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The remaining data and observations of piezoelectricity in
nominal cubic materials are broadly divided into two causes.

a. Ferroelastic domains within ferroelastic phases and fer-
roelastic local domains in the paraphase. These are related
to the ordering of spontaneous strain in ferroelastic materials,
which are mechanical analogs of ferroelectrics (spontaneous
polarization) and ferromagnets (spontaneous magnetization)
[16–20]. In the ferroelastic phase, twin walls, i.e., boundaries
separating ferroelastic domains (or strain states), were shown
to be generally polar [6]. Above the transition temperature,
signatures of the ferroelastic phase (also called precursors)
occur as strain fluctuations (in the paraelastic phase), leading
to structural heterogeneity [16–18,21]. These include tweed
patterns that are seen in electron diffraction experiments as
cross-hatched patterns and were observed to have lengths of
100 to 2000 Å [19]. Such heterogeneities can be a result
of elastic anisotropy, the interaction of local strain with an-
other property, such as octahedral tilting in some perovskite
oxides and halides, polarization in incipient ferroelectrics,
or compounds whose ferroelectric or ferromagnetic phase is
simultaneously ferroelastic [16,19,20,22].

b. Ferroelectriclike local polar structures within the para-
electric phase. These give rise to intrinsic piezoelectricity
although some defect-induced polarity may play a role as
extrinsic stimulus [16–18,23–25]. In this context, we also in-
clude ferroelectric precursors, which occur in the paraelectric
phase and exhibit locally the structural features which define
the ferroelectric phase [16–18,23–25]. Local polar structures
have recently been observed by electron microscopy in the
paraelectric phase of ferroelectric BaTiO3 and its solid so-
lution with ferroelastic or incipient ferroelectric SrTiO3 with
sizes of 2 to 4 nm [26,27]. This class includes locally polar
structures in relaxors (or relaxor ferroelectrics), which remain
cubic down to absolute zero [28,29]. In the relaxor literature,
they are generally referred to as polar nanoregions (PNRs)
[7,28,29]. The size of PNRs ranges from several to 20 nm in
the case of the well-known relaxor PMN [29,30].

Length scales of above-mentioned local polar structures
can extend from some subnanometers to, in some cases, nearly
a micron [6,19,26,27]. We refer to all of these various struc-
tures as polar nanostructures.

Extrinsic versus intrinsic reasonings. All effects in types
(a) and (b) could include intrinsic mechanisms (i.e., charac-
teristics of the ideal, pristine bulk effects) as well as extrinsic
mechanisms, and it is not always possible to distinguish
between them experimentally. Examples of extrinsic effects
include defect gradients formed during high-temperature syn-
thesis of polycrystals (ceramics) [1]. Indeed, in order to
observe a macroscopic piezoelectric effect under the local
polarity perspective it is necessary that the local piezoelec-
tric tensor components dik(r) do not self-compensate inside
the sample; e.g., their sum over all sites has to be nonzero.
This can be pictured by an “effective bias field” which pre-
vents self-compensation, which would be expected in the
thermodynamic limit and random distributions of the tensor
components [1,31,32]. Current understanding is that this bias
may come from defect gradients as an extrinsic factor formed
during high-temperature synthesis of polycrystals (ceramics)
[1]. The same mechanism has been proposed to occur during
growth of single crystals [1]. Other mechanisms that suggest

an external mechanism have also been reported [2,3,33]. How-
ever, there is also a scenario that will retain a net polarization
even if the local polar entities are not subjected to an effective
bias field. Such are the simulations [31] that suggest that a col-
lection of polar entities (i.e., polar nanostructures) in materials
with no external defects can also lead to a net polarization. In
this case, nucleation of the first polar nanostructure biases the
rest of the material, rendering it polar and piezoelectric.

Considering that mechanisms (a) and (b) raised previously
regarding the effective loss of inversion symmetry leading to
piezoelectricity in nominally cubic paraphases were generic
and not specific and that the data are not always uniformly
certain and may include real-world unavoidable defects led us
to systematically measure the piezoelectric effect in nominally
centrosymmetric materials. Whereas piezoelectricity is a very
old effect (discovered in 1880 by the Curie brothers) and is
indispensable with a vast number of technological applica-
tions [34,35], finding a new twist to it is unusual and exciting
physics. We measured the resonant piezoelectric spectroscopy
(RPS) [5,10,36] of five unpoled ferroelectric compounds
(characterized by ferroelectric domains) and their paraelec-
tric phases (with local polar structures including ferroelectric
precursors), ferroelastic LaAlO3 (with polar twin walls), four
relaxor ferroelectrics (with PNRs) above their freezing tem-
perature, incipient ferroelectrics KTaO3 and SrTiO3 with no
known polar clusters at room temperature, and materials
with low concentrations of defects, namely, NaCl, CaF2,
and silica glass. By using piezoelectric quartz single crys-
tal as a standard, we first determine the strain generated
in resonant ultrasound spectroscopy (RUS) and calibrate the
piezoelectric response detected by RPS on poled ferroelectrics
lead zirconate titanate (PZT-5H) and LiNbO3, and paraelec-
tric SrTiO3. Then, we show that nominally centrosymmetric
phases of materials with local polar entities and chemical
defects, like dopants, possess measurable piezoelectric effects
that vary by seven orders of magnitude in comparison with
poled ferroelectrics that have high piezoelectric coefficients.
These values range from those comparable to that of quartz
to 10 am/V, which is three orders of magnitude below the
detection limit of conventional piezoelectric measurements.
Figure 1 is discussed in detail in this paper. In light of these
results we advocate the idea that piezoelectricity is a common
phenomenon in nominally centrosymmetric materials and un-
poled ferroelectrics. Previous structural probes applied to the
paraelectric phases suggested small deviations from crystal-
lographic inversion symmetry even in high-quality samples
(for example, Refs. [38–40]). Here we connect such structural
observations with spectroscopic observation of weak piezo-
electricity, an observation made possible by the extraordinary
sensitivity of the advanced resonant techniques RPS and RUS.
The small deviations from centrosymmetry are well reflected
by piezoelectric coefficients that are as low as 0.1% to 0.001%
of that of piezoelectric quartz.

II. METHODS

Measurements were performed on 15 compounds with
18 different samples. Five samples are ferroelectric: a
BaTiO3 single crystal, a BaTiO3
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TABLE I. Characteristics of compounds used in this work. Freezing temperatures, Tf , associated with
the freezing or slowing down of PNRs in relaxors, are from Refs. [41–43].

Compound Characteristic Compound Characteristic
name Classification temperature name Classification temperature

shown in Fig. 2. These resonances appear as peaks in both
RPS and RUS spectra.

B. How to extract the piezoelectric response from the spectra

In RPS, because the excitation of elastic resonances re-
quires the sample to be piezoelectric, the area of resonance
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FIG. 2. Elastic resonances of single-crystal quartz, poled LiNbO3, and poled PZT-5H measured piezoelectrically (by RPS) and mechani-
cally (by RUS). (a) Schematic of RUS and RPS measurements. The sample is lightly held between two transducers. For RPS measurements,
VAC =
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to the piezoelectricity of the opposite surface. This should
cause a material to bend. Surface piezoelectricity is there-
fore indistinguishable from inverse flexoelectricity (this has
in fact been amply discussed in the literature), and the same
size-dependent experiment that allowed us to rule out a sig-
nificant role of inverse flexoelectricity also excludes a role
of surface piezoelectricity. In relation to this, it has been
shown that surface effects are not the dominant mecha-
nism for the forbidden polarization detected in paraelectric
phases of ferroelectrics [1]. Nevertheless, surface piezoelec-
tricity may make some (minor) contribution to the signal
detected in piezoelectric measurements. These effects are
likely enhanced in the case of rough surfaces, as shown by
simulations [61].

IV. PIEZOELECTRICITY IN NOMINALLY
CENTROSYMMETRIC PHASES OF COMPOUNDS

A. RPS and RUS spectra of nominally centrosymmetric
and bulk-centrosymmetric materials

Examples of RPS and RUS spectra for unpoled ferro-
electrics and centrosymmetric materials are shown in Fig. 4
(see Figs. S1–S3 in the Supplemental Material [45] for the
spectra of other compounds and samples). Similar to piezo-
electric quartz, poled LiNbO3, and poled PZT-5H, all samples
show elastic resonances in RPS spectra. Due to the disal-
lowed nature of piezoelectricity in our unpoled ferroelectrics
and nominally centrosymmetric compounds, the piezoelectric
coefficients must be small when self-poling effects or inten-
tional gradients (e.g., generated by heterogeneous chemical
reduction) are absent [62,63]. Biancoli et al. [1] measured
the d33
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FIG. 4. Piezoelectricity in globally centrosymmetric materials and unpoled ferroelectrics which are bulk centrosymmetric due to spatial
averaging of domains and grains (also see the Supplemental Material [45]). RUS spectra of all compounds show strong resonances while those
detected in RPS range from 10−3 to ∼10−8 V, demonstrating broken centrosymmetry.

V. CURRENT UNDERSTANDING OF SPONTANEOUS
ATOMIC-SCALE SYMMETRY BREAKING

IN PARAPHASES

The simplest, albeit naïve, view of a paraelectric phase
according to past studies assumes that it has a net global zero
dipole because each site has a zero dipole. This “nonelectric
model” of paraelectricity has been often used in electronic
structure calculations as it allows one to use the smallest,

highest-symmetry crystallographic unit cell. Analogous ap-
proximations were common for describing paramagnets as
a phase where each site has zero moment. Because it is
artificial to expect a transition from finite dipoles in the
low-temperature ferroelectric phase to zero dipole in the para-
electric phase, a better approximation has been the displacive
model of paraelectric phases [76] that still uses the minimal
unit cell but allows for finite polar displacements in a sin-
gle double-well picture. However, because of the restriction

043221-9
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FIG. 5. Comparison of RPS spectra of ferroelectric BZT20
collected 32 and 84 K above the ferroelectric Curie temperature
Tc = 296 K.

to a minimal unit cell in the displacive model, all dipoles
in the paraelectric phase must be aligned in tandem, lead-
ing to a long-range-ordered model for paraelectricity. In this
view atoms are oscillating thermally in a single potential
well around their average Wyckoff positions. Therefore, one
can always apply a time average onto the observable prop-
erties. Reciprocal-space calculation of phonons is based on
such a symmetry-unbroken monomorphous structure for the
paraphase following the softening of the paraphonons as the
transition to the lower-temperature low-symmetry phase is
approached. In the alternative order-disorder model for the
transitions [77], one allows in principle a larger than minimal
unit cell for describing the paraphase so that disordered local
polar displacements are possible in the paraelectric phase;
i.e., there is a potential well with a few minima (four or
eight) but the occupation numbers are variable, allowing net
polarity. Phase transition occurs when occupational symmetry
is broken. However, the net dipole is zero.

These concepts have been recently challenged [78]. Indeed,
there are recent theoretical reasons [79–83] to believe that
intrinsic mechanisms might be responsible for the formation
of atomic-scale symmetry breaking in paraphases, manifest-
ing short-range-ordered (SRO) local motifs (“polymorphous
network”) [79]. Such symmetry breaking was argued theoret-
ically to lower the internal energy U0 even before thermal
agitation sets in, leading to the formation of a distribution
of local motifs in all paraphases. This includes paraelec-
tric phases (where the pertinent degree of freedom is the
local dipole), paramagnetic phases (where the pertinent lo-
cal degree of freedom is the local magnetic moment), or
paraelastic phases (where the pertinent degree of freedom
can be a geometric-steric effect such as octahedral rotation).
Significantly, even static minimization of the internal density
functional energy of supercells constrained to maintain the
global symmetry already showed a significant stabilization in
forming the polymorphous network that lets different local
motifs coexist in one large supercell. Naturally, as temper-

ature sets in (modeled via density functional theory (DFT)
molecular dynamics (MD) [80,83]), additional displacements
take place. Significantly, both the minimization of the internal
energy U (in DFT) and that of the free energy U-TS (via DFT-
MD) lead to symmetry breaking including the removal of
inversion symmetry. Thus, although the average 〈S〉 over local
motifs {Si} has high symmetry (say, being centrosymmetric),
this does not imply that all measured physical properties
S〉� 8 3 83
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coefficients in the paraelectric phases of ferroelectrics were
found to be comparable to those of quartz and unpoled
ferroelectrics. These results suggest that modifications of a
collection of polar nanostructures may lead to new electrome-
chanical devices. Such an attempt proved to be promising, for
example, in Ref. [63], where introduction of heterogeneous
chemical reduction led to d33 = 321 pm/V in Na0.5Bi0.5TiO3-
BaTiO3, which exceeds the piezoelectric coefficients of most
ferroelectrics and is comparable to that of lead zirconium
titanate (PZT) [89]. Moreover, because the influence of polar
nanostructures on the forbidden piezoelectric effect can be
seen over hundreds of degrees above ferroelectric Curie tem-
peratures and freezing temperatures associated with relaxors,
high-temperature piezoelectric applications, including energy
harvesting, can be envisioned via the guided growth or syn-
thesis of materials via chemical, stress, thermal, and electrical
gradients [34,63,90].

The scenario of intrinsic symmetry breaking short-range
order in paraphases without defects and polar nanostruc-
tures. We know that positional local symmetry breaking such
as displacements and octahedral rotations are seen by lo-
cal structural probes in nominally cubic perovskites (viz.,
pair distribution function (PDF) [79]), whereas they of-
ten escape detection by volume-averaging techniques such
as conventional x-ray diffraction. Indeed, so is local time-

reversal-symmetry breaking predicted theoretically in para-
magnets [79,81], even when the global magnetism (vector
sum of local moments) vanishes. Similarly, we see in the
current work that, whereas the global dipole in a paraelectric
could be small or vanishing, symmetry-breaking calculations
[79,83] indicate that local dipoles need not vanish. Remark-
ably, the appearance of such local motifs as energy-lowering
symmetry-breaking features in paraelastics, paramagnets,
and paraelectrics can lead to macroscopic consequences,
absent in the reference calculations lacking such local
motifs.
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