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When piezoelectric-ceramic vibrators with rectangular configuration were driven
at high power levels, current-jump phenomena appeared. In order to investigate the
origin of the phenomena, a theoretical calculation was done by means of an equivalent
circuit equation including a nonlinear term due to 3rd harmonic electric field which
comes from ferroelectric nonlinearity. The nonlinear coefficients in the equation were
estimated from the power-law relation between the sample current and the harmonic
electric field, and the coefficients were used in the calculation of jump current. The
theoretical calculation values of currents well corresponded to the measured values of
current jump phenomena. From this result, it was found that the jump phenomena are
due to the generation of the 3rd harmonic electric field.
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1. INTRODUCTION

For a more widely application of piezoelectric
ceramics to high power use, it is indispensable to
evaluate the origin and the generation mechanism
of current-jump phenomena which is one of the
main factors preventing the stable running under
high power operation.”® Recently, several studies
taking notice of nonlinearity of piezoelectric
materials have been reported to discuss the
mechanism which induces the jump phenomena at
around a resonance frequency.® ¥ Authors have
also reported the generation of higher harmonic
voltages which are caused by the nonlinearity of
ferroelectric ceramics.® ® In addition, it is well
known that 3rd order nonlinearities cause jump
phenomena in mechanical resonance of vibrations”
and in electrical resonance of LCR circuits®.  |n
this paper, the 3rd harmonic electric field was

discussed In regard to the current-jump
phenomena.
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Fig. 1. Sample configuration and experimental setup.

2. EXPERIMENTAL

The observation and analysis of voltage
and current of samples were performed using a
measuring circuit as shown in Figure 1. The
sample was driven with voltages of a precise
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sinusoidal waveform produced by a signal
generator (Hewlett Packard, HP-3323B) and a
power amplifier (NF Electric Instruments, NF-4010)
at around the resonance frequency of length-
extensional ¥2 L mode vibration through series
resistors Ry and R,. The series resistor, R, was
inserted for the realization of constant current
driving, while R, was inserted for monitoring the
current.  When the measurement was done by the
constant-current method, the input current was kept
constant by the series resistor R, of 1 kQ or 5 kQ
during the measurements, because the resistance
of the sample was about 100Q at the resonance
frequency. On the other hand, when measured by
the constant-voitage method, the series resistor R,
was removed from the measurement circuit (R,= 0
Q). The measurement circuit shown in Fig. 1 can
be regarded as a circuit of constant-voltage driving.
The waveforms of the sample voltage and current
were monitored using a digital storage scope
(IWATSU, DS-8607), and their analysis was
performed using a spectrum analyzer (Hewlett
Packard, ESA-L1500A). The details of the
measurements method are described in previous
papers.>® ,

The composition of the prepared samples is
as follows.

0.95P(Zry 51 Ti5.49)05 - 0.05Pb(Sbq 5Ny 5)O05

+0.01 MnCO;,

The starting materials are extra-pure Pb;O,,
Z2rO,, TiO, 8b,0; Nb,Os and MnCO,  The
sample was prepared by means of a conventional
method.®®  The sample configuration was a
rectangular bar with a size of 48 X7 X 2.5 mm, as
shown in Fig 1. The electromechanical coupling
factor, mechanical quality factor, and elastic
resonance frequency of the sample measured
using an LF impedance analyzer (HP, 4192A)
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under a small signal field at room temperature, are
k34=0.35, Q,=1270, and f,=34.7 kHz, respectively.
The sample was a ‘hard-material’ with a high
mechanical quality factor.
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Fig. 2. Frequency response of current around the
resonance frequency.

3. RESULTS AND DISCCSSION

The frequency response of current was
studied when the samples were driven at a constant
voltage around the resonance frequency. Figure 2
shows the relation between the frequency and the
current when the sample was driven at constant
voltages of 0.2 and 4.4 V. When the applied
voltage is lower than 1V, and when the current was
fower than 10 mA, the typical resonance-current
spectrum was observed as shown by the solid
curve in Fig. 2, and the spectrum shape is
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Fig. 3. Fundamental, 2nd, and 3rd harmonic fields as
a function of current density at resonance frequency,
when R;is 1 kQ and 5kQ. The dotted line, solid
line, and broken lines are drawn by assuming power
law of o< J, oc J2 and o P respectively.
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symmetric with respect to the resonance frequency.
With the increase of applied voltage, the shape of
current spectrum became unsymmetric. In the
lower frequency side than the resonance frequency,
the rate of increase or decrease in the current
became larger compared with the rate in the higher
frequency side. When the current exceeded 20
mA with an increase in the applied voltage, a jump
phenomenon appeared, and a hysteresis was
observed in the current spectrum as shown by the
plots in Fig. 2, while the voltage waves were

maintained . to  be sinusoidal during the
measurements.
Power Supply R, R

Fig. 4. Equivalent circuits containing the 2nd and 3rd
harmonic voltages. (a) is the original circuit. (b)
and (c) are circuits only for the 2nd and for the 3rd
harmonic voltage, respectively.

it has been reported that the jump
phenomenon with respect to frequency is observed
in elastic materials having the property called 'soft
spring’ when they were driven at a constant stress.”
The origin of the current-jump phenomenon had
been considered to be the elastic softening from the
analogy to the property of ‘soft spring’? However
it is difficult to believe the mechanism of ‘soft spring’
in piezoelectric ceramics, since it has never been
demonstrated by the experimental resuits. On the
other hand, it has been also reported that
nonlinearity of piezoelectric materials has a relation
with the jump phenomena.®>* Hence, we tried to
explain the jump phenoivienon by means of higher
harmonic electric fields generated in piezoelectric
ceramics instead of the softening.

We found that the higher harmonic voltages,
which come from ferroelectric nonlinearity, were
observed when piezoelectric ceramics vibrators
were driven at high power levels around the
resonance frequency with a constant-current
method. Equation 1 expresses the observable
electric field, which is based on the linear
piezoelectric h-equation.

E=-hS+BD+E,, )

where, h are piezoelectric h constant, 3, S, D, E
are inverse permittivity, strain, electric flux density,
applied field, and E, is nonlinear electric field,
respectively. By differentiating the Taylor series
up to the $* and D* terms in Helmholtz's free energy
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Fig. 5. Fundamental, 2nd, and 3rd harmonic fields
corrected using Eq 4 as a function of current density.

with respect to D, E, is described as following
equation.
E,=7 D7 ,SD+7v 8+ 5 D+ E,DS
+EDSHE,S? (2)
They ,and &, are nonlinear coefficients. Here,
it is difficult to estimatey ., and & ,,. In addition,
since the current due to strain S through
piezoelectricity is quite larger than the current due
to dumped capacitance at around the resonance
frequency, D is nearly equal to the electric flux
density due to only S at around the resonance
frequency. This indicates that D can be regard as
being proportional to S. Thus for convenience, E,
is described using only electric flux density as
expressed by Eq 3.
E,=yD*+ED? (3)
These 2nd and 3rd nonlinear terms are discussed
through the comparison with the experimental
results. Figure 3 shows the relationship between
the current density and the 2nd and 3rd harmonic
electric fields measured using the constant-current
circuits with different R, 1 kQ and 5 kQ. In both
cases of 1 kQ and 5 kQ, the magnitudes of 2nd
and 3rd harmonics are proportional to the square
and cube of current density, respectively. This fact
agrees with the Eq 3. The magnitudes of the
higher harmonics are larger when R, is 5 kQ than
when R, is 1 k&. This is caused by the difference
of sample impedance for the 2nd and 3rd harmonic
frequencies. Here, the equivalent measurement
circuit containing the sampte is assumed as shown
in Fig. 4(a), where the sample impedance for the
2nd harmonic voltages ¥, is Z,, and for the 3rd
harmonic voltages ¥, is Z,, When the impedances
of the power supply for the higher harmonics are
negligibly small, the equivalent circuits containing
only 2nd harmonic voltage and containing only 3rd
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harmonic voltage are displayed as Fig. 4(b) and Fig.
4(c), respectively. Then, the relationship between
the observable harmonic voltages ¥V, ¥, and the
actual generated voltages V., I, are described by
Eq 4.

__RtR 0 (n=2,3) (4)

” R +R,+Z,"
The 2nd resonance of the length-extensional 2 1
mode vibration doesn’t exist in the rectangular
samples with electrodes of whole surfaces, and the
3rd resonance frequency doesn't preciously agree
with the third times of the fundamental resonance
frequency. From these facts, since the values of
Z,and Z, are too large to be ignored compared to
R,+R,, V, and V, are quite different from I/, and ;.
In order to know the precise values of I, and
values of F,, and V,, observed when R, is 1 kQ
and 5 kQ were substituted into Eq 4. Figure 5
shows the relationship between the current density
and the actually generated harmonic electric fields
which were obtained by dividing ¥V, and ¥, by the
sample thickness. The 2nd harmonic electric field
is smaller about 1 order than the 3rd harmonic
electric field in the region of the current density
larger than 8 mA/cm? in which the jump phenomena
are observed. This shows that the 2nd nonlinear
term can be negligible as an origin of the jump
phenomena, and that only the 3rd nonlinear term is
considered to contribute to the jump phenomena.
When vy D*term is neglected in Eq 3, Eg 1 becomes
the following equation.
E=-hS+BD+ED? (5)
When the sample was driven at around the
resonance frequency, the contribution of the
dumped capacitance, namely, 8 Dtermin Eq S is
also negligible.  Since the AS term can be
described using a series LCR circuit equation, the
following circuit equation was obtained from Eq 5.

L%+Ri+%]’fdr+(§'nq1'drf =v (8

Here, the sample current / = dg/dr, electric charge ¢
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Fig. 6. . Theoretical v,-i, curve calculated using Eq
8 at constant frequency 34.2 kHz. The open
circles show the experimental values measured
with the constant current circuit when R, is 5 kQ.
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= AD, &= d £/4°, A is electrode surface area, d is
sample thickness, [, C, R are inductance,
resistance, capacitance of the equivalent circuit.

We tried to simulate the jump phenomenon
shown in Fig. 2 using this equation. Although the
current / is not exactly sinusoidal when the applied
voltage is v = vsinwr, it was assumed that the
currentis i = isin(wr+ 8 ) as primary approximation.
We substituted v = vsinwrand isin(wr+ 6 ) into Eq
6. In addition, since the jump phenomenon is
concerned with only the fundamental frequency
component, the 3rd harmonics frequency
component is negligible. Then, Eq 7 is obtained
as follows.

Vv, sinaxt = (ai - i,jio cos(ar +6)
aC

At

+ Ri, sin(axr +6) + —J—C'—Lio3 cos(ax +6)
4’ ™

= \/{(@—-@%}70 +2L3—j—;z‘f} +(Ri, )

x sinfax + 6)
Because the both sides of Eq .7 are equal in
amplitude, the following equation is obtained. ”

1Y) 3 ) .

The measured values were compared with the
theoretical v-i, curve calculated using Eq 8. The
values of L, C, and R, measured using an LF
impedance analyzer (HP, 4192A) under a small
signal field, are 143 mH, 149 pF, and 25 Q,
respectively. The absolute value of £* was 1.3 x
10%" V/A¥s, and this value was decided by the
relation between the 3rd harmonic electric field and
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Fig. 7. Theoretical w-i;curve of the jump
phenomena calculated using Eq 9.
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the current density in Fig. 5. In addition, the sign
of £’ was found to be negative from the observed
phase difference between the fundamental voltage
and the 3rd harmonic voltage. The white circles in
Fig. 6 show the values measured using the
constant-current measurement circuit with R, of 5 k
Q at the constant frequency of 342 kHz. The
calculated curve is similar to the behavior shown by
the measured values. This suggests that the
above assumptions used for derivation of Eq 8 are
appropriate.

To simulate the jump phenomena, Eq 8 was
transformed into Eq 9.
A
3o (@L -L')/o TR (O
4o° X
Since it is difficult to analytically solve Eq © for the
current, the theoretical values of w-i, curve were
obtained by graphically solving it. The theoretical
plots agree well with the experimental broken lines

in Fig. 7. Thus, it was found that the 3rd harmonic
electric field causes the current-jump phenomenon.

4. CONCLUSION

When the piezoelectric-ceramic vibrators of a
rectangular configuration with electrodes of whole
surfaces were driven at high power levels, the large
3rd harmonic electric field due to the ferroelectric
nonlinearity was observed. It was found that this
harmonic electric field induces the jump
phenomena of current around the resonance
frequency. This was confirmed by the theoretical
calculation using the equivalent circuit including a
nonlinear term due to the 3rd harmonic electric
field.
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