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Depolarization in ferroelectric materials limits their piezoelectric applications and needs careful
calibration for device constructions. With BaTiO; and PbScysTaysOs as prototypic ferroelectrics we
demonstrate how to apply Resonant Piezoelectric Spectroscopy, RPS, to measure the direct and the
converse piezoelectric effects as a function of temperature to detect depolarization via the collapse of the
piezoelectric effect and the anomaly of elastic moduli. Comparison of the RPS data with in-situ dss
measurements on a BaTiO3; ceramic shows that the temperature evolution of the longitudinal piezoelectric
coefficient dss can be determined with high accuracy. This makes RPS a complementary and convenient
method for the investigation of polar phase transitions and the thermal evolution of the piezoelectric
effect. Finally, the observation of an elastic anomaly concomitant to depolarization indicates that elastic
measurements are an indirect means to measure the depolarization temperature in ferroelectrics.

1. Introduction

Applications of ferroelectrics as piezoelectric materials are vast as piezoelectricity can be
exploited as sensors, transducers, energy harvesting, and so on. Along with current efforts to
replace toxic lead-based materials, the increasing demand for piezo-devices has led to intensive

research to find new materials that are environmentally friendly and suitable for future



applications [1-4]. These applications require knowledge about the thermal evolution of the
piezoelectric coefficient (usually ds3) as well as the depolarization temperature(Tg), which often

determines the upper temperature limit for their operation [1, 3, 5, 6, 7].

Perhaps the most comprehensive investigation of T4 by Anton et al. [7] found that
measurements of thermally stimulated depolarization current and piezoelectric coefficients are
the most accurate methods to determine Tg4, which was defined as the temperature where the
polarization shows the steepest decrease. Among these techniques, only the latter gives
information about the evolution of piezoelectricity, which is crucial for high temperature
applications. The piezoelectric coefficient can be measured by the Berlincourt method, or by
indirect means including laser interferometers, impedance analyzer, and laser Doppler
vibrometers [7, 8, 9, 10, 11]. The Berlincourt method is probably the most commonly used
method. However, it is generally available only for room temperature measurements and in-situ

thermal applications of this method are rarely reported in literature [12, 13, 14].

In this paper, we demonstrate resonant piezoelectric spectroscopy (RPS) a versatile and
complementary technique to determine T4and measure the thermal evolution of the piezoelectric
coefficient dss, Moreover, as RPS simultaneously provides piezoelectric and elastic properties,
we were able to explore elastic measurements as a tool to detect depolarization and compare it

with that obtained with the piezoelectric properties.

RPS was developed specifically to detect nano scale polar regions, such as twin walls,
polar nano regions, and dipolar defects [15, 16, 17, 18, 19, 20]. Being an electrical analogue of
Resonant Ultrasound Spectroscopy (RUS) [21, 22], RPS excites the elastic resonances of the

sample through the piezoelectric effect (Fig. 1). Recently, it has been used for quantitative



evaluation of the piezoelectric effect (dss coefficient) in a range covering 7 orders of magnitude
with a sensitivity 2-3 orders of magnitude larger than conventional piezoelectric measurements
[23]. Moreover, it was previously shown that RPS could detect depolarization in ferroelectric
PbScos5Taps03(PST) and NagsBiosTi03[24, 25]. However, in these measurements, samples were
either poled just below their paraelectric-ferroelectric transition or by fields below their coercive
field. More importantly, the common use of alumina waveguides [20, 26, 27] to transmit signal
between the sample and detector for measurements above room temperature has hampered the
analysis of the spectra. Here we used a direct contact configuration to overcome this drawback
and obtain high quality elastic resonance spectra by using the converse or direct piezoelectric

effects.
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Fig. 1. Schematic of RPS used for investigation of direct and converse piezoelectric effects. An AC
voltage applied across the sample through the wires attached to the electrodes on parallel faces of the
sample generates mechanical resonances of the sample, which is picked up by the piezoelectric transducer,
which acts as the detector. The same wires can be used for in-situ electrical poling of the sample.
Alternatively, the AC voltage can be applied across the piezoelectric transducer to generate mechanical
resonances. The voltage develops across the sample due to the direct piezoelectric effect of the sample
and is collected via the wires attached to the electrodes on opposite faces of the sample. The same
arrangement can be used for RUS measurements if a second transducer is attached to the upper tube in
contact with the sample so that elastic resonances can be excited mechanically.



For this investigation, we chose two prototypic ferroelectric oxide ceramics with
perovskite structure, namely BaTiO3z and PbScysTaps03. The choice of these materials, among
many types of ferroelectrics [28, 29, 30, 31, 32, 33, 34], stems from the fact that they are
prominent compounds with well-known phase transitions. In fact, BaTiOs is the first ferroelectric
oxide to be discovered [35, 36]. In BaTiO; the paraelectric-ferroelectric transition around 400 K
corresponds to a structural change from cubic Pm-3m to tetragonal PAmm symmetry. They are
also technologically important. In addition to its applications as a capacitor since 1950s [30],
new solid solutions of BaTiO3 are being synthesized for future applications, such as lead-free
piezoelectrics, or those based on the electrocaloric, magnetoelectric, magnetic, and microwave
dielectric properties [30, 32, 37, 38, 39, 40]. PbSco5Tags03 has been used to clarify the origin of
relaxor behavior in ferroelectrics as its B-site cation order Qoq (i.€., ordering of Sc and Ta ions)
can be adjusted through thermal annealing or quenching [41, 42]. For samples with Qo> 55%,
PST is ferroelectric (space group R3) with no obvious frequency dispersion with T, = 295-300 K.
It is a pyroelectric material [43] and has recently gained more importance as an electrocaloric

material [44, 45].

In ceramics, the synthesis route and starting materials often affect the phase transition
behavior and consequently dielectric, polar and piezoelectric properties [30, 46, 47, 48, 49, 50].
Therefore, we investigated samples of BaTiO3z and PbScosTags03 (with Qoq = 65%) whose phase
transitions were previously investigated by other methods [51, 52]. For the BaTiO3 ceramic, we
additionally carried out in-situ direct piezoelectric effect measurements (by a Berlincourt-type
dss meter) for comparison with the piezoelectric properties obtained by RPS measurements
(using both direct and converse piezoelectric effects). Results show that RPS can accurately

measure the depolarization of poled ferroelectrics and determine the thermal evolution of dss,
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while suggesting that the temperature dependence of the elastic modulus provides an indirect

means to obtain a reasonable estimate for the depolarization temperature.
2. Methods

The BaTiO3 ceramic was cut from a sample used in a previous investigation [51], where the
synthesis of the sample by using a conventional solid-state reaction method was described.
Sample dimensions were 6.45 x 4.39 x0.73 mm?® and the density was 5.63 g/cm®, corresponding
to 93.6% of the theoretical value. The grain size of the sample was 42+15 um. The oxygen
vacancies were estimated to be less than 2500 ppm.

The PbScosTaos03 ceramic, synthesized by using the mixed-oxide method, is the same
sample as used for Ref. [52] and is from the same batch of ceramics used in other investigations
[24, 53, 43]. The dimensions of the sample were 6.51 x 6.61 x 0.69 mm® and the sample density
was 8.72 glem®, corresponding to 96.2% of the theoretical density. The grain size is 1-3 pum [43,
52]. The mixed-oxide method has been the traditional method for the synthesis of PST and
generally leads to such small grain sizes [41, 43, 52]. Earlier investigation of the phase transition
had no obvious sign of smearing of the transition related to the small grain size [52]. The
chemical composition was checked by microprobe analysis, which indicated good uniformity of
the Sc and Ta concentration and small (2%) variations for Pb, indicating PbO deficiency of up to
~2%, which can be inferred from the yellow coloration of the samples [41].

Prior to ds3 and RPS measurements, the BaTiO3 sample was poled in silicone oil with E =
20.5 kV/cm for 30 minutes at room temperature. The PbScosTaos03 sample was poled in-situ at

260 K with E = 13 kV/cm.



For BaTiOs, a poled X-cut LINbO; crystal with a diameter of 4 mm and thickness of 0.4 mm
was used as piezoelectric detector (for converse piezoelectric effect) or generator (for direct
piezoelectric effect). Measurements were carried out in an air-cooled furnace. A 15 minute settle
time was allowed for thermal equilibration before collecting each RPS spectrum. For RPS
measurements on PST, a PZT-5H ceramic with a diameter of 4 mm and a thickness of 0.4 mm
was used as a detector. An illustration of the RPS holder, which consists of a piezoelectric
transducer and sample in contact with the detector is shown in Fig. 1 (see caption for more
details). For varying the temperature, measurements were carried out in a nitrogen gas-cooled
furnace (Suns Electronic Systems EC1X). A 10 minute settle time was allowed for thermal
equilibration before collecting the RPS spectra. All RPS measurements were computer controlled
by using LabView.

The areas of RPS spectra of BaTiOz were calculated via numerical integration of the
spectra with subtracted background. The IGOR PRO (Wavemetrics Inc.) code was used for data
analysis. Resonance peak frequencies were determined by fitting an asymmetric Lorentzian
function to individual resonance peaks. For the analysis of PST, Lorentzian fitting was
additionally used to determine the inverse quality factor Q™ (the full width at half maximum
divided by resonance frequency) and the area of a resonance peak.

For in-situ measurements of the direct piezoelectric effect an experimental arrangement
similar to the one described in Refs. [12, 13] was used. The sample was heated at a rate of 2

K/min and the ds3 coefficient was measured in 2 K steps.



3. Results and Discussion

L
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Fig. 2. SEM picture of BTO ceramic. Grains are coarse with an average size of 42+15 um.

An SEM picture of the BaTiOs is displayed in Fig. 2. The sample has coarse grains with
an average size of 42+15 um. The dielectric constant of the sample was measured as 1750 at 1
kHz. In addition, the piezoelectric coefficient of the sample was 194.5 pC/N. These values are
typical for a BaTiO; ceramic with coarse grains, which tend to have a dielectric constant ¢ =
1500-2500 and piezoelectric coefficient of ~190 pC/N [30, 48]. The grain size and oxygen
vacancies are known to significantly affect the dielectric and piezoelectric properties of ceramics
[30, 48, 54, 55, 56, 57, 58]. In the case of BaTiOs, this was investigated in detail [48, 54, 55, 56],
where dielectric constants of up to 8000 (in unpoled ceramics) and piezoelectric coefficients of

460 pC/N were reported with grain sizes of ~1 um [55]. Similarly, large values of the dielectric



constant were observed in highly oxygen deficient samples [46, 51]. Such anomalous effects are
negligible in the sample used in this work.

RPS spectra of poled BaTiOs; ceramic were collected by using direct and converse
piezoelectric effects, corresponding to panels (a) and (c) and panels (b) and (d) in Fig. 3,
respectively. Spectra collected by both methods show the same resonances. The squared
frequency of each resonance peak is proportional to an effective elastic modulus [21, 22]. All
resonance frequencies show the same qualitative thermal behavior with temperature and
reproduce earlier results obtained over a large frequency range by RUS, RPS, and other methods
of elastic properties measurements [18, 51, 59, 60, 61]. These results illustrate the capability of
RPS for the investigation of both direct and converse piezoelectric effects. Around 400 K, most
resonances disappear on heating. This sharp drop of peak amplitudes is related to the
depolarization of the sample occurring near the paraelectric-ferroelectric transition temperature.
The resonances which are visible above T, have different temperature dependence from those in
the ferroelectric phase. Thus the ferroelectric-paraelectric transition at T, 400 K is visible in both
elastic and piezoelectric properties. Previous measurements of Young’s modulus led to the same

T, [51].
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Fig. 3. RPS spectra of BaTiO3; ceramic excited by (a), (b) direct and (c), (d) converse piezoelectric effects.
Spectra were offset so that left axes represent amplitude and right axes represent temperature in all panels.
Panels (c) and (d) show segments of spectra collected in the paraelectric phase (note the temperature axis
on the right) and illustrate similar temperature evolution of two resonances. Spectra shown in blue in
panels (a) and (b) were collected at the paraelectric-ferroelectric transition temperature T, = 401 K. Green
arrows are used as guides for the temperature evolution of elastic resonance peaks as examples.

To evaluate the RPS results quantitatively, we measured the temperature dependence of
the piezoelectric coefficient ds; (see Fig. 4). As shown in Fig. 4(a), the depolarization occurs
concomitant to a step change (and local minimum) in the squared frequency of an elastic

resonance at T, measured by RPS. This step change is similar to those reported in the literature
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and results from the improper ferroelastic nature of the transition. Nonlinear softening in the
paraelectric phase is related to precursors (nano scale regions with ferroelectric characteristics in
the paraelectric phase) [18, 51, 59, 60, 61, 62]. These were visualized by Transmission Electron
Microscopy [63, 64] and there is abundant literature reporting nanoscale polar regions not only
with elastic but also piezoelectric [18, 65], second harmonic generation [66, 67], pyroelectric [68]
and birefringence measurements [60]. Detailed discussion of the elastic behavior in improper

ferroelectrics and improper ferroelastics can be found in [62].

A formal evaluation of the relationship between resonance peak areas and the effective
piezoelectric coefficient has been performed recently, where the strain generated in RUS is used
to calibrate the area of the RPS spectra [23]. In this methodology, the area of the RPS spectrum
designates the average strain (via converse piezoelectric effect) or voltage (via direct
piezoelectric effect) generated in an RPS measurement due to the effective piezoelectric
coefficient of the sample, which depends on all piezoelectric coefficients. This averaging is used
to minimize the effect of contact quality and geometry as well as piezoelectric anisotropy, which
can significantly affect the peak amplitude of individual resonances every time the sample is
remounted. In this work, RUS is not used for calibration. As the sample was not moved during
the RPS measurements, which assures minimal influence of potential changes in the contact
between the sample and the piezoelectric transducer, the temperature evolution of the spectrum
area, i.e. generated strain or voltage, should be proportional to the temperature evolution of the
effective piezoelectric coefficient. Note that another point to consider is the response function of

the transducer, which is discussed in the following paragraphs.
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The thermal evolution of the ds3 coefficient (in Fig. 4(a)) is re-plotted in Fig. 4(b) after
normalization with respect to the ds3 value at 303 K. For comparison, the temperature
dependence of the normalized RPS spectrum area (collected between 100 kHz and 1400 kHz)
obtained by the direct piezoelectric effect (black triangles) is plotted together. Analysis of a
lower frequency range (200-700 kHz) led to the same result (see Fig. Al). The dependencies are
the same within 15%, indicating that RPS can quantitatively determine the temperature evolution
of the ds; coefficient. The depolarization temperature, close to the ferroelectric-paraelectric

transition temperature T, is also reproduced.

Although the effective piezoelectric coefficient obtained by the RPS measurement could
contain contributions from the shear piezoelectric coefficients, the close agreement of in-situ dss
(as measured by the Berlincourt method) and des extracted from RPS measurements indicate that
the ds; coefficient makes the dominant contribution to desr. We attribute this to the fact that the
LiNbO; disk (transducer) used as generator in the RPS measurements using the direct
piezoelectric effect possesses its radial resonance [69, 70, 71] below 1 MHz while its thickness
resonance [69, 70, 71] is above 5 MHz. Thus, the transducer generates a large stress in the
direction of the electrodes that are on the large surfaces of the sample and is more sensitive to
longitudinal vibrations in the frequency range investigated by the RPS measurements.
Additionally, we consider the temperature dependence of the LiNbOj; transducer used in our
measurements as it is kept inside the furnace during heating of the sample. However, the effect
of temperature on the piezoelectric coefficients of LiNbO3 is negligible [72]. This indicates that
RPS is capable of obtaining the quantitative values of ds3 as a function of temperature with a
suitable transducer, provided that the area of an RPS spectrum collected at a certain temperature

(for example, room temperature) is scaled with respect to ds; measured at the same temperature
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by using a quasi-static dsz meter. The scaling factor then can be used to scale the areas under the
spectra collected as a function of temperature. Testing this approach on more samples is

necessary to generalize this approach.
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Fig. 4. Thermal evolution of piezoelectric and elastic properties in a BaTiOs ceramic. (a) Longitudinal
piezoelectric coefficient (ds3) (blue triangles) measured by in-situ direct piezoelectric coefficient
measurements and the squared frequency of an elastic resonance frequency (black circles). This resonance
corresponds to the one in in Figs. 2(a) and (c) with its temperature evolution illustrated with green arrows
and has a frequency of >900 kHz in the temperature range investigated. (b) Comparison of normalized
dss coefficient (from in-situ Berlincourt-type measurements) with effective direct and converse
piezoelectric coefficients obtained from RPS spectra.
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The temperature evolution of the converse piezoelectric coefficient measured by RPS follows
similar temperature dependence. The evaluation of a smaller segment of the spectra (200-700
kHz) led to a monotonous temperature dependence up to T.. Note that, although direct and
converse piezoelectric effects are thermodynamically identical and are equal in simple materials
such as piezoelectric quartz [73], domain walls and other factors, such as boundary conditions
and field amplitude, [73, 74, 75, 76] tend to lead to discrepancies [77]. Similar effects (i.e.
boundary conditions, field amplitudes) may play a role in the vicinity of T, including a ~10 K
range just above T, where ds3 and der Show larger deviations. The geometry used in RPS (Fig. 1)
and ds3 measurements (in which stress is applied along the large surfaces of the sample) are
entirely different. Precursors are ferroelectric and ferroelastic and they are expected to respond to
stress [78], however it is currently unclear how they respond to stress under different
experimental geometries and stress amplitudes. The observation of the piezoelectric effect in the

paraelectric phase is consistent with the literature [18, 23, 66, 68].

We next examine the depolarization in PbScosTags03 [41, 42, 44, 45] with B-site cation order
Qod = 0.65 [24, 52, 53, 43]. Extensive investigation of the phase transition behavior and dielectric
and polar properties were previously carried out on the same sample [29] or those from the same
batch of ceramics [24, 43]. The dielectric constant and polarization of these samples were
consistent with that reported for samples with comparable PbO loss, cation order, and grain size
[41]. Elastic, caloric, and polarization measurements on the same sample led to the transition
temperature T, = 295 K. Here, we compare the depolarization behavior as seen by RPS with
these earlier results. As the paraelectric-ferroelectric transition temperature is just below room

temperature, poling was done in-situ at 260 K with a DC field of E = 13 kV/cm. RUS was done
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under in-situ electrical poling to investigate domain switching and domain wall pinning in a
BaTiOj3 single crystal [79]. This means that RPS could be used to decipher the mechanical
response of materials to electric fields, although not explored in this work (note that RPS is
electrical analogue of RUS). The electric field was applied across the sample via the wires
attached to the sample electrodes, which are also used to investigate the (converse) piezoelectric
effect (Fig. 1). Fig. 5(a) depicts successful poling of the sample via the comparison of the peak
amplitudes of resonances before (blue curve) and after poling (red curve), with the latter being 2-
3 orders of magnitude higher than the former. One can see noticeable changes in the elastic
resonance frequencies after poling, for example, just below 400 and 600 kHz, reflecting changes

in the mechanical properties of the sample due to ferroelectric switching [79].

The transition is improper ferroelastic [24] and elastic softening mechanisms similar to
those of BaTiO3 apply. The depolarization of the sample near the transition leads to the collapse
of elastic resonances (Fig. 5 (b)) and is accompanied by a sharp drop in the elastic modulus (Fig.
5(c)), similar to earlier results. In Fig. 5(d), the evolution of the RPS peak area of the resonance
peak shown with green arrows in panel (a) corresponds to the depoling of the sample and is in
perfect agreement of the depolarization seen by the thermal evolution of the remnant polarization
of the same sample [29]. Thus, similar to the results on BaTiO3, the depolarization is detected by

both piezoelectric and elastic properties.
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Fig. 5. Depolarization behavior of ferroelectric PbSc,sTags0s at the paraelectric-ferroelectric transition T,
=295 K. (a) In-situ electrical poling of PST with E = 13 kV/cm. RPS spectra of the sample before and
after poling are shown with blue and red lines, respectively. The RPS spectrum of the unpoled sample is
also shown in the inset. b) RPS spectra of poled PST as a function of temperature. Green arrows show
the thermal evolution of an elastic resonance. c) Temperature dependence of the squared frequency 2 (red,
filled circles) and inverse quality factor Q™ (blue, empty circles) of the elastic resonance. The inverse
quality factor, reflecting friction, is given by Q™ =Af/f, where Af is the full width at half maximum. (d)
Temperature dependence of RPS peak area (red, filled circles), which represents an effective piezoelectric
coefficient, and remnant polarization (blue, open circles) (reproduced from Ref. [52]).

Because paraelectric-ferroelectric transitions correspond to structural changes which generate
spontaneous strains, we can always expect an elastic anomaly during the phase transition [22, 62].

Consequently, the depolarization temperature, roughly corresponding to the paraelectric-
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ferroelectric transition temperature in BaTiOs and PbScysTagsOs IS detected by an elastic
anomaly related to the depolarization of both compounds. In addition, the contribution of
softening from the piezoelectric effect in ceramics can be written as an orientational average of
de'd, where d is the piezoelectric tensor [80]. Since this piezoelectric softening depends on the
square of d, it does not average out in unpoled ceramics and, if one is able to distinguish other
sources of softening around the ferroelectric transitions, such as fluctuations, the elastic softening
gives a measure of the piezoelectric response, and hence also of the depolarization, of each
domain under its spontaneous polarization, without the need of poling the sample. This has been
quantitatively demonstrated at frequencies in the kHz range in BaTiO3 [80], and allows the
ferroelectric transition to be probed also in highly conductive BaTiO3s [51, 59], where no
dielectric anomaly can be observed [46, 51], but the persistence of the transition is supported by
x-ray diffraction [46]. The piezoelectric softening is not evident in the limited temperature range
of Fig. 4(a) and 5(c), because the precursor softening from fluctuations may extend for hundreds
of kelvins above T, and possibly at higher frequency their effect is enhanced. These results can
be combined with previous RPS and RUS measurements on ferroelectric NagsBip5TiO3 (NBT),
where depolarization was also detected by both piezoelectric and elastic anomalies [25]. NBT
represents a class of materials whose depolarization is characterized by an intermediate
modulated or canted antiferroelectric structure, or a phase mixture between the paraelectric and
ferroelectric phases [81, 82, 83]. The depolarization temperature in NBT is also defined as a
ferroelectric-relaxor transition [77, 84]. In any case, T4 is associated with a structural change
related to the enhancement of in-phase octahedral tilting. Reliability of elastic measurements to
determine T4 was previously suggested by Anton et al. [7] when Ty is associated with a structural

change. Our results indicate that this is the case thanks to simultaneous elastic and piezoelectric
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measurements as probed by RPS. Using elastic measurements can be particularly useful in
materials where depolarization cannot be probed by conventional dielectric, piezoelectric, and
polarization measurements due to conductive nature of materials and may enable the

employment of various methods probing mechanical properties [22, 51, 60, 85, 86].

4. Conclusions

RPS is a versatile technique for the measurement of direct and converse piezoelectric effects
as a function of temperature with additional capability of in-situ electrical poling and providing
elastic properties.

The thermal evolution of longitudinal piezoelectric coefficient ds; can be accurately
determined, which is important for many technological applications where the thermal stability
of the piezoelectric coefficient is a priori-condition. It is shown that RPS can be used for quick
evaluation of piezoelectric, elastic, and phase transition behavior of poled ferroelectrics.
Although not demonstrated here, measurements with direct contact configuration employed here
can be carried out between 2 K and 650 K with a suitable furnace.

Finally, the results indicate that elastic measurements are an indirect means to measure the

depolarization temperature in ferroelectrics.
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APPENDIX
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Highlights

RPS is a versatile and complementary technique for measuring depolarization in
ferroelectrics.

The thermal evolution of longitudinal piezoelectric coefficient ds3 can be accurately
determined, which is important for many technological applications where the
thermal stability of the piezoelectric coefficient is a priori-condition.

Thanks to the simultaneous measurement of piezoelectric and elastic properties in
RPS, it has been shown that elastic measurements are an indirect means to measure

the depolarization temperature in ferroelectrics.
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