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The reasons for the lower piezoelectric properties in the most studied lead-free piezoelectrics, modified (K,Na)NbO3 and
(Bi0.5Na0.5)TiO3, are discussed. Contributions from domain wall motion and properties at the morphotropic phase boundary are
considered and are compared to those in PZT. Lead-free, non-piezoelectric solutions to electromechanical coupling are discussed.
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1. Introduction

With few exceptions (e.g. bulk acoustic wave resonators
in GHz range, surface acoustic wave devices, frequency
control, high precision pressure sensors), the materials that
are presently best suited for the vast majority of piezo-
electric devices are based on solid solutions of lead-based
oxides: lead zirconate titanate or Pb(Zr1−xTix )O3 (PZT)
and relaxor-ferroelectrics e.g. (1−x)Pb(Mg1/3Nb2/3)O3-
xPbTiO3 (PMN-PT).1 It is extraordinary that one family –
PZT, with some chemical modifications, is by far the most
widely used piezoelectric material. Considering performance,
cost, ease of preparation and precursors availability PZT is the
almost perfect all-around piezoelectric material.2

However, because of lead toxicity,3,4 alternatives to Pb-
based materials are being intensively sought. Interest in lead-
free piezoelectrics has been expressed in the 1950s, when PZT
was discovered. But it is only recently, with the increased envi-
ronmental awareness and legislatively-backed concerns,5 that
intensive world-wide activities on development of lead-free
piezoelectrics have been initiated.6–8 Two families of lead-
free materials have presently emerged as the most promis-
ing candidates to replace PZT: modified potassium sodium
niobate (K,Na)NbO3 (KNN) and bismuth sodium titanate
(Bi0.5Na0.5)TiO3 (BNT).9,10 Properties of these materials are
interesting but overall, they do not match those of PZT. Despite
some success in demonstrating performance acceptable for
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diverse devices, such as ultrasonic motors,11 high frequency
transducers12 and buzzers,13 one is still far from the ideal goal
of having a lead-free family with wide spectrum of high prop-
erties as exhibited by PZT.14

Without denying toxicity of lead compounds, questions
have been raised about the need to replace PZT, consider-
ing uncontested benefits of PZT-based piezoelectric devices
(e.g. in medical ultrasound and therapy). Arguments have been
given indicating low probability that lead may enter environ-
ment at the end-of-life of many piezoelectric devices.7

Apart from these environmental/societal and technolog-
ical/commercial issues that drive much of the present activi-
ties, high-performance lead-free piezoelectrics are of a great
scientific interest in the fields of materials physics and chem-
istry today. In this article, these scientific issues are discussed,
in particular reasons why PZT is such exceptional piezoelec-
tric material. Indications are given why presently considered
lead-free materials are inferior to PZT and how they can be
improved. Lead-free alternatives to the piezoelectric effect,
including electrostriction and a more radical solution, flexo-
electric effect, are briefly discussed.

2. Why is PZT a Good Piezoelectric
Material?

Under usual operating conditions (ambient temperature, atmo-
spheric environmental pressure, subcoercive driving fields and
pressures), the best performing piezoelectric materials are
those that contain lead atom (e.g. PZT, PMN-PT). The first
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principle calculations suggest that outstanding ferroelectric
properties of Pb-based materials are related to the particu-
lar electronic structure of Pb (lone 6s2 pair) and Pb-O bond
hybridization.15–18 However, while presence of Pb might be
a reason, it is clearly not a sufficient “ingredient” for high
piezoelectricity. The end members of PZT solid solution are
either non-piezoelectric (lead-zirconate, PbZrO3) or exhibit
moderate piezoelectricity (lead titanate, PbTiO3).2 Two main
reasons why PZT solid solution possesses exceptional piezo-
electric properties are: (i) presence of the morphotropic phase
boundary (MPB) near Zr:Ti=52:48, and (ii) high contribu-
tion to the electromechanical properties from the motion of
ferroelectric domain walls.2

Presently, the first reason is taken by the majority of the
researchers as the most important and much efforts in the
search for lead-free systems with high properties have been
focused on solid solutions exhibiting an MPB.9,19 In the MPB
region of PZT, the ferroelectric polarization changes crys-
tallographic direction from the 〈111〉 (rhombohedral, Zr-rich
compositions) to 〈001〉 pseudocubic axis (tetragonal, Ti-rich
compositions)2 via an intermediary monoclinic phase.20 This
compositionally induced phase transition is accompanied by
a large susceptibility to polarization rotation (i.e. transverse
permittivity, ε11, and shear piezoelectric coefficients, e.g. d15,
are large) and to a lesser degree to polarization extension (the
permittivity along polar axis, ε33 and the longitudinal piezo-
electric coefficient d33 are large).21,22 It is possible to trace
origin of the properties enhancement in the MPB region to the
anisotropic flattening of the PZT’s free energy.23,24 The high
properties are sometimes associated with the monoclinic phase
but such interpretations are supported with little evidence.25

Surprisingly, even though domain walls contribution may
account for as much as 70% of the dielectric and piezoelectric
properties in PZT, this aspect has not been widely studied in
lead-free candidates. The question that can be posed is whether
Pb cation is needed for special properties at MPB and for large
contribution of domain walls motion to the electromechanical
coupling.

We first discuss the need for Pb cation in MPB systems.
Recent ab initio and experimental structural studies claim that
the origin of the MPB behavior in PT-based ferroelectrics
is indeed found in special properties of lead-titanate. These
studies show that PbTiO3 undergoes phase transitions into
monoclinic, rhombohedral and cubic phases under increas-
ing hydrostatic pressure applied at 0 K.26,27 It is suggested
that in modified materials (i.e. PZT, Pb(Mg1/3Nb2/3)O3-PT,
Pb(Zn1/3Nb2/3)O3-PT) the role of the external hydrostatic
pressure is taken by modifying cations (Zr, Mg, Nb and Zn). It
is proposed that these atoms apply an internal “chemical pres-
sure” within the crystal lattice of PT and shift MPB to ambi-
ent temperature. The authors propose substitution of Pb with
smaller Sn cation to induce internal compressive pressure,27

so it is not clear what would be the role of cations with a larger
radius than Ti (Zn, Nb, Zr). More importantly, the hydro-
static pressure is accompanied by the flattening of the free
energy profile in the phase transition region, leading to the
enhanced properties. If, as claimed by the authors, this mech-
anism explains origin of the MPB in a general case, then
one can consider the following possibilities: (i) the MPBs
are confined to PT based materials only or (ii) lead-free
systems with an MPB might have to include an end member
whose structure can be modified by external pressure, as in
PbTiO3.

As we shall see in the next section, at least two lead-free
families (modified KNN and BNT) exhibit MPBs. There is
little regularity in the behavior of the end-members of various
MPB systems that would point out selection rules on which
systems may show an MPB. Thus, PT is strongly tetrago-
nal and remains as such from the Curie temperature to 0 K
under atmospheric pressure. KNN, KNbO3 (KN) and barium
titanate or BaTiO3 (BT; used to modify BNT), transform into
a series of ferroelectric phases on cooling from the paraelec-
tric phase. Application of the compressive pressure at 0 K
has been predicted to reinforce the ferroelectricity in both BT
and PT.28 Moreover, there are indications that the free-energy
flattening as the origin of the properties enhancement in the
MPB region is common to a wide class of materials, includ-
ing nonferroelectric lead-free systems, such as AlN-ScN solid
solution.29 Thus, lead cation does not seem to be essential
for MPB.

Concerning contributions of domain walls motion to the
electromechanical properties, it is not immediately clear why
these should in general be higher in Pb-based than lead-free
materials.30 One possibility might be found in the concept
of softening which is well-known in PZT but few examples
exist for lead free materials.9,10 In perovskite ferroelectrics
such as PZT, donor doping on cation sites leads to materials
with higher permittivity, piezoelectric coefficients and elas-
tic compliances. The mechanisms of this “softening” are not
well understood. One qualitative model relates softening to the
presence of Pb vacancies (VPb) using the following specula-
tive argument:31 in donor doped PZT, the charge compensating
defects are VPb. It is proposed that presence of VPb releases
the stress build-up associated with motion of non-180◦domain
walls and results in their easier displacement. This may not
happen in lead-free materials, such as BT, because Ba is not
as volatile as Pb, and BT compensates donor dopants by elec-
trons rather than by cation vacancies. In materials containing
Bi and alkaline metals, the A-site vacancy concentration may
be substantial. However, in these materials other properties
may deteriorate with a high concentration of cation vacancies
so that the softening effect is lost. Thus, one might specu-
late that the properties of lead atom may indeed be the key to
softening of PZT.
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Finally, it is interesting to consider combined effects of
MPB and domain walls in this region where two phases meet
and free energy profile of the system becomes flatter. It can
be inferred from the phenomenological theory that domain
walls are not essential for the enhanced properties in the
MPB region because monodomain single crystals of PZT also
exhibit enhanced properties at MPB.21,32 Nevertheless, the
large piezoelectric response of PZT lattice at MPB is fur-
ther enhanced by the domain wall contributions, which are
also particularly strong in this region.2,30 The reason for the
high domain walls contributions at MPB is likely related to
the general flattening of the free energy profile in the tran-
sition region. In addition, it was shown recently that in the
vicinity of MPB, the domain size in PZT becomes very fine,
with domain widths (distance between the domain walls)
on the order of tens of nanometers.33,34 The nanodomains
probably form to accommodate stress build-up caused by
coexistence of tetragonal and rhombohedral phases. A sug-
gestion has been made that the fine domain walls structure
is associated with the enhanced properties. However, there
is not much direct evidence that a fine domains structure
may be the dominant factor responsible for the enhanced
properties.35

Taking PZT as a reference, we now discuss properties of
some lead-free materials.

3. Lead-Free Piezoelectrics
and Alternatives to PZT

There are many lead-free piezoelectric materials, some of
which (quartz, LiTaO3, PVDF, some bismuth titanate based
materials) have firmly established place in special applica-
tions. Due to their low piezoelectric and coupling coefficients
and considering the vast spectrum of applications of PZT,
these materials cannot be considered as alternatives for the
entire PZT family. Some other lead free materials that are
presently being considered are, like those listed above, com-
plementary to PZT and can be of interest only for specific
applications. Examples include oxyborates for operation at
high temperatures36 and AlN for high frequencies.37 In recent
years, efforts were being made to develop multiferroic lead-
free materials, such as BiFeO3

38 and solid solutions of other
Bi-based perovskites (e.g. BiScO3, BiAlO3).39,40 Bi-based
perovskites are of special interest because of similarities
between Bi and Pb atoms. However, neither empirical studies
nor ab initio calculations have led to a Bi-based, lead-free sys-
tem with properties comparable to those of PZT.18,40 Other
materials, such as Seignette’s (Rochelle) salt (KNaCH4O6 ·
4H2O) and KH2PO4 (KDP) exhibit as high or even much
higher piezoelectric properties than ZT but are impractical
due to chemical instability or low temperatures required for
operation.25,41

Next, we shall discuss three families of lead-free mate-
rials which are at present considered as the best candidates
to replace PZT in a somewhat broader range of applications:
BT and modified BNT and KNN. All three base materials
were discovered in the 1940s–1960s and compositions used
today are usually heavily modified chemically. Non-modified
barium titanate is being revisited, and rather spectacular piezo-
electric properties have been reported in textured ceramics42

and ceramics derived from nanopowders.43

In the most widely studied lead-free system, (K, Na, Li)
(Nb, Ta)O3 (modified KNN) developed by the Toyota Central
Research Laboratory,6 the large properties at room tempera-
ture appear to be caused by the proximity of the temperature
induced phase transition between tetragonal and orthorhom-
bic phases to the ambient temperature.10 The temperature of
this polymorphic phase transition depends on composition.
The boundary between the two phases is thus not vertical in
the composition-temperature phase diagram and has mixed
MPB and polymorphic character. As a consequence, there
is a significant thermal instability of the properties when a
sample is cooled or heated from room temperature.44 Modifi-
cations of KNN having better temperature stability have been
proposed.45 However, the competing contributions of the MPB
and the thermally induced phase instabilities to the properties
enhancement have not been elucidated. This is a serious draw-
back for further development of this material because tuning
of the properties for specific applications requires an in-depth
understanding of the structure-property relations. In the case
of KNN, there is no consensus on whether the crystal struc-
ture of the base composition (K,Na)NbO3 is orthorhombic or
monoclinic46 (see also contribution by Kosec et al. in this
issue).

The longitudinal piezoelectric coefficient in KNN based
materials has been reported to reach as much as 400 pC/N
in textured (K,Na,Li)(Nb,Ta,Sb)O3 ceramics,6 but more com-
monly reported values range from 100 to 250–300 pC/N.47–49

These values should be compared to 200–600 pC/N in com-
mercial PZT.

A vertical MPB has been discovered in (K0.5Na0.5)1−x

Lix)NbO3.50 It appears approximately at x = 0.05 and below
−100◦C, at temperatures which are of little practical inter-
est. Regardless of this, it would be interesting from a funda-
mental point of view to know if this MPB leads to enhanced
electro-mechanical properties. Unlike MPB in PZT, it sep-
arates monoclinic and a pseudo-rhombohedral phase and it
is not immediately clear if such a boundary would be effec-
tive in enhancing the electromechanical properties. It is worth
noting that in non-modified (K,Na)NbO3, the MPB at Na:K
ratio of 50:50, separates two pseudo-orthorhombic phases
and it is known that the properties enhancement is less pro-
nounced than in PZT (for example, there is no maximum in the
permittivity at this MPB).51 All these examples suggest that it
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would be worthwhile to investigate how the crystal structure
of the phases on each side of the MPB influences the flattening
of a free energy profile. It is important that some studies (see
contribution by Kosec et al. in this issue and Ref. 46) index
pseudo-orthorhombic phases in KNN as monoclinic. If this is
indeed so, then the absence of exceptional electromechanical
response throughout this solid solution indicates that mono-
clinic structure by itself cannot, as sometimes suggested, lead
to exceptionally large properties. For a detailed discussion on
the relationship between monoclinic phases and large electro
mechanical properties see Ref. 25.

In solid solutions based on Bi0.5Na0.5TiO3, the situation
is even more complex. The (1 − x)Bi0.5Na0.5TiO3-xBaTiO3

phase diagram exhibits ferroelectric, relaxor, and several non-
polar phases,52 whose nature has not yet been resolved.53 The
transition between the rhombohedral (BNT-rich) and tetrag-
onal (BT-rich) regions appears at room temperature around
x = 5 − 7%, depending on the source.54 The structural analy-
ses with XRD indicate very small tetragonal and rhombohedral
distortions up to 9% BT so that the structure on both sides of the
MPB appears as pseudocubic.55,56 The dielectric anisotropy
and consequently polarization rotation effects are thus
expected to be small. An indication that this is indeed the case
can be found in the values of the permittivity and piezoelectric
coefficients of poled 0.94BNT-0.06BT ceramics: εT

33 = 580,
εT

11 = 730, d33 = 125 pC/N and d15 = 194 pC/N.57 Note the
low dielectric anisotropy ratio, 22εT

11

/
εT

33 = 1.26 and the low
shear piezoelectric coefficient d15. In comparison, the dielec-
tric and piezoelectric anisotropy of poled PbZr0.54Ti0.46O3

ceramics is significantly higher: εT
11 = 990, εT

33 = 450,
εT

11/ε
T
33 = 2.2, d33 = 152 pC/N and d15 = 440 pC/N;58

the large shear piezoelectric coefficient in PZT, which is
closely related to polarization rotation effects, should be noted.
While comparison of the rhombohedral PZT and the tetrago-
nal BNT-BT ceramics may not be justified, the above assess-
ment nevertheless seems to be fair; it has been reported that the
piezoelectric d coefficients of BNT-BT ceramics are inferior to
those of PZT or even KNN across the MPB region (d33 is on the
order of 100–200 pC/N59). Interestingly, all phase diagrams
of BNT-BT published so far give only one, room temperature
point on the MPB.52,60 The very recent Raman studies by the
authors indicate a vertical morphotropic phase boundary at
x = 5.5%(+/ − 0.5) from above room temperature to nearly
0 K.50 The low depolarization temperature (<150◦C), which
indicates onset of a nonpolar phase and loss of piezoelec-
tric response is another problem. The details of this nonpolar
structure are not known. Very high piezoelectric coefficients
(d33 > 500 pC/N) have been reported for single crystals of
BNT-BT solid solution along a nonpolar direction but not con-
firmed independently.60,61 Large longitudinal piezoelectric
coefficient along a nonpolar axis would be incompatible with
a low dielectric anisotropy and low transverse permittivity.25

It is possible to identify some important differences
between KNN and BNT-BT on one and PZT on the other side.
These differences may be the possible reasons why piezoelec-
tric properties of these lead-free systems are inferior to those
of PZT. In PZT, the MPB separates well-developed rhombo-
hedral and tetragonal phases (with possibly monoclinic bridge
between them).20 The MPB ends at a tricritical point where
rhombohedral and tetragonal ferroelectric phases and para-
electric cubic phase meet. In modified KNN and BNT-BT, the
MPBs do not end at the paraelectric cubic phase, and the crys-
tallographic distortion between the two phases which form
MPB is much less pronounced than in PZT. It is certainly
tempting to assign this difference between PZT and these two
lead-free systems to the absence of Pb in the latter. The follow-
ing question can then be posed: “whether there are lead-free
systems with a PZT-like MPB?”

Liu and Ren claim to have discovered a solid solution that,
despite important differences, exhibit some remarkable simi-
larities to PZT.62 They reported that (1− x)Ba(Ti0.8Zr0.2)O3-
x(Ba0.7Ca0.3)TiO3 solid solution exhibits an MPB between
rhombohedral and tetragonal phases ending up at a tricrit-
ical point with a cubic paraelectric phase. The remarkably
high piezoelectric coefficient (d33 > 600 pC/N) was reported
in ceramic samples near this tricritical point. The authors inter-
pret their results in terms of enhanced polarization rotation
near the tricritical point where free energies of the cubic,
tetragonal and rhombohedral phases become equal. According
to the authors, the energy flattening near the tricritical point is
more isotropic than in the case of polymorphic or MPB phase
transitions, leading to stronger effects of polarization rotation
on properties enhancement. While this is true, there is an addi-
tional mechanism of properties enhancement in the vicinity of
the trictritical point that these authors did not discuss. Near
the tricritical point formed by polar rhombohedral and tetrag-
onal phases and nonpolar cubic phase, the free energy flattens
along tetragonal-cubic and rhombohedral-cubic paths in addi-
tion to rotational tetragonal-rhombohedral path.22,25,63 The
two former effects lead to enhanced propensity for polarization
extension, not rotation. Easy polarization extension can lead to
very large enhancement of the piezoelectric properties, in par-
ticular near the Curie point. Examples include KH2PO25

4 and
BaTiO63

3 An example of the temperature-independent polar-
ization extension mechanism can be found in solid solutions
forming an MPB between a nonpolar and a polar phase, as
reported for lead-free Al1−xScxN64 and Sc1−xGaN.65 In these
materials, the longitudinal piezoelectric coefficient increases
in the MPB region by 400–500% due to polarization extension
mechanisms. In all these cases, the material is softened and
free energy flattened along actual or incipient polar directions.

Thus near its tricritical point, (1 − x)Ba(Ti0.8Zr0.2)O3-
x(Ba0.7Ca0.3)TiO3 possesses not only a high susceptibility to
polarization rotation (tetragonal rhombohedral transition) but
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also to polarization extension (tetragonal cubic and rhombo-
hedral cubic transitions). The disadvantages of this system
are numerous from the practical standpoint: the ferroelectric–
paraelectric phase transition temperature is less than <100◦C
across the whole phase diagram; the boundary between the
two ferroelectric phases is strongly curved, that is, it pos-
sesses a strong polymorphic character; the composition with
the highest d33 exhibits the Curie point close to the ambi-
ent temperature. This material is, however, very interesting
from the fundamental point of view as it may be a convenient
model system to study factors that contribute to the enhance-
ment of the piezoelectric properties, including: (i) competing
effects of the composition and temperature on the flattening
and anisotropy of the free energy; (ii) polarization rotation
vs. polarization extension effects; and (iii) contributions from
the domain walls motion. Practically, the material may be of
interest under isothermal conditions.

As mentioned earlier, domain wall contributions have not
been investigated in any detail in KNN and BNT systems.
This raises the question on whether part of the reason for
the comparatively low piezoelectric properties in lead-free
materials are due to low domain wall contributions. Our first
estimate of domain wall contributions for BNT-BT is given
below. We note that this solid solution exhibits a strong
relaxor character so that it may be more appropriate to speak
of polar nanoregions or polar clusters rather than ferroelec-
tric domains. For simplicity, we shall use here both terms
and common term “extrinsic contribution” for effect on the
properties.

One way to separate domain wall and lattice contribu-
tions to the properties is to study the material’s response
over a wide frequency or temperature range.66–68 Domain
wall displacement may lead to a nontrivial dependence of
the properties on the driving field frequency. In many fer-
roelectric materials, a steep dispersion in permittivity and a
peak in loss is observed in the frequency region from several
hundred MHz to few GHz. In ferroelectric ceramics, this dis-
persion in the so-called “microwave” range may be related
to the piezoelectric resonance of grains,69 acoustic emission
of domain walls arranged in a lamellar structure,68,70 or to
vibration of domain walls.71 In addition, a slow, nearly lin-
ear decrease of the permittivity with increasing logarithm of
frequency is observed in some soft ferroelectric and relaxor
materials over a broad frequency range (mHz to GHz). This
frequency dispersion is sometimes referred to as “logarithmic”
dispersion. The origin of this weaker dispersion is not clear;
in ferroelectrics it is probably related to the motion of domain
walls in a random potential profile and a broad distribution of
relaxation times.72–74 Examples of frequency dispersion of
the permittivity for soft, (Pb(Zr0.58Ti0.42)0.99Nb0.01O3), and
hard, (Pb(Zr0.42Ti0.58)0.99Fe0.01O3), PZT ceramics are shown
in Fig. 1. Experimental details are given in Ref. 67.

Fig. 1. Permittivity and loss for a soft and a hard PZT ceramics (see text) as
a function of frequency. Dashed lines are guides for the eye. For more data,
see Ref. 67.

Domain wall contributions may become “frozen” at low
temperatures or high frequencies.66,75 Therefore, by exam-
ining properties over a sufficiently broad temperature or fre-
quency range, it is possible to make estimates of upper and
lower limits of domain wall and lattice contributions, as illus-
trated below. It is common to assume simple superposition
of different contributions to the permittivity. In addition, the
lattice permittivity is assumed to be independent of the fre-
quency in the frequency range examined here.

We first give a rough estimate of domain wall contri-
butions to the dielectric response of the two PZT ceram-
ics shown in Fig. 1. The peak in loss just above 1 GHz and
associated steep permittivity dispersion are dominated by the
domain wall process.67 If the value of permittivity at 100 kHz
is taken as a reference, the permittivity in the soft rhombo-
hedral PZT decreases by more than 34% in the region of the
loss peak. In hard tetragonal PZT ceramics, this decrease is
about 23%. The permittivity does not change in hard PZT
from 1 GHz to 100 kHz, (the small step at 1 MHz is a mea-
surement artifact). In the soft material, there is an additional
domain wall contribution which is responsible for the slow
“logarithmic” increase of the permittivity with decreasing fre-
quency. This contribution accounts for at least 24% of the
permittivity at 100 kHz. Together, the two domain wall con-
tributions account for at least 58% of the dielectric response
of the soft PZT at 100 kHz. In the hard PZT, domain wall
motion accounts for about 23% of the permittivity value at
100 kHz.
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Fig. 2. Dielectric permittivity ε′ and loss ε′′ for (1 − x) BNT-xBT for three
rhombohedral (x = 0, 2.5 and 5%) and three tetragonal (x = 6, 7 and 9%)
compositions. The measurements were made on unpoled samples.

We next analyze dispersion in BNT-BT. Figure 2 shows
the dielectric permittivity of six compositions of (1 − x)BNT-
xBT measured at room temperature in the frequency range
from 100 kHz to about 6 GHz. Measurements were made on
three compositions on the rhombohedral (x = 0, 2.5 and 5%)
and three on the tetragonal (x = 6, 7 and 9%) side of the MPB.
Samples were not poled. Details on measurement procedure
and sample preparation can be found in Ref. 54. At high fre-
quencies, permittivities of all samples approximately converge
towards 400. The slow “logarithmic” decrease in the permittiv-
ity accompanied by a slight increase in loss is clearly visible
from 100 kHz to 900 MHz for all compositions. Due to the
limitations of the instrument, the data between approximately
900 MHz and 3 GHz could not be taken. Careful inspection of
the loss behavior indicates that a peak might be expected in
this frequency range for all examined BNT-BT compositions.
However, even if this was the case, BNT-BT ceramics would
exhibit much weaker “microwave” dispersion compared to
PZT. A possible reason for this is that the “microwave”
dispersion may require arrangement of domain walls70 into
regular lamellas. This may not be the case in unpoled BNT-
BT which exhibits pseudocubic structure in compositions
close to MPB55,56 and probably not well-developed domain
structure. Alternatively, the “microwave” dispersion may be
related to vibration of polar cluster boundaries, as reported for
(Pb,La)(Zr,Ti)O3 by Rychetsky et al.74

On the other hand, the slow “logarithmic” dispersion is
stronger in BNT-BT than in soft PZT. One reason for this
may be a high disorder of BNT-BT and contribution to the

dielectric dispersion of polarization reversal near polar cluster
boundaries.74 Another is that the temperature of the transition
into the nonpolar phase is closer to room temperature in BNT-
BT (100–180◦C) than in PZT (>350◦C) and the mobility of
domain walls/polar cluster boundaries may be higher in BNT-
BT. Again, taking the value of the permittivity at 100 kHz as
the reference, one can infer from Fig. 2 that the total extrinsic
contributions account for about 56–63% of the permittivity in
the tetragonal and about 35–41% in the rhombohedral BNT-
BT. While these estimates are very rough, they do represent a
first indication that contributions to the permittivity from the
domain wall motion in BNT-BT are qualitatively different but
quantitatively similar to those in soft PZT. It should be noted
that the soft PZT used here contains only Nb as a softener and
that commercial soft PZT usually contains other modifiers and
possesses higher properties.

We next compare in Fig. 3 the permittivities of the same
BNT-BT samples as a function of composition for two fre-
quencies: 1 kHz and 4.2 GHz. The permittivity measured at
1 kHz includes lattice contribution and mechanisms respon-
sible for the “logarithmic” frequency dependence and those
responsible for the dispersion at “microwave” frequencies.
The permittivity measured at 4.2 GHz includes the lattice per-
mittivity and any extrinsic contributions that are not “frozen”
at this frequency. The latter therefore represents the upper limit
for the lattice permittivity. The difference between the permit-
tivities measured at 1 kHz and 4.2 GHz, �ε, indicates a lower
limit for the extrinsic contributions at 1 kHz, and is also shown
in Fig. 3. Looking at the data from the low x values, the position
of the transition from the rhombohedral to the tetragonal phase
is clearly marked by the sharp increase in both the permittivity
and in extrinsic contributions. In PZT, the MPB transition is
characterized by a sharp peak in both dielectric permittivity

Fig. 3. Dielectric permittivity ε for (1 − x)(Na1/2Bi1/2)TiO3-xBaTiO3
ceramics as a function of x at 1 kHz and 4.2 GHz. �ε = ε(1 kHz)−ε(4.2 GHz)
represents the lower limit of the domain wall contributions at 1 kHz while
ε(4.2 GHz) represents the upper limit for the lattice permittivity. The data are
compiled using measurements shown in Fig. 2. The solid lines are guides for
the eye.
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and piezoelectric coupling coefficients.2 The peak (not a step)
in the permittivity of PZT is intimately connected to a free
energy anisotropy at the MPB, as shown by phenomenologi-
cal calculations.23 The absence of a strong peak in BNT-BT
may be an indication that the nature of MPBs in PZT and
BNT-BT is different. The same type of the step in the dielec-
tric permittivity in BNT-BT was reported by Ranjan et al.56 so
that experimental artifacts as the reason for the peak absence
can probably be excluded. Chen et al.59 report a peak in the
piezoelectric and electromechanical coupling coefficients in
BNT-BT at the MPB, but the peak is weaker than what is
normally reported for PZT.

It follows from this simple analysis that the domain wall
contributions in BNT-BT are significantly higher on the tetrag-
onal than on the rhombohedral side of the MPB. This is oppo-
site to what was deduced in a study of the nonlinear direct
piezoelectric effect in PZT.30 That study showed that domain
wall contributions in PZT ceramics are higher on the rhombo-
hedral side of the MPB. There are several reasons for this qual-
itative difference, including the following: (i) it could indicate
fundamental differences in the properties of MPB in BNT-
BT and PZT; (ii) it could be related to the different ways in
which non-180◦ (active in both dielectric and piezoelectric
response) and 180˚ domain walls (active mostly in the dielec-
tric response) contribute to the properties; (iii) the difference
could be related to the driving field strength used in the two
experiments: weak-field driving and linear response in the case
of the dielectric measurements shown in Fig. 3 and subcoer-
cive pressure driving and nonlinear response in the case of the
piezoelectric measurements in Ref. 30. Unfortunately, there
are no reports on domain wall contributions in PZT and lead-
free materials made under comparable conditions. Our own
data on soft rhombohedral and hard tetragonal compositions
shown in Fig. 1 are in agreement with the study of the piezo-
electric effect: the Nb-doped rhombohedral samples exhibit
higher domain wall contribution than hard tetragonal material.
However, it is probable that the data in Fig. 1 are dominated
by the effect of the dopants rather than the structure.

Our results thus point toward qualitative differences in
the extrinsic contributions to the electromechanical properties
in BNT-BT and PZT ceramics. Further study is required to
find out whether these differences are due to the Pb cation.

Recent studies have shown that both BNT and KNN-
based systems do exhibit some advantages over lead-based
materials for specific applications. For example, the thick-
ness coupling coefficient kt of single crystal KNbO3 and Li-
modified (K,Na)NbO3 is as large as 70%.76,77 Together with
a low permittivity and density, this crystal and its derivatives,
make an excellent choice for high frequency single element
transducers.78 Unfortunately, other piezoelectric properties of
KNbO3 are not high enough to make it a viable alternative to
PZT for actuators and sensors.

The highest piezoelectric properties in lead free systems
at ambient conditions were reported in textured ceramics of
BaTiO3 with special domain structure42 and in chemically
modified and textured KNN.6 Textured ceramics are imprac-
tical to prepare though being scientifically very interesting and
have raised many questions on mechanisms of enhancement
of piezoelectric properties in ferroelectrics. The presence (not
necessarily motion) of domain walls in domain engineered
single crystals and textured and domain engineered ceram-
ics greatly enhances the piezoelectric response of BaTiO3.42

These entirely unexpected results obtained in BaTiO3 should
encourage further investigation of this effect in other lead-free
materials.

4. Further Development of Lead-Free
Piezoelectrics

Despite considerable worldwide efforts in the last 5–10 years,
there are still no viable lead-free alternatives to PZT. Based
on the above discussion, one can identify several directions
for the future development.

One is to continue search for new lead-free piezoelec-
tric materials empirically, using phenomenological models
(e.g. structure-property relations) and first principle calcula-
tions. This is a long-term activity that needs to be pursued but
its outcome cannot be predicted. The second direction is to
improve existing KNN and BNT based materials by chemical
modifications and by controlling structural instabilities and
extrinsic (e.g. domain wall) contributions. There is a reason
to believe that presently reported values of piezoelectric prop-
erties in these systems are not optimized and that improve-
ments are possible if compositions are further modified. To do
such modifications efficiently, a better structural understand-
ing of these materials is needed. Attempts in this direction
are underway and can be especially beneficial for engineering
new systems with an MPB.46,50,52,79 It is worth mentioning
that non-modified PZT compositions also do not necessarily
exhibit large piezoelectric properties, even in the MPB region.
This is well-illustrated by the first studies of the piezoelectric
properties of PZT ceramics in 1950s which report d33 piezo-
electric coefficient of about 160 pC/N at MPB.80 This value is
similar to what is reported currently in most KNN materials
and not much more than in BNT compositions. The present
large values of piezoelectric coefficients of 200–600 pC/N in
PZT are achieved by better processing methods, extensive
chemical modifications of pure materials and by targeted dop-
ing. Thus, KNN and BNT families may still exhibit better
properties than those reported at present.14,49,81

The domain wall contributions in PZT may account
for as much as 70% of the total piezoelectric effect. These
contributions may be effectively increased or decreased by
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donor and acceptor doping. With few exceptions, there is
very little data on hardening (acceptor doping) and softening
(donor doping) effects or on the estimate of the domain wall
contributions in KNN12 and BNT based materials. Domain
wall contributions are sensitive to many parameters includ-
ing concentration and nature of point defects, dopants, and
microstructure. In KNN and BNT systems, the stoichiom-
etry is difficult to control82 and significant concentration
of A-site and oxygen vacancies cannot be excluded.83 It is
thus not unreasonable to expect that a better control of stoi-
chiometry and microstructure may improve the piezoelectric
properties in these materials. It is an encouraging sign that
large extrinsic contributions are seen in undoped BNT-BT
(Figs. 2 and 3).

5. Non-Piezoelectric Solution to
Electromechanical Coupling

Finally, for some applications, it is possible to envision
a non-piezoelectric solution for the electromechanical cou-
pling. One such possibility is the well-known electrostric-
tive effect, which was used since the 1980s.1 Interestingly,
the best electrostrictive materials today are also lead-based
(e.g. Pb(Mg1/3Nb2/3)O3-PMN), so that electrostrictive solu-
tion also requires a radical material change. Since all mate-
rials are electrostrictive and only some are piezoelectric,
the probability of finding an efficient lead-free electrostric-
tor might be considerable. Although there is no extensive
research done, there is sufficient evidence that some of the
considered lead-free systems may exhibit significant elec-
trostrictive strains.61,84 Large electromechanical bipolar and
unipolar strains (0.4%) have been reported in modified BNT-
BT systems.61,84 These strains appear in nonpolar phases, and
it is interesting to speculate about their origin.85 At least one
of the nonpolar phases in BNT-BT phase diagram has been
classified as antiferroelectric, but this does not seem to be jus-
tified. This phase exhibits some residual piezoelectric effect
suggesting a composite structure, with nonpolar matrix and
small, probably nanosize dense polar regions which can be
reversed by the electric field. These regions are both elasti-
cally and electrically active and are probably origin of the
restoring force responsible for the pinching of the polarization
hysteresis loops and zero residual strain upon field removal.
Macroscopically, the electromechanical response resembles
field induced antiferroelectric-ferroelectric switching or back-
switching reported in Mn-doped BT,86 but the microscopic
origin is different here and probably takes place on a different
scale. The motion of these hypothetical nanoregions repre-
sents an extrinsic contribution to the lattice electrostriction,
just as displacement of domain walls contributes to the intrin-
sic lattice piezoelectricity of the ferroelectric phase. A signif-
icant strain-field hysteresis which accompanies the strain in

modified BNT based materials is disadvantageous for applica-
tions. The large unipolar strain could be of interest for “on-off”
actuators.

In recent years, another concept in electromechanical
coupling has been practically demonstrated. Flexoelectric
effect links the strain gradient with polarization or electric field
gradient with stress. The effect is not limited to noncentrosym-
metric materials, and, surprisingly, it has been demonstrated
that the largest effect is observed in lead-free materials.87,88

Flexoelectricity is directly proportional to the dielectric per-
mittivity so a combination of materials with a high permit-
tivity and large strain gradient is needed. This opens up a
whole range of possibilities to design composite structures
with a very large flexoelectric effect: one phase should exhibit
a large permittivity and the strain gradient can be then induced
by controlling the boundary conditions around this phase.
Recently, it has been demonstrated that an electromechan-
ical response larger than in PZT (equivalent d33 well over
2000 pC/N) can be obtained in composite structures based
on Sr1−xBax TiO3 solid solution. The composite is used to
amplify the strain gradient while the ceramic offers large per-
mittivity (about 20,000 at room temperature).89 The disadvan-
tage of SrBaTiO3 is that it exhibits high permittivity over a very
narrow temperature range (around the Curie temperature). The
large and weakly temperature dependent permittivity has been
recently reported in 0.82[0.94Bi0.5Na0.5TiO3 – 0.06BaTiO3 –
0.18K0.5Na0.5NbO3.84 This material may thus be an interest-
ing candidate for flexoelectric composite structures.
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