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Frequency Dependence of Piezoelectric d-constant of PZT Ceramics
Determined from Direct and Converse Effects
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The domain contributions in the piezoelectric converse effect and the direct effect were compared for the soft- and
the hard-PZTs by measuring piezoelectric ds; constant as a function of frequency. The ds; of the converse effect was
determined from the electric-field induced strain. In the measurement of the direct effect, a sinusoidal stress was
applied to the sample using a piezoelectric actuator and the polarization generated by the direct effect was detected as
a displacement current. The degree of the domain contribution was estimated from the difference in the piezoelectric
ds; constants determined from the resonance method and that from the converse or the direct effect. The domain
contribution was larger in the soft-PZT than in the hard-PZT. The dj;; determined from the two effects was consistent
in the soft-PZT but the d; of the hard-PZT determined from the direct effect was markedly larger than that from the
converse effect or the resonance method. These results indicated that a fairly large degree of the domain contribution
existed in the direct effect of the hard-PZT, and that the mechanism of the domain wall clamping did not effectively
work in the direct effect.
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1. INTRODUCTION

Perovskite ferroelectrics have 180 degree and
non-180 degree domain structures. The domain
switching with the domain wall motion markedly affects
the dielectric and piezoelectric properties,’™ which is
called as the “domain contribution”. As the non-180
degree domain switching is ferroelastic, the velocity of
domain wall motion should be restricted by the strains
accompanied with the domain switching. Tsurumi et
al*® have shown that the domain contribution of the
non-180 degree domains to the electric-field (E-field)
induced strain could be evaluated by measuring
frequency dependence of piezoelectric d~constant. The
domain contribution thus evaluated is that only for the
piezoelectric converse effect. In the piezoelectric direct
effect, there must be the domain contribution but the
study on the frequency dependence of the direct effect
has been limited.>”

Piezoelectric properties are usually evaluated by the
resonance method. Properties evaluated by this method
are those under low fields and in the resonance state.
Piezoelectric constants determined by the resonance
method are sometimes different from those determined
from the converse effect because of the domain
contribution. In the measurement of the converse effect,
the piezoelectric d-constant is determined from the slope
of the strain with E-field. Strains can be measured under
low -to high fields in the resonance and in the
off-resonance states using various apparatuses, such as a
dilatometer, a laser interferometer and a laser Doppler
vibrometer. In this sense, the measuring technique of the
converse effect has been already established. On the
other hand, a d;; meter is often used in the measurement
of the direct effect. The ds; meter applies a periodic
weak stress to the sample and detects an induced
polarization. However, the stress intensity and its
frequency cannot be changed in the measurement.
Recently, the direct effect under high stresses is being
important for the application of a piezoelectric power
generation. However, the measuring technique has not
been established.

In this study, we have developed a measuring
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system of the direct effect under relatively high stresses
as well as the system to measure E-field induced strains
due to the converse effect. Piezoelectric d-constants of
the “soft” and the “hard” PZTs were measured as a
function of frequency in order to evaluate the domain
contribution in the direct and the converse effects of
PZT ceramics.

2. EXPERIMENTAL PROCEDURE
2.1 Sample preparation

Chemical compositions of the soft- and the
hard-PZTs are as follows:

Soft-PZT:0.95 [Pb(Zro 53Ti()‘47)03]
-0.05[Pb(Sby sNbg 5)0s]
Hard-PZT:0.95[Pb(Zr, 53Tiy 47)0s]
-0.05[Pb(Sb, sNbg 5)0;3]-0.015[MnO,].

PZT ceramics were prepared by a conventional solid
state reaction process. The sintering temperature was
1260°C for 2 h. Bar resonators with the size of 2.4 x 2.4
x 6.0 mm® were prepared from the sintered bodies.
Electrodes were made by firing Ag paste on the 2.4 x 2.4
mm?® surfaces. The bar resonators were used for the
measurement by the resonance method. The sample
sizes for the measurements of the converse effect and
the direct effect was 3.0 x 3.0 or 1.0 x 1.0 mm? in area of
the electroded surface and 1.0 or 3.0 mm in thickness.
Poling treatment was done by applying E-field of 3.0
kV/mm at 80°C for 10 min. for the soft-PZT and 120°C
for 10 min. for the hard-PZT.

Piezoelectric ds; constants determined by the
resonanice method were 397 pC/N for the sofi-PZT and
193 pC/N for the hard-PZT.

2.2 Measurement of converse effect

The measuring system of E-field induced strain is
shown in Fig. 1. A Michelson interferometer (Canon,
DS-80) was used to measure piezoelectric displacement.
Five to ten sinusoidal unipolar waves from a function
generator (Agilent Tech, hp33120A) were amplified
with a high voltage amplifier (Trek, 609D-6) and
applied to the PZT ceramics of 3.0 x 3.0 x 3.0 mm’ cube
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or 3.0 x 3.0 x 1.0 mm’ rectangular plate. The signal from
the interferometer and that from the function generator
were stored into a personal computer through an
AD-board (Interface, PCI-3174). The amplitudes of the
displacement and the applied voltage were determined
by fitting the observed waves to a sinusoidal wave using
the least-squares method. Piezoelectric ds; constant was
calculated from the amplitudes of the displacement and
the applied voltage. Measurement was done in the
frequency range from 0.1 Hz to 1.25 kHz at various
applied voltages.

2.3 Measurements of direct effect
The measuring system of the direct effect is shown
in Fig. 2. The structure and a photograph of the sample
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Fig. 1 Measuring system of E-field induced strain as
a function of frequency.
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Fig. 2 Measuring system of the direct effect.
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Fig.3 Structure and photograph of the sample holder.

holder is shown in Fig. 3. Five to ten sinusoidal unipolar
waves from a fanction generator (Agilent Tech.,
hp33120A) were amplified with an high voltage
amplifier (TREK, PZD700) and applied to a
piezoelectric actuator, which was used to apply a stress
to PZT ceramics of 1.0 x 1.0 x 1.0 mm® cube. The stress
was monitored with a stress sensor (Teak, TC-RS100N).
The polarization generated by the direct effect on the
surface of PZT was detected as a displacement current
followed by integrating it with an operation amplifier.
The signal from the stress sensor was amplified and
stored into a personal computer through an AD board
with the output signal from the integration circuit.

In this measurement, it is very important to apply
an uniform stress to the sample. We placed a hand-made
half-sphere pillow under the sample to avoid a stress
gradient in the sample surfaces. Another serous nuisance
factor in the measurement was pyroelectric effect. To
minimized the influence of this effect, the sample
temperature should be controlled precisely during the
measurement. The application of a continuous sinusoidal
stress sometimes increased the sample femperature,
giving rise to a serious drift of the polarization.

Piezoelectric ds; constant was determined from the
electric displacement calculated from the polarization
and the stress apply to the specimen. Amplitudes of
these signals were determined by fitting observed wave
forms to a sinusoidal wave using a least-squares method.
Piezoclectric constant was evaluated in the frequency
range from 0.1 to 850 Hz. at various applied stresses.

3. RESULTS AND DISCUSSION
3.1 Converse effect

At first, the piezoelectric ds; constants determined
by the resonance method and the converse effect were
compared in order to verify the accuracy of the system
shown in Fig. 1. The E-field applied to the soft-PZT was
156 V/mm, which was the lowest limit in the
measurement of the displacement. The frequency was
selected around the highest limit of the interferometer.
These conditions were selected to avoid the domain
contribution. The piezoelectric ds; constant determined
from the converse effect is shown in Table 1. The dis
from the converse effect agreed with that from the
resonance method (397 pm/V) within the error of 1 % ,
indicating the accuracy of the measuring system,

Figure 4 shows the frequency dependence of
piezoelectric d;; constant measured from the converse
effect for the soft- and the hard-PZTs. The difference
between the dj; from the resonance method and that
from the converse effect is due to the domain
contribution, which was indicated by arrows in Fig. 4.
The domain contribution is obviously larger in the
soft-PZT than in the hard-PZT because domain walls

Table 1 Piezoelectric ds; constant of the
soft-PZT determined from the
converse effect

Frequency (Hz) d:; (pV/m)
800 404.2
900 402.5
1000 402.3
1100 400.6
1250 403.8




T. Tsurumi et al.

are clamped in the hard-PZT. Large piezoelectric
relaxation is observed in the soft-PZT below 100 Hz.
The d;; determined from the converse effect should
approach the value determined by the resonance method
as the frequency increases. The ds; measured at a low
E-field approaches to the vatue of the resonance method
with increasing frequency, but that measured at a high
E-field has higher values up to 1 kHz. This may indicate
that there is another piezoelectric relaxation at higher
frequencies because the d3; measured at the resonance
frequency should be consistent with the result of the
resonance method. In the case of the hard-PZT, the
piezoelectric ds; constants determined from the converse
effect are almost consistent with the results of the
resonance method, indicating that the domain
contribution in the dj; is small.

3.2 Direct effect

Figure 5 shows the piezoelectric d3; constant
determined from the direct effect as a function of
frequency. The difference in the d3; from  the
resonance method (arrows in Fig. 5) is due to the
domain contribution. The frequency dependence of the

d3; in the soft-PZT is almost similar to that shown in Fig.

4. However, a large discrepancy is observed in the
hard-PZT. The d;; from the direct effect is markedly
higher than that determined by the resonance method,
and furthermore, a piezoelectric relaxation is observed

600

Sofi-PZT
1000 V/mm

Determined by
the resonance method

1 Domain contribution

L 1 1 . - — A
0 200 400 600 800 1000 1200 1400
Frequency (Hz)

Fig. 4 Piezoelectric ds; constant determined from
the converse effect as a function of
frequency.
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Fig. 5 Piezoelectric d;; constant determined from the

direct effect as a function of frequency.
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below 100 Hz. These results indicates that the degree of
the domain contribution in the hard-PZT is larger in the
direct effect than that in the converse effect.

3.3 Domain contribution in the converse and the
direct effects
In the soft-PZTs, donors are added to reduced the
concentration of oxygen vacancies, which is considered
to be the origin of the domain wall clamping. Therefore,
domain walls move easily .in the soft-PZT by external
E-field, giving rise to a large domain contribution to
various properties. On the other hand, acceptors are
added to the hard-PZTs in order to increase the oxygen
vacancy concentration. Figure 6 shows E-field induced
strain vs. E-field curves of PZTs measured at 1 Hz. The
soft-PZT shows a curve with hysteresis which increases
with maximum E-field. This is a typical effect of the
domain contribution. The domain switching of non-180
degree domains has a limit in velocity, which is the
origin of the hysteresis in the strain vs. E-field curve.
The curve of the hard-PZT does not shows the hysteresis
because the domain contribution in hard-PZT is small.
From the comparison between Figs. 4 and 3, it was
found that the domain contribution in the converse and
the direct effects was different in the hard-PZT. The
degree of domain contribution was larger in the direct
effect. However, in order to compare the two effects
under the same condition, the intensity of the stress and
the E-field should be consistent because the domain
contribution is a function of stress or E-field. This
condition may be satisfied when the strains induced by
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the stress and the E-field were consistent. The strain
induced by the stress is given by S; = 53377, where S is
the strain, s is the elastic compliance and T is the stress.
On the other hand, the strain induced by the E-field is
given by S; = dsE;. When the both strains are
equivalent, the following relation should be satisfied,
s3373 = ds3E;3. The strain due to the stress was calculated
using elastic compliance determined by the resonance
method (s3;= 22.5 pN/m? for the soft-PZT and 533 = 15.0
pN/m? for the hard-PZT). Figure 7 shows the frequency
dependence of ds; determined from the converse and the
direct effects up to 100 Hz under approximately the
same strain. It should be noted that the d3; determined
from the two effects is consistent in the soft-PZT but the
ds3 of the hard-PZT determined from the direct effect is
markedly larger than that from the converse effect or the
resonance method. From these results, it is confirmed
that a fairly large degree of the domain contribution
exists in the direct effect of the hard-PZT.

The domain walls in the hard-PZT are clamped by
oxygen vacancies. The oxygen vacancies produced
defect dipoles along the spontaneous polarization as
shown in Fig. 8. These defect dipoles are stabilized by
the space-charge field and restrict the domain switching
by clamping the domain wall motion.® The switching of
the defect dipoles requires the movement of oxygen
vacancies. This mechanism of the domain wall clamping
indicates that the walls are clamped electrically,
therefore, the domain wall clamping is effective in the
converse effect as shown in the result of the hard-PZT in
Fig. 7. However, in the direct effect, the domain
switching is caused by the stress. In the domain
switching by stress, the direction of the spontancous
strain of the crystal lattice changes to minimized the
elastic energy. Consequently, the domain wall motion
cannot be clamped by the defect dipoles, giving rise to
the large domain contribution in the direct effect of the
hard-PZT. ’

Domain wall motion

-» Defect dipole
~——> Spontaneous polarization

Fig. 8 Defect dipoles and domain wall motion.

4. CONCLUSION

Measuring systems for the piezoelectric converse
effect and the direct effect were developed. In the
system for the converse effect, the E-field induced strain
was measured using a Michelson interferometer. In the
measurement of the direct effect, a sinusoidal stress
from 2.6 to 8.2 MPa was applied to the sample using a
piezoelectric actuator and the polarization generated by
the direct effect was detected as a displacement current.
The domain contributions in the piezoelectric converse
effect and the direct effect were compared for the soft-
and the hard-PZTs by measuring piezoelectric dj;
constant as a function of frequency.

The domain contribution was obviously larger in
the soft-PZT than in the hard-PZT. Large piezoclectric
relaxation was observed in the soft-PZT below 100 Hz.
In the case of the hard-PZT, the piezoelectric ds;
constant determined from the converse effect was almost
consistent with the results of the resonance method,
indicating that the domain contribution in the ds; was
small. However, the d3; of the hard-PZT determined
from the direct effect was larger than that determined by
the resonance method, and furthermore, a piezoelectric
relaxation was observed below 100 Hz. The
piezoelectric ds; constants determined from the converse
effect and the direct effect were compared under
approximately the same strain. The ds; determined from
the two effects was consistent in the soft-PZT but the d;
of the hard-PZT determined from the direct effect was
markedly larger than that from the converse effect or the
resonance method. These resuits indicated that a fairly
large degree of the domain contribution existed in the
direct effect of the hard-PZT. The mechanism of the
domain wall clamping did not effectively work in the
direct effect.
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