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Electroacoustic properties of Š110‹-oriented Pb „Mg1Õ3Nb2Õ3…O3 – PbTiO3
crystals under uniaxial stress

D. Viehlanda) and J. F. Li
Department of Materials Science and Engineering, Virginia Tech, Blacksburg, Virginia 24061

K. Gittings and A. Amin
Naval Seacommand, Newport, Rhode Island 02841

~Received 13 February 2003; accepted 13 May 2003!

The electromechanical properties of^110&-oriented 0.7Pb~Mg1/3Nb2/3)O3– 0.3PbTiO3 crystals have
been investigated under uniaxial stress~s!. ^110&-oriented crystals have a longitudinal
electromechanical coupling coefficient (k33) of ;0.9 and an acoustic power density of 12 dB which
decreases to 8 dB with increasings between 0 and 43107 N/m2. The results demonstrate that the
advantages in terms of power density and coupling coefficient of oriented piezocrystals are not
constrained to thê001&-orientation, but rather can also be obtained along the^110&. © 2003
American Institute of Physics.@DOI: 10.1063/1.1591240#
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Single crystals of (12x)Pb~Mg1/3Nb2/3)O3–
(x)PbTiO3 (PMN–x%PT) and Pb~Zn1/3Nb2/3)O3– PbTiO3

(PZN–x%PT) are currently under development for use
transducer and projector applications.1,2 Previous investiga-
tions have focused on̂001&-oriented crystals, for composi
tions in the ferroelectric rhombohedral phase (FEr) (x,30
at. %!, close to the morphotropic phase boundary. In po
^001&-oriented single crystals, longitudinal piezoelect
(d33) and electromechanical coupling (k33) coefficients of
1800 pC/N and 0.94 have been reported,1,2 respectively.
Strain levels of up to 1.2% were reported at field levels
;30 kV/cm. The potential advantages of^001&-oriented
PMN–PT crystals in transducer applications are twofo
First, the crystals have the potential for higher bandwi
due to an enhanced electromechanical coupling coeffici
Second, the crystals have the potential for higher projec
acoustical energy density due to their higher strain. Acou
power densities of;12 dB have recently been obtained f
^001&-oriented specimens, under prestress.3,4

Recent investigations have shown high electromech
cal coefficients for̂ 110&-oriented PMN–PT crystals.5,6 Val-
ues ofd33 and k33 were found to be equally high as thos
along the^001&. An unusual electromechanical and elas
equivalence was found between the^110& and ^001& direc-
tions. These investigations clearly demonstrated that the
tential advantages of PMN–PT crystals for transducer ap
cations are not constrained to a single crystallograp
orientation, but rather to the~011! plane.

The purpose of this investigation was to study the effe
of uniaxial stress on^110&-oriented single crystals o
Pb~Mg1/3Nb2/3)O3– 30%PbTiO3 . In acoustic transduce
applications,7,8 uniaxial prestress inherently needs to be us
in order to keep the transducer from going into tension a
consequently to be able to harness the highest electro
chanical response. Investigations have been performed u
polarization versus field (P–E), strain versus field (« –E),
and strain versus stress~«–s! methods.

a!Electronic mail: viehland@mse.vt.edu
1320003-6951/2003/83(1)/132/3/$20.00
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^110&-oriented Pb~Mg1/3Nb2/3)O3– 30%PbTiO3 grown
by seeded vertical Bridgman methods9–11have been obtained
from HC Materials~Urbana, IL!. Plate-like specimens wer
cut into dimensions of;0.4 cm30.4 cm30.04 cm, and bar-
like specimens were cut into dimensions of;0.4 cm30.4
cm31.2 cm. All specimens were electroded with gold. T
specimens were poled at room temperature in a silicon
bath, using a current-limiting method to prevent breakdow
P–E measurements were made using a modified Sawy
Tower bridge. In addition,« –E measurements were simulta
neously performed using a strain gauge~bar-shaped speci
mens! or a LVDT method~plate-like specimens!. For the
bar-shaped specimens, strain gauges were mounted on
side of the bars and a mechanical load was applied usin
pneumatic cylinder. These measurements were performed
ing a drive frequency of 10 Hz at maximum applied fie
strengths of 15 kV/cm. Measurements were performed a
function of mechanical prestress between 0 and
3107 N/m2.

Figures 1~a! and 1~b! show the unipolarP–E and« –E
characteristics for the plate-like specimens. These data
pronouncedly anhysteretic, over the entire range ofE inves-
tigated all the way to saturation. In particular, the integra
area of the hysteresis loop in theP–E response was nearl
zero, at least within the limits of instrumentation error. Da
are shown for three different maximum ac electric fields
10, 20, and 40 kV/cm. The data demonstrate an indu
phase transformation near 10 kV/cm, reaching satura
near 12 kV/cm. It is important to notice that this induce
phase transformation was also anhysteretic. The magni
of DP and « at 12 kV/cm was 0.07 C/m2 and 331023,
respectively, which is a relatively high induced strain for
small DP. Accordingly, the piezoelectric (d33) and electro-
mechanical coupling (k33) coefficients are high along th
^110&. Resonance-antiresonance investigations of^110&-
oriented PMN–PT crystals demonstrated equally high val
of d33 ~1500 pC/N! and k33 ~0.94! coefficients. This dis-
misses the notion that the high electromechanical per
mance can only be due to an induced FEt phase and/or po-
© 2003 American Institute of Physics
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FIG. 1. UnipolarP–E and« –E characteristics of̂110&-oriented PMN–PT plate-like crystals.~a! P–E response, and~b! « –E response. Data are shown fo
various maximum ac drives of 10, 20, and 40 kV/cm. The data for the various maximum ac drives are distinguished by the size of the points in t
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larization rotation towardŝ001&. In addition, the value of
Young’s modulusY1 was measured calculated to be 1
31010 N/m2 from the standard resonance-antiresona
IEEE method.

Figures 2~a! and 2~b! show the unipolarDP–E and
« –E responses for a bar-shaped^110&-oriented crystal unde
various uniaxial stresses. Decreases inDP and« are notice-
able with increasings, in particular forE.10 kV/cm where
the induced phase transition occurred. AtE515 kV/cm,DP
decreased from;0.07 C/m2 under small loads to;0.058
C/m2 under 63107 N/m2. Correspondingly,« decreased
from ;1.931023 to ;1.431023 with increasings. The
data reveal essentially no change in the hysteretic losses
increasings. The dominant change with increasings was to
suppress the induced phase transformation, resulting in
DP–E and « –E responses becoming increasingly line
with increasings. For s563107 N/m2, the electrome-
chanical behavior is nearly ideally linear and anhystere
with an effectived33 of ;1000 pC/N, as determined from th
slope. These results are in contrast to the stress-depen
e
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,
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electromechanical properties of̂001&-oriented crystals,
which become increasingly nonlinear and hysteretic with
creasings.3,4 It is also important to note that there was
difference in the field level at which the step in strain o
curred between the plate-like specimen of Fig. 1~b! ~10 kV/
cm!, and the long-rectangular one of Fig. 2~b! ~12 kV/cm!.
The differences are attributed to small composition var
tions that shift the critical field of the induced transition.

The electromechanical coupling coefficient (k33) at vari-
ous uniaxial loads can be calculated,7,8 as given in Eq.~1!:

k33
2 5d33

2 Y1 /~x0K !, ~1!

whereY1 is Young’s modulus,x0 is the permittivity of free
space (8.85310212 F/m!, K is the relative dielectric con-
stant, andd33 is the longitudinal piezoelectric coefficient.K
can be approximated from theP–E response over a quas
linear range asdP3 /dE3 , andd33 can be approximated ove
a quasilinear range asde3 /dE3 , both of which have limita-
tions. Quasilinear approximations were performed for anEdc

of 8 kV/cm and anEac of 4 kV/cm. The value ofY1 can be
to IP:
FIG. 2. P–E and« –E responses for̂110&-oriented long-rectangular shaped crystals, taken at various uniaxial stresses between 0 and 63107 N/m2. ~a! P–E
response, and~b! « –E response.
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FIG. 3. Coupling coefficient and acoustic power density of^110&-oriented PMN–PT long-rectangular crystals as a function of stress.~a! Coupling coefficient
and ~b! acoustic power density.
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determined from measurements of the«–s response. Ac-
cordingly,Y1 was determined at various dc bias levels (Edc)
by stress-strain~«–s! measurements. The«–s curves were
linear andY1 was calculated from the slopes. The value
k33 is shown in Fig. 3~a! as a function ofs. In this figure,k33

can be seen to be somewhat independent ofs. For example,
k33 varied between 0.95 ats50 N/m2 to ;0.86 at s56
3107 N/m2. The value ofk33 under zero uniaxial stress i
close to that determined by the resonance-antireson
method earlier. These results clearly demonstrate^110&-
oriented crystals maintain a high electromechanical coup
coefficient under realistic operational conditions for use
acoustic transducers. In fact,k33 is equally as high along the
^110&, as along thê001&.1–4 This is essential to their use i
high performance applications that require enhanced ba
width.

By convention, the acoustical energy density can be
fined relative to that of a standard PZT-8 material, as give
Eq. ~2a!;7,8 where

acoustic energy density~dB)510 log~Eelastic/EPZT-8!,
~2a!

Eelastic51/2Y1« rms
2 . ~2b!

EPZT-8 is the acoustical energy density of the standard PZT
EPZT-8 is calculated by assuming a linear piezoelectric
sponse over the operational field range, i.e.,« i j 5di jkEk . The
accepted values ofdi jk and Y1 for PZT-8 are equal to 2.25
310210 C/N and 7.431010 N/m2. Thus, the value ofEPZT-8

can be estimated as 936.6 J/m3 under an applied electric field
of 10 kV/cm. Using the values forEelastic, the corresponding
acoustical energy density can be calculated using Eq.~2a!.
Figure 3~b! shows the acoustical power density~dB! as a
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

128.173.125.76 On: Fri, 
f

ce

g

d-

e-
in

8.
-

function ofs. In this figure, the acoustical power density c
be seen to decrease with some with increasings. For ex-
ample, the acoustic power density varied between 11.75
at s50 to ;9.5 dB ats563107 N/m2.

The results demonstrate that^110&-oriented PMN–PT
crystals are near linear electromechanical materials with h
acoustic energy densities, high coupling, and essentially
loss. Fors,23107 N/m2, they offer ak33.0.95 and an
acoustic power density of;10 dB. We believe that̂110&-
oriented crystals have a unique character, which offers pr
ise for transducer applications, even potentially over tha
^001& crystals. This is that twinning occurs along the^110&. A
stress applied along thê110& will not favor one twin state
over another. Thus, the electromechanical response ha
creased linearity and lower losses due to a lack of dom
contributions, and better accommodation to applied stres

The research was supported by the Office of Naval R
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