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ABSTRACT

In order to investigate the effect of thickness on the dielectric and piezoelectric properties of (001) PMN-29PT single crystals,

three different types of PMN-29PT samples were prepared using the solid-state single crystal growth (SSCG) method: high den-

sity crystal [99%], low density crystal [95%], and high density crystal doped with Mn [98.5%]. When their thickness decreased

from 0.5 mm to 0.05 mm, their dielectric constant (K3
T), piezoelectric constants (d33 and g33), and electromechanical coupling fac-

tor (kt) decreased continuously. However, their dielectric loss (tan δ) increased. The addition of Mn to PMN-PT induced an inter-

nal bias electric field (EI), increased the coercive electric field (EC), and prevented local depoling. Therefore, Mn-doped PMN-PT

crystals show high stability as well as high performance, even in the form of very thin plates (< 0.2 mm), and thus are suitable

for application to high frequency composites, medical ultrasound probes, non-destructive testing devices (NDT), and flexible

devices.
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1. Introduction

he PZN-PT [Pb(Zn1/3Nb2/3)O3-PbTiO3] and PMN-PT

[Pb(Mg1/3Nb2/3)O3-PbTiO3] single crystals developed by

the research teams of Tokyo Institute of Technology Profes-

sor Kuwata in the 1980s and Pennsylvania State University

Professor Tom Shrout in the 1990s were reported to have

piezoelectric constant (d33) values of over 1,500 pC/N and

electromechanical coupling factor (k33) values of over 0.9.1,2)

These PMN-PT piezoelectric single crystals have piezoelec-

tric constant (d33) values that are multitudes greater than

those of the piezoelectric PZT [Pb(Zr,Ti)O3] polycrystalline

ceramics most widely used up to now,3) and the development

of piezoelectric single crystals brought about significant

changes to the research and market of piezoelectric materi-

als and applications.4-6) After the development of piezoelec-

tric single crystals, Philips and Humanscan began develop-

ment for application of piezoelectric single crystals to medi-

cal ultrasound devices and, currently, medical piezoelectric

single crystal ultrasound devices have become commercial-

ized by various companies including Philips, Humanscan,

GE, Siemens, and Hitachi.4-6) Beginning with the commer-

cialization of a medical ultrasound device, applications are

being attempted in various fields including SONAR trans-

ducers, medical high-intensity focused ultrasound (HIFU),

acoustic sensors, piezoelectric actuators, ultrasonic motors,

and piezoelectric energy harvesters.4-9)

High frequency piezoelectric composites, high frequency

medical ultrasound device probes, high frequency industrial

non-destructive test ultrasound probes, and flexible devices

(actuators, sensors, speakers, energy harvesters, etc.), which

are currently under development, utilize very thin piezo-

electric single crystals with thicknesses below 0.2 mm.4-9)

However, there have been many reports of applications

using such thin piezoelectric single crystals in which the

piezoelectric single crystal application component did not

exhibit the expected properties and characteristics.10-12)

Such degradation of dielectric and piezoelectric properties

has been reported to be the result of local depoling caused

by decreased thickness of the piezoelectric PMN-PT single

crystal.10-12) Therefore, understanding the cause behind prop-

erty changes according to the piezoelectric single crystal

thickness change and developing a method of maintaining

the piezoelectric single crystal properties for thicknesses

below 0.2 mm have become important.

In this study, the solid-state single crystal growth (SSCG)

method was used13-17) to fabricate 3 types of piezoelectric sin-

gle crystals ((1) high density PMN-29PT single crystal

[PMNT-HD], (2) low density PMN-29PT single crystal

[PMNT-LD], and (3) Mn doped high density PMN-29PT sin-

gle crystal [PMNT-Mn]). The dielectric and piezoelectric

property changes according to the thickness were investi-

gated for the 3 types of piezoelectric single crystals and the

effects of the Mn addition and porosity were analyzed.

Finally, appropriate piezoelectric single crystals were pre-

sented for applications including high frequency composites,
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high frequency medical ultrasound probes, high frequency

industrial non-destructive test probes, and flexible devices

(actuators, sensors, speakers, energy harvesters, etc.).

2. Experimental Procedure

In this study, SSCG was used to fabricate 3 types of piezo-

electric single crystals ((1) high density PMN-29PT single

crystal [PMNT-HD], (2) low density PMN-29PT single crys-

tal [PMNT-LD], and (3) Mn doped high density PMN-29PT

single crystal [PMNT-Mn]) at Ceracomp Co., LTD..13-17)

Pb3O4 (99.9%, Alfa Aesar, Ward Hill, MA), MgNb2O6 (99.9%,

H. C. Starck GmbH, Newton, MA), and TiO2 (99.99%, Ishi-

hara, San Francisco, CA) were used as the raw ingredient

powders. After quantifying each raw material powders, ball

milling was conducted for 24 h, followed by drying and calci-

nation at 800oC. The calcinated powders underwent second-

ary ball milling with excess amounts of PbO powder and the

final powder was fabricated after drying and filtering

through a sieve. Hot pressing and pressureless sintering

were used to fabricate the high density and low density

polycrystalline ceramics. The high density piezoelectric sin-

gle crystals of relative density over 99% were produced by

growing single crystals from the high density piezoelectric

ceramic produced using the hot pressing method (1,050oC,

10 min, 50 MPa). The low density piezoelectric single crys-

tals with relative density of around 95% were fabricated by

growing single crystals from the low density piezoelectric

ceramic produced using the conventional pressureless sin-

tering method (1,250oC, 1 h). The Ba(Zr0.1Ti0.9)O3 seed single

crystal was placed on top of the fabricated ceramic sintered

body and heat treatment was carried out for SSCG. This

heat treatment for SSCG was carried out using the double

crucible method to prevent the loss of PbO, which is very

volatile. During the single crystal growth heat treatment

process, the Ba(Zr0.1Ti0.9)O3 seed single crystal was continu-

ously grown within the polycrystalline ceramic, resulting in

the production of 30 × 30 × 5 mm3 single crystals.

The fabricated piezoelectric single crystals were cut to

prepare plate type (001) plane single crystals. Also, after the

single crystal cutting, a wrapping process (cross section

wrapping, WA #3000 [Sankei, Japan] abrasive) was used to

prepare single crystal measurement specimens of (1) 0.5

mm, (2) 0.2 mm, (3) 0.1 mm, and (4) 0.05 mm thicknesses.

Sputtering was conducted on the surfaces of the prepared

measurement specimens to establish Au electrodes. The

dielectric and piezoelectric properties of the prepared piezo-

electric single crystals were measured in accordance with

IEEE standards.18,19) Also, the dielectric and piezoelectric

properties of the measurement specimens with various thick-

nesses were measured to investigate the effect of thickness.

3. Results and Discussion

3.1. Dielectric Constant and Dielectric Loss Varia-

tion According to Thickness

Prior to investigating the electrical properties of the 3

types of piezoelectric single crystals fabricated using SSCG,

the relative densities of each single crystals were measured.

The theoretical density of the PMN-29PT piezoelectric sin-

gle crystal is 8.1 g/cm3,1,2) and the densities of the high den-

sity PMN-29PT single crystal [PMNT-HD], low density

PMN-29PT single crystal [PMNT-LD], and Mn doped high

density PMN-29PT single crystal [PMNT-Mn] were mea-

sured at 8.02 g/cm3, 7.70 g/cm3, and 7.98 g/cm3, respectively;

their calculated relative densities were 99.0%, 95.0%, and

98.5%, respectively. These results show that the hot press-

ing process was effective in increasing the density of single

crystals. 

Figure 1 shows the dielectric constant according to the

thicknesses for the 3 types of piezoelectric single crystals.

While the dielectric constant of the high density PMN-29PT

single crystal [PMNT-HD] was around 7,000 for the thick-

ness of 0.5 mm, the dielectric constant for the thickness of

0.05 mm was lower at 4,280. The dielectric constant of the

low density PMN-29PT single crystal [PMNT-LD] was

around 5,460 for the thickness of 0.5 mm and lower at 4,640

for the decreased thickness of 0.05 mm. The dielectric con-

stant of the Mn doped high density PMN-29PT single crys-

tal [PMNT-Mn] was around 3,520 for the thickness of 0.5

mm and lower at 3,140 for the decreased thickness of 0.05

mm. These results show that the dielectric constant decreased

as the piezoelectric single crystal thickness decreased and

the rate of dielectric constant decrease with thickness is sig-

nificantly reduced when pores or Mn were added to the high

density PMN-29PT single crystal [PMNT-HD]. In particu-

lar, decrease in the dielectric constant due to the decreased

thickness was smallest for the Mn doped case. 

Figure 2 shows the dielectric loss (tan δ [%]) according to

Fig. 1. Variation of dielectric constant with thickness: (a)
high density PMN-29PT single crystal [PMNT-HD],
(b) low density PMN-29PT single crystal [PMNT-LD],
and (c) high density PMN-29PT single crystal doped
with Mn [PMNT-Mn].
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the thickness for the 3 types of piezoelectric single crystals.

While the dielectric loss of the high density PMN-29PT sin-

gle crystal [PMNT-HD] was around 0.7% for the thickness

of 0.5 mm, the dielectric loss increased to around 2.5% when

the thickness was decreased to 0.05 mm. The dielectric loss

of the low density PMN-29PT single crystal [PMNT-LD]

was around 1.1% for the thickness of 0.5 mm and increased

approximately 3.0% for the decreased thickness of 0.05 mm.

The dielectric loss of the Mn doped high density PMN-29PT

single crystal [PMNT-Mn] was around 0.3% for the thick-

ness of 0.5 mm and increased to 1.1% for the decreased

thickness of 0.05 mm. These results show that the dielectric

loss increased as the thickness of the piezoelectric single

crystal decreased. Especially, the dielectric loss increased

rapidly for thicknesses below 0.1 mm. However, the Mn

doped high density PMN-29PT single crystal [PMNT-Mn]

showed low dielectric losses of below 1% for the whole thick-

ness range, showing that the addition of Mn was effective at

maintaining the low dielectric loss.

3.2. Piezoelectric Charge Constant [d33] and Piezo-

electric Voltage Constant [g33] Variations According

to Thickness

Figure 3 shows the piezoelectric charge constant [d33] vari-

ation according to the thickness for the 3 types of piezoelec-

tric single crystals. While the piezoelectric charge constant

of the high density PMN-29PT single crystal[PMNT-HD]

was around 1,880 pC/N for the thickness of 0.5 mm, the

piezoelectric charge constant significantly decreased to 375

pC/N for the thickness of 0.05 mm. The piezoelectric charge

constant of the low density PMN-29PT single crystal

[PMNT-LD] was around 1,640 pC/N for the thickness of 0.5

mm and decreased to 410 pC/N for the decreased thickness

of 0.05 mm. The piezoelectric charge constant of the Mn

doped high density PMN-29PT single crystal [PMNT-Mn]

was around 1,160 pC/N for the thickness of 0.5 mm and

decreased to 463 pC/N for the decreased thickness of 0.05

mm. The piezoelectric charge constant decrease due to the

decreased thickness was greatest for the high density PMN-

29PT single crystal [PMNT-HD] and smallest for the Mn

doped high density PMN-29PT single crystal [PMNT-Mn].

Comparison of the piezoelectric charge constants for the 3

types of piezoelectric single crystals revealed that the piezo-

electric charge constant for the high density PMN-29PT sin-

gle crystal [PMNT-HD] was highest for the thickness of 0.5

mm, while the Mn doped high density PMN-29PT single

crystal [PMNT-Mn] showed the highest piezoelectric charge

constant for the thickness of 0.05 mm. It was observed that

the piezoelectric charge constant [d33] of the Mn doped high

density PMN-29PT single crystal [PMNT-Mn] was highest

for thicknesses below 0.1 mm since the piezoelectric con-

stant decrease due to thickness decrease was smallest.

Figure 4 shows the piezoelectric voltage constant[g33] vari-

ation according to the thickness for the 3 types of piezoelec-

tric single crystals. While the piezoelectric voltage constant

of the high density PMN-29PT single crystal[PMNT-HD]

was around 30.5 [mV·m/N] for the thickness of 0.5 mm, the

piezoelectric voltage constant decreased to 9.9 [mV·m/N] for

the decreased thickness of 0.05 mm. The piezoelectric volt-

age constant of the low density PMN-29PT single crystal

[PMNT-LD] was around 33.9 [mV·m/N] for the thickness of

0.5 mm and decreased to 10.0 [mV·m/N] for the decreased

thickness of 0.05 mm. The piezoelectric voltage constant of

the Mn doped high density PMN-29PT piezoelectric single

Fig. 2. Variation of dielectric loss (tan δ [%]) with thickness:
(a) high density PMN-29PT single crystal [PMNT-
HD], (b) low density PMN-29PT single crystal
[PMNT-LD], and (c) high density PMN-29PT single
crystal doped with Mn [PMNT-Mn].

Fig. 3. Variation of piezoelectric charge constant (d33 [pC/N])
with thickness: (a) high density PMN-29PT single
crystal [PMNT-HD], (b) low density PMN-29PT sin-
gle crystal [PMNT-LD], and (c) high density PMN-
29PT single crystal doped with Mn [PMNT-Mn].



May  2018 Thickness-Dependent Properties of Undoped and Mn-doped (001) PMN-29PT [Pb(Mg1/3Nb2/3)O3-29PbTiO3]... 293

crystal [PMNT-Mn] was around 37.5 [mV·m/N] for the

thickness of 0.5 mm and decreased to 16.7 [mV·m/N] for the

decreased thickness of 0.05 mm. These results show that

the piezoelectric voltage constant decreased as the thick-

ness decreased for all 3 types of piezoelectric single crystals.

Comparison of the piezoelectric voltage constant for the 3

types of piezoelectric single crystals showed that the piezo-

electric voltage constant for the Mn doped high density

PMN-29PT single crystal [PMNT-Mn] was the highest for

the whole thickness range. In particular, it was observed

that the piezoelectric voltage constant [g33] was more than

double that of the other single crystals for the thickness of

0.05 mm.

3.3. Thickness Mode Electromechanical Coupling

Factor (kt) Variation According to Thickness

Figure 5 shows the thickness mode electromechanical cou-

pling factor (kt) variation according to the thickness for the

3 types of piezoelectric single crystals. While the thickness

mode electromechanical coupling factor (kt) of the high den-

sity PMN-29PT single crystal [PMNT-HD] was around 0.54

for the thickness of 0.5 mm, the thickness mode electrome-

chanical coupling factor (kt) decreased to 0.49 for the

decreased thickness of 0.05 mm. The thickness mode elec-

tromechanical coupling factor (kt) of the low density PMN-

29PT single crystal [PMNT-LD] was around 0.57 for the

thickness of 0.5 mm and decreased to 0.53 for the decreased

thickness of 0.05 mm. The thickness mode electromechani-

cal coupling factor (kt) of the Mn doped high density PMN-

29PT single crystal [PMNT-Mn] was around 0.57 for the

thickness of 0.5 mm and decreased to 0.54 for the decreased

thickness of 0.05 mm. These results show that the thickness

mode electromechanical coupling factor (kt) decreased as the

thickness of the piezoelectric single crystal decreased and

that the decrease rates of the thickness mode electrome-

chanical coupling factor (kt) for all 3 types of piezoelectric

single crystals were similar to each other. Comparison of

the thickness mode electromechanical coupling factor (kt)

for the 3 types of piezoelectric single crystals revealed that

the thickness mode electromechanical coupling factor (kt) of

the high density PMN-29PT single crystal [PMNT-HD] was

the lowest for the whole thickness range. Also, the thickness

mode electromechanical coupling factor (kt) of the Mn doped

high density PMN-29PT single crystal [PMNT-Mn] for

thicknesses of lower than 0.1 mm was the highest.

Figure 6 shows the impedance curves of the (a) high den-

sity PMN-29PT single crystal [PMNT-HD] and (b) Mn

doped high density PMN-29PT single crystal [PMNT-Mn] of

0.05 mm thickness near their thickness mode resonant fre-

quency. Only thickness mode resonance was observed for

the impedance curve of the Mn doped high density PMN-

29PT single crystal [PMNT-Mn] (Fig. 6(b)). However, thick-

ness mode resonance and a pseudo vibration mode (spurious

peak) of relatively small magnitude were observed for the

impedance curve of the high density PMN-29PT single

crystal [PMNT-HD] (Fig. 6(a)). In the results of a previous

study, a depoling phenomenon was observed due to the

change in the domain structure for parts of the single crys-

tal when the thickness of the piezoelectric PMN-PT single

crystal decreased.12) As shown in Fig. 6(a), when depoling

occurs due to the domain structure change of the piezoelec-

tric single crystal, the pseudo vibration mode (spurious

peak) was observed in addition to the thickness mode reso-

Fig. 4. Variation of piezoelectric voltage constant (g33 [mV·m/
N]) with thickness: (a) high density PMN-29PT sin-
gle crystal [PMNT-HD], (b) low density PMN-29PT
single crystal [PMNT-LD], and (c) high density PMN-
29PT single crystal doped with Mn [PMNT-Mn].

Fig. 5. Variation of thickness mode electromechanical cou-
pling factor (kt) with thickness: (a) high density
PMN-29PT single crystal [PMNT-HD], (b) low den-
sity PMN-29PT single crystal [PMNT-LD], and (c)
high density PMN-29PT single crystal doped with
Mn [PMNT-Mn].
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nance peak.12) Therefore, due to the observation of the

pseudo vibration mode in Fig. 6(b), it was found that depol-

ing occurs for the 0.05 mm thick high density PMN-29PT

single crystal [PMNT-HD]. 

The dielectric loss drastically increased for the high den-

sity PMN-29PT single crystals [PMNT-HD] of thicknesses

below 0.2 mm (Fig. 2), and this dielectric loss increase,

along with the appearance of the pseudo vibration mode

shown in Fig. 6(a), is thought to be due to the depoling phe-

nomenon of the single crystals. Therefore, the dielectric and

piezoelectric properties decreased due to the local depoling

of the high density PMN-29PT single crystal [PMNT-HD],

caused by the decrease in thickness. The dielectric loss for

the Mn doped high density PMN-29PT single crystal

[PMNT-Mn] was about 1.1% and no pseudo vibration mode

was observed other than the thickness mode resonance

peak, so it was observed that depoling was minimal. Since

depoling barely occurred for the Mn doped high density

PMN-29PT single crystal [PMNT-Mn], the decreases in the

dielectric and piezoelectric properties from the thickness

decrease were very small.

Fig. 6. Impedance of (001) single crystal plates [“0.05 mm”
thick] with frequency: (a) high density PMN-29PT
single crystal [PMNT-HD] and (b) high density PMN-
29PT single crystal doped with Mn [PMNT-Mn].

Fig. 7. Polarization with electric field: (a) high density PMN-
29PT single crystal [PMNT-HD], (b) low density PMN-
29PT single crystal [PMNT-LD], and (c) high density
PMN-29PT single crystal doped with Mn [PMNT-Mn].
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3.4. Polarization and Coercive Electric Field Prop-

erties

The polarization and coercive electric field (EC) were mea-

sured according to the electrical field variation for the 3

types of piezoelectric single crystals (Fig. 7). Fig. 7(a) shows

the polarization and coercive electric field variation accord-

ing to the thickness for the high density PMN-29PT single

crystal [PMNT-HD]. While the changes in the polarization

and coercive electric field for thicknesses over 0.1 mm were

small, the polarization decreased rapidly when the coercive

electric field increased sharply for the thickness of 0.05 mm.

However, for the low density PMN-29PT single crystal

[PMNT-LD] (Fig. 7(b)) and Mn doped high density PMN-

29PT single crystal [PMNT-Mn] (Fig. 7(c)), rapid changes in

the polarization and coercive electric field were not observed

for the whole thickness range. In particular, an internal

electric field was observed for the Mn doped high density

PMN-29PT single crystal [PMNT-Mn]. Similar to the case

of PZT ceramic, when an acceptor like Mn is added to a high

density PMN-29PT single crystal [PMNT-Mn], oxygen vacan-

cies are formed and the defects of the acceptor and oxygen

vacancies combine to create a defect dipole.20-24) This forma-

tion of a defect dipole has been reported to ultimately create

an internal electric field within the crystal.20-24)

Figure 8 compares the polarization and the coercive elec-

tric field according to the electric field variation for the 3

types of piezoelectric single crystals of 0.05 mm thickness.

When compared with the coercive electric field of the 0.5

mm thick single crystals, the coercive electric field of the

0.05 mm thick high density PMN-29PT single crystal

[PMNT-HD] increased by more than 30%, while the coercive

electric fields of the low density PMN-29PT single crystal

[PMNT-LD] and Mn doped low density PMN-29PT single

crystal showed no differences. The coercive electric field

variation of the Mn doped high density PMN-29PT single

crystal [PMNT-Mn] for the whole thickness range was

smallest and the internal electric field was maintained. The

maintenance of the dielectric and piezoelectric properties

for the Mn doped high density PMN-29PT single crystal

[PMNT-Mn] is thought to result from the lack of depoling

for the whole thickness range due to the high coercive and

internal electric field.

3.5. Piezoelectric Energy Harvesting Performance

Prediction According to Thickness 

Table 1 shows the dielectric and piezoelectric properties of

the high density PMN-29PT single crystal [PMNT-HD], low

density PMN-29PT single crystal [PMNT-LD], and Mn

doped high density PMN-29PT single crystal [PMNT-Mn].

While the dielectric constant and piezoelectric constant

were highest for the 0.5 mm thick high density PMN-29PT

single crystal [PMNT-HD], the coercive electric field was

smallest and no internal electric field was observed. Also,

the dielectric and piezoelectric constants (d33, g33) rapidly

decreased when the thickness was decreased. When the

porosity was increased by about 4% for the high density

PMN-29PT single crystal [PMNT-HD] (in other words, the

low density PMN-29PT single crystal [PMNT-LD]), the

dielectric constant and piezoelectric charge constant (d33)

decreased for the thickness of 0.5 mm, while the piezoelec-

tric voltage constant (g33) and thickness mode electrome-

chanical coupling factor (kt) increased. When the thickness

decreased, the decrease rate of the dielectric and piezoelec-

tric constants (d33, g33) decreased compared to those of the

high density PMN-29PT single crystal [PMNT-HD]. Due to

this property of decrease rate difference according to thick-

ness variation, the coercive electric field, piezoelectric con-

stant (d33, g33), and thickness mode electromechanical

coupling factor (kt) were higher for thicknesses below 0.2

mm. When Mn was added to the high density PMN-29PT

single crystal [PMNT-HD] (in other words, the Mn doped

high density PMN-29PT single crystal [PMNT-Mn]), the

dielectric constant, dielectric loss, and piezoelectric charge

constant (d33) decreased rapidly and were the smallest for

the thickness of 0.5 mm. However, the coercive electric field

increased by about 50% and an internal electric field was

induced, resulting in the highest coercive electric field;

piezoelectric voltage constant (g33) and thickness mode elec-

tromechanical coupling factor (kt) were also at their highest.

When the thickness was decreased, the decrease rates for

the dielectric loss and piezoelectric constant (d33, g33) were

smallest compared to the other 2 types of single crystals.

Due to the property decrease rate difference according to

the thickness variation, the electric loss was smallest for

thicknesses below 0.1 mm and the piezoelectric constant

(d33, g33), thickness mode electromechanical coupling factor

(kt), coercive electric field, and internal electric field were

Fig. 8. Polarization of “0.05 mm thickness” single crystals
with electric field: (a) high density PMN-29PT single
crystal [PMNT-HD] (EC = 3.2 kV/cm; EI = 0.0 kV/cm),
(b) low density PMN-29PT single crystal [PMNT-LD]
(EC = 2.6 kV/cm; EI = 0.0 kV/cm), and (c) high den-
sity PMN-29PT single crystal doped with Mn [PMNT-
Mn] (EC = 3.6 kV/cm; EI = 1.3 kV/cm).
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highest. 

These results show that porosity and Mn addition had sig-

nificant impacts on the property variation of the PMN-29PT

piezoelectric single crystal according to the thickness varia-

tion. Such influence is thought to be due to the occurrence of

depoling from the local domain structure change within the

single crystal, caused by thickness decrease in the thickness

range below 0.2 mm. This depoling phenomenon is inhibited

by the porosity or Mn within the single crystal.20-24) In par-

ticular, Mn addition was most effective, and the Mn doped

high density PMN-29PT piezoelectric single crystal [PMNT-

Mn] showed the highest dielectric and piezoelectric proper-

ties for thicknesses below 0.2 mm. These results reveal that

the Mn doped PMN-PT single crystal was most suitable for

applications, including high frequency piezoelectric compos-

ites, high frequency medical ultrasound device probes, high

frequency industrial non-destructive test probes, and flexi-

ble devices (actuators, sensors, speakers, energy harvesters,

etc.) where the use of piezoelectric single crystals with

thicknesses below 0.2 mm is necessary.

To compare the piezoelectric energy harvesting property

of each piezoelectric single crystal according to the thick-

ness variation, the Figure of Merit (FOM), which represents

the piezoelectric energy harvesting property, was defined as

Table 1. Measured Dielectric and Piezoelectric Properties of (a) High Density PMN-29PT Single Crystal [PMNT-HD], (b) Low
Density PMN-29PT Single Crystal [PMNT-LD], and (c) High Density PMN-29PT Single Crystal Doped with Mn [PMNT-
Mn]

Single 
Crystals

Thickness
[mm]

K3
T tan δ

(%)
d33

(pC/N)
g33

(mV·m/N)
kt

EC

(kV/cm
EI

(kV/cm)
FOM*

(10−12 m2/N)

PMNT-HD 
SC

0.5
6,987
[1.00]#

0.7
[1.00]

1,883
[1.00]

30.5
[1.00]

0.54
[1.00]

2.4
[1.00]

0.0
[1.00]

57.4
[1.00]

0.2
6,304
[0.90]#

1.4
[2.00]

1,144
[0.61]

20.5
[0.67]

0.55
[1.02]

2.6
[1.08]

0.0
[1.00]

23.5
[0.41]

0.1
5,261
[0.75]#

1.8
[2.57]

673
[0.38]

14.5
[0.48]

0.52
[0.96]

2.1
[0.88]

0.0
[1.00]

9.8
[0.17]

0.05
4,277
[0.61]#

2.5
[3.57]

374
[0.20]

9.9
[0.33]

0.49
[0.91]

3.2
[1.33]

0.0
[1.00]

3.7
[0.07]

PMNT-LD 
SC

0.5
5,462
[1.00]

1.1
[1.00]

1,640
[1.00]

33.9
[1.00]

0.57
[1.00]

2.9
[1.00]

0.0
[1.00]

55.7
[1.00]

0.2
5,125
[0.94]

1.4
[1.27]

1,230
[0.75]

27.1
[0.80]

0.58
[1.02]

3.0
[1.04]

0.0
[1.00]

33.4
[0.60]

0.1
4,816
[0.88]

1.9
[1.73]

763
[0.47]

17.9
[0.53]

0.56
[0.98]

2.5
[0.86]

0.0
[1.00]

13.7
[0.25]

0.05
4,639
[0.85]

3.0
[2.73]

410
[0.25]

10.0
[0.30]

0.53
[0.93]

2.6
[0.90]

0.0
[1.00]

4.1
[0.08]

PMNT-Mn 
SC

0.5
3,516
[1.00]

0.3
[1.00]

1,160
[1.00]

37.3
[1.00]

0.57
[1.00]

3.6
[1.00]

0.7
[1.00]

43.3
[1.00]

0.2
3,537
[1.01]

0.4
[1.33]

986
[0.85]

31.5
[0.85]

0.57
[1.00]

4.2
[1.17]

1.3
[1.86]

31.1
[0.72]

0.1
3,278
[0.93]

0.7
[2.33]

643
[0.56]

22.2
[0.60]

0.55
[0.97]

3.9
[1.08]

1.6
[2.29]

14.3
[0.33]

0.05
3,142
[0.89]

1.1
[3.67]

463
[0.40]

16.7
[0.45]

0.54
[0.95]

3.6
[1.00]

1.3
[1.86]

7.7
[0.18]

*FOM = d33 × g33

#The measured properties are also described in normalized scale.

Fig. 9. Variation of FOM (Figure of Merit) with thickness:
(a) high density PMN-29PT single crystal [PMNT-
HD], (b) low density PMN-29PT single crystal [PMNT-
LD], and (c) high density PMN-29PT single crystal
doped with Mn [PMNT-Mn].
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“d33·g33” (Fig. 9). For all 3 types of single crystal, FOM

decreased as the thickness decreased. For the thickness of

0.5 mm, the FOM for the high density PMN-29PT single

crystal [PMNT-HD] was highest, while the FOM for the low

density PMN-29PT single crystal [PMNT-LD] was highest

for the thickness of 0.2 mm. However, for the thicknesses of

0.1 and 0.05 mm, the FOM for the Mn doped high density

PMN-29PT piezoelectric single crystal [PMNT-Mn] was

highest. In the case of piezoelectric energy harvesting appli-

cations, in which external mechanical stress and deforma-

tion are applied repetitively to the piezoelectric single

crystal, high FOM is very important, along with stability of

the piezoelectric single crystal mechanical and electrical

properties. The Mn doped high density PMN-29PT piezo-

electric single crystal [PMNT-Mn] is predicted to not only

have high FOM but also to exhibit electrical stability due to

the internal electric field and very high coercive electric

field. Therefore, it was shown that the Mn doped PMN-PT

single crystal can be applied to flexible piezoelectric energy

harvesters, which have been actively studied recently

worldwide.8,9,25-27)

4. Conclusions

In this study, dielectric and piezoelectric property varia-

tions were investigated for 3 types of piezoelectric single

crystals ((1) high density PMN-29PT single crystal [PMNT-

HD], (2) low density PMN-29PT single crystal [PMNT-LD],

and (3) Mn doped high density PMN-29PT single crystal

[PMNT-Mn]). Also, the property variations for the 3 types of

single crystals were compared and the impacts of porosity

and Mn addition were analyzed with regard to the property

variation of the piezoelectric single crystals according to the

thickness. When the thickness was decreased, the dielectric

and piezoelectric properties of the high density PMN-29PT

single crystal [PMNT-HD] decreased sharply. Such prop-

erty degradation due to thickness decrease resulted from

the occurrence of depoling from the local domain structure

within the single crystal; this depoling and a property deg-

radation phenomenon were significantly inhibited by the

presence of porosity or Mn within the single crystal. Espe-

cially, Mn addition was most effective, and the Mn doped

high density PMN-29PT piezoelectric single crystal [PMNT-

Mn] exhibited the highest dielectric and piezoelectric prop-

erties for thicknesses below 0.2 mm. In conclusion, it was

found that the Mn doped PMN-PT single crystal was most

suitable for applications that require the use of piezoelectric

single crystals less than 0.2 mm thick, including high fre-

quency piezoelectric composites, high frequency medical

ultrasound device probes, high frequency industrial non-

destructive test probes, and flexible devices (actuators, sen-

sors, speakers, energy harvesters, etc.).
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