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Piezoelectricity from Elastic and Dielectric Measurements on Unpoled Ferroelectrics
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A method is described to assess the piezoelectric response of ferroelectric materials from the
temperature dependence of the elastic moduli and dielectric constant of unpoled samples. The limits
and advantages over the traditional methods on poled samples are discussed. A quantitative check
is made by comparing the piezoelectric softening measured below the ferroelectric transition in the
Young's modulus of unpoled ceramic BaTiO,, with the appropriate angular average of the single crystal
material constants from the literature. The softening effect of porosity has been taken into account by
comparing the moduli of samples with different densities.
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1. Introduction

The ferroelectric (FE) materials are mostly used in
applications exploiting the piezoelectric effect, a change of
their polarization P and hence the generation of an electric
field, under application of a stress ¢ (direct effect), and
the generation of strain € under application of an electric
field E (converse effect)!. The magnitude of the effect is
quantified by the piezoelectric tensor di/_k = dPi/dek and d*i/_k
= dsij/dEk, where the cross indicates the transposed®. The
measurement of the piezoelectric constants on ceramics may
vary considerably depending on the sample microstructure,
content of defects, and experimental conditions. Apart from
the indetermination related to the field dependent extrinsic
contribution from the domain wall motion, a major source
of error with respect to the intrinsic value is incomplete
poling®. In fact, the magnitude of the piezoelectric effect
is proportional to the polarization, and a ceramic has to
be poled in an intense electric field, in order to orient as
parallel as possible to the field the spontaneous polarization,
otherwise randomly oriented into domains. Such a process
is often incomplete, due to the elastic clamping of non-180°
switching, or due to defects creating local electric fields or
pinning the domain walls or producing electric conductivity
that shorts the electrodes.

The elastic and anelastic measurements are generally
of side interest in the research on FE materials, but it has
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recently been shown that it is possible to derive information
on the piezoelectric coupling in ceramic samples, without
the need of poling them, from the softening, that in the
FE phase exceeds the compliance of the paraelectric (PE)
phase*. In unpoled ceramic samples, where the depolarization
field should be negligible or at least minimal', the elastic
softening would be a good indicator of the maximum potential
piezoelectric coupling in the fully poled material. Here the
formula expressing the softening in terms of the piezoelectric
and dielectric constants* is derived using the formalism
of anelastic relaxation, and is validated by comparing the
softening of the Young's modulus of unpoled ceramic BaTiO,
with the appropriate angular average of the piezoelectric and
dielectric tensors from the literature.

2. Experimental

The ceramic BaTiO, samples were prepared by
conventional solid state reaction in different laboratories,
as described in Ref. 5. The high Curie temperatures (400
K) indicate the good quality of the samples. Sample BT1
had length and thickness 33x1.1 mm and a relative density
of 90%, measured with Archimede's method; sample BT2
had 46x0.5 mm and relative density of 88%. The dynamic
Young's moduli were measured by electrostatically exciting
the free flexural resonance of the bars (1-6 kHz), suspended
on thin thermocouple wires in vacuum.
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3. Results and Discussion

3.1 Piezoelectric softening

In general, the softening As of the compliance s due to
anelastic relaxation can be written as

_ de™ _ de™ d&
As= 05 = d€ do o

where € and o are strain and stress, and ¢ is an internal

variable, such as a combination of defect populations, which
is coupled to stress and anelastic strain, e.g. through the
elastic dipole tensor. We show now that a similar expression
can be derived for a FE, with £ = P. This can be done by
writing the elastic Gibbs energy, G = F - cg, as®

G=F(P)-%s'0’~QoP @

where F(P) is the free energy of the unstressed material
(not necessarily the Landau expansion in powers of P), the
second term is the elastic energy in the PE state, with P=0,
and -QoP? is the first permissible term containing powers of
both ¢ and P, called electrostrictive. In fact, a piezoelectric
term -goP would not satisfy the inversion symmetry in the
PE phase, but we will now see that piezoelectricity in the
FE phase is a consequence of electrostriction. The strain is
deduced by reminding that dG = -SdT - € do +EdP, so that

€=—%=806+QP2—>3—]§=2QP

where the first term is elastic and the second electrostrictive.
To complete our task, we need to evaluate dP/do = d. The
equilibrium polarization under the action of stress minimizes
G, and therefore is solution of 0 = 0F/OP - 2QcP. By
differentiating with respect to ¢ and solving with respect to
dP/dc for 0 — 0 we find

_ar _
d—d0—2eQP (3)

where we used the fact that 0*F/0*P = y' and for a FE y =
€, the dielectric permittivity. By putting together the above
results we find

view _ A€ _ dE dP _ o A
As™ = 4o = dP do ~ 4@ =g @

a softening of totally electrostrictive origin, which occurs
only in the FE phase with P > 0, where electrostriction
becomes piezoelectricity with d o< P. The above steps are
illustrated in Fig. 1.

This result is already contained in the paper of Devonshire,
deducing the properties of BaTiO, from an expansion of
the free energy in powers of P up to the sixth order’, and
in the subsequent literature of the same kind. The physical
meaning and implications of those results, however, are
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Figure 1. Scheme of how the electrostrictive coupling produces
the piezoelectric softening in the FE phase.

hidden in the complicated expressions of the elastic responses,
generally presented as curves calculated for specific sets of
the parameters.

3.2 Validation of the elastic method for
determining the piezoelectric coupling on
unpoled ceramic samples

A method for evaluating the piezoelectric response
from elastic and dielectric measurements of an unpoled
ceramic may seem quite unlikely, but Eq. (4) clearly
supports it. On the other hand, the formula has been derived
in the framework of the thermodynamic theory of phase
transitions, which for example ignores the fluctuations of
the polarization, and therefore needs testing its validity.
The conceptually most straightforward test would be with
Resonant Ultrasound Spectroscopy (RUS) and dielectric
measurements on a same single crystal, from which the
complete s, d, and € tensors can be measured. In the present
case neither single crystals nor the RUS techniques are
available, and the more commonly available measurement
of the Young's modulus E = s of ceramic samples is
considered. In order to extract the set of s, d, and ¢ constants
of a ceramic material, it is necessary to use several samples
with different geometries (only the s tensor can be fully
determined with a single RUS measurement®), which
introduces great uncertainties®. Therefore, the material of
choice is BaTiO,, a well characterized material for which
single crystal data are available in the literature, and the
quality of the material can promptly be assessed from the
Curie temperature 7. and the shape of the elastic curves.

In order to compare the softening of the Young's modulus
(uniaxial stress) of a ceramic with Eq. (4), it is necessary
to perform an orientational average of that equation. This
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is done by applying to Eq. (4), written in tensorial form for
the tetragonal phase of interest, the projector to the uniaxial
stress in the generic direction 72,

s*(an) =nn:d* - €™ d: nn ®)
For an untextured unpoled ceramic, the directions of the
local spontaneous polarizations are truly random, unlike the
case of poled samples, so that the 0r1entat10na1 average is
simply (n?)= ﬂfdﬁcoszﬁ =3 (nl)= 5 ,and () = (nz)
o+ n' + n’. %=1 can be used. Using the Voigt matrix
notatlon for the tensors, the average in the T phase results

8d4 + Adsds; + 3ds . 2dE
15€33 15€,;

Yet, in order to compare the results from porous ceramic

Aspiezo,T — (6)

samples with those of 100% dense single crystals, it is
necessary to assess the effect of porosity on the measured
compliance.

Figure 2 shows the Young's moduli of the two samples
BT1 and BT2, with porosities of 10% and 12% respectively,
together with the data of the denser sample (4% porosity)
from Ref. 8, here labelled BT0. We assume that BTO is close
enough to a fully dense material, and take as reference its
= 200 GPa in the PE
phase. Clearly, the compliance is not linearly softened by

extrapolated maximum modulus £

porosity, and the geometry of the pores plays a primary role.
Luckily, after rescaling the curves of BT1 and BT2 onto BT0
in the PE phase, all the curves agree reasonably well also in
the FE phase (Fig. 2b). This allows us to use the curve of our
denser sample BT1, after rescaling it by a factor 200/158.

Barium titanate has the complication that the tetragonal
FE transition is followed by other transitions, where the
direction of the polarization changes and the symmetry
becomes orthorhombic and then thombohedral (Figs. 2,3). In
addition, the fluctuations of the polarization are particularly
important in BaTiO,, and produce a precursor softening that
extends for 200 K above T .. The piezoelectric coefficients
well above T are null, and, according to Eq. (4), also AsP'e
should be null. At present, it is left as an open issue whether
the precursor softening above 7. should be considered as
piezoelectric softening or not. In either case, however, it is
clear that also above the O/T transition a precursor softening
is expected, this time from the transverse fluctuations of P,
which is going to change direction.

It is therefore safe to test Eq. (6), not taking into account
fluctuations, far from the transition temperatures; the best
choice is the plateau of s(7) around 373 K.

Finally, the contribution s° at constant P must be evaluated,
in order to be subtracted. Though it cannot be measured

Figure 2. Young's moduli of samples BTO0,1,2 of ceramic BaTiO,;
the structural phases are indicated as C = cubic, T = tetragonal, O =
orthorhombic, R =rhombohedral. In (b) the BT1 and BT2 curves are
multiplied by the factors indicated in the labels, in order to overlap
with BTO in the PE phase.

Figure 3. Reciprocal Young's modulus of BT1, normalized to
E__ =200 GPa, with subtraction of the PE background compliance.
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directly, s°(T) must be a practically linear function of T at
least down to 100-200 K, since, analogously to the thermal
expansion, is an anharmonic lattice effect. This can be directly
checked on SrTiO,, which remains cubic down to 105 K.
For BaTiO,, the slope of s%(T) must be extrapolated from
above the range of the precursor fluctuations, namely above
700 K, and the result is shown as a dashed line in Fig. 3.

The amplitude of the piezoelectric softening of BT1 at
the plateau is then

As™”(37T3K;BT1)=347x 10" Pa'. (7

This value must be compared with Eq. (6), where the
single crystal data at the same temperature are inserted. To
our knowledge, the most reliable and recent set of materials
constants of BaTiO, is that calculated from a Landau free
energy, that best reproduces the phase diagram and physical
properties of BaTiO,>'. Inserting those values in Eq. (6),
we obtain

Aspiezo (373 I{7 SC) = 368 X ]_0*12 Pa’l’ ®)

Which differs from (7) of only 6%. If curve BTO is chosen,
instead of BT 1, with the smallest As?** = 3.0x10"> Pa’!, the
deviation from the expected value (8) is still within 17%.

This test of Eq. (6) is very satisfactory far from the FE
transitions, but larger deviations are found on approaching
both T, and the transition to the O phase, advising caution
for the application of this method as a quantitative tool
for determining the piezoelectric coefficients too close to
the transitions. The method is instead expected to be very
useful in situations like the development of new or modified
FE materials, which are still not optimized and therefore
highly defective and hardly polarizable. In these cases,
the piezoelectric softening is not affected by the sample
conductivity or excessive coercive field, since poling is not
necessary, and the magnitude of the softening below 7. is a
good indicator whether the intrinsic piezoelectric coupling
is improving or not. In such situations there is no need to
compare AsP*® with unknown intrinsic material constants
through Eq. (6), and it is sufficient to compare the amplitudes
of the softenings through T, of the samples with varying
compositions or preparation procedures.

The use of Eq. (5) is particularly promising in conjunction
with RUS experiments. Such measurements have already been
used to extract the complete set of elastic and piezoelectric
coefficients within the FE phase on poled ceramic samples?.
The same measurements, repeated on unpoled samples and
extended into the PE phase, would provide the complete
set of elastic constants in both the FE and PE phase and the
piezoelectric coefficients, without the uncertainty introduced
by possibly incomplete poling.
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Assituation in which the softening below 7. is not indicative
of the piezoelectric coupling is when the FE transition is
accompanied by another structural instability, like octahedral
tilting. A notable such example is Na  Bi ,
tilting in rhombohedral PZT does not affect the evaluation

TiO,, whereas

of the piezoelectric softening, because it occurs at much
lower temperature than 7.

4. Conclusions

It is demonstrated that, within the usual thermodynamic
treatment of ferroelectricity, the softening below the FE
transition is totally of piezoelectric origin, and therefore,
combined with the dielectric permittivity, can be used to
evaluate the piezoelectric coupling. It does not require that
the sample is poled, providing a method for evaluating the
potential piezoelectric response of a material, using unpoled
ceramic samples.

The method is tested by comparing the softening measured
on ceramic samples of BaTiO, with that expected using the
known material constant.
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