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Microscopic origin of giant piezoelectricity in ferroelectric xBi(Ni0.5Hf0.5)O3-(1 − x)PbTiO3

beyond the morphotropic phase boundary
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Local structural correlations in a novel ferroelectric solid solution [xBi(Ni0.5Hf0.5)O3-(1 − x)PbTiO3 at
x = 0.39] have been drawn out through atomistic modeling against neutron pair distribution functions and
complementary Raman scattering measurements. By examining polar displacements of different cations from the
refined structural models, we reveal the distributions of cation-specific dipolar fluctuations at the key composition
where the maximum piezoelectric response was recorded. It becomes clear that the unusual structural modifica-
tions observed after the poling are simply a manifestation driven by the varying extent of the dipolar fluctuations
and not a structural transformation caused by adaptive cationic displacements. Moreover, in addition to strong
dipolar flexibility under an electric field, both poled and unpoled ceramics exhibit orientation-independent
polarized Raman scattering, which is more typical of a dipolar glass with a responsive and polarizable matrix
than a polycrystalline material composed of ferroelectric domains. Therefore, compared to other analogous
xBi(Me)O3-(1 − x)PbTiO3 systems, the current material is a unique case where chemical substitution has led to
a highly polarizable ionic-covalent matrix that seems to be the key ingredient to generate giant piezoelectricity
at a composition beyond the morphotropic phase boundary.
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The local structure and dynamics of disordered and chem-
ically complex ferroelectrics are exciting topics because often
they affect the properties in an unpredictable way [1,2].
Although structure-property relationships in such materials
are in general described well by phenomenological the-
ories [3–5], corresponding physical manifestations remain
indistinct in many cases. For example, it is not yet well
formulated how the flattening of energy surfaces near an
interferroelectric phase transition or a tricritical point can
be translated and identified by micro- or nanostructural fea-
tures beyond the crystallographic description of the average
structure. Notably, nearly five decades after the observation
of the so-called morphotropic phase boundary (MPB) in the
famous Pb(ZrxTi1−x )O3 (PZT) solid solution, a generic theory
unifying different analytical concepts and structural models
for PZT and in other similar systems is still missing [6–9].
Meanwhile, it has become clear that an atomic-level un-
derstanding of how chemistry impacts the competing local
interactions might be a key to unlock this conundrum [10,11].
Consequently, there is a rapid change in the paradigm of struc-
tural studies—focusing exclusively on the local structures
and dynamics underneath the canonical crystallographic man-
ifestations [1,12,13]. In particular, new nanoscale structural
phenomena in perovskite polar oxides have been uncovered
[14–17], which are proved to be crucial in developing a
broader understanding of the interrelationships among dielec-
tric, electromechanical, and mechanical properties in ferroic
materials.
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Currently, Pb and Bi containing solid solutions with the
general formula xBiMeO3-(1 − x)PbTiO3 have become lead-
ing materials for many applications due to their stable and
superior piezoelectric properties [18–20]. Moreover, these
systems offer a path to build better environmentally friendly
materials suitable for a wide range of sensor and actuator
applications. In general, PZT-like MPB behavior has been
identified in this class, where a considerable enhancement
in the piezoelectric response at critical compositions, usu-
ally triggered by a structural instability, is found [21,22].
However, the solid solution xBi(Ni0.5Hf0.5)O3-(1 − x)PbTiO3

(xBNH-PT) has become a major talking point in this field
because of its unusual structure-property exhibition with
the composition: The maximum piezoelectric response was
recorded at a point beyond the distinct MPB region, where
the average structure evolved to a seemingly single pseudocu-
bic phase. A detailed structural study using x-ray scattering
[23] further revealed that the pseudocubic phase at x = 0.39
transforms into a more prominent tetragonal phase on the
application of an electric field. Consequently, in this case,
common polarization-rotation or polarization-extension con-
cepts [24,25] cannot be applied to justify the nontrivial
structure-property curve; rather it proves that the ideas based
on the average structure should not be presumed as generic. In
this context, we have applied total neutron scattering and Ra-
man scattering techniques to resolve its atomic-to-mesoscopic
scale structural correlations and dynamics to understand better
the link between structural changes and properties at the key
composition.

In particular, statistical information on the cation-specific
dipolar disorder developed in the system at the key
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composition was extracted from the structural models which
were refined against the pair distribution function (PDF) at
room temperature. In addition to the static picture, the dy-
namic effects from the dipolar disorder manifested a strongly
polarized Raman scattering intensity that suggests the domi-
nance of the incipient ferroic distortions beyond the inherent
ferroic domains. Based on these results, as well as considering
the characteristics of similar xBiMeO3-(1 − x)PbTiO3 solid
solutions, it is evident that the xBNH-PT at x = 0.39 is a
unique material mimicking the ergodic state of a polar glass,
for which the electromechanical properties are additionally
boosted by the easy polarization dynamics of a responsive
matrix.

Ceramic samples of xBNH-PT at x = 0.39 were prepared
following the solid-state synthesis route [23]. Total neutron
scattering experiments at ambient conditions were carried
out on the GEM diffractometer [26] at ISIS facility in the
United Kingdom. Data correction and subsequent reduction
to generate the PDFs were performed using the GUDRUN

package. Experimental PDFs were then modeled by applying
the reverse Monte Carlo (RMC) method as implemented in
the RMCPROFILE software [27]. The starting structural models
were 18×18×18 supercells of the tetragonal unit cells de-
rived from the Rietveld refinements of the powder diffraction
data. Each model consisted of 29 160 atoms, and we applied
nearest-neighbor distance-window constraints together with
a weak bond-valence sum restraint in the iterations to en-
sure the refined models remain chemically valid. To produce
good statistics of the structural parameters, we performed
50 independent RMC runs for poled and unpoled ceramics,
and each run was continued for approximately 107 accepted
moves. The analyses of the refined structural models were
done using the DISCUS package [28]. Some additional details
and plots of the data are given in the Supplemental Material
(SM) [29].

Analytically the PDF is defined as the probability of
finding atom pairs separated by a distance r in real space.
So PDFs virtually provide a nanoscale view within a sys-
tem through weighted histograms of all atom-atom distances
[30,31]. Hence, atomistic modeling against PDFs helps to
extract nanoscopic-to-mesoscopic level structural details in
a quantitative manner [32,33]. Given that the structure and
properties of ferroelectric materials are predominantly driven
by their inherent polar distortions, we have followed the idea
developed in the geometric phase approach [34] to examine
the local dipolar features (magnitude and direction) stemming
from different types of cations. To this end, polar displace-
ment vectors (δ�r) were derived from the refined models as
follows:

δ�rPb/Bi = �rPb/Bi − 1

12

∑
i

�riO,

δ�rTi/Ni/Hf = �rTi/Ni/Hf − 1

6

∑
i

�riO. (1)

For the evaluation of these parameters, the directions of
those vectors (δ̂r) were mapped onto cubic stereograms as
shown in Fig. 1, which manifest an excellent overview of the
cation-specific local polarization correlation function within
the system, and how it evolved after the electric field treat-

FIG. 1. [001]pc stereographs with the projected directions of the
cation displacements relative to their oxygen environments. Data
from all 50 runs were combined to produce good statistics. The color
of each point was assigned following the point density around that
point, thereby it helps to understand the trends of those directions
along different crystallographic directions.

ment. Clearly, the cations exhibit significant dispersion in
their shift directions, yet maintaining a statistical preference
along [001]pc. In other words, the stereographs depict the
development of the high degeneracy of the local ferroic or-
der with respect to the polarization direction and mimic a
prototypical polar glass. It is also obvious that B-site cations
exhibit relatively more extensive fluctuations than the A-
site cations in both poled and unpoled states. To obtain a
quantitative measure of the extent of this ordering or dis-
ordering of the cations, an orientational order parameter S
was calculated with respect to [001]pc for each cation as
follows, S = 1.5〈cos2 θ〉 − 0.5, where θ is the angle between
[001]pc and δ�r. Therefore, in general, the distributions of the S

FIG. 2. Development of the orientation-order parameter S for
different cations at poled and unpoled conditions. Parameter S should
always be interpreted together with the stereographs presented in this
Letter. In the cases of similar distributions or trends, this parameter
can serve as a quantitative description of the extent of order or
disorder present within the system.
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FIG. 3. Estimated values of (a) mode |δ �r| and their (b) standard
deviations for different cations at poled and unpoled conditions.

values can reveal specific ordering tendencies or disordering
phenomena with respect to a chosen crystallographic direction
(see also the caption to Fig. 2). Figure 2 shows the respective S
values for different cations in both states. As the stereographs
remain qualitatively similar for all, i.e., there is no discrete
change in the statistically favored preference of direction be-
yond the overall randomness around [001]pc, the numbers in
Fig. 2 can be compared among the cations in both states.
Hence, the changes in the S values of the poled specimen
suggest that the heavy A-site cations were greatly affected
by the external field, leading to a larger reduction in their
dispersions relative to lighter B-site cations. Apart from the
obvious consequence on the emerging average structure of
the system, this has important implications in identifying the
local structural contributions to their macroscopic properties.
For instance, the stereographs provide direct evidence that the
system constitutes an ergodic polar state at this composition
where both A- and B-site cations exhibit similar local polar-
ization correlation functions. In addition, the specific changes
in the A-site cation displacements upon poling imply a higher
flexibility for them than the B-site cations, which further
indicates that thermodynamically A-site cations experience a
greater extent of strain-polarization decoupling in their local
potential functions than the B-site cations. Hence, it can be
expected that the electromechanical properties of the system
at this composition would be determined by the more flexible
A-site cations. This is probably a generic phenomenon in the

case of PbTiO3-based solid solutions, and in fact, one of the
key factors that makes the disordered Pb-containing systems
far better ferroelectric piezoelectric materials than the Pb-free
systems in general. However, one should also bear in mind
that parallel B-site substitutional disorder and heterovalency
are also critical to facilitate the decoupling of off-axis A-site
cation displacements from the lattice.

The mode values from the distributions of shift magnitudes
for different cations in poled and unpoled states are given
in Fig. 3, which shows that there are negligible changes in
the polarity (|δ�r|) and local polar heterogeneity [σ (|δ�r|)] of
the system upon poling. Notably, Bi shows maximum distor-
tion among the cations, which is not surprising because Bi
is usually found with a very distorted local environment in
perovskite-based materials [35,36]. Considering the disorders
observed in the stereographs and the distributions of magni-
tudes, it is clear that the reported structural modifications [23]
(see also Fig. S1) on the application of an electric field is
driven by the reconfigurable polar displacements, and sim-
ply a manifestation of length-scale-dependent correlations.
Individual cation-oxygen bond-length distributions obtained
from the refined models are shown in Fig. S3 in SM [29] for
all cations, which show no changes between the poled and
unpoled samples, supporting the above inference.

To further understand the structure-property connection
in this system, we have compared the present orientational
disorders and mode values of |δ �r| of Pb and Ti cations
against two other solid solutions at compositions where the
highest piezoelectric responses were found (see Fig. 4). It is
apparent that xBNH-PT at x = 0.39 exhibits a very similar
disordered state with reasonably large values of the unit-
cell polarizations compared to both xBi(Ni0.5Ti0.5)O3-PT and
xBi(Ni0.5Zr0.5)O3-PT, which should be the key structural fea-
tures responsible for its enhanced piezoelectricity. In addition,
one can also envisage that in all three solid solutions, there is
a high degree of structural homogeneity or ergodicity because
A- and B-site cations exhibit similar isotropic distributions
around [001], and it is well known that dipolar homogeneity
or ergodicity promotes electric susceptibility [3,17]. There-
fore, this comparative picture renders strong evidence that
the electromechanical properties are heavily dependent on
the cation-specific disorder and their correlations or coupling

FIG. 4. (a) Stereographs of Pb and Ti displacement directions in three solid solutions with different B-site substitutions, plus unmodified
PbTiO3. (b) Corresponding mode |δ�r| values of the cations in those materials at the respective compositions [22,39].
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to the polarization irrespective of the emerging macroscopic
state or changes in the macroscopic structural models. In
other words, the perturbations of the microscopic interac-
tion parameter induced by different chemical species will
ultimately determine the extents of the intrinsic and various
extrinsic factors that affect the piezoelectric properties signifi-
cantly [24]. However, despite the much deeper understanding
of the local structural correlations, the following question
can still be raised: Why does xBNH-PT at x = 0.39 hav-
ing equivalent dipolar disorder and relatively lower values of
unit-cell polarization exhibit a slightly higher piezoelectricity
(d33 ∼ 440 pC/N) [23] than either xBNT-PT (d33 ∼ 230
pC/N) or xBNZ-PT (d33 ∼ 422 pC/N) at x = xMPB [37,38]?

To find the potential answer to the above question, poled
and unpoled ceramics of BNH-PT at x = 0.39 were further
studied by Raman scattering at ambient conditions as well
as at elevated temperatures. Although the spectral decon-
volutions follow a similar pattern compared to other solid
solutions reported recently [22,40], surprisingly, on this oc-
casion, we have found a strong dependence of the Raman
scattering intensity on the polarization of the incident light
with respect to the scattered light in both poled and unpoled
samples. Figure 5(a) shows the Raman spectra of poled and
unpoled ceramics at two different setting: (1) parallel po-
larized (pp), i.e., when the polarization of incident light is
parallel to the polarization of scattered light, and (2) cross
polarized (cp), meaning the polarization of incident light is
perpendicular to the polarization of scattered light. Ideally,
the Raman scattering from a single domain of a ferroelectric
crystal should be polarized and orientation dependent, and it
should be unpolarized and orientation independent for mul-
tidomain polycrystalline samples. In our experiment, we have
used a microscope with a 50× objective, for which the signal
primarily comes from a semisphere with diameter ∼2 μm.
Therefore, samples with crystallites of sizes in the range
∼20–100 nm should produce indistinguishable pp and cp
spectra due to their random orientations within the probed vol-
ume. Consequently, the observation of polarization-dependent
but orientation-independent spectral intensity for the poly-
crystalline sample having grain sizes in the range 3–5 μm
(Fig. S6 [29]) is quite unusual and unanticipated. In fact,
we did not detect any comparable feature in other analog
systems [21,22,40], nor did we find a reference where such
an intensity dependence was recorded for a polycrystalline
sample. Therefore, the well-polarized spectra indicate that
not only the correlation length of the coupled ferroic species
is extremely small here, but also the existence of a highly
polarizable matrix which causes the polarization-dependent
intensity variations. Domain miniaturization is commonplace
in ferroelectric solid solutions, which is also seen as a critical
local structural feature causing high piezoelectricity in relaxor
ferroelectrics and at the MPBs of complex solid solutions.
However, in the current material, it is apparent that the chem-
ical substitution, in particular, the addition of Hf, has led to
a responsive and polarizable matrix which is boosting the
piezoelectric response of the system at a composition beyond
MPB. It is also notable that the poling did not affect the
extent and nature of the ferroic coupling because the depolar-
ization ratio Icp/(Icp + Ipp) was comparable in both states of
the sample. Moreover, when the sample was heated, the ratio

FIG. 5. (a) Normalized and temperature-reduced Raman spectra
of xBNH-PT (x = 0.39) ceramics at pp and cp settings, as described
in the text. The observations were substantiated by probing sev-
eral areas on the smooth surface of a ceramic pellet. (b) Ratios of
integrated intensities of the peaks at around 280 and 315 cm−1.
(c) Development of the total depolarization ratio as a function of
temperature in the case of unpoled ceramics. The dashed line marks
the dielectric-maximum temperature Tm ∼ 548 K.

remains constant until the system loses all its ferroic species
at the high-temperature paraelectric state well above the tem-
perature Tm corresponding to the dielectric-permittivity peak
shown in Fig. S5 [Fig. 5(c)].

Nevertheless, the most pronounced poling-induced change
found in the Raman spectra was an increase in the integrated
intensity of the peak around 280 cm−1 relative to the peak
around 315 cm−1, which is particularly significant in the pp
setting [see Fig. 5(b)]. The Raman peak around 280 cm−1

corresponds to off-center displacements at the B site, whereas
the 315 cm−1 peak arises from the antiphase tilting of the
BO6 octahedra [41–43], which are two local-scale compet-
ing orders (polar and antiferrodistortive) related to the B-site
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sublattice in an ABO3-type ferroelectric system. The antiphase
tilting can also be accompanied by antipolar A-site cation
displacements with components along the cubic body diag-
onals. Therefore, the reduction of the Ipp(315)/Ipp(280) ratio
upon poling suggests the following mechanism promoting a
field-induced local scale as well as average tetragonal-type
ordering as discussed earlier: The external electric field stim-
ulates a local ordering at the B site, succeeding the tilt-driven
antiferrodistortive order, which in turn affects the antipolar
or noncollinear A-site-cation shifts and facilitates ordering at
the A site. In fact, both A- and B-site ordering phenomena
under an electric field gracefully corroborate the development
S parameters presented in Fig. 2.

In summary, we have revealed interesting nanoscale struc-
tural correlations and dynamics that explain the anomalous
structure-property behavior in xBNH-PT at x = 0.39. In par-
ticular, the combination of neutron total scattering and Raman
scattering data analyses has helped to resolve the inherent
structural distortion, defects, disorder, extent of correlations,
coupling, dynamics, and potential mechanism behind the large
piezoelectricity of xBNH-PT at a non-MPB composition.

There is no doubt that xBNH-PT is a unique system where
a responsive and polarizable matrix is amplifying its suscepti-
bility to mechanical deformation beyond the typical structural
instability factors. Notably, the results provide critical infor-
mation for a nontrivial case in the context of understanding
the structure-property relationships for disordered and chem-
ically complex ferroelectric solid solutions, which is likely
to play an important role in designing different or improved
electromechanical systems.
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