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Alternating current poling (ACP) and direct current poling (DCP) on [001]-oriented 0.695Pb(Mg1/3Nb2/3)O3−0.305PbTiO3 (PMN-0.305PT) single
crystal (SC) plates with a dimension of 12 × 4 × 0.3 mm and silver vibrators of 12 × 0.15 × 0.3 mm were investigated. The highest dielectric
constant of 14500 and piezoelectric constant of 4200 pCN−1 were confirmed with the ACP SC plate manufactured by the conventional one charge
Bridgman process. After array dicing into silver, the silver mode coupling coefficient k’33 = 94.3% was obtained from ACP SC. However, many
spurious mode vibrations (SMV) were seen in the impedance spectra of the DCP and ACP SC silver vibrators. We consider that this SMV may be
caused by array dicing damage. The PMN-0.305PT SC plate near the morphotropic phase boundary shows excellent piezoelectric and dielectric
properties, however, these silvers tend to show SMV after dicing. This information is useful to select the PMN-PT composition for medical probe
application. © 2022 The Japan Society of Applied Physics

1. Introduction

Relaxor-based ferroelectric single crystals (SC), such as (1-x)
Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN–xPT), have attracted great
attention for applications in sensors, transducers, imaging
devices, and actuators due to their excellent piezoelectric
and electromechanical properties (d33> 2000 pCN−1,
k33> 90%).1–4) Shrout et al. investigated PMN-xPT exhibiting
a superb piezoelectric constant d33 value of more than 1500
pCN−1 when the x composition is around 30mol%,5) and the
PMN-xPT SC system with compositions near the morpho-
tropic phase boundary (MPB) has particularly drawn inter-
esting research.6) It has been reported that the MPB region
(0.30< x< 0.35) contains low-symmetry monoclinic (M)
phases, separating rhombohedral (R) and tetragonal (T)
phases, and this multiphase coexistence flattens the free-energy
profile of polarization rotation between the R and T phases,
playing a key role in the giant piezoelectric response.7,8)

Recently, high-frequency (>10MHz) ultrasonic imaging has
been widely used in diagnostics of eyes, skin, and blood vessels,
etc.9–11) In order to obtain clearer ultrasonic imaging, high-
frequency ultrasonic transducers with broad bandwidth and high
resolution are required. Therefore, increasing the working
frequency and the number of elements are the main development
trends of medical ultrasonic transducers. In addition, in the
current application for ultrasonic diagnosis, most equipment is
cart type and heavy, so that it cannot be moved easily for use.
Therefore, the development of small-scale mobile ultrasonic
equipment is another trend.12) High-quality relaxor-based SCs,
such as PMN-0.30PT, have been considered promising materials
for medical ultrasonic imaging application, and suitable for
miniaturized transducer applications due to their outstanding
piezoelectric and dielectric properties.13,14) Furthermore, major
ultrasonic imaging companies have started using the PMN-PT
SC for two-dimensional array probes for medical imaging
applications.15)

For ferroelectric-based piezoelectric materials which are
macroscopically piezoelectric, poling is an indispensable
process to align randomly-distributed domains and thus obtain
high piezoelectric and dielectric properties. Direct current

poling (DCP) has been widely used for such domain-control-
ling processes. However, since the first demonstrations of a
dynamic alternating current poling (ACP) by Yamamoto and
Yamashita et al., it has been considerably important due to its
further enhancements in dielectric and piezoelectric
properties.16,17) So far, more than 40 papers relevant to ACP
have been reported in the past few years.18–38)

Li et al. reported that the Sm-doped PMN-0.30PT SC
possesses giant piezoelectricity over 4100 pCN−1 and free
dielectric permittivity (ε33

T/ε0) of 12500 in 2019.37) In this
work, we investigated ACP effects on dielectric and piezo-
electric properties of plate and silver vibrators of PMN-
0.305PT SC manufactured by a conventional one-charge
Bridgman process.

2. Experimental procedure

Figure 1 shows schematic illustrations of (a) the traditional
one charge Bridgman method in which compositional
segregations naturally occur during crystal growth, (b)
[001]-oriented PMN-0.305PT wafer cut into rectangular
plates with dimensions of L12×W4× T0.3 mm and (c)
thin silver mode vibrator with dimensions of L12×W
0.15× T 0.3 mm cut form plates shown in (b) after poling
treatment.
Since the absolute value of the alternating current (AC)

voltage varies with its waveform, we adopted root mean
square (rms) voltages for ACP conditions in order to compare
with direct current (DC) voltages. The term “rms voltage”
also known as the effective or heating value of AC is
associated with the generation of identical heat at the same
time in a resistor. Thus, the AC voltages could be properly
compared with the DC voltages.
The PMN-0.305PT SC plates were treated by ACP at 40 °C

using bipolar sine waves in the air. The poling electric field was
8 kV rms cm−1 with a frequency of 50 Hz and was repeated for
50 cycles. To compare with the ACP effect, we also conducted
DCP in the air with a temperature of 40 °C, and the electric field
was 8 kV cm−1 and lasted for 5 min during the poling
procedure. In addition, the plate samples after poling 48 h
were cut into thin silver vibrators as shown in Fig. 1 (c) by a
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0.05mm diamond blade of the dicing saw (DISCO Co., DAD
3350 Tokyo, Japan) at an array dicing speed of 1.0 mm s−1.
Both these plates and silvers of PMN-0.305PT SC were

measured for their electric capacitance by an impedance
analyzer (HP 4194 A, USA) at 1 kHz and at two times the
anti-resonant frequency (2fa), respectively. Thus, the ε33

T/ε0
and clamped dielectric permittivity (ε33

S/ε0) were calculated.
The electromechanical coupling coefficient of length mode
vibration (k31) and thickness mode vibration (kt) were
obtained according to the following Eqs. (1) and (2).
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Although the piezoelectric constant d33 of PMN-0.305PT
plate could be directly measured by the d33 meter (MODEL
ZJ-4BN), that of the silver mode vibrator could only be
calculated by Eq. (3) due to its fragility.
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Furthermore, the temperature dependence of ε33
T/ε0 and

loss (TDDP&L) for PMN-0.305PT SC plates at 1 kHz were
obtained by a computer-controlled LCR meter (Hioki IM-
3570, Japan) at every 0.1 °C in a temperature range of 25 °C–
250 °C.
We also conducted structural analyses after poling by X-

ray diffraction (XRD) (Rigaku Corp., RINT 2200 model,
Japan) with CuKα1 monochromatic radiation. The (004)
peaks of PMN-0.305PT after ACP and DCP were measured
at room temperature.

3. Result and discussion

The value of d33 of PMN-0.305PT SC plates after ACP and
DCP at 25 °C were 4200 pCN−1 and 2800 pCN−1 as shown
in Figs. 2(a) and 2(b), respectively. The d33 of the ACP plate
was about 50% higher than that of the DCP, indicating that
the appropriate ACP condition could greatly enhance the
dielectric properties of PMN-30.5PT. Figure 2(c) presented
how the ε33

T/ε0 and dielectric loss change with time after

ACP and DCP. In the period time from 10 h to 1000 h, when
the samples after poling were in a relatively stable state, we
calculated the aging of the ε33

T/ε0 of the sample. The high-
performance ACP sample showed a high aging rate of 4.3%/
decade, which was about twice that of the DCP sample. Both
ACP and DCP samples’ dielectric loss decreased rapidly
within 10 h, but the changes were no longer obvious after
10 h.
Table I shows dielectric and piezoelectric properties of

various relaxor-PT SCs after ACP comparing this work. It is
worthy to note that the highest ε33

T/ε0 and d33 values of
PMN-0.305PT were confirmed as shown in this table.
The TDDP&L of PMN-0.305PT SC plate by ACP and

DCP treatments is shown in Fig. 3. It has been reported that
the PMN-0.305PT composition near MPB is monoclinic by
many researchers.3,39) Therefore, according to Fig. 3, we
inferred that the phase transition path of DCP PMN-0.305PT
SC are 77 °C for MB (or MA) →MC, 86 °C for MC→ T and
142 °C for T→C. In contrast, ACP samples showed similar
but slightly different phase transition temperatures near
90 °C. The first ε33

T/ε0 drop is at 67 °C from MB (or MA) to
MC, which is 10 °C lower than that of DCP samples. Unlike
DCP samples, there was almost no upward trend after the first
ε33

T/ε0 drop, the ε33
T/ε0 of ACP samples increased rapidly

and reached a peak at 90 °C. In addition, in the range from
90 °C to Curie temperature (Tc), the ε33

T/ε0 of ACP samples
always remained above 20,000, which is much greater than
that of DCP samples. It demonstrates that the different poling
conditions lead to the different phase transition sequence
during the heating process.
Figure 4 shows impedance spectra and phases of DCP and

ACP plates sample. The DCP SC plate showed no SMV,
however, the ACP SC plate showed several SMV between fr
and fa. The calculated k33 of the ACP plate sample was up to
96.5% and that of the DCP plate sample was up to 95.1%.
Due to the excellent piezoelectric and dielectric properties

of the ACP plate samples, we decided to dice them into silver
mode vibrators, test their properties, and compare with these
plate samples. As shown in Fig. 5(a), the coupling factor k’33
of 94.3% for silver mode vibrators was confirmed. However,
it also shows the presence of small SMV on its impedance,
which may be due to the large amount of heat generated
during dicing and/or overpoling effects of the plate sample.38)

We also tried to depole the silver samples by heating them
over Tc and repole them to eliminate these SMV, however, it
was not successful to eliminate these SMV after many trials.
Figure 5(b) shows the variation of k′33 and k31 mode
vibrations of the silver ACP and DCP samples as a function
of temperature for every 5 °C to 100 °C increase. The k′33 of
the ACP samples decreased significantly at 40 °C, remained
stable in the range of 50 to 75 °C, and finally started to
rebound at 90 °C, which seemed to be inconsistent with the
TDDP&L of the plate samples as shown in Fig. 3. This
indicated that even if the poling conditions of the plate
sample and the 0.15 mm silver sample were same, the
dielectric properties may be significantly different.
However, the mechanism of this phenomenon needs more
intensive work in the future.
Table II shows comparison of plate and silver mode

vibrators’ dielectric and piezoelectric properties. According
to the table, both piezoelectric constant d33 and ε33

T/ε0 of

Fig. 1. (Color online) (a) Conventional one charge Bridgman method for
manufacturing PMN-PT SC ingot. (b) the PMN-0.305PT rectangular plate
with sputtering 50 nm Cr/200 nm Au electrodes. (c) the PMN-0.305PT thin
silver mode vibrator with the width and thickness ratio of 2.0.
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silver mode vibrator were drastically decreased (over 50%)
after dicing from the plate sample. One of our future works is
enhancing the dielectric properties of silver mode SC
vibrators by selecting optimal dicing condition.
The XRD result of (004) peak intensity of PMN-0.305PT

plate samples by ACP and DCP were shown in Fig. 6. As
mentioned above, it has been reported that the PMN-0.305PT
composition is monoclinic.3,39) Besides, recently, PMN-0.26PT
and Mn-doped Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3

(PIN-PMN-PT) are originally 4 R (4 rhombohedral domain
configuration) after DCP along the [001] direction. Due to ACP,
the 71° domain disappeared, and the theory that 4 R turned into
2 R has been reported.40,41) Therefore, we speculated that the
PMN-0.305PT SC is 4M (4 monoclinic domain configuration)
by DCP and it changes to 2M by ACP. Moreover, the XRD of
the ACP samples shifted to high angles, indicating that the
lattice constant of the c-axis was smaller than that of the DCP
samples, so we inferred that this 2M is very close to the R

Fig. 2. (Color online) (a) the piezoelectric coefficient d33 value of PMN-0.305PT plate after ACP treatment and (b) that after DCP treatment, and (c) the
aging of ε33

T/ε0 and dielectric loss after poling.

Table I. Dielectric and piezoelectric properties of various relaxor-PT SCs after ACP.

Sample /e eT
33 0 (25 °C) tan δ (%) d33 (pCN

−1) kt (%) References

0.75PMN-0.25PT 6397 / 1730 55–57 18
0.70PMN-0.30PT 8500 / 1980 57 20
0.70PMN-0.28PT 8900 0.31 2430 58.1 28
0.24PMN-0.46PIN-0.30PT 7000 0.59 2340 59.3 34
0.52PMN-0.15PYbN-0.33PT 6800 1.1 2490 57 24
Sm-0.7PMN-0.3PT 12500 1.0 4100 / 37
0.695PMN-0.305PT 14500 0.34 4200 59.5 This work

Fig. 3. (Color online) The TDDP&L of PMN-0.305PT SC plate by ACP and DCP treatments.
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phase. However, it is difficult to estimate whether PMN-
0.305PT is MA phase or MB phase after ACP only by XRD,
which is a subject to be solved in the future.

4. Conclusion

The [001]-oriented PMN-0.305PT SC manufactured by a
conventional one charge Bridgman process with giant piezo-
electric constant d33 of 4200 pCN−1 and dielectric permit-
tivity of 14500 after 100 h was successfully obtained by ACP
technology. And the calculated coupling coefficient k33 was
up to 96.5% of the plate sample. These values are the highest
ever reported. Although the SC plate showed excellent
properties, these 0.15 mm width silver mode vibrators diced
from the SC plate showed many small spurious mode

Fig. 4. (Color online) The impedance spectra of PMN-30.5PT SC plate
vibrators by ACP and DCP.

(a)

(b)

Fig. 5. (Color online) (a) The impedance spectra of PMN-0.305PT silver mode vibrators by ACP and DCP. (b) The coupling coefficient k31 and k’33 of silver
mode vibrators by ACP and DCP with temperature increasing.

Table II. Dielectric and piezoelectric properties of the rectangular plates and silver mode vibrators of the PMN-0.305 PT SC after ACP and DCP.

Sample DCP plate ACP plate Difference DCP silver ACP silver Difference

/e eT
33 0 at 25 °C 9700 14500 +(49%) 4190 6750 +(61%)

tan δ at 25 °C (%) 0.32 0.33 +(3%) 0.49 0.37 −(24%)
/e eS

33 0 at 25 °C 910 1030 +(13%) 870 1130 +(30%)

TRT (°C) 77.0 66.9 −(13%) / / /
TC (°C) 142.3 142.8 0% / / /
/e eT

33 0 at TRT 23200 38700 +(67%) / / /

/e eT
33 0 at TC 42700 48100 +(13%) / / /

tan δ at TRT (%) 1.35 1.18 −(13%) / / /
tan δ at TC (%) 1.36 1.13 −(16%) / / /
d33 (pCN

−1) 2750 4200 +(53%) 1300 2200 +(69%)
kt (%) 59.3 59.5 0% / / /
calculated k33 95.0 96.5 2% 90.4 91.2 +(1%)
¢k33 (%) / / / 89.6 94.3 +(5%)
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vibrations on its impedance spectra near the fundamental
thickness mode which are very different to eliminate.
The PMN-0.305PT SC plate near MPB shows excellent

piezoelectric and dielectric properties, however, these silvers
tend to show SMV after dicing. This information is useful to
select optimal PMN-xPT composition for medical array probe
application.
According to XRD result of PMN-0.305PT (004) surface,

we presumed that ACP can eliminate the 71° domain walls of
PMN-0.305PT, indicating that the 109° domain walls should
be the most stable in [001]C-poled monoclinic PMN-PT SCs
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