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Transformed material coefficients for single-domain
0.67Pb(Mg4,3Nb,,3)O3—0.33PbTiO 5 single crystals under
differently defined coordinate systems
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Due to the confusion in choosing coordinate systems, there occurred some misrepresentations/
calculations of effective material properties of 0.67¥b,,sNb,,5)O5—0.33PbTiQ single crystals

based on its single-domain data. This letter is to clarify these confusions by providing proper data
set for each of the currently used coordinate system&0@4 American Institute of Physics

[DOI: 10.1063/1.1842365

In order to understand the physical origin of the super-t). The data reported in Ref. 2 were based on a particular
high electromechanical properties found in the multidomainchoice of coordinates and the correspondence to cubic coor-
[001] poled xPh(Mg4/sNb,/5)O5-(1—x)PbTiO; [PMN-PT]  dinates was not properly labeled. Hence, many inquiries and
and xPh(Zn,,sNb,9)05-(1—x)PbTiO; [PZN-PT single  discussions had taken place regarding these rotated values. In
crystals% it is important to know the single-domain data in order to avoid further confusion, we provide here a table for
the rhombohedral phase. Using such single-domain data, orlee complete sets of materials properties in different coordi-

can perform orientation transformation of the property ma-ate systems. This letter provides one-to-one coordinate cor-
trix to find out if the origin of the super-high piezoelectric rfespondence between each rhombohedral coordinate system

properties is from the orientation effects. For app”cation pur.and the cubic coordinate system and also prOVideS a database

poses, if the single-domain data are known, one can calculat" interested researchers and engineers.

the optimum orientational cut to maximize the desired elec- Shown in Fig. 1 is the recently adopted notation to link
tromechanical properties. For this purpose, the cubic coordinates with the rhombohedral coordinftes.

a complete set of material coefficients of single—domainFor convenience, we name it the “standard coordinates”. The

0.67PMgysNb,/2)O5—0.33PbTiQ (PMN-0.33PT crystals directions are labeled with a subscrgoor r to represent that

in the rhombohedral 3m phase has been measured redentithe directions are referred to cubic or rhombohedral coordi-
Based on this complete set of single-domain properties, it i ate systems, respectively. The data reported in Ref. 2 were

easy to calculate the rotated material properties and to rea sedhon a C(c)joriijmate g_ystem rotated 11_80 aﬁouﬁﬁbri]ﬂch q
the conclusion that more than 80% of the superior electro!'°™M the standard coordinate system. \ivo other rolg t-han
mechanical properties of the PMN-PT come from orienta.co0rdinate systems are those rotated 90° and 270° about the

tion effect, i.e., from crystal anisotropy and the large sheapl,ll]c’ respectively, from the “standard system” shown in

piezoelectric coefficient in the single-domain stfewe Fi9. 1. Material properties in different coordinate systems

have got many inquiries about these results because sonf@" be_z transformed by matrix rota_tion from th_e s_tandard set
researchers have encountered difficulties trying to duplicat ven in Table | fo_r PMN-0.33PT smglg-domam 5|_ngle crys-

these calculations. One of the causes is the coordinate mi a_lls..Those materials properties that will change signs or val-
labeling in the original publicatioi&® and the other is the ues in the other three coordinate systems are listed in Table I

uncertainty of making the one-to-one correspondence befor clearness. Properties not listed in Table Il are independent

tween the intrinsic rhombohedral coordinates and the protogf coordinate selection. The four coordinate systems are la-
. . . . - “beled as 0°, 90°, 180°, and 270° rotated about the polariza-

;i%eer:;tr):;s (t:)zoerr?lvr\]/?c}gls ulgg bcu(?rlcstgl)o:ga:is dle?/ti)fe“r(]j%pn direction of[111], with the 0° rotated coordinates being
y y cry 9 ’ fhe standard coordinates. The explicit correspondence be-

signers, and most of the researchers in this field. tween the possible four choices of rhombohedral coordinate
While finding the correspondence between the tetragonaYV P

phase intrinsic coordinate systems and the cubic coordinate

system may not be a problefthe a, b(=a) andc axes in the 4 [001]
tetragonal phase can be easily matched @f]., [010]., and
[001], of the cubic coordinates with the polarization direc- -

tion along[001].], such correspondence can be confusing for (1 10R>[100 %
the rhombohedral ferroelectric phase since there are several X
different choices of the intrinsic rhombohedral coordinates. \ \\\
Accurately speaking, the angles between any two axes in the 5 [0:0]°
rhombohedral unit cell are not 90°, so that the coordinate \
correspondence is meaningful only between material coordi- [100%. / -
nates(coordinates fixed with the materials and deform with

/[vuuz» [001],

[112].~ [010],

FIG. 1. The standard rhombohedral coordinates defined for PMN-0.33PT
¥Electronic mail: cao@math.psu.edu and their relationship to the cubic coordinates.
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TABLE |. Measured and derived material properties of single-domain PMN-33%PT single crystal in standard coordinate system.
Elastic stiffness constantsf, cp(10'° N/m?)
ch ch chy s O c53 Cha Co e 2 cs s c53 Cos co
20.12 7.36 115 -4.15 0.0 17.12 2.90 6.38 20.43 7.62 10.32 -3.87 0.0 21.94 5.63 6.41
Elastic compliance constants;, s7(107*2 m?/N)
Sk e S S Cis 5 Sia S Sh Stz S Sy S5 e St S
62.16 -53.85 -5.58 166.24 0.0 13.34 510.98 232.02 9.39 -3.94 -257 9.15 0.0 6.97 30.33 26.65
Piezoelectric constants;, (C/nm?)d;, (1072 C/N)g;, (102/m/N)h;, (168 V/m)
€1 €5 €y €31 €33 diy  dis a2 day a3 G112 O15 O22 Oa1 Oz hip has ha, hay has
0.0 752 -0.78 -2.88 11.83 0.0 4100 -1340 -90 190 0.0 11.72 -3.83 -159 335 0.0 36.38 -3.78 -9.94 40.78
Dielectric constantss(gg) 8(1074/ q) Electromechanical coupling constants
5?1 & §3 811 & 53 /3%1 B§3 BL Bgs Kis ka1 kas ke p(kg/m?)
233 328 3950 640 42.84 30.53 2.53 15.63 0.70 0.15 0.69 0.47 8060

systems with its cubic counterpart is given as follows.
(1) Standard coordinates, or 0° rotated coordinates:

[100], < [110],, [010], < [112],, [00L], < [111],
(2) Coordinates rotated 90° about thEL1].:

[100], < [112].,[010], < [110],, [001], < [111],
(3) Coordinates rotated 180° about fHel 1]

[100], < [110].,[010], <> [112]., [004], « [111],
(4) Coordinates rotated 270° about el 1] :

[100], < [112],,[010], < [110],, [001], < [111],

After these coordinate correspondences are defined, it is
easy to calculate the optimum cut for the single-domain
PMN-33%PT crystals. As we have shown in Ref. 2 that the
maximum piezoelectric constadf,=2411 pC/N and elec-

TABLE II. Material properties that are changed in the four coordinate sys-
tems.

Elastic stiffness

Elastic compliance

constants: constants:
cﬁ u:i[j’(lO10 N/m?) sﬁ g'l?(lfrlz m2/N)
Rotation cf, cf; ¢ cls 7 sks S S
from
standard
0° -415 00 -3.87 0.0 166.24 0.0 9.15 0.0
90° 0.0 415 00 3.87 0.0 -166.24 0.0 -9.15
180° 415 0.0 3.87 0 -166.24 0.0 -9.15 0.0
270° 00 -415 00 -3.87 0.0 166.24 0.0 9.15
Piezoelectric constants:
&, (C/m)d;, (1072 C/N)g;, (102/m/N)h;, (16° V/m)
Rotation ey, €22 diy a2 g1 U22 hys ha,
from
standard
0° 0.0 -0.78 0.0 -1340 0.0 -3.83 0.0 -3.78 (b)
90° -0.78 0.0 -1340 0.0 -3.83 0.0 -3.78 0.0
180° 0.0 078 00 1340 0.0 3.83 0.0 3.78 FIG. 2. Cross section plot of orientation dependencéapfpiezoelectric
270° 0.78 0.0 1340 0.0 3.83 0.0 3.78 0.0 constantds; and(b) electromechanical coupling fact&g; of PMN-0.33PT

calculated based on single-domain data in Table I.
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tromechanical coupling factd(;3:0.94 occur, respectively, material properties of PMN—0.33PT single-domain crystal
in directions 62.9° and 70.8° canted from the spontaneouare highly anisotropic and the maximum value of effective
polarization directiorf111].. The direction of poling for the ds; occurs in the directions 152.9° and 332.9°, respectively,

multidomain crystals, or[001]., is 54.73° canted from from the[010], ( or [112],) while the maximum value dfss

[111],. Because thelz; andks; values are only weakly de- qccurs in directions 160.8° and 340.8°, respectively, from the
pendent on or_ientation near their optimum direction, the CalfOlO],. Note here, curves in Fig. 2 are rotated in comparison
culated effective constantd;;=2316 pC/N andks3s=0.93, o what was reported in Ref. 2 due to different choice of
respectively, ir{001]; are also very large. In fact, it is com- csordinates. However, the conclusion obtained in Ref. 2, i.e.,

parable to the measured multidomain propg&ibtence, W€  the super large effectivey; comes from the orientation ef-
conclude that the superior electromechanical properties ifect, remains valid.
[001], poled PMN-0.33PT multidomain crystals mainly
come from the orientation effect. The super lacye of the This research was sponsored by the NIH through Grant
single-domain property is the main contributor to the effec-No. P41-RR11795-06.
tive dg5 of the[001], poled multidomain crystals. ) _
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