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We reveal that concurrent events of inherent entropy boosting and increased synchronization between A-
and B-site cation vibrations of an ABO;-type perovskite structure give rise to a larger piezoelectric response
in a ferroelectric system at its morphotropic phase boundary (MPB). It is further evident that the superior
piezoelectric properties of xBiNig 5Zrq505-(1-x)PbTiO; in comparison to xBiNi 5Tiy 503-(1-x)PbTiO;
are due to the absolute flattening of the local potentials for all ferroelectrically active cations with a higher
spontaneous polarization at the MPB. These distinctive features are 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 a MPB, and thereby has a critical impact in

contriving efficient novel materials.
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Perovskite-based ferroelectric materials are an important
class of functional materials and a key topic in materials
science. One of the major challenges in this field is to build
rigorous and generic structure-property relationships to
better understand the morphotropic phase boundary
(MPB) where physical properties are enhanced anomalously.
The manifestation of superior properties on the onset of a
MPB has been broadly discussed so far in the light of
structure and thermodynamics as the existence of low-
symmetry phases and the overall flattening of the free energy
surfaces or structural instabilities, respectively, which facili-
tate the polarization rotation under external stimuli [1-5].
However, these prevailing concepts cannot fully identify the
distinctive system-dependent atomistic mechanism in order
to explain the comparative 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
displacement, octahedral tilts, and different types of bonding
in a multicomponent ferroic system, whose distinct charac-
terization in a quantitative or qualitative manner is often very
subtle [6-8]. Although there have been many recent exper-
imental attempts to build more convincing structural models
mimicking the atomic-level structural correlations in com-
plex systems [9-17], the challenge in formulating a robust
atomistic model still exists.

In this context, we have applied total neutron scattering
and Ramam scattering methods to two promising ferroeletric
solid solutions, xBiNig 5Tig503-(1-x)PbTiO; (xBNT-PT)
and xBiNig 5Zrq 503-(1-x)PbTiO; (xBNZ-PT), in order to
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establish structure-property connections based on atomic-
level information.

Perovskite-based ferroelectric systems with the general
formula xBiMeOs-(1-x)PbTiO5 have become hugely popu-
lar lately because of their excellent physical properties with a
broader range of operating temperatures, and moreover due
to their reduced Pb content in comparison to PbZr Ti;_, O3,
which has been the material of choice for the last four
decades. In particular, xBNZ-PT has attracted a lot of
attention because of its unusually high piezoelectric coef-
ficients at xypg = 0.40 relative to its parent system
XBNT-PT (d33 ~400 and 260 pC/N, respectively)
[18,19]. It has the further advantage of being inexpensive
because of the raw materials compared to BiScO5;-PbTiO5
[20] and BiNijsHf)505-PbTiO5 [21]. Therefore, it is
considered a promising candidate to replace the currently
used piezoelectric materials [22].

In this Letter, we focus on the key question: Why does
xBNZ-PT demonstrate better piezoelectric properties than
xBNT-PT at the MPB? In doing so, we reveal how the
incorporation of Zr** at the B sublattice influences the
structural disorder at the mesoscopic scale and subsequently,
combined with the cooperative A- and B-site atomic vibra-
tions, generates favorable conditions for better piezoelectric
properties. The discovered local 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 xBNT-PT and xBNZ-PT ceramics—produced
by a typical solid state synthesis method [18,23]—were
carried out at the NOMAD beam line at Oak Ridge National
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FIG. 1. Schematics of an aristotype perovskite structure show-
ing the 12 and six oxygen neighbors of the A-site (red) and B-site
(blue) cation, respectively. On the right is a typical [001],pic
stereograph onto which the directions of the polar displacements
(67) have been mapped.

Laboratory (ORNL). Pair distribution functions (PDFs) were
obtained through running a data-correction procedure fol-
lowed by the Fourier transformations with a maximum
reciprocal-space vector Q 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 [24,25]. Analyses of the
RMC-refined structural models were done using the various
tools available as part of the DISCUS software [26].
Complementary room-temperature Raman scattering data
as a function of composition were collected with a Horiba
Jobin-Ivon T64000 triple-grating spectrometer providing a
spectral resolution of 2 cm™! and a peak-position precision
of 0.35 cm™!. More details on the experiments and analyses
are given in the Supplemental Material [27].

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 displace-
ments 67 of the cations calculated with respect to the center of
their corresponding oxygen environment, as schematically
shown in Fig. 1 [6,15,16,28]. The distributions of the
magnitudes |67 and the directions 7 of the displacements
were extracted from the RMC-refined structural models.
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Figure 2 shows the development of such direction distribu-
tions as a function of composition for both xBNT-PT and
xBNZ-PT, where the directions are mapped onto the standard
[001}pc (pc refers to pseudocubic setting) stereograph.

Primarily, the maps depict the evolution of the statistical
trend of 67 with the composition reflecting the long-range or
the Bragg symmetry of the system. However, beyond that,
the maps virtually describe 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 x.

In order to quantify the observed statistical information of
or, we have calculated the so-called orientational order
paramerter S = 1.5(cos’6) — 0.5 (see Fig. 3), where 0 is
the angle between [001],. and 67. The parameter S simply
signifies the extent of randomness in the directions when the
distributions are more or less symmetric around the chosen
director, which is [001]pC here. Therefore, it is evident that as
x increases, both systems exhibit a gradual increase in
disorder characterized by the stochasticity of the intrinsic
polar order. Notably, xBNZ-PT differs from xBNT-PT by the
fact that both A- and B-site cations have a similar level of
randomness (comparable S values), while in xYBNT-PT, the
B-site cations show a higher level of disorder (lower S values)
than the A-site cations in the range 0.20 < x < x\;pg. This
indicates that the isovalent substitution of Zr** significantly
affects the ferroic order of the A-site cations—presumably
through the enhanced local elastic stress caused by the larger
ionic radius of Zr**, which subsequently shifts the MPB to a
lower value of x compared to that of xBNT-PT.

It is interesting to see that the MPB of xBNT-PT and
xBNZ-PT at x =0.55 and 0.40, respectively, can be
straightaway told apart from the development of the
{002}, Bragg peak [Fig. 2(a)], but the short-range neutron
PDFs (Fig. S2 of Ref. [27]) exhibit a gradual change with
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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 trends in
terms of their symmetry. On the right, the development of {002}pC Bragg reflections are shown 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

Supplemental Material (Fig. S4) [27].
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FIG. 3. Development of the parameter S for A- and B-site

cations as a function composition for both solid solutions.

increasing x. Therefore, together with the stereographs, it
provides direct evidence that the composition-directed
phase transformations are more of an order-disorder type
than a displacive type, which is generally considered a
signature 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 of Ref. [27]), defying some reported
assumptions based on the theoretical calculations on
analogous systems [29,30]. The stereographs of
xBNT-PT also point out that the A-site cations maintain
a strong [OOl}pc-type directional preference at the MPB,
while in xBNZ-PT both A- and B-site cations simulta-
neously exhibit a pronounced dispersion of 67 at x = xypg-
The prominent [001],. propensity for the A-site cation
displacements in xBNT-PT in fact nicely complements the
recent study that detected substantial inherent tetragonal
domain alignment before poling [31].

Figure 4 demonstrates the variations of |67, along
with their standard deviations (¢(|67])) as a function of x,
which were estimated from the histograms of the magni-
tudes of the polar shifts (Fig. S7 of Ref. [27]). It is evident
that the addition of larger Zr** (rippic = 0.78 A) induces
greater shifts for the A-site cations as well as larger standard
deviations [Figs. 4(c) and 4(d)]. Importantly though, in
both systems the A-site cation displacements remain
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relatively constant with x (average |67]ye = 0.40 and
0.45 A for xBNT-PT and xBNZ-PT, respectively), whereas
the B-site cations in xBNZ-PT show a decrease in |67]can
upon approaching the MPB from x = 0.20, justifying the
fact that Pb-based ferroelectrics are predominantly A-site
driven ferroelectrics [32,33].

So far it appears that the superior piezoelectric properties
of xBNZ-PT at the MPB are 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. 5). For instance, xBNT-PT does not render better
piezoelectric properties at x = 0.60 where the cations
exhibit very similar values of |67, including the highest
orientational disorder of the shifts. Therefore, considering
the above facts one can draw out a few inferences: the gross
enhancement phenomenon for a particular system is
thoroughly driven by the so-called extrinsic contributors
as the combined variation of |§7| cannot account for the
observed enhancement at x = xypg. Second, the exact or
the relative values of the piezoelectric properties cannot be
fully anticipated considering solely the concepts based on
ferroelectric instabilities. They may well be a necessary
factor but they are surely not sufficient in order to deliver
the amplification at the MPBs, because equilibrium atomic
configurations with different compositions exhibiting sim-
ilar disorder differ significantly in their properties (Fig. 5).

The quest for a more comprehensive answer to the above
puzzle led us to investigate the room-temperature Raman
scattering data in order to gather complementary information
related to the atomic dynamics. The deconvolution of the
Raman spectra through a rigorous peak-fitting procedure
helps us to follow the development of distinctive A- and B-
site cation vibrations as a function of composition. The
respective peaks were categorized following the previously
reported assignments [17,35-37]. Figure 6 shows the devel-
opment of two deduced factors typically considered for a
two-component behavior: (1) the average of the squared
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FIG.4. Mean displacements (|67 ],,c,,) and their standard deviations [¢(|67])] as a function of composition for both solid solutions. The
histograms of the magnitudes (|67]) can be found in Fig. S7 of the Supplemental Material [27]. The histograms of the magnitudes
conform to the direction trends as shown in Fig. 1 (Fig. S5 of Ref. [27]), meaning that |67 ,,.,, can be used as the characteristic parameter
of the system. The solid lines in the plots are only guides to the eye.
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FIG.5. Reportedpiezoelectric properties for (a) xBNT-PT and (b)
xBNZ-PT ceramic samples, taken from Refs. [18,34], respectively.

wave numbers (@) = /(o7 + ®7)/2, and (2) the normal-

ized difference Aw = [(0} — w7)/2(w] + @})], which
reveal specific similarities and differences in the overall
characteristics of the two systems. (@) reflects the average
dynamic energy state of a given type of atom, while Aw
represents the energy difference between the distinct
dynamic states and thereby describes the local structural
anisotropy. Evidently, the (w,) involving mainly A-site
cation vibrations (w; and @, in Fig. S9 of Ref. [27])
demonstrate a prominent softening at the MPB [Fig. 6(a)].
However, the softening in the case of xBNZ-PT is much
stronger than that in xBNT-PT. The development of Aw
illustrates another important difference in the thermody-
namic picture between the two systems: A-site cations in
xBNZ-PT experience complete flattening (Aw, = 0) in their
local potential at the MPB, whereas in xBNT-PT there are
still distinguishable energy states with diminished energy
barriers as Aw, remains nonzero throughout the composition
range [Fig. 6(a), inset].

On the other hand, the B-site cations exhibit gradual
hardening of () in xBNT-PT with increasing x [inset of
Fig. 6(c)], whereas (w) softens at the MPB for xBNZ-PT.
Nevertheless, the two components of the B-site cations
eventually merge into a single peak at the MPB in both
cases [Awp = 0 in Fig. 6(c)] and reveal the concomitant
flattening of the corresponding local potential surfaces.

Nevertheless, the most interesting feature from the Raman
scattering data can be pointed out from Fig. 6(b), which
displays the softening of the A-BO; phonon mode (@s)
at the MPBs of both systems. This mode comprises the
vibrations of both A- and B-site cations corresponding
to a T}, phonon in the aristotype Pm3m structure [35].
Such a softening as a distinctive phenomenon has been
also detected in xBiMg sTiys03-(1-x)PbTiO; [17] and
(1-x)Nay sBij s TiO3-xBaTiO; [36]. Hence, the ubiquitous-
ness 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 vibration to
identify the critical point as a MPB in a phase diagram where
significant enhancement of the properties can be achieved.

Altogether, it suffices to say that the anomalous enhance-
ment of the piezoelectric properties in xBNZ-PT with respect
to xBNT-PT is an overall effect of the complete flattening of
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FIG. 6. Development of the Aw and (@) parameters comprising
discrete vibrations of A-site cations (a), B-site cations (c), and
the phonon mode w; (b) involving both A- and B-site cations.
The solid lines in the plots are simply guides to the eye. The
overall Raman spectra as a function of composition for both
systems can be found in Fig. S8 of Ref. [27]. The sketches
represent the atomic vibrations of the corresponding cubic
phonon modes.

the free energy surfaces for all cations occurring together
with the strong dynamic coupling between the A- and B-site
cations at the MPB. Naturally, these results have general
implications in classifying the roles of the different atomistic
mechanisms that drive the properties at a MPB. The current
results together with our earlier reports on other ferroelectric
solid solutions [17,36] show unequivocally that the softening
of the A-BO; phonon mode is an indispensable event
occurring exactly at the MPB and therefore strongly suggest
that this coupling has a major role in determining the
properties. However, the flattening of the local-potential
surfaces is necessary in order to maximize the effect of
property enhancement. The exact relative enhancement
would also depend on the structural polarity (|67]ean)s
and this is probably why the Pb-based systems, where
Pb’* seems to maintain steady and large values of local
distortion irrespective of the chemical substitutions [8],
exhibit superior properties compared to the Pb-free systems,
including better thermal stability. Inevitably, the full or partial
absence of any of the mentioned phenomena will not give rise
to the maximum increase in the properties.
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Generally speaking, our results have unraveled local
structural correlations extending up to a few unit cells that
are responsible for the MPB properties of ferroelectric solid
solutions, which essentially enrich the established concept
related to the rotation of the polarization in a strain-reduced
environment. We can now say that the mere existence of a
low-symmetry phase(s) and/or structural instability facili-
tating polarization rotation will not ensure the greatest
MPB properties, unless the pivotal alliance occurs between
the atomic vibrations 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.

The above atomistic features of a composition-induced
phase transition not only expose more fundamental struc-
ture-property connections based on static and dynamic
information, but more importantly invoke the fingerprinting
of MPBs where strong amplification of the piezoelectric
properties can be accomplished. As such, this helps us 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 individual 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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