [63,64], the Bi-Bi interaction in the background of
ferroelectric (Ba, Ca)TiO3; would increase the ILM frequency,
eventually above 1 THz. This would result in weaker reso-
nance between the ILMs and the soft TO mode as predicted
from the ILM model. As a result, for x = 0.09, the (111)-type
B-site displacements are disordered near THz frequencies.
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An averaging of the disordered (111) atomic displacements
would give the appearance of a tetragonal structure, such as
schematically illustrated in Fig. 8(b). Note that this view is
consistent with earlier measurements, which indicated tunnel-
ing or hopping motion of Ti between several disordered states
in BaTiO;3 near THz frequencies [65,66].

The frequency for thermal fluctuations of PNRs in the
compounds of the current study are likely of the order of
MHz, as indicated in the peak frequencies of dielectric per-
mittivity. The prevalent view has been that Bi simply breaks
up ferroelectric correlation in the matrix, dividing the system
into nanoscale domains [35,54]. However, the present result
reveals a more active, dynamic role of Bi. Note that in the
above description of PNRs based on ILMs, we do not explic-
itly ascertain the PNRs to be static regions with correlated
polarization. Rather, the doping sites act as ILMs around
which regions with correlated polarization dynamically form
and fluctuate with frequencies of the order of THz. For
longer timescales (or lower frequencies), these correlations
decay due to relaxation of the local dipoles of PNRs. Earlier
studies using neutron backscattering and neutron spin-echo
measurements indicated such slower relaxation of PNRs at
GHz frequencies [24-26], but they do not necessarily inform
about how PNRs form.

The stability of the locally correlated regions is the
main determining factor for transition to a ferroelectric-type
polar state at lower temperatures. For ferroelectric relax-
ors, the local correlations within the PNRs remain below
THz frequencies at low temperatures, such as shown for
Ba(Zr,Ti;,)Os in Ref. [33]. Weakly coupled relaxors show
behavior intermediate between dipolar glasses and relaxor
ferroelectrics in the sense that the frequencies of the atomic
fluctuations within the PNRs remain just near ~1 THz,
which is further subject to compositional and temperature
changes.

Another interesting possible consequence of the ILM
model could be the reentrant phenomena in weakly correlated
relaxors. At lower temperatures, as the TO mode hardens, it
should lead to a widening in the gap between the ILMs and
the TO mode, leading to weaker resonance between them and
resultant weaker local dipolar correlations. A consequence of
this is that the overall macroscopic polarization will decrease
with decrease in temperature. This is indeed observed for
BaTiO3-BiScOj3 ceramics, which is described as a reentrant
phenomenon [39]. The current DyPDF measurements indi-
cate that the local correlations for shorter A-B bond distances
become weaker at lower temperatures [see Fig. 7(a) for T =
20 K], which would be consistent with this view. However,
further investigation with more detailed DyPDF measurement
at intermediate temperature steps will be necessary to cor-
relate reentrant phenomena in weakly coupled relaxors to
dynamic atomic correlations.

V. CONCLUSION

In summary, we have investigated the dynamic atomistic
origin of PNR formation leading to weakly coupled relaxor
behavior in Sn-doped (1 — x)(Ba, Ca)TiO3-xBiScOj3, based
on macroscopic polarization, x-ray PDF, and neutron DyPDF
measurements. The material exhibits a frequency-dispersive
broad dielectric permittivity peak and high activation energy
for dipolar relaxations, which are characteristics of weakly
coupled relaxors. In addition, transition to a low-temperature
polar phase strongly depends on the concentration of BiScO3
or x. Analysis of the x-ray snapshot PDF indicated no signifi-
cant changes in the instantaneous local structural correlations
with either composition or temperature in the range from 400
to 80 K. However, neutron DyPDF indicated changes in the
dynamics of local atomic correlations near THz frequencies as
a function of both composition and temperature. It is noted for
this system that the instantaneous local atomic correlations do
not remain stable at sub-THz frequencies, which results in less
stable PNRs and therefore can explain their weakly coupled
relaxor behavior. Furthermore, for timescales near 1 THz, the
stability of the local atomic correlations remains stronger for
lower Bi/Sc content, which indicates the effect of composition
on material properties. The results are interpreted in terms of
ILMs, which are mainly introduced through substitution of
Bi at the A site. Based on the current findings, it is proposed
that investigation of the dynamics of local atomic correlations,
rather than instantaneous structural snapshots, is critical for
understanding the microscopic origins of relaxor behavior.
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