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Orientation dependence of piezoelectric properties of single domain
0.67Pb(Mg4;3Nb,3) O;—0.33PbTiO 3 crystals
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The orientation dependence of piezoelectric properties has been calculated for
0.67Pb(Mg,3Nb,,3) O3—0.33PbTiQ (PMN-33%P7 single-domain crystals based on the measured

full matrix properties. It is found that the maximumi,=2411 pC/N andk};=0.94 occur,
respectively, in directions 63.0° and 70.8° from the spontaneous polarization direct{@®.1]rof

the cubic coordinate, the rotated properties dig=2316 pC/N andk3;=0.93, respectively,
comparable to the measured multidomain properties. The results revealed the origin of the superior
electromechanical properties i801] poled PMN-33%PT multidomain crystals as from the large

d5 of the single-domain property. @003 American Institute of Physics.

[DOI: 10.1063/1.1576510

The quality of relaxor based (1 lar charged domain walls. The interlocking of many domains
—X)Pb(ZnsNby5) O3—xPbTiO; (PZN-PT) and (1  and the presence of charged defects makes the multidomain
—X)Pb(MgysNb,5) O3—xPbTiO; (PMN—PT) ferroelectric  structure much more stable than the single domain state. Sta-
single crystals has improved drastically since 1896and tistically, the multidomain crystal has a pseudotetragonal
several complete data sets of PZN—PT and PMN—PT singlémmmacroscopic symmetry, although the microscopic crys-
crystals have been measured for different composifiohs.

As shown in the measured data sets, the effective electrome

chanical coupling coefficiemgg could be as large as 0.94 for
0.67Pb(Mg/3Nb,/3) O3—0.33PbTiQ (PMN-33%P7 multi- 2000w
domain single crystal, and its piezoelectric coefficient

d$®  could reach 2820 pC/N; while for
0.92Pb(ZRgNb,/5) O;—0.08PbTiIQ (PZN-8%PT crystals, [
the df could even reach 2900 pC/N. Such values are more

10004

than four times of that of the best modified Pb(H _,)O; 1000 4.

ceramics, which have been dominating piezoelectric applica-

tions for more than 40 years. In order to understand the ori- Zdo06

gin of these high electromechanical properties, intensive re- -2000 e

search has been conducted on these cry$tai8.It is [112) o< .
conceivable that the orientation dependence would play a 40004000 [iT0)
key role in these multidomain systems, but one cannot evalu-
ate it quantitatively because of the lack of a complete data se (@)
for the single domain state. Recently, we have successfully 0 [113]
obtained such a complete data set for the PMN—-33%PT by 4000 ] £33
applying a bias field to maintain the unstable single domain 3500
configuration'® This letter is to calculate the orientation de- 3000
pendence based on our measured complete data sets for tt 2222
single domain state. 1500
Above 160°C, the PMN-33%PT single crystal has a et
cubic perovskite structure with crystal symmemgm. It 04 o 111
transforms to ferroelectric rhombohedral phase witm 3 o
symmetry when cooled below 160 °C. However, the single 1500
domain state is proved to be rather unstable at room tempera Zggg
ture, which makes the characterization of the single domain 3000 ]
data rather difficult. When an electric poling field along 3500
[001] of the original cubic coordinates is applied to the crys- 49903 -
tal, a multidomain configuration can be produced, which (b)

consists of four degenerate states and two sets of perpendicu-
FIG. 1. (a) Orientation dependence of dielectric constant of PMN—-33%PT

single crystal with single domain(b) Cross section plot of(a) in
¥Electronic mail: cao@math.psu.edu [111]-[112] plane.
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FIG. 2. (a) Orientation dependence of piezoelectric consthgtof PMN— ] ] ] )
33%PT single crystal with single domaitb) Cross section plot ofa) in FIG. 3. (a) Orientation dependence of electromechanical coupling fagtor
[111]-[112] plane. of PMN-33%PT single crystal with single domaih) Cross section plot of

(a) in [111]-[112] plane.

tal symmetry of the system is rhombohedrah.3From our .

measured data sets for both the multidomain and single do- Kk = d3s ' )
main states, one can clearly see the importance of property VS35€33

anisotropy in the single domain state. The piezoelectric con-
stantdss of the single domain PMN-33%PT is only about

The results are shown in Figs(al, 2(a), and 3a), when
190 pC/N*® much smaller than that of the multidomain state.ag Is rotated.alopg the longitude and latitude line in 5° steps:

. . A cross section is plotted for each of the above cases and is
Qn the other.hand, the shear piezoelectric const@gmf.the fgiven, respectively, in Figs. (), 2(b), and 3b). The cross
single domain PMN-33%PT was found to be 28 times ofsaction data were calculated at a smaller step of 0.1° in order
that of multidomain PMN—-33%PT crystals. Obviously, the tq accurately locate the optimal directions.
effective properties of the PMN-33%PT multidomain single  The calculated orientation dependence of the physical
crystal must have originated from the strong anisotropy ofroperties of PMN—33%PT single crystal based on the single
the single domain properties. This can be verified from thedlomain data set are shown in Figs. 1-3. The distance be-
direct rotation of the single domain data set. tween the origin and a point on the curve represents the

Let{a;} and{a’*} be orthonormal bases representing theabsolute value of the constant in the corresponding direction.
original and a new coordinates, respectively. The transformaEigure 1 shows the orientation dependence of the dielectric
tion of dielectric constantl,, piezoelectric constardss,  cONStant. The maximum dielectric constant is in the direction
and electromechanical coupling factor; to the new coor- pgrpendmular tq t.he polgnzanon dlrectlon,.whllle thg d|glec-
dinates is performed based on the method given in Ref. 20”!C constant minimum s alpng the polarization direction.

To illustrate the orientation dependencesd, dss, and F_lgur.es 2 gnd 3 shoyv the orientation dependence of the lon-

- i . 531 3 OIgltudmal piezoelectric constant}; and electromechanical
ka3, the axisaz Was*rotated in three-dimensional space an Coupling factork?,, respectively. The maximum values of
the corresponding3; , d%;, andkj; were calculated. The d%, and k%, can be obtained in the directions of 63.0° and
electromechanical coupling factkgs in the new orientation  70.8°, respectively, from the polarization direction. The

is then calculated by maximum values for the effective piezoelectric constifit
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TABLE I. Comparison of the rotated single domain propertief0@l] and that the material properties of PMN—33%PT single domain
the measureq data for multldomajrllzstaztte of F"MN—Q3%PT single crystalscrysta| are highly anisotropic and the maximum vaIued?gf
Elastic compliance constantg; (10" "= m</N), dielectric constants;(e), d k% should in directi 63.0° d 70.8°
and piezoelectric COnStanﬂSiZ)\ (10712 C/N) an 33 shou OCCUI’_In .|reC IOﬂS . an . y I’eSpeC-
tively, from the polarization direction. However, these two
Measured data for Measured data for Rotated single domain  quantities do not change much near their maximum and are

multidomain state single domain state  properties ir{001] almost the same as [i©01] of the cubic coordinates, which
5, 70.2 62.2 71.6 is 54.74° from the poling direction. On the other hand, the
sh -13.1 -53.8 / values ofd;; and kg for the single domain state are rela-
Sis —56.0 -5.6 / tively small, only 190 pC/N and 69%, respectivélyThis
zgt 11% 4 —igeéz 244 6 implies that large portion of the effectin in the multido-
s%3 145 511.0 / main state comes from the contribution of the super large
s;é: 15.2 232.0 / shear piezoelectric constadis of the single domain prop-
&1 1600 3950 1531 erty. Our calculated results given in this letter conclusively
£ 8250 640 3497 point out this correlation.
dys 146 4100 134
dzz 0 1340 0 This research was sponsored by the ONR under Grant
331 *2;32?(’)8 1%% *g‘l‘g No. N00014-01-1-0960. The authors would like to thank
k33 0.04 0.69 0.93 Professor Wenhua Jiang for helpful discussions on the char-
k:i 059 015 077 acterization techniques.
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