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The [001].-polarized (1 —x)Pb(Mg; /3Nb2 /3)03—beTiO3 (PMN—PT) single crystals are widely used in ultrasonic
detection transducers and underwater acoustic sensors. However, the relatively small coercive field (~ 2 kV/cm) of such
crystals restricts their application at high frequencies because the driving field will exceed the coercive field. The depolar-
ization field can be considerably larger in an antiparallel direction than in a parallel direction with respect to polarization
when the bipolar driving cycle starts. Thus, if the direction of the sine wave signal in the first half cycle is opposite to the
polarization direction, then the depolarized domains can be repolarized in the second half of the sine cycle. However, if the
direction of the sine wave signal in the first half of the cycle is along the polarization direction, then the change is negligible,
and the domains switched in the second half of the sine cycle cannot be recovered. The design of electric driving method
needs to allow the use of a large applied field to emit strong enough signals and produce good images. This phenomenon
combined with the coercive field increases with the driving frequency, thereby making the PMN—PT single crystals us-
able for high-frequency applications. As such, the applied field can be considerably larger than the conventionally defined

coercive field.

Keywords: piezoelectric crystal, coercive field, depolarization field, bipolar pulse

PACS: 77.22.Ej, 77.80.Fm, 77.80.Dj, 77.84.Cg

1. Introduction

Piezoelectric ceramics and single crystals are important
functional materials, which are being used in many electrome-
chanical devices, such as sensors, actuators, transducers, and
ultrasonic motors. In recent years, relaxor-based lead mag-
nesium niobate—lead titanate, (1 — x)Pb(Mg;/3Nby/3)03~
xPbTiO3, (PMN—PT) single crystals have attracted consider-
able attention because of their superior piezoelectric properties
for compositions near the morphotropic phase boundary.!!7!
When PMN—PT single crystals are poled along the [001],
of the pseudo-cubic structure, the piezoelectric coefficient d3;3
value can exceed 2500 pC/N, and the electromechanical cou-
pling coefficient k33 is greater than 90%. 8!

The coercive field of ferroelectric materials reflects the
onset of domain reversal, which is a critical parameter for
the application of ferroelectric materials because it indicates
the upper limit of the applied field.[>!! The coercive field of
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PMN-—PT single crystals is considerably lower (1.8 kV/cm—
2.5 kV/cm) than that of Pb(Zr, Ti;_,)O3 piezoceramics (over
10 kV/cm). This finding greatly restricts the applications of
PMN-—PT crystals in terms of the driving field level. More-
over, the crystal is only partially depolarized, rendering it un-
usable in practical applications. We call this effective coercive
field E.., which is smaller than the conventionally defined co-
ercive field E..['!1 Several methods can be used to increase
the coercive field of ferroelectric materials. One method is to
increase the applied field frequency because the coercive field
increases with frequency.!'>~'4 The coercive field is defined at
very low frequencies (< 1 Hz). In ultrasonic transducers, the
center frequency is much higher, rendering E. higher than E..
Another method is to apply a bias field along the polarization
direction.['> The coercive field can also be enhanced via dop-
ing the acceptor ions, which introduces an internal bias.!'®-1°]
In this work, we describe a different strategy to increase
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the effective coercive field in a bipolar drive situation. The
method of applying this bipolar pulse electric field has a re-
markable effect on the degradation of ferroelectric properties.
In an antiparallel situation (Fig. 1(a)), the direction of the ap-
plied electric field is opposite to the remnant polarization di-
rection of the sample in the first half period. In the second
half period, the field is along the polarization direction. The
parallel situation turns opposite as shown in Fig. 1(b). Only
one-cycle signal is used in our experiments.

E
polarlzatlon

direction
O \/

(b) parallel

(a) antiparallel

Fig. 1. Schematic diagram of two methods of applying bipolar electric field.

2. Experiments

The [001].-polarized PMN-0.30 PT single crystal plates
with gold electrodes are made by CTS Inc., USA. The sam-
ples were cut into small plates and polished. Their final sizes
were about 2.5 mm (L) x2.5 mm (W) x0.289 mm (7). The
coercive field E; was 1.68 kV/cm, remnant polarization was
0.21 C/m? based on the loop measured at 0.1 Hz, and the
piezoelectric constant d33 was 1318 pC/N. The effects of the
initial direction of the bipolar signal on sample depolariza-
tion were studied at low and high frequencies. In the low-
frequency experiments, the ferroelectric hysteresis loops were
measured between 0.01 Hz and 500 Hz by using a modified
Sawyer Tower circuit. The electric field between 0.03 kV/cm
and 4.84 kV/cm with a sinusoidal bipolar waveform was gen-
erated by a high voltage amplifier (Trek Model 2210). In the
high-frequency experiments, sinusoidal pulse signals with fre-
quencies of 100 kHz, 200 kHz, 300 kHz, and 400 kHz were
generated by a pulse/function generator (Wavetek Model 81),
respectively. Then, each of the signals was amplified up to
15 kV/cm by using an RF broadband power amplifier (Elec-
tronics & Innovation 1040 L). The burst signal was monitored
by a digital oscilloscope (Tektronix TDS 680C). The elec-
tromechanical coupling factor k£, was measured by using an
impedance analyzer (HP 4194 A).

Only one-cycle of the sinusoidal bipolar waveform was
applied in the low- and high-frequency experiments. On the
basis of the method through which the electric pulse was ap-
plied, the test was divided into two groups, namely, parallel

and antiparallel, as shown in Fig. 1.

3. Results and discussion

After the application of one cycle of a sine wave elec-
tric pulses of varying amplitudes, the hysteresis loop for par-
allel and antiparallel situations are determined, as shown in
Figs. 2(a) and 2(b), respectively. If the applied electric field
is weak, then the depolarization of the sample is negligible.
Polarization changes almost linearly with the applied electric
field near the remnant polarization point. However, when the
applied electric field is sufficiently high, a nonlinear behavior
is observed for parallel and antiparallel situation.
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Fig. 2. Hysteresis loops under 0.1-Hz electrical signal with only one-
cycle when field starts in direction (a) antiparallel and (b) parallel to the
polarization direction.

For an antiparallel situation (Fig. 2(a)), polarization de-
creases evidently as the electric field amplitude increases to
its negative maximum value when the applied electric field is
strong enough. Some domains are reversed, become partially
depolarized in the first half period, which is marked as depolar-
ization (i.e., d — b’ — ¢’ in Fig. 3). In the second half period,
the electric field is switched into the same direction as that of
polarization, and most of the reversed domains are switched
back to their original poled state. The remnant polarization is
almost recovered to its original state. Thus, the crystal is not
depolarized after a full bipolar cycle. The second half cycle is
a polarization process (i.e., ¢’ — d’ — ¢’ in Fig. 3). The polar-
ized state is a metastable state, and the sample can be depolar-

ized by a field smaller than its coercive field. However, fully
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polarizing the sample is difficult. The external field is usually
more than twice its coercive field. As a result, depolarization
has a greater effect on the polarization state of the sample than
polarization. If only one-cycle bipolar signal is applied, the
final polarization P (i.e., the polarization at points ¢’ or e as
shown in Fig. 3) will decrease slightly as shown in Fig. 2(a).
When the electric field becomes large enough but still smaller
than the coercive field, the sample is largely depolarized and
unusable.

The parallel starting field direction situation comprises
two processes, namely, enhanced polarization and depolariza-
tion. The first half period is for the enhanced polarization,
and the second half period is for the depolarization. In the en-
hanced polarization (i.e., a = b — ¢ in Fig. 3), polarization
increases slightly. In the second half of the signal, which is
for depolarization (i.e., c — d — e in Fig. 3), the depolariza-
tion in the sample is clear and similar to the scenario in the
first half cycle in the antiparallel situation. If the applied field
strengthens, this depolarization effect also increases. Finally,

polarization is completely reversed as shown in Fig. 2(b).
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Fig. 3. Comparison between hysteresis loops for parallel and antiparal-
lel situations under a one-cycle bipolar electrical pulse with amplitude
of 1.56 kV/cm.

Figure 3 shows the hysteresis loops under 1.56 kV/cm for
the parallel and antiparallel situation. After the application of
one-cycle signal, the final polarization P of the antiparallel sit-
uation (polarization at point ¢’) is remarkably larger than that
of the parallel situation (polarization at point e). In a parallel
situation, enhanced polarization a — b — ¢ occurs in the first
half cycle. Given that the sample is already in the saturation
polarization state, this process has a negligible effect on the
polarization state of the sample. In theory, if a sample is in
the saturation polarization state, polarization cannot increase;
thus, the first enhanced polarization in the parallel situation
has a limited effect on remnant polarization. In the second
half of the pulse cycle (c —+ d — e in Fig. 3), the sample is de-
polarized, which is similar to the first half cycle situation for

the antiparallel situation (¢’ — b’ — ¢’ in Fig. 3). However, the

final polarization P; for antiparallel situation should be larger
than that in the parallel situation after the bipolar cycle, be-
cause it exhibits polarization after depolarization. Experimen-
tal results show that the enhanced polarization in the parallel
situation (¢ — b — ¢ in Fig. 3) can increase the polarization
of the crystal (Fig. 3). In Fig. 4, the hysteresis loops are un-
der 3.46 kV/cm and 4.84 kV/cm. The difference in remnant
polarization (AP;) between the two loops is only 0.01 C/m?.
However, when the electric field decreases to —1.5 kV/cm, the
polarization difference in polarization between the two loops
increases to 0.028 C/m? (AP = 0.025 C/m? at +1.5 kV/cm),
which is 2.8 times the value of AP;. The closer to the rectangle
shape the hysteresis loop, the greater the difference between
AP and AP, will be.
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Fig. 4. Hysteresis loops under different electric fields.

Figure 5 shows the variation of the final polarization P;
with the applied electric field at 0.1 Hz and 100 Hz after a
one-cycle bipolar electric pulse. The variation for 0.1-Hz case
and 100-Hz case show a similar trend. In the parallel situa-
tion, the sample is gradually depolarized with the increase of
the applied electric field amplitude and is polarized in the op-
posite direction. When the electric field is sufficiently strong
(over 1.42 kV/cm in 0.1 Hz and over 2.12 kV/cm in 100 Hz),
depolarization can completely depolarize the sample and po-
larize the sample in the opposite direction. However, in the
antiparallel case, Pr gradually decreases to a minimum value
with the increasing of applied electric field and returns to its
saturated polarization state at 0.1 Hz. The antiparallel state ex-
hibits the polarization state after depolarization in comparison
with the parallel state. This polarization process can recover
most of the lost polarizations. However, the decreasing of P in
the 100-Hz case is not significant (Fig. 5(b)). At high electric
field frequency, the electric field has a short action time on po-
larization. Thus, the effect of polarization and depolarization
on the domains are low. This phenomenon caused the value
of P to vary less with the electric field increasing as shown
in Fig. 5(b). The method through which the electric field is
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applied has a considerable effect on the polarization status of
a sample and determines the maximum field that it can with-
stand.
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Fig. 5. Variations of final polarization with electric field of a bipolar
pulse at (a) 0.1 Hz and (b) 100 Hz.

Depolarizations at high frequencies are also studied. In
contrast to the work of Li et al., where a burst signal with
two or more cycles of a sine wave was triggered by a 4-MHz
pulse,?°! here in this work we only use a one-cycle sine wave
signal in the high-frequency impedance test. The samples are
divided into two groups, namely, parallel and antiparallel sit-
uations. The variations of the impedance spectrum under dif-
ferent external fields are studied for these two situations. The
sample’s depolarization state can be judged by changing the
electromechanical coupling coefficient k;, which can be calcu-
lated by the resonant frequency f; and anti-resonant frequency
fa from the following formula:

_ 1/2
k,:(nfrtan(nfa fr)) ) )
2 fa 2 fa
The signals with 100 kHz, 200 kHz, 300 kHz, and 400 kHz
are used in high-frequency testing. Polarization reversal of the

sample occurs only when the bipolar electric field reaches a
critical level. Moreover, the critical field in the antiparallel
case is considerably greater than in the parallel case. The crit-
ical level increases with frequency increasing. In the antipar-

allel situation, when the frequency is greater than 200 kHz,

and the sinusoidal pulse reaches 15 kV/cm, no depolarization
is observed or the sample is damaged before depolarization.
When the field reaches 15 kV/cm, depolarization does not oc-
cur above 200 kHz. The polarization decreases rapidly after a
certain value in the parallel and the antiparallel case. An effec-
tive coercive field E.. is defined as the corresponding electric
field value at which the relevant parameter (polarization at low
frequency and k; at high frequency) drops to 80% of the origi-
nal value. We denote E.. as EY, in the parallel situation and EZ
in the antiparallel situation to distinguish between the parallel
and the antiparallel situations. The effective coercive fields
for the low- and high-frequency test are listed in Table 1. In
the case of 100 kHz, the maximum decrease of the antiparallel
case is only 5.7%. The corresponding electric field is defined
as the effective coercive field EZ.

EZ is greater than EF, and their difference becomes
larger with frequency increasing. As shown in Table 1, EEC
and E2 become large as the test frequency increases. Our
test setup cannot measure the coercive field at a test frequency
higher than 200 kHz. Only one cycle of sine pulse is applied;
thus, the results are different from previous investigations in
which repeated one cycle pulse was applied.®! Also, EF. and
EeAc substantially decrease. However, EeAC is still considerably
greater than E?.

Table 1. Effective coercive fields under different test frequencies.

EY /(kV/cm) EL/(kV/cm)
0.1 Hz 1.01 1.14
100 Hz 1.50 1.70
100 kHz 5.49 12.14

This phenomenon can be explained by domain switch-
ing. The switching of the polarization has a relaxation time 7,

which is field-dependent and expressed as[?!!

7= Toexp(—Eo/E), 2
where 7 is a characteristic relaxation time, 7y is a constant, Eg
is an activation field, and E; is the total field, which is the sum
of the applied field E and the random field.

This relaxation time decreases rapidly with the electric
field but does not change considerably with measurement fre-
quency within a certain frequency range.l'') In the [001].-
poled rhombohedral PMN-0.30 PT single crystals, 109°, 71°,
and 180° domain switching processes are involved when the

d.[?223] The switching time

sample is polarized or depolarize
of non-180° domains is longer than that of 180° domains. As
a result, the non-180° domains at high frequencies cannot fol-
low the field change. Hence, switching the polarization under
high-frequency electric field is difficult. An extensive field

strength is needed for the high-frequency field to depolarize
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the sample to the same level. As such, the sample has a rela-
tively large coercive field at high measurement frequency.

In summary, we investigate the effects of different meth-
ods applied to the electric field on the effective coercive field
of [001].-poled 0.70Pb(Mg; /3Nb,/3)03-0.30PbTiO; single
crystal by combining the hysteresis loop measurements and
the impedance spectroscopy measurements. Only a single
one-cycle sinusoidal electric pulse is applied. The test groups
are divided into parallel and antiparallel group with respect to
the polarization on the basis of the method through which the
electric field is applied. The one-cycle signal can be divided
into two half cycle processes, i.e., enhanced polarization and
depolarization. In a parallel situation, the first is to enhance
the polarization followed by depolarization, whereas the op-
posite sequence follows in an antiparallel situation. In a paral-
lel case, the first enhanced polarization only slightly increases
the polarization as the sample is already fully polarized. In
the second half of the cycle, i.e., in the depolarization process,
the sample is partially depolarized is a sufficiently large field.
In the antiparallel case, the sample is initially depolarized first
during depolarization and repolarized by the enhanced polar-
ization. Thus, P in the antiparallel case is larger than that in
the parallel case. This phenomenon has an extreme case as fol-
lows. When the field is beyond the coercive field, the sample
is repolarized into an original polarization state in the antipar-
allel case and polarized in the opposite direction in the parallel
case. Thus, the two methods of applying a large electric field
have considerably different consequences. With the increasing
of test frequency, the effective coercive fields EY, and EZ} are
extensive, and their differenceis remarkable. Our results might

serve as useful guide for designing electrical driving circuits

that use PMN—PT single crystal probes in underwater acous-

tic engineering.
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