FEA0E FHTM
2025 %7 H

T MM OB AR

Journal of Inorganic Materials

Vol. 40 No. 7
Jul., 2025

Research Letter

DOI: 10.15541/jim20240469

Effect of PbTiO3 Content Variation on High-power
Performance of PMN-PT Single Crystal

WANG Xiaobo', ZHU Yuliang', XUE Wenchao', SHI Ruchuan', LUO Bofeng?, LUO Chengtao'

(1. School of Electronic Information and Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
2. Southern Power Grid Digital Grid Research Institute Co., Ltd., Guangzhou 510000, China)

Abstract: Lead magnesium niobate-lead titanate (PMN-PT) piezoelectric single crystals are widely utilized due
to their outstanding performance, with varying compositions significantly impacting their properties. While
application of PMN-PT in high-power settings is rapidly evolving, material parameters are typically tested under
low signal conditions (1 V), and effects of different PT (PbTiO;) contents on the performance of PMN-PT single
crystals under high-power conditions remain unclear. This study developed a comprehensive high-power testing
platform using the constant voltage method to evaluate performance of PMN-PT single crystals with different PT
contents under high-power voltage stimulation. Using crystals sized at 10 mmx3 mmx0.5 mm as an example, this
research explored changes in material parameters. The results exhibit that while trend of the parameter changes
under high-power excitation was consistent across different PT contents, degree of the change varied significantly.

For instance, a PMN-PT single crystal with 26% (in mol) PT content exhibited a 25% increase in the piezoelectric
coefficient d31, a 13% increase in the elastic compliance coefficient st , a 17% increase in the electromechanical

coupling coefficient k31, and a 73% decrease in the mechanical quality factor Om when the power reached

7.90 W. As the PT content increased, the PMN-PT materials became more susceptible to temperature influences,
significantly reducing the power tolerance and more readily reaching the depolarization temperatures. This led to
loss of piezoelectric performance. Based on these findings, a clearer understanding of impact of PT content on
performance of PMN-PT single crystals under high-power applications has been established, providing reliable data
to support design of sensors or transducers using PMN-PT as the sensitive element.
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Piezoelectric materials, due to their unique ability to
convert mechanical stress into electrical signals and vice
versa, play a pivotal role in various applications including

actuators,
[1-4]

Sensors, and high-precision positioning

systems As an emerging piezoelectric material,
PMN-PT single crystals exhibit superior piezoelectric
properties compared to polycrystalline
piezoelectric materials. They demonstrate higher

piezoelectric coefficients, electromechanical coupling

traditional

coefficients, and mechanical quality factors, leading to

their increasingly widespread use in both research and
industrial applications!”".

The general properties and applications of PMN-PT
have been extensively measured and documented, yet its
performance under high-power conditions remains less
explored™. Previous studies have primarily focused on
low-power scenarios, often involving small signal
conditions (1 V), which do not fully represent the
operational environments encountered in high-power

applications such as transducers or high-intensity
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focused ultrasound systems''’"*!. Recent studies have

shown that the PT content in PMN-PT significantly
affects their energy storage performance. By adjusting
the fabrication process, the growth of PMN-PT crystals
with varying PT contents is achieved, followed by further
observation of their P-E curves. However, these test
results were obtained under a low-voltage excitation of 1 V,
not considering the real-world high-power application
scenarios, and performance testing under a high-power
excitation was not been conducted'. Additionally,
Jiang et al" researched PMN-PT single crystals with
PT contents of 29%, 29.5%, 30%, 30.5%, and 31% (in mol)
within the morphotropic phase boundary (MPB) and the
performance of corresponding ultrasonic transducers.
They measured related piezoelectric parameters and
changes in the relative permittivity at a free state, and by
using simulation software combined with circuit analysis,
they were able to model the performance of the sensors.
However, these materials were also not tested under high-
power excitation conditions"”. In 1999, Wada'"® conducted
experimental research on the nonlinear dynamic behavior
of piezoelectric ceramic vibrators using a constant
voltage method, meticulously documenting and analyzing
phenomena such as jumping and dropping. This study
aided in understanding and predicting the nonlinear
response of piezoelectric materials in high-power
applications, but their complexity and reliance on
specific experimental equipment limited the model's
general applicability'. In 2002, Gonnard er al'”]
employed impedance spectroscopy and high-power
testing systems to study the nonlinear behavior of soft
and hard PZT materials. This research provided a deep
understanding of the nonlinear response of PZT materials
in high-power applications''”. In 2021, Stevenson et al.!"*
used impedance spectroscopy and  high-power
characterization systems to study PZT piezoelectric
ceramics composed of different components. This study
characterized material properties under small-signal and
high-power excitation, using custom software written in
LabVIEW to collect impedance data!'®!. This method
allowed the research team to evaluate the nonlinear
behavior of PZT piezoelectric ceramics under large electric
fields. However, these studies focused on PZT piezoelectric
ceramics and did not verify the piezoelectric performance of
PMN-PT single crystals with varying PT contents. This
research gap underscores the urgent need to assess the
performance of PMN-PT under actual application conditions.

This study aims to address the issues mentioned by
establishing a systematic evaluation method to explore
the performance trends of PMN-PT single crystals with
varying PT contents under high-power conditions.
Utilizing the constant voltage method, this research has
developed a comprehensive high-power testing platform

to assess material parameters and their variations
thoroughly. This
fundamental piezoelectric properties but also provides
aids in understanding how changes in PT content affect
the thermal stability and power tolerance of PMN-PT
single crystals. By systematically analyzing performance
at different power levels, this study aims to provide
robust data to support the design and optimization of

approach not only explores the

piezoelectric devices.

1 Experimental

1.1 Constant voltage method test system

Currently, there are three main high-power testing
systems: the constant voltage method!'”)] the constant
current method®, and the transient pulse method™").
This study employs a testing method based on an
improved constant voltage method. By modifying the
triggering mechanism, the piezoelectric single crystals do
not need to operate under high electric field excitation for
extended periods, which reduces self-heating and prevents
depolarization of the piezoelectric materials. Fig. 1
illustrates the flowchart of the testing system based on
the improved constant voltage method.

As illustrated in Fig. 1, the signal generator (Tektronix
AFG-1022) produces a sweep frequency signal that is
amplified by a high-voltage amplifier (Aigtek ATA-3080)
and fed into the piezoelectric material. The piezoelectric
material is clamped at the central point, leaving the
surroundings free. An oscilloscope is connected with
voltage and current probes to monitor the circuit's
voltage and current, collecting data that is then output to
a computer for analysis.

The sweep frequency method records the current and
voltage across the piezoelectric transducer. Due to the
impedance characteristics of the material, there is a
proportional relationship between the impedance and the
current values. Consequently, the corresponding current
curve can be used to plot the impedance curve, which in

T —
Oscilloscope C"mP‘Ler =
Tektronix 1 °
DPO 3054
. ? L]
Function generator
Voltage probe tektronix AFG1022

I
Power amplifier
ATA-3080

Current probe

Fig. 1 Constant voltage method test system
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turn helps identify the resonant and anti-resonant
frequencies. These frequencies are crucial for further
calculation of the material parameters.
1.2 Piezoelectric material

In this study, the piezoelectric material used is
(1-x)PMN-xPT, where x represents the PT content. The
PT contents are 26%, 29%, and 33% (in mol), respectively,
representing low, medium, and high component levels of
PT content and their impact on piezoelectric performance.
The dimensions of the samples are 10 mmx3 mmx0.5 mm,
configured to operate in thickness-mode excitation and
length-mode vibration, known as the 31-mode. As shown
in Fig. 2(a), image is displayed for the three different PT
contents of PMN-PT materials. The polarization direction is
[001], and the (001) face is sputtered with Cr/Au layers
0f 0.03 and 0.3 pum, respectively.

As illustrated in Fig. 2(b, ¢), d33
meter (ZJ-6BN) and their

fundamental material parameters under small signal

of the materials are

measured using a ds3

conditions (1 V) are further evaluated using an impedance
(Keysight-4294A). The of these
measurements are summarized in Table 1.

analyzer results

According to the material characteristics under the
small signal above, the changing trend of the material
parameters under the high-power excitation can be determined.

Fig. 2 PMN-PT samples and test equipments
(a) PMN-PT samples; (b) 33 instrument; (c) Impedance analyzer

Tablel Small-signal material parametersof PMN-PT
with different PT contents

PT Dlelectrl/c Capacitance/ Loss dzs /
content/% constant nF tangent/% N
°  kHz gentize (pC-N")

26 4518 2.4 0.9 1170
29 5082 2.7 0.9 1500
33 6776 3.6 1.6 2200

2 Resultsand discussion

By utilizing the established constant voltage method
in the high-power testing system, the piezoelectric

. E
material parameters such as ds1, 8,7, k31 and On are

measured and calculated. Accurately determining these
parameters is crucial for designing efficient piezoelectric
devices, as it ensures that the materials can perform
optimally under the specific operational conditions
expected in their final applications.

2.1 Impedancecurve

The

contains

impedance curve of piezoelectric materials

critical information that is essential for
determining the material's characteristic frequencies,
assessing its piezoelectric coupling coefficient and
mechanical quality factor, as well as providing a
comprehensive evaluation of the material's electrical and
mechanical properties.

Fig. 3 depicts the impedance curves of three PMN-PT
single crystals with different PT compositions under

various power excitations. In Fig. 3, f; and f; represent

the resonant and anti-resonant frequencies of the
piezoelectric materials, respectively.

As the excitation voltage increases, the resonant and
anti-resonant frequencies of the single crystal materials
with three different PT contents exhibit the same trend of
shifting towards lower frequencies. The impedance value

104} @ £ 26%pT|  10¢F ® 29%PT| 104} © 33%PT
S 1o} Siovt ot
N N N
—1V
—3V
102F 10% p 10% | —5V
f — 10V
7x10*  8x10*  9x10*  1x10° 1.1x10° 7x10*  8x10*  9x10*  1x10° 1.1x10° 7x10*  8x10* 9x10* 1x10° 1.1x10°
Frequency / Hz Frequency / Hz Frequency / Hz
Fig. 3 Impedance curves of PMN-PT with different PT contents

(a) 26% PT; (b) 29% PT; (c) 33% PT
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at the resonant frequency increases, while it decreases at
the anti-resonant frequency. Similarly, as the PT content
increases, the power tolerance of the piezoelectric
materials decreases, leading to depolarization phenomena.
The characteristic
impedance curves can be used to calculate relevant
material parameters.

frequencies extracted from the

2.2 Elastic compliance coefficient sfj

The elastic compliance coefficient s{; is the ratio of

the strain in the material's longitudinal direction
(direction 1) to the stress it experiences, measured under

a constant electric field. It describes the material's

elasticity, representing an essential mechanical
performance indicator. The calculation formula is:
1
E
b= 1 (1)

where p represents the density of the material, and

[ denotes the length of the material. The calculation
results are shown in Fig. 4.
According to the curves shown in Fig. 4, the elastic

compliance coefficient SlE1 of the piezoelectric material

increases with the rising excitation voltage and power.
The change is particularly noticeable in the PMN-PT
single crystal with 33% PT content, which increases by
30%. The PMN-PT single crystals with 26% and 29% PT

contents are relatively stable, but S1E1 still increases by
13% and 19%, respectively.
As the elastic compliance coefficient SIE1 increases, it

implies that the material becomes softer, which can lead
to higher deformability. However, it is also important to
consider the potential decline in mechanical properties
and limitations in applicability that this may bring. When
designing and selecting materials, these factors should be
weighed according to the application's specific requirements.
2.3 Electromechanical coupling coefficient ks

The electromechanical coupling coefficient k3

1-o- 26% PT
2-0-29% PT

3-0-33% PT
1 19%

9x1071 L 1.24 W

".w; 8x1071 | 449 W
§/ 0.18 W
= 11 0.51 W
w5 7x10 F003 WA 0 w 113%
1
004w S35 W 790 W
329 W -
6x1071 | 0'54Wl.67W
0.03 W0.24 W
1 1

0 5 10 15 20 25
Voltage / V

Fig. 4 sfi curves of PMN-PT with different PT contents

describes the efficiency of energy conversion between
mechanical and electrical energies in the material. A
dimensionless coefficient characterizes the ratio of
mechanical energy that can be converted into electrical
energy by the piezoelectric effect in a specific mode. The
calculation formula is:

ki _m fe tan(g_fa—frj @

-k 2 5 2 4

The calculation results are shown in Fig. 5. Under
various excitation voltages and power levels, the
electromechanical coupling coefficient k3; of PMN-PT
single crystals with different PT contents exhibits a
trend. The
coefficients of PMN-PT single crystals with low, medium,
and high PT contents increased by 17%, 21%, and
20%, respectively.

consistent electromechanical coupling

An increase in the electromechanical coupling

coefficient k31 can enhance the material's energy

conversion efficiency and improve output performance,
which may be beneficial for enhancing the response
speed and sensitivity of sensors. However, it also
introduces issues with thermal stability, a challenging
problem for the application of piezoelectric materials, as
the performance of PMN-PT single crystals is highly
susceptible to temperature influences. Therefore, in practical
applications, while pursuing a high electromechanical
coupling coefficient, it is necessary to employ appropriate
material cooling methods, such as liquid cooling.

2.4 Piezoelectric coefficient ds1

The ds;

effect, representing the ratio of the strain produced in the

is a constant that describes the piezoelectric

direction perpendicular to the electric field to the applied
electric field strength. For d31, when the electric field is
applied along the polarization direction (typically the
3-direction), the material undergoes linear strain in the
perpendicular direction (1-direction).

0.675 |- 120%

) aw 1-o-26%PT
3 ' 2-0-29%PT
043 W 3-0-33%PT
0.600 -
0.18 W
~@0 525 o 2 Y

023 W 535w 790W
0.450 (0.04 W 1.67W

0 5 10 15 20 25
Voltage / V

Fig. 5 k31 curves of PMN-PT with different PT contents
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The calculation formula is:

ds1 =k31\l€3T3S1E1 3)

where €3T3 represents the relative permittivity of the

piezoelectric material. The calculation results as shown
in Fig. 6 indicate that the electromechanical coupling
coefficients of PMN-PT single crystals with low, medium,
and high PT contents have increased by 25%, 33%, and
20%, respectively.

This increase is attributed to the movement of domain
walls within the PMN-PT single crystals, leading to a
reorientation of domain structures, enhancing the
material's piezoelectric response. While the piezoelectric
properties of the material are indeed improved, this
enhancement inevitably introduces non-linear effects,
causing self-heating and fatigue in the piezoelectric material.
Therefore, in applications seeking high piezoelectric
performance, increasing the excitation power is insufficient.
Piezoelectric stacking techniques can be employed to
enhance the material's piezoelectric performance.

2.5 Mechanical quality factor Qn

Onm is the mechanical quality factor of piezoelectric
materials in the resonant state, used to describe the
energy loss of the material while vibrating at its resonant
frequency. High Q,, indicates less energy loss and more
sustained vibrations, making it suitable for applications
that require long-term stable vibrations. The calculation
formulal'” is:

1
Qm :—L (4)
R “
G
81-W~d31
G=——F ©)
18
2
E
L=2lt s ©6)
8w d31
[-w T 2
CO 27833(1—](31) (7)
1650 | 1-0-26% PT
124 Wa e 2-0-29%PT
N 3-9-33%PT
; 043 W
%1320_ 0.18W 3
K]
5 003 W 2w 2 4’49“?,33‘y
~N L 8 ()
0 023w 03I W Bl 5
0.04 W_ 1 12356
320w 535w T90W
e T
0 5 10 15 20 25
Voltage / V

Fig. 6 d31 curves of PMN-PT with different PT contents

|Z|min
1-a?C2| Z

min

R = (®)
where w and f represent the width and thickness of
the piezoelectric vibrator, respectively; R, C and L
represent the dynamic capacitance, resistance, and
inductance of the piezoelectric material, respectively;
Co represents the static capacitance; w, represents the
angular frequency produced by resonance.

The calculation results for On are shown in Fig. 7,

revealing significant differences under small signal
conditions across the three different PT contents in
PMN-PT. The increase in PT content alters the domain
structure of PMN-PT, that is crystal structure and phase
boundaries, thereby affecting the freedom of domain wall
movement. A reduction in (On signifies a substantial

increase in energy loss during the movement of the
piezoelectric material, further leading to a decrease in the
vibration stability and efficiency of piezoelectric devices.
In applications that require sustained vibrations, such as
transducers and very low frequency sonars, this can lead
to a continuous decline in device performance. It also
implies a reduction in the energy conversion efficiency
of the piezoelectric material, causing energy to dissipate
as heat rather than being effectively converted.
Additionally, low On

material's resonance peak, and if sensors or devices
operate at a specific frequency, high-power excitation
may lead to performance that does not meet design
specifications, potentially resulting in sensor failure.

indicates broadening of the

3 Conclusions

This study explores the impact of PT content on the
performance of PMN-PT piezoelectric single crystals
under high-power excitation scenarios. A high-power
testing platform based on the constant voltage method was
constructed to test material parameters, simulating
real-world applications of piezoelectric materials and

160 | 0.03W 1-0-26% PT
ool 1 2-0-29% PT
- 3-9-33%PT
120 | —Q— 0
£
Qlgot 023 W 054w
1.67W
0.03 Wq 0-51 W 535W 790 W
40 3 147w 9
()_1;%;\9\‘7 282W 440w 178% 173
) 043 W (124W9 1 67% | 1
0 5 10 15 20 25
Voltage / V

Fig. 7  Om curves of PMN-PT with different PT content
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providing reliable data support for sensors and transducers
operated under high-power stimulation.

The results show that increased PT content significantly
alters the properties of piezoelectric materials, causing
phase transitions. For a PMN-PT single crystal with 26%
PT content under 7.90 W power stimulation, the
piezoelectric coefficient increased by 25%, the elastic
compliance coefficient by 13%, the electromechanical
coupling coefficient increased by 17%, and the
mechanical quality factor decreased by 73%. For a
PMN-PT single crystal with 29% PT content under 4.49 W
power stimulation, the piezoelectric coefficient increased
by 33%, the elastic compliance coefficient increased by
19%, the electromechanical coupling coefficient increased
by 21%, and the mechanical quality factor decreased by
78%. For a PMN-PT single crystal with 33% PT content
under 1.24 W power stimulation, the piezoelectric
coefficient increased by 20%, the elastic compliance
coefficient increased by 30%, the electromechanical
coupling coefficient increased by 20%, and the
mechanical quality factor decreased by 67%. These results
indicate that higher PT contents make PMN-PT single
crystals more susceptible to temperature effects in
high-power applications, thus reducing power tolerance
and increasing the risk of depolarization. This study is the
first to detail the performance of PMN-PT single crystals
under different PT contents in high-power applications,
presenting significant differences from previous research
and filling existing gaps in the literature.

This study's theoretical and practical significance lies in
providing essential data support and performance prediction
for the design and application of PMN-PT single crystals
in high-power sensors or transducers. Despite the findings
obtained, the issue of depolarization due to temperature
increases under high-power excitation in PMN-PT single
crystals remains unresolved. Future research should delve
deeper into how material processing optimizations can
mitigate this phenomenon and how new material designs
or the use of composite materials can enhance power
tolerance and temperature stability. This will help advance
the development of high-performance piezoelectric materials
in a broader range of high-power applications. A potential
application direction involves combining piezoelectric
materials with semiconductor piezoresistive materials to
form sensitive elements, based on the inverse piezoelectric
effect and the piezoresistive effect, achieving non-contact
measurement of excitation voltage or electric fields.

Supporting materials

Supporting materials related to this article can be found
at https://doi.org/10.15541/jim20240469.
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WANG Xiaobo', ZHU Yuliangl, XUE Wenchao', SHI Ruchuan', LUO Bofengz, LUO Chengtao1

(1. School of Electronic Information and Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
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During high-power excitation in this study, the
temperature of the PMN-PT piezoelectric single crystal
materials significantly increases. We monitor the
temperature changes using an infrared thermometer
(FOTRIC-246 M). The scanning frequency range is
70-120 kHz, with a scanning duration of 120 ms.
Although the duration has been greatly reduced
compared to traditional constant voltage excitation
methods, it still results in a sharp increase in temperature.
After the excitation is removed, the temperature rapidly
decays, but once it reaches the depolarization temperature
of the PMN-PT piezoelectric single crystals, their
piezoelectric properties completely disappear.

Fig. S1 displays the infrared temperature probe
monitoring image of the piezoelectric materials. Fig. S2
shows the temperature change of the material during high-
power excitation.

This method can also be specifically applied to
depolarize piezoelectric materials, but the excitation
power needs to be specially designed to prevent material
fracture and physical damage due to excessive power.

Fig. S1 Infrared temperature probe monitoring image

80
120 ms
O 60
(2]
g
8 40
]
=
20+
0 300 600 900
Time / ms

Fig. S2 Temperature curve of the piezoelectric material



