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Elastic, piezoelectric, and dielectric properties of multidomain
0.67Pb„Mg1Õ3Nb2Õ3…O3 – 0.33PbTiO3 single crystals

Rui Zhang, Bei Jiang, and Wenwu Caoa)

Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802

~Received 18 April 2001; accepted for publication 11 June 2001!

The elastic, piezoelectric, and dielectric constants of 0.67Pb~Mg1/3Nb2/3!O3–0.33PbTiO3 domain
engineered single crystal were determined experimentally by using ultrasonic and resonance
methods. It was confirmed that the single crystal system has large electromechanical coupling
coefficientk33 ~;94%! and piezoelectric constantd33 ~;2800 pC/N! if the poling is done along the
@001# of pseudocubic directions. A soft shear mode with a velocity of 880 m/s was observed in the
@110# direction with displacement in@ 1̄10#. Using the measured data, the orientation dependence of
phase velocities and electromechanical coupling coefficients were calculated. The origin of
experimental errors and their influence on measured results are also examined. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1390494#
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I. INTRODUCTION

Relaxor based ferroelectric single crystal system
Pb~Zn1/3Nb2/3!O3–PbTiO3 ~PZN–PT! and Pb~Mg1/3Nb2/3!O3

–PbTiO3 ~PMN–PT! exhibit extraordinary large electrome
chanical coupling coefficientk33 ~.90%! and piezoelectric
coefficientd33 ~.2000 pC/N! at room temperature after be
ing poled in @001# of the cubic coordinates.1–5 Such high
electromechanical coupling coefficient and piezoelectric
efficient values make the domain engineered single cry
systems very useful for producing higher sensitivity ult
sonic transducers with superior broadband characteris
large strain actuators, and many other electromechan
devices.6–7 For these systems, because the dipoles in e
unit cell are formed alonĝ111& of the cubic parent phase
the poling along@001# produces a multidomain structure
which is macroscopically pseudotetragonal.

The mechanism that causes the domain engine
single crystal systems to have such large electromecha
properties is still not well understood. The lack of comple
physical property data is the main hindrance for further t
oretical studies. It is also very important for device design
to have a complete set of elastic, piezoelectric, and dielec
constants since many simulation packages require the c
plete data set as input. Previously, we have published a c
plete set of elastic, piezoelectric, and dielectric constants
domain engineered single crystal PZN–4.5%PT.8 However,
it was found that the PMN–PT system can have a lar
electromechanical coupling coefficientk33 and is mechani-
cally more stable than the PZN–PT system. In additi
larger size PMN–PT single crystals are now readily availa
from many crystal growers. In this article we report o
complete set of elastic, piezoelectric, and dielectric const
for the 0.67PMN–0.33PT domain engineered single crys
which has the best properties among all the crystal com
sitions of this system.

a!Author to whom correspondence should be addressed; electronic
cao@math.psu.edu
3470021-8979/2001/90(7)/3471/5/$18.00
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The foremost concern to device designers is the repo
high electromechanical properties. Our experimental res
indeed confirmed that the 0.67PMN–0.33PT single crys
system has an electromechanical coupling coefficientk33 of
94% and piezoelectric constantd33 of 2800 pC/N. Similar to
the PZN–4.5%PT system reported earlier, a soft shear m
with a velocity of 880 m/s was observed in the@110# direc-
tion with the displacement polarized in@ 1̄10#.

Quite different from characterizing single domain sing
crystals, we found that the properties of these multidom
samples depend strongly on the domain patterns that are
erated in the poling process, or the effective symmetry as
ciated with the domain patterns of the system. This dom
pattern dependence often creates inconsistencies when
than one sample is used for characterization, particula
when these samples have different geometry, such as t
used in the resonance measurements. In this article, we
also analyze the origins of experimental errors and point
the error influence on particular measured constants.

II. EXPERIMENTAL PROCEDURE

The experimental setup and procedure are similar to
used in Ref. 8, except for some small modifications that w
made in the averaging method to improve measurement
curacy. Several batches of samples have been used to e
the self-consistency of the final results.

At room temperature, the 0.67PMN–0.33PT single cr
tals are in the ferroelectric phase with rhombohedral (3m)
symmetry. From the phase diagram of PMN–PT, 0.67PM
0.33PT is near the morphotropic boundary~;35% PT!. It
has been shown experimentally that the crystal can hold
highest level of stable macroscopic polarization only wh
the poling field is applied along one of the six^100& direc-
tions of the cubic axes.6,7 Such a poling field direction will
create a multidomain structure since there are still four
maining degenerate polarization orientations,@111#, @ 1̄11#,
@11̄1#, and @ 1̄1̄1#, remaining in the crystal after poling. I
the number of domains is large enough, statistically spe
ing, the global macroscopic symmetry can be treated a
il:
1 © 2001 American Institute of Physics
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TABLE I. The relationships between phase velocities and elastic constants for 4mm symmetry and the mea-
sured values of phase velocities in PMN–33%PT multidomain single crystals poled in@001# of cubic axes.

Phase
velocities v l

@001# vs
@001# v l

@100# vs'
@100# vsi

@100# v l
@110# vs'

@110# vsi
@110#

Related elastic
constants

c33
D c44

E c11
E c66

E c44
D 1

2(c11
E 1c12

E 12c66
E )

1
2(c11

E 2c12
E ) c44

D

Value of
measured
velocity ~m/s!

4610 2930 3792 2882 3099 4727 880 3090
g-
ro
d

nd
b
ltr
fe

n
th
re
iq
e
y
n

n
s
s
ng
w
n
p
om
re

o
e

a
o
ir

en
e
k-
am
e

e
.5

te

le
b
gh
it

en-
lastic
nts

nts,

ona-
4 A
sure
sona-
cies,

.
ca-

e
Re-
e

des
des

the
ffi-

ro-
ient
pseudotetragonal 4mmas discussed in Ref. 7. For the tetra
onal symmetry, there are a total of 11 independent elect
elastic constants: six elastic, three piezoelectric, and two
electric constants to be determined.

In principle, all independent elastic, piezoelectric, a
dielectric constants for crystals with any symmetry can
determined either by the resonance method or by the u
sonic method alone, so long as sufficient numbers of dif
ently oriented samples are available.9 In reality, however, for
materials of lower symmetry, some geometries for resona
measurements are difficult to obtain, especially when
available crystal is too small to make large aspect ratio f
resonators. On the other hand, since the ultrasonic techn
can only directly measure certain constants through the m
surements of pure mode phase velocities, large errors ma
introduced for those material derived constants that are
related to pure modes.10 High acoustic attenuation of certai
modes may also damp the propagation of ultrasonic wave
certain modes so that a complete set of material constant
the low symmetry system is also difficult to obtain by usi
the ultrasonic method alone. Over the past few years,
have developed a hybrid method by combining the ultraso
and resonant technique, so that the least number of sam
are needed to resolve the problem of property variation fr
sample to sample and also to eliminate some of the un
able geometries in the resonance method.11

The PMN–PT crystal samples were made in the Piez
rystal Resource at the Pennsylvania State University. Th
grown crystals are orientated using the Laue method with
orientation accuracy of60.5°. Then, samples were cut int
different geometries and dimensions based on the requ
ments of different types of measurements. The final dim
sions of the samples used for the ultrasonic measurem
were 43432 mm3. For the length extensional and the thic
ness resonance measurements, the aspect ratio of the s
exceeded 5:1 in order to yield nearly pure resonance mod9

Gold electrodes were sputtered onto the parallel surfac
samples for poling. An external electric field of 1.0–1
MV/m was applied at room temperature along the@001# di-
rection of cubic axes to pole these samples into pseudo
ragonal structure.

A 15 MHz longitudinal wave transducer~Ultran Labora-
tories, Inc.! and a 20 MHz shear wave transducer~Panamet-
rics! were used for the pulse–echo measurements. The e
tric pulses used to excite the transducer were generated
Panametrics 200 MHz pulser/receiver, and the time-of-fli
between echoes was measured by a Tektronix 460 A dig
oscilloscope. For a crystal with tetragonal 4mm symmetry,
b 2003 to 130.203.162.49. Redistribution subject to A
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sound velocities can be directly measured for eight indep
dent pure modes. From each measurement, either one e
constant or a linear combination of several elastic consta
can be obtained as shown in Table I. It is seen thatc44

D and
c12

E can be determined by more than one measureme
which provides a control check.

In resonant measurements, two length-extension res
tors and one thickness resonator are used. A HP 419
impedance/gain-phase analyzer was employed to mea
the resonance and antiresonance frequencies of these re
tors. From the resonance and antiresonance frequen
three electromechanical coupling coefficientsk31, k33, kt

and three elastic compliances11
E , s33

E , s33
D can be determined

The dielectric constants are determined by measuring
pacitances of@100# and @001# orientated parallel plates. Th
capacitance were measured at 1 kHz using a Stanford
search System SR715LCR meter. From the capacitanc
measurements, dielectric permittivitiese11

T ande33
T were de-

termined.

III. RESULTS AND DISCUSSION

The measured sound velocities for the eight pure mo
are listed in Table I. Since none of these eight pure mo
involves the elastic constantsc13

E or c33
E , these two elastic

constants must be derived from other quantities. Usually,
c33

E is derived from the electromechanical coupling coe
cient kt and the elastic constantc33

D by

c33
E 5c33

D ~12kt
2!, ~1!

andc13
E is calculated by

c13
E 52

s13
E

s
, ~2!

where

s13
E 52Fs33

E S s11
E c12

E 1s12
E c11

E

c11
E 1c12

E D G1/2

,

~3!

s5s33
E ~s11

E 1s12
E !22~s13

E !2, s12
E 5s11

E 2
1

c11
E 2c12

E .

Since it is much harder to make a resonator with the app
priate aspect ratio to measure the shear coupling coeffic
k15, its value is usually calculated by

k15
2 512

c44
E

c44
D . ~4!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE II. Measured and derived material properties of PMN–33%PT multidomain single crystal poled in@001# ~Density:r58060 kg/m3!.

Elastic stiffness constants:ci j (1010 N/m2)
c11

E a c12
E c13

E c33
E c44

E a c66
E a c11

D c12
D c13

D c33
D a c44

D a c66
D

11.5 10.3 10.2 10.3 6.9 6.6 11.7 10.5 9.0 17.4 7.7 6.6
60.15 60.16 60.15 60.3 60.05 60.05 60.15 60.15 60.35 60.5 60.05 60.05

Elastic compliance constants:si j (10212 m2/N)

s11
E a s12

E s13
E s33

E s44
E s66

E s11
D s12

D s13
D s33

D a s44
D s66

D

69.0 211.1 255.7 119.6 14.5 15.2 44 234 24.1 11.1 13.0 15.2
62.0 61.2 61.2 64.0 60.1 60.2 61.0 61.0 61.0 60.8 60.1 60.18
Piezoelectric constants:e(C/m2) d(10212 C/N) g(1023 V m/N) h(108 V/m)

e15 e31 e33 d15 d31
a d33

a g15 g31 g33 h15 h31 h33

10.1 23.9 20.3 146 21330 2820 10.3 218.4 38.8 7.9 25.9 33.7
60.9 61.6 61.6 616 619 675 60.6 60.4 60.8 60.4 62.0 61.7

Dielectric constants:e(e0) b(1024/e0) Electromechanical coupling constants

e11
S e33

S e11
T a e33

T a b11
S b33

S b11
T b33

T k15 k31
a k33

a k1
a kp

1434 680 1600 8200 7.0 14.7 6.30 1.2 0.32 0.59 0.94 0.64 0.7
6110 645 6120 6200 60.1 60.5 60.1 60.1 60.02 60.01 60.01 60.01 60.04

aMeasure properties.
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Then, the piezoelectric strain constantd15 is determined by

d155k15Ae11
T s44

E . ~5!

After all the elastic stiffness constantsci j
E , piezoelectric

strain constantdi j , and free dielectric permittivitye i j
T are

obtained, other constants can be derived from constitu
equations. Finally, the whole set of elastic, piezoelectric,
dielectric constants of PMN–33%PT single crystal are
tained. The complete set of these material constants
shown in Table II. The errors were obtained from the aver
of properties measured using three batches of crystals
the same chemical composition. It is seen that the meas
PMN–33%PT single crystal has largerd33 andk33 compared
to PZN–4.5%PT.8

Based on the measured constants, the orientation de
dence of sound velocity has been calculated by finding
eigenvalues and eigenvectors of Christoffel’s tensor
given wave propagation directions. The calculated results
sound wave propagating in:~a! X–Y, ~b! Y–Z and ~c!
@110#-Z planes are shown Figs. 1~a!–1~c!, where the length
of a vector from the origin to any points on the curves giv
sound velocity in that propagation direction. It is seen fro
Fig. 1 that the velocities of the longitudinal waves do n
change as much as shear waves do for different propaga
directions. The shear wave propagating in theX–Y plane
with its particle displacement also in the same plane, has
strongest orientation dependence as shown in Fig. 1~a!. This
shear wave velocityvs1 has a maximum~2882 m/s! in @100#
and a minimum~about 880 m/s! in @ 1̄10#, respectively,
which implies that a ‘‘soft shear acoustic mode’’ also exi
in this domain-engineered single crystal system, similar
the PZN–4.5%PT case reported earlier.8 Figure 1~b! shows
that the phase velocity of the shear wave propagating
polarizing in theY–Z plane also changes drastically with th
propagation direction. It has a maximum in@010# and a mini-
mum in @011#.
Downloaded 05 Feb 2003 to 130.203.162.49. Redistribution subject to A
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In order to further investigate the anisotropy of the m
tidomain PMN–PT single crystal system, some constant
tios are calculated. The calculated results are listed in Ta
III. Since there are no data available for the single dom
single crystal PMN–PT system at the moment, the cor
sponding ratios for single crystal BaTiO3 are listed in Table
III for comparison. It is seen that the measured anisotropy
PMN–33%PT single crystal is comparable to the PZN
4.5%PT single crystal reported in Ref. 8 and it is genera
less than that of single domain BaTiO3 . In particular, the
dielectric anisotropy of measured PMN–33%PT is mu
smaller than that of BaTiO3 . This may be caused by th
averaging effect of the multidomain structure of PMN–P
single crystals. On the other hand, the anisotropy for sh
waves that propagate in theX–Y plane with the displace-
ment also in the same plane is larger for PMN–PT than
BaTiO3 . The ‘‘soft shear wave mode’’ along@110# is related
to domain wall motion, since the dynamics of domain w
motions will contribute to the effective elastic complianc
The phase velocity of the shear wave that propagates a
@110# and polarizes in@ 1̄10# is related to elastic complianc
by

n51/A2r~s11
E 2s12

E !. ~6!

Experimental results imply that the domain wall motion r
sults in a very large effective (s11

E 2s12
E ), therefore, a slower

sound velocity.
In order to obtain a complete set of self-consistent m

terial properties from the measured data, proper analysi
measurement errors is very important. There are four equ
lent kinds of piezoelectric constitutive equations for a piez
electric system, which provide us with several control che
to minimize errors in those derived quantities. For each
pression of derived quantities, errors will be introduced
that the same constant may be assigned different va
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 1. Orientation dependence of the longitudinal velocityv l and the shear
velocities,vs1 andvs2 , respectively:~a! X–Y plane,~b! Y–Z plane, and~c!
@110#-Z plane.
Downloaded 05 Feb 2003 to 130.203.162.49. Redistribution subject to A
based on different formulas. For example, thec33
E may be

determined by Eq.~1!, or by the following relation:

c33
E 5

s11
E 1s12

E

s
. ~7!

When the measurement errors are large, the result obta
using Eq.~1! could be much different from the one obtaine
using Eq.~7!. In sound velocity measurements, the reso
tions of time of flight and sample thickness are 1 ns and 0
mm, respectively. For samples with 4 mm thickness, the re
tive error is about 0.1%. But nonperfect parallelness and m
orientation limit the accuracy of sound velocity measu
ments to about 1%. The calculated orientation dependenc
sound velocities can be used to estimate errors from mis
entation. We found that the misorientation errors are v
small for the longitudinal waves when the crystal orien
tions are done by the Laue method~within 60.5°!. But the
orientation error can be serious for shear waves, espec
for the shear wave propagating along the@110# with displace-
ment in @ 1̄10#. We also found that the value of the derive
e31 is very sensitive to the uncertainty ofc12

E . A variation of
0.1% inc12

E will cause substantial change in the value ofe31,
sometimes, even change its sign. On the other hand, as
lyzed above, it is very difficult to determinec12

E , a derived
quantity, with error less than 0.1% due to the limitation
the ultrasonic method. For this reason, resonance meas
ment is made using an edge excited thickness-vibration r
nator. The thickness direction of the resonator is along@001#
and the applied electric field is in the@100# direction. From
the measured resonance and antiresonance frequenciee31

can be derived with much higher accuracy. The result can
used to check the value ofc12

E and also to ensure the sel
consistency of data listed in Table II.

In the measurements it is observed that the values
some elastic constants such asc33

D are strongly dependent o
the poling process. If the sample is not properly poled,
values of some elastic constants can change substan
since the constantD elastic constant values include larg
contribution from the piezoelectric effect. In order to che
the poling status,d33 was also measured independently
the quasistatic method. Partial polarization reversal w
cause the domain pattern to change and hence influenc
macroscopic effective properties of the domain enginee
single crystals. Therefore, ensuring a full polarization in t
system is very important to obtain good electromechan
properties in the PMN–PT system.
d in
TABLE III. Anisotropy of measured material properties of PMN–33%PT multidomain single crystal pole
@001#.

Compound e11
T /e33

T e11
S /e33

S s33
E /s11

E s33
D /s11

D s44
E /s66

E s44
D /s66

E s13
E /s12

E s13
D /s12

D

PMN–PT 0.195 2.1 1.73 0.25 0.95 0.86 5.01 0.12

PZN–PT 0.596 3 1.32 0.33 0.98 0.94 1.79 0.18

BaTiO3
a 17.4 18.1 1.95 1.49 2.08 1.40 2.32 1.03

aSee Ref. 12.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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IV. SUMMARY AND CONCLUSIONS

0.67PMN–0.33PT single crystals poled along the@001#
direction of the cubic axes were characterized by using b
ultrasonic and resonance methods. A complete set of ela
piezoelectric, and dielectric constants for the domain en
neered single crystal PMN–33%PT system have been
tained. It was confirmed that the PMN–33%PT system
very larged33 and k33 coefficients. Based on the measur
data, orientation dependence of the phase velocities of u
sonic waves propagating in theX–Y, Y–Z, and @110#-Z
planes has been calculated, and the anisotropy of mat
properties has been analyzed. We found that the anisot
of phase velocities is very strong for shear waves, where
is relatively weak for the longitudinal waves. Similar to th
case of PZN–4.5%PT reported in Ref. 8, a very slow sh
wave with velocity of 880 m/s was found in the@110# direc-
tion with the displacement in@ 1̄10#. The soft shear wave
mode is associated with domain wall motions. This compl
set of material property data not only will provide the ne
essary input for device design using these crystals, it
also provide bases for further theoretical studies on the p
ciples of the domain engineering process.
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