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Complete sets of elastic, piezoelectric, dielectric, and electromechanical properties of [001]c and [011]c

poled pure and 0.5 wt. % manganese-doped 0.24Pb(In1/2Nb1/2)O3-0.47Pb(Mg1/3Nb2/3)O3-0.29PbTiO3

single crystals have been characterized at room temperature. The results indicate that manganese ion

substitution in the B-site of perovskite 0.24PIN-0.47PMN-0.29PT single crystals makes the material

harder with much higher mechanical quality factor Qm and slight decrease in piezoelectric and

dielectric constants. The much improved Qm value (200–900) makes Mn-doped single crystals more

suitable for high-power transducer applications than pure single crystals. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4792600]

I. INTRODUCTION

Ternary relaxor-based ferroelectric single crystals

xPb(In1/2Nb1/2)O3-(1� x� y) Pb(Mg1/3Nb2/3) O3-yPbTiO3

(PIN-PMN-PT) with compositions near the morphotropic

phase boundary (MPB) have attracted much attention

in recent years for their comparably large piezoelectric and

electromechanical properties to that of binary (1� x)Pb(Mg1/3

Nb2/3)O3-xPbTiO3 (PMN-PT) single crystals and much higher

coercive fields and Curie temperature.1–6 Though PIN-PMN-

PT single crystals have improved mechanical quality factors

(Qm� 100) compared to PMN-PT single crystals (Qm< 80),

their Qm are still much too low compared with that of high-

power piezoelectric ceramics (Qm> 1000), which signifi-

cantly hampered their application potential for high-power or

resonant-based devices.7–9

Recently, much attention has been focused on the effect

of additive on relaxor-PT single crystals, especially manga-

nese (Mn) and iron (Fe) substitutions.10–12 It was found that

the Fe substitution could enhance the stability of the ferro-

electric orthorhombic (FEO) state of the crystal, resulting

larger piezoelectric coefficient, while Mn substitution is

effective in inducing hard characteristics, results in larger

mechanical quality factor Qm and coercive field Ec. In order

to get a complete picture of the doping effect, the complete

matrix of material constants for undoped and Mn-doped ter-

nary relaxor-PT ferroelectric single crystals need to be char-

acterized. More importantly, these complete set of material

properties are also essential for the design of electromechani-

cal devices using these crystals.

In this work, we have characterized the complete set of

elastic, piezoelectric, and dielectric properties of [001]c and

[011]c poled pure and 0.5 wt. % Mn-doped 0.24Pb(In1/2Nb1/2)

O3-0.47Pb(Mg1/3Nb2/3)O3-0.29PbTiO3 (0.24PIN-0.47PMN-

0.29PT) ternary single crystals. This composition is only

slightly away from the MPB on the rhombohedral phase side,

which are selected for their better temperature stability than

MPB composition. Four sets of full matrix material properties

were determined using combined resonance and ultrasonic

methods because the crystals were poled along [001]c and

[011]c of the pseudo cubic directions. These self-consistent

data sets are much needed for both fundamental understand-

ing of the nature of the ultra-high piezoelectric properties

arch as well as input for the design of high-power electrome-

chanical devices using finite element packages. Moreover,

the effect of Mn doping on the mechanical quality factor and

electromechanical properties of 0.24PIN-0.47PMN-0.29PT

single crystals can be quantitatively revealed.

II. EXPERIMENTAL PROCEDURE

The pure and 0.5 wt. % Mn-doped 0.24PIN-0.47PMN-

0.29PT single crystals used in this work were supplied by

H.C. Materials Corp. (Bolingbrook, IL). The crystal boule

was grown by the modified Bridgman method and it was

found that the content of PIN is insensitive to composition

segregation, but the PT content varies along the growth direc-

tion.5 Samples of desired geometries were cut from the same

cross section slice of a crystal boule grown along [011]c crys-

tallographic direction to maintain the composition uniformity.

The dopant amount of Mn was evaluated by the scanning

electron microscopy (SEM) with energy-dispersive X-ray

spectroscopy (EDS) (FEI Quanta 200) to be �0.5 wt. %.

The as-grown crystals were oriented by the Laue

machine with an accuracy of 60.5�. Each sample was cut

and polished into a parallelepiped with the orientations of

[100]c� [010]c� [001]c for [001]c-poled crystals, and

[0�11]c� [100]c� [011]c for [011]c-poled crystals, respec-

tively. Specimens were annealed at 600 �C for 10 h to fill in

some of the oxygen vacancies and to reduce residual stress

that was developed during crystal growth and mechanical

processing. Then, the samples were sputtered with gold elec-

trodes on [001]c and [00�1]c, or [011]c and [0�1�1]c surfaces,

and poled at a field of 15 kV/cm for 30 min in silicone oil at

room temperature. Each sample was checked for poling com-

pleteness using a ZJ-2 piezo d33 meter.

The combined resonance and ultrasonic method has pro-

ven effective and accurate for getting self-consistent matrixa)Electronic mail: dzk@psu.edu.
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TABLE I. Measured and derived material constants of [001]c and [011]c poled pure and Mn-doped 0.24PIN-0.47PMN-0.29PT multidomain single crystals.

[Directly measured constants are denoted by star (*).]

Elastic stiffness constants: cE
ij and cD

ij (1010 N/m2)

cE�
11 cE

12 cE
13 cE�

22 cE
23 cE

33 cE�
44 cE�

55 cE�
66

Pure [001] 12.43 10.90 11.02 12.43 11.02 12.45 6.98 6.98 6.21

[011] 20.85 12.77 6.07 15.74 12.93 15.39 6.78 0.67 4.87

Doped [001] 12.52 10.14 10.33 12.52 10.33 11.74 6.90 6.90 6.41

[011] 22.02 13.05 6.46 13.05 10.61 15.85 6.92 0.77 5.87

cD
11 cD

12 cD
13 cD

22 cD
23 cD�

33 cD�
44 cD�

55 cD
66

Pure [001] 13.51 11.98 8.93 13.51 8.93 16.49 7.49 7.49 6.21

[011] 21.27 12.20 7.50 16.51 11.01 20.25 7.27 4.41 4.87

Doped [001] 12.81 10.43 9.20 12.81 9.20 16.14 7.37 7.37 6.41

[011] 22.11 12.70 7.07 14.43 8.20 20.08 7.30 4.60 5.87

Elastic compliance constants: sE
ij and sD

ij (10�12 m2/N)

sE�

11 sE
12 sE

13 sE�

22 sE
23 sE

33 sE
44 sE

55 sE
66

Pure [001] 45.76 �19.60 �23.16 45.76 �23.16 49.04 14.33 14.33 16.10

[011] 15.65 �24.37 14.59 59.11 �40.13 34.34 14.75 149.25 20.53

Doped [001] 32.17 �9.85 �19.64 32.17 �19.64 43.07 14.49 14.49 15.60

[011] 15.18 �22.28 8.72 49.49 �24.05 18.85 14.45 129.87 17.04

sD
11 sD

12 sD
13 sD

22 sD
23 sD�

33 sD
44 sD

55 sD
66

Pure [001] 35.84 �29.52 �3.43 35.84 �3.43 9.78 13.35 13.35 16.10

[011] 8.20 �6.10 0.51 14.34 �5.62 7.75 13.76 22.68 20.53

Doped [001] 24.93 �17.09 �4.47 24.93 �4.47 11.29 13.56 13.56 15.60

[011] 9.16 �8.11 0.09 16.21 �3.76 6.48 13.71 21.73 17.04

Piezoelectric coefficients: eik(C/m2), dik(10�12 C/N), gik(10�3 Vm/N), and hik(108 V/m)

e15 e24 e31 e32 e33 d15 d24 d�31 d�32 d�33

Pure [001] 8.52 8.52 �9.11 �9.11 17.60 122 122 �646 �646 1285

[011] 15.90 7.19 4.98 �6.72 16.88 2373 106 488 �1196 922

Doped [001] 6.97 6.97 �4.13 �4.13 16.08 101 101 �408 �408 855

[011] 15.08 5.67 2.01 �7.98 13.99 1959 82 330 �776 473

g15 g24 g31 g32 g33 h15 h24 h31 h32 h33

Pure [001] 7.98 7.98 �15.36 �15.36 30.55 5.97 5.97 �11.86 �11.86 22.92

[011] 53.33 9.41 15.26 �37.40 28.84 23.52 6.84 8.46 �11.40 28.63

Doped [001] 9.20 9.20 �17.74 �17.74 37.17 6.79 6.79 �7.03 �7.03 27.36

[011] 55.20 9.08 18.24 �42.87 26.14 25.40 6.63 4.35 �17.25 30.24

Dielectric constants: eij(e0) and b(10�4/e0)

eS�
11 eS�

22 eS�
33 eT�

11 eT�
22 eT�

33 bS
11 bS

22 bS
33 bT

11 bT
22 bT

33

Pure [001] 1611 1611 868 1728 1728 4753 6.21 6.21 11.52 5.79 5.79 2.10

[011] 764 1187 666 5028 1273 3613 13.09 8.43 15.02 1.99 7.86 2.77

Doped [001] 1160 1160 664 1240 1240 2599 8.62 8.62 15.06 8.07 8.07 3.85

[011] 671 967 523 4010 1020 2046 14.90 10.34 19.13 2.49 9.80 4.89

Electromechanical coupling factors kij and density

k15 k24 k�31 k�32 k�33 k�t Density (kg/m3)

Pure [001] 0.26 0.26 0.46 0.46 0.89 0.50 8122

[011] 0.92 0.26 0.69 0.87 0.88 0.49 8122

Doped [001] 0.25 0.25 0.47 0.47 0.86 0.52 8173

[011] 0.91 0.23 0.63 0.82 0.81 0.46 8173
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data sets.13,14 The dimensions and geometries of samples in

resonance measurements were specified by the IEEE stand-

ards on piezoelectricity.15 The resonance and anti-resonance

frequencies were obtained by a HP 4194 A impedance-phase

gain analyzer. 3 mm cubes with the orientations of

[100]c� [010]c� [001]c and [0�11]c� [100]c� [011]c were

used for the ultrasonic measurements. A 15 MHz longitudi-

nal wave transducer (Ultran Laboratories, Inc.) and a

20 MHz shear wave transducer (Panametrics Com.) were

used for the ultrasonic pulse-echo measurements. The longi-

tudinal transducer was used to measure the phase velocity of

longitudinal waves, while the shear wave transducer was

used to measure the phase velocity of shear waves. The

transducers were excited by a 200 MHz pulser/receiver

(Panametrics Com.) and the time of flight between echoes

was measured using a Tektronix 460 A digital oscilloscope.

The phase velocities of the longitudinal and shear waves

were used to calculate the elastic constants together with

the density, which was measured by the Archimedes’s

principle.

III. RESULTS AND DISCUSSION

[001]c-poled 0.24PIN-0.47PMN-0.29PT single crystal

shows tetragonal 4 mm symmetry macroscopically, which

has 11 independent material constants: 6 elastic, 3 piezo-

electric, and 2 dielectric constants. But [011]c-poling indu-

ces macroscopic orthorhombic mm2 symmetry, which has

17 independent material constants: 9 elastic, 5 piezoelec-

tric, and 3 dielectric constants. We have experimentally

determined the complete sets of elastic, piezoelectric, and

dielectric constants for both [001]c and [011]c poled pure

and Mn-doped 0.24PIN-0.47PMN-0.29PT single crystals,

and the results are given in Table I. We can see that Mn sub-

stitution in PIN-PMN-PT single crystal results in decreased

values of piezoelectric constants compared to the pure

PIN-PMN-PT. In particular, the d33 and k33 of [001]c poled

Mn-doped 0.24PIN-0.47PMN-0.29PT single crystal are 855

pC/N and 86%, respectively, which are little lower than that

of binary [001]c poled PMN-28%PT (d33¼ 1182 pC/N,

k33¼ 91%) single crystal, but still much higher than that of

Pb(Zr,Ti)O3 (PZT) ceramics (d33� 400 pC/N, k33� 70%).

The mechanical quality factor Qm was computed using

the relation7

Qm ¼
fr

f1 � f2

; (1)

where fr is the resonance frequency and f1 and f2 are frequen-

cies at 3 dB down the maximum admittances.

Table II compares the piezoelectric constants and

mechanical quality factors of pure and Mn-doped

0.24PIN-0.47PMN-0.29PT single crystals under various

piezoelectric modes. From Tables I and II, we can see that

Mn substitution in PIN-PMN-PT single crystal results in

much increased values of mechanical quality factor

Qm, but little decreased values of piezoelectric constants,

dielectric constants, and electromechanical coupling fac-

tors. These results indicate that Mn substitution in PIN-

PMN-PT single crystals induces characteristics of “hard”

piezoelectrics.

Fig. 1 shows the temperature dependence of the dielec-

tric constant (e33=e0) of [001]c poled pure and Mn-doped

0.24PIN-0.47PMN-0.29PT single crystals at the frequency

of 1 kHz. The Mn substitution results in slightly decreased

rhombohedral-tetragonal phase transition temperature

(Tr-t� 109 �C for undoping and Tr-t� 103 �C for Mn-dop-

ing) but much increased Curie temperature (Tc� 161 �C for

undoped and Tc� 192 �C for Mn-doping). Fig. 2 shows the

polarization hysteresis loops for [001]c-oriented pure

and Mn-doped 0.24PIN-0.47PMN-0.29PT single crystals.

The coercive field of Mn-doped crystal (Ec� 8.9 kV/cm)

is much larger than that of pure PIN-PMN-PT crystal

(Ec� 5.7 kV/cm) and the remnant polarization also

increased from 26.7 lC/cm2 to 28.2 lC/cm2.

The product d�Q is a very important factor for a piezo-

electric resonator because at the resonance frequency, an

approximation of the strain x of a longitudinally vibrating

bar is given by16

TABLE II. Comparison of piezoelectric constants and mechanical quality factors for pure and Mn-doped 0.24PIN-0.47PMN-0.29PT single crystals.

Samples Poling directions Q31 d31 Q31�d31 Q32 d32 Q32�d32 Q33 d33 Q33�d33 Qt

PIMNT [001] 94 �646 �60724 94 �646 �60724 35 1285 44975 116

[011] 156 488 76128 108 �1196 �129168 33 922 30426 104

Mn:PIMNT [001] 679 �408 �277032 679 �408 �277032 193 855 165015 515

[011] 432 330 142560 194 �776 �150544 166 473 78518 633

FIG. 1. Temperature dependence of the dielectric constant e33=e0 for [001]c

poled pure and Mn-doped 0.24PIN-0.47PMN-0.29PT single crystals at the

frequency of 1 kHz.
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x ¼ 8

p2

� �
Qmd31E; (2)

where d31 is the transverse piezoelectric constant. This equa-

tion shows that an increase of the field induced strain can be

obtained by increasing either Qm or d31. Generally speaking,

the higher the Qm, the narrower is the resonance peak, and

accordingly, the higher is the displacement.11 The enhance-

ment in Qm will lead to reduced self-heating effect,17 so as to

increase the achievable vibration amplitude. The products

d�Q for [001]c and [011]c poled pure and Mn-doped PIN-

PMN-PT single crystals were also listed in Table II.

Although piezoelectric constant decreases when Mn-doping

modification is introduced, the net result is that the modified

crystals have greater d�Q product than undoped crystals.

These indicate that the Mn-doped PIN-PMN-PT single crys-

tal has a higher vibration level compared to the pure PIN-

PMN-PT single crystal. Therefore, Mn-doped PIN-PMN-PT

crystals are more suitable for high-power applications.

As mentioned above, Mn ion can make the 0.24PIN-

0.47PMN-0.29PT single crystals to become “harder.” It is

known that the “soft” and “hard” characteristics are mainly

affected by defects in PZT piezoelectric ceramics.

Substituting B sites by lower valence cations (Fe, Mn, Ni,

Co) would induce hard piezoelectric behavior.18 In crystal,

doping ions prefer to substitute the ions with equal valence

and similar radii according to crystal chemistry principle. It

has been demonstrated that Mn acts in the relaxor-PT single

crystal as Mn2þ by electron spin resonance (ESR) mesure-

ments.12,18,19 The radius of Mn2þ is close to that of Mg2þ,

Nb5þ, or Ti4þ, hence Mn2þ can be incorporated onto B sites,

and oxygen vacancies are created for the charge compensa-

tion resulting in defect dipole pairs.20,21 The dipole pairs pin

the domains, which suppress the dielectric response. In this

way, the Mn ion produces “hardening” effects on the

0.24PIN-0.47PMN-0.29PT single crystals.

IV. SUMMARY AND CONCLUSIONS

We have determined the complete sets of elastic, piezo-

electric, and dielectric constants for [001]c and [011]c poled

pure and Mn-doped 0.24PIN-0.47PMN-0.29PT single crys-

tals. These self-consistent complete set of material coeffi-

cients are very useful for the design of high-power

electromechanical devices as well as for theoretical studies

on these relaxor-based domain-engineered single crystals.

0.5 wt. % Mn-doped 0.24PIN-0.47PMN-0.29PT single crys-

tals possess mechanical quality factors as large as 4–5 times

of that of undoped PIN-PMN-PT single crystals. Although

the piezoelectric coefficient is slightly reduced, the product

d�Q is still more than 3 times higher than that of the Mn-

doped single crystals compared to the undoped PIN-PMN-

PT. Therefore, Mn-doped 0.24PIN-0.47PMN-0.29PT single

crystals are much more suitable for high-power electrome-

chanical applications.
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