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We reveal that concurrent events of inherent entropy-boosting and increased synchronization
between A- and B-site cations vibrations of a ABOs-type perovskite structure give rise to larger
piezoelectric response in a ferroelectric system at its morphotropic phase boundary (MPB). It is
further evident that the superior piezoelectric properties of *BiNig.5Zrg.503-(1-2)PbTiO3 in com-
parison to zBiNig.5Tig.503-(1-z)PbTiO3 is due to the absolute flattening of the local potentials
for all ferroelectrically active cations with higher spontaneous polarization at the MPB. These dis-
tinctive features have been discovered from the analyses of neutron pair distribution functions and
Raman scattering data at ambient conditions, which are particularly sensitive to mesoscopic-scale
structural correlations. Altogether this uncovers more fundamental structure-property connections
for ferroelectric systems exhibiting MPB, and thereby has critical impact in contriving efficient novel

materials.

Perovskite-based ferroelectric materials are an impor- s
tant class of functional materials and a key topic in ma- ss
terials science. One of the major challenges in this field so
is to build rigorous and generic structure-property re- e
lationships to better understand the morphotropic phase &
boundary (MPB) where physical properties are enhanced o
anomalously. The manifestation of superior properties on e
the onset of an MPB has been broadly discussed so far e
in the light of structure and thermodynamics as the exis- es
tence of low-symmetry phases and the overall flattening es
of the free energy surfaces or structural instabilities, re- e
spetively, which facilitate the polarization-rotation under es
external stimuli® However these prevailing concepts
cannot fully identify the distinctive system-dependent
atomistic mechanism in order to explain the compara-
tive behavior — a key ingredient for developing efficient
and benign materials. The complexity of this problem .,
arises from the existence of multiple competing structural ,,
correlations, such as chemical order, correlated displace-
ment, octahedral tilts and different types of bonding in
a multi-component ferroic system, which are often very ,,
subtle to be categorized distinctly in a quantitative or
qualitative manner.®® Although there have been many
recent experimental attempts to build more convincing "
structural models mimicking the atomic-level structural
correlations in complex systems 217 the challenge in for-
mulating robust atomistic model still exists.
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In this context, we have applied total neutron scat- ,,

tering and Ramam scattering methods to two promising
ferroeletric solid solutions 2BiNig 5Tig 503-(1-2)PbTiO3
(zBNT-PT) and zBiNig 5Zr¢.503-(1-z)PbTiO3 (zBNZ-
PT), in order to establish structure-property connections
based on atomic-level information.
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Perovskite-based ferroelectric systems with the gen- o
eral formula £BiMeOs-(1-2)PbTiO3 became hugely pop-
ular lately because of their excellent physical proper- o

©

1

ties with broader range of operating temperatures, and
moreover due to their reduced Pb-content in compari-
son to PbZr,Ti;_,0O3, which has been the material of
choice for the last four decades. In particular, tBNZ-PT
has attracted a lot of attention because of its unusually
high piezoelectric coefficients at zypp = 0.40 relative to
its parent system BNT-PT (d33 ~ 400 pC/N and 260
pC/N, respectively) +¥49 It has further advantage of be-
ing inexpensive because of the raw materials compared to
BiSC03—PbT1032O and BiNio_5Hf0_503—PbT103.21 There-
fore it is considered as a promising candidate to replace
the currently used piezoelectric materials.22

In this letter, we focus on the key question: why
does tBNZ-PT demonstrate better piezoelectric proper-
ties than the xBNT-PT at MPB? In doing so, we re-
veal how the incorporation of Zr*t at the B-sublattice
influences the structural disorder at the mesoscopic scale
and subsequently, combined with the cooperative A- and
B-site atomic vibrations, generates favorable conditions
for better piezoelectric properties. The discovered lo-
cal structural features in general provide a new approach
to develop more inclusive structure-property relations in
ferroelectric solid solutions with MPBs.

Room temperature neutron powder diffraction experi-
ments on tBNT-PT and xBNZ-PT ceramics — produced
by typical solid state synthesis method®23l — were carried
out at the NOMAD beamline in Oak Ridge national lab-
oratory (ORNL). Pair distribution functions (PDF') were
obtained through running a data-correction procedure
followed by the Fourier transformations with a maximum
reciprocal-space vector @ of 31.4 A='. The modelings
of the PDFs were done using the RMCprofile package,
which performs typical big-box modeling implementing
the reverse Monte Carlo (RMC) technique#*2> Anal-
yses of the RMC-refined structural models were done
using the various tools available as part of the DIS-
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CUS software?8 Complementary room-temperature Ra-
man scattering data as a function of composition were
collected with a Horiba Jobin-Ivon T64000 spectrome-
ter with spectral resolution of 2 cm ™! and peak-position
precision of 0.35 cm™!. More details on experiments and
analyses are given in the supplemental material (SM)*Z.

Given the fact that most of the technological interests
in ferroelectric materials including their piezoelectric and
dielectric properties are governed by their spontaneous
polarization, we have examined the inherent polar dis-
placements §7° of the cations calculated with respect to
the center of their corresponding oxygen environment,
as schematically shown in Fig[l]%51628 The distribu-
tions of the magnitudes |[67] and the directions 07 of
the displacements were extracted from the RMC-refined
structural models. Figure [2| shows the development of
such direction-distributions as a function of composition,,,
for both xBNT-PT and #BNZ-PT, where directions are,,
mapped onto the standard [001],. (pc refers to pseudocu-,,,
bic setting) stereograph. Primarily, the maps depict the,,,
evolution of the statistical trend of 67 with composition
reflecting the long-range or the Bragg symmetry of the
system. However beyond that, the maps virtually de-
scribes the local correlations of the polar displacements
in terms of their ordering, or in other words the variations
of the local polarization directions within the system in
its virgin state. Hence one can also relate these graphs,,
to the atomic-scale order-disorder characteristics, from,,
which it is possible to envisage the development of the
local potential surfaces of each cation with .
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In order to quantify the observed statistical informa-ies
tion of 07, we have calculated the so-called orientational;e
order paramerter S = 1.5(cos? ) — 0.5 (see Fig, where,s
6 is the angle between [001],. and §7. The parameter;
S simply signifies the extent of randomness in directions,e,
when the distributions are more or less symmetric around,,
the chosen director, which is [001],. here. Therefore it is,,
evident that as x increases, both systems exhibit grad-,,
ual increase in disorder characterized by the stochasticity;
of intrinsic polar order. Notably, xtBNZ-PT differs from,,,
BNT-PT by the fact that both A- and B-site cations,
have similar level of randomness (comparable S values),zs
while in zBNT-PT, B-site cations show higher level ofi,,
disorder (lower S values) than A-site cations in the range,s
0.20 < < zympg. This indicates that the isovalent sub-i4
stitution of Zr**t significantly affects the ferroic order of,,,
the A-site cations — presumably through enhanced local,,
elastic stress caused by the larger ionic radius of Zrt,
which subsequently shifts the MPB at a lower value of
compared to that of ztBNT-PT. 184

It is interesting to see that, the MPB of xBNT-PTiss
and zBNZ-PT at x = 0.55 and 0.40, respectively, caniss
be straightway told apart from the development of theis
{002} ,. Bragg peak (Fig. ), but the short-range neu-is
tron PDF's (Fig. S2) exhibit gradual change with increas-iso
ing x. Therefore together with the stereographs, it pro-ise
vides direct evidence that the composition-directed phaseion
transformations are more of a order-disorder type thanio

[001]

cubic

FIG. 1. Schematics of an aristotype perovskite structure
showing the 12 and 6 oxygen neighbors of A- (red) and B-site
(blue) cation, respectively. On the right a typical [001]cubic
stereograph onto which the directions of the polar displace-
ments (07) have been mapped.

a displacive type, which is generally considered as a sig-
nature feature of ferroelectric solid solutions with MPBs.
In addition, we have not detected any chemical ordering
at A- or B-site cation sublattices in our refined models
for both cases(Fig. S6), defying some reported assump-
tions based on the theoretical calculations on analogous
systems 203U The stereographs of xBNT-PT also point
out that A-site cations maintain a strong [001],.-type
directional preference at MPB, while in zBNZ-PT both
A- and B-site cations simultaneously exhibit pronounced
dispersion of 67 at x = xmpg. The prominent [001],.
propensity of A-site cation displacements in tBNT-PT
in fact nicely complements the recent study which de-
tected substantial inherent tetragonal domain alignment
before poling/#*

Figure 4] demonstrates the variations of |67 mean along
with their standard deviations (o(]67])) as a function of
x, which were estimated from the histograms of the mag-
nitudes of the polar shifts (Fig. S7). It is evident that the
addition of larger Zr4* (Tionic = 0.78 A) induces greater
shifts for the A-site cations as well as larger standard
deviations (Figlf and d). Importantly though, in both
systems the A-site cation displacements remain relatively
constant with z (average |07|mean = 0.40 and 0.45 A for
2BNT-PT and #BNZ-PT, respectively), whereas the B-
site cations in tBNZ-PT show a decrease in |07 mean upon
approaching to the MPB from = = 0.20, justifying the
fact that Pb-based ferroelectrics are predominantly A-
site driven ferroelectrics 33434

So far it appears that the superior piezoelectric prop-
erties of tBNZ-PT at MPB is stemming from the higher
structural disorder characterized by local random ferro-
electric order together with the increased A-site cation
shifts with respect to that of xBNT-PT. However this
cannot explain the drop in the piezoelectric coefficient
just above or below the exact MPB composition in both
systems (Fig. For instance, tBNT-PT does not ren-
der better piezoelectric properties at * = 0.60 where the
cations exhibit very similar values of |07]mean including
the highest orientational disorder of the shifts. There-
fore, considering the above facts one can draw out a few
inferences: the gross enhancement phenomenon for a par-
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FIG. 2. Stereographs of the directions (67) of polar displacements as obtained from the refined structural models as a function
of composition. The colors exhibit the density distribution around each point on the graph and therefore help to classify the
statistical trend in terms of their symmetry. On the right, the development of {002},. Bragg reflection for both compounds
obtained from the laboratory x-ray diffraction experiments. The stereographs of the other A- and B-site cations as a function

of composition are included in SM (Fig. S4)
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229

230
ticular system is thoroughly driven by the so-called ex-2n
trinsic contributors as the combined variation of |§7] can-2»
not account for the observed enhancement at © = xy\pgp.23
Secondly, the exact or the relative values of piezoelectric,
properties cannot be fully anticipated considering solely
the concepts based on ferroelectric instabilities. It may,
well be a necessary factor but surely not sufficient in or-__
der to deliver the amplification at the MPBs, because
equilibrium atomic configurations with different composi-
tion exhibiting similar disorder differ significantly in their,
properties (Fig.

The quest for a more comprehensive answer to the
above puzzle lead us to investigate the room-temperature”
Raman scattering data in order to gather complementary™”
information related to atomic dynamics. The deconvolu-**
tion of the Raman spectra through rigorous peak-fitting*”
procedure helps to follow the development of distinctive™®
A- and B-site cation vibrations as a function of composi-*
tion. The respective peaks were categorized following the*”
previously reported assignments. Figure El shows™
the development of two deduced factors typically con->
sidered for a two-component behavior : (1) average ofiz

w24w?

‘5L and (2) nor-ass

241

7

0

squared wavenumbers < w >=

Wi
2(w? +w]2.) ’
similarities and differences in the overall characteristics
of the two systems. The < w > reflects the average dy-
namic energy state of a given type of atoms, while Aw
represents the energy difference between the distinct dy-
namic states and thereby describes the local structural
anisotropy. Evidently, the < wa > involving mainly A-
site cation vibrations (w; and wsy in Fig. S9) demonstrate
a prominent softening at MPB (Fig@a). However, the
softening in the case of xBNZ-PT is much stronger than
that in zBNT-PT. The development of Aw illustrates an-
other important difference in the thermodynamic picture
between the two systems: A-site cations in xBNZ-PT
experience complete flattening (Awa = 0) in their lo-
cal potential at MPB, whereas in tBNT-PT there are
still distinguishable energy states with diminished en-
ergy barriers as Awa remains non-zero throughout the
composition-range (Fig[6h inset).

On the other hand, the B-site cations exhibit gradual
hardening of < w >p in BNT-PT with increasing x
(inset of Figlﬁk)7 whereas < w >p softens at MPB for
xBNZ-PT. Nevertheless, the two components of the B-
site cations eventually merge into a single peak at MPB
in both cases (Awg = 0 in Fig[6k) and reveal the con-
comitant flattening of the corresponding local potential
surfaces.

malized difference Aw = which reveal specific

Nevertheless, the most interesting feature from the Ra-
man scattering data can be pointed out from FiglGp,
which displays the softening of the A-BO3 phonon mode
(ws) at the MPBs of both systems. This mode comprises
the vibrations of both A- and B-site cations correspond-
ing to a Ty, phonon in the aristotype Pm3m structure 35
Such a softening as a distinctive phenomenon has been
also detected in acBngof,Tioﬁ03—(1—;1C)PbTiO3|jZI and (1-
x)Na0‘5Bi0,5TiO3-xBaT103. Hence the ubiquitousness
of this increased dynamic coupling between A- and B-site
cations occurring precisely at the MPBs provides a new
perspective based on the dynamics of the atomic vibra-
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FIG. 5. Reported piezoelectric properties for (a) @BNT-PT
and (b) xBNZ-PT ceramic samples, taken from Referenced??
and™®, respectively.

tion to identify the critical point as an MPB in a phase
diagram where significant enhancement of the properties
can be achieved.

Altogether, it suffices to say that the anomalous en-
hancement of the piezoelectric properties in tBNZ-PT
with respect to xBNT-PT is an overall effect of the
complete flattening of the free energy surfaces for all
cations occurring together with the strong dynamic cou-
pling between the A- and B- site cations at the MPB.
Naturally these results have general implications in clas-
sifying the roles of different atomistic mechanism that
drives the properties at an MPB. The current results to-
gether with our earlier reports on other ferroelectric solid
solutions™™38 show unequivocally that the softening of
the A-BO3 phonon mode is an indispensable event occur-
ring exactly at the MPB and therefore, strongly suggest
that this coupling has a major role in determining the
properties. However to maximize the effect of property-
enhancement the flattening of the local-potential surfaces
is necessary. The exact relative enhancement would also
depend on the structural polarity (|67]mean), and this is
probably why Pb-based systems, where Pb?*t seems to
maintain a steady and large values of local distortion
irrespective of the chemical substitutions® exhibit supe-

—
(=]
—T——

(cm™)

A-cation

Ao

0.0[

130
120
1o

100 |

-1
O, po, (cm™)

90 [
061 .
0.5k
04L
03L
02k

(cm’™)

B-cation

(O]
e
T

$409

0.0 :
00 0.1

02 03

04 05 06 0.7

composition x

FIG. 6. Development of Aw and < w > parameters com-
prising discrete vibrations of A-site cations (a), B-site cations
(¢), and the phonon mode w3 (b) involving both A- and B-site
cations. The solid lines in the plots are simply guides to eye.
The overall Raman spectra as a function of composition for
both systems can be found in Fig. S8. The sketches represent
the atomic vibrations of corresponding cubic phonon modes.
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rior properties than the Pb-free systems including betterso
thermal stability. Inevitably the full or partial absencesn
of any of the mentioned phenomena will not give rise toso
the maximum increase in the properties. 303

Generally speaking, our results have unraveled localss
structural correlations extending up to a few unit cellssos
that are responsible for the MPB properties of ferro-sos
electric solid solutions, which essentially enrich the es-307
tablished concept related to the rotation of the polar-30s
ization in a strain-reduced environment. We can nowso
say that the mere existence of a low-symmetry phase(s)30
and/or structural instability facilitating polarization-su
rotation will not ensure the greatest MPB properties,32
unless the pivotal alliance occurs between the atomic vi-
brations and the flattening of the free-energy surfaces for
all constituent cations. Besides it is equally important??®
that the system should retain or obtain higher values of
inherent structural polarity. 314

The above atomistic features of a composition-induceds:s
phase transition not only expose more fundamentalss
structure-property connections based on static and dy-317
namic information, but more importantly invoke finger-3s

printing of MPBs where strong amplification of piezoelec-
tric properties can be accomplished. As such, this helps
to classify seemingly similar MPBs with varied level of
performances and above all provides directions for the
improvements. Therefore in terms of either contriving
new materials or tweaking the properties, one should
consider more of the chemical aspects of the individ-
ual elements and their influence on the structure at the
mesoscopic-scale instead of the changes in the average
structure. We presume that simultaneous substitutions
on A and B sites with a large elastic mismatch would be
helpful to develop essential effects — static and dynamic
—in order to bring about the best properties.
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