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Single-domain properties of 0.67Pb  (Mg4,3Nb,;3) O;—0.33PbTiO; single
crystals under electric field bias
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We report a complete set of material properties of single-domain, relaxor-based
0.67Pb(Mg,3Nb,3) O3—0.33PbTiQ [PMN-33%PT single crystals. Because the single-domain
state is unstable in natural conditions, a bias electric field of 0.2 MV/m was applied along the dipole
direction of the rhombohedral phase during the measurements. It was found that the
electromechanical coupling coefficieki; and the piezoelectric constadgs for single-domain
PMN-33%PT are 69% and 190 pC/N, respectively. Both of them are much smaller than those of
multidomain PMN-33%PT poled alof@01] direction. However, the shear piezoelectric constant
d,5 of single-domain PMN-33%PT reaches 4100 pC/N, which is much higher than that of
multidomain PMN—-33%PT. €2003 American Institute of Physic§DOI: 10.1063/1.1541937

Multidomain 0.67Pb(MgsNb,/3)O;—0.33PbTIQ  measurement errors and improve the consistency of the com-
(PMN-33%P7 single crystals show extraordinarily large plete data set.
electromechanical coupling coefficieritzz>94%, and pi- There are, all together, 12 independent constants for a

ezoelectric constantizz>2500 pC/N at room temperature, piezoelectric material with 3m symmetry: six elastic, four
which are even more pronounced than that of thePiezoelectric, and two dielectric constants. Theoretically, all

Pb(ZnsNb,/5) Os—PbTiO; single crystal$™ The discovery independent elastic, piezoelectric, and dielectric constants
of these extraordinary properties in domain engineered singl€r any piezoelectric materials can be determined by either a
crystals has opened up many new possibilities to make larggsonance method or an ultrasonic method, as long as suffi-

displacement actuators, single-element and phased-arr&fnt numbers of differently oriented samples are

1 1419,20 : .
medical ultrasonic transducers, and other electromechanical@ilable:™" In reality, however, the resonance measure

devices>™® However, the fundamental question remains: Ment becomes complicated for materials with low symmetry,

Why do these multidomain crystals have such extraordinar;?m_Ce more samples ”_‘“_St be prepe_lred, and some Iargg aspect
atio resonators are difficult to fabricate. For example, it has

roperties? In order to extend the methodology of domai .
En ?neerin to other svstems. one must u%erstand tﬂaeen demonstrated that a clean thickness-shear mode may be
g fing y ' ‘N0 btained in a shear piezoelectric vibrator only when the as-
mechanism. There have been some attempts on this issue

but th id not " ditafi its due to the lacl €<t ratio is larger than 2%.
ut! ey cou po prow € quant al_vla results due to the fac On the other hand, since the ultrasonic technique can
of single-domain, single-crystal datal

. only measure certain elastic constants through the measure-
At room temperature, PMN-33%PT system has rhomy,enis of phase velocities, large errors could be introduced
bohedral ferroelectric phase with 3m symmetry. There argyr the derived material constants that are not related to pure
eight possible dipole orientations along the body diagonal

directions, or along thél11) family in the cubic coordinate

systems. When an electric poling field is applied to the crys- &7
tals along[001] of the cubic axes, a multidomain configura- 6.6
tion can be produced consisting of four degenerate states an
charged domain walls. Since the macroscopic material prop-z 85
erties of a multidomain ferroelectric system are the coIIective”E 6.4k
average of individual domairis;*a complete set of elastic, =
dielectric, and piezoelectric coefficients for single-domain 8 6.3f
PMN-33%PT single crystals is urgently needed for theoret- & ezt
ical studies.

In this letter, we report a complete set of elastic, piezo- 6.1}
electric, and dielectric constants for single domain PMN—
33%PT single crystals under a bias electric field. A hybrid T
method combining the advantages of ultrasonic and reso- 9 . . . - . . - )

) . 400 -300 -200 -100 O 100 200 300 400
nance technigues was employed, and an improved characte
ization scheme was followed to minimize the propagation of Electric Field (V/mm)
FIG. 1. Variation of elastic compliance constan{ with a bias field along

dElectronic mail: cao@math.psu.edu [111] of cubic axis for PMN—-33%PT single crystals.
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TABLE |. Measured phase velocitigs/s) of ultrasonic waves in single- employed. The dielectric measurements were carried out on
domgip PMN—33%PT single crystals, and the relationships between phase, Lp 4194A at a frequency far away from the fundamental
velocities and elastic constants.
resonance. o o

Propagation The capacitances alofi@ 10] and[ 112] were first mea-

direction [111] [111] [110] [110] [110] [112] [112] [112]  sured with the bias electric field holding [A11] at a fre-
quency much higher than their fundamental frequencies,
. S - - - from which the dielectric constant;; was calculated. The
pu Cas Ca Cn G G G Ce  Ca relationship between the measured phase velocities and re-
v(m/s) 5220 1896 4996 3491 1689 5118 2813 2408 lated elastic constants could be derived from the Christoffel
wave equations and are listed in Tablé& [The measured
phase velocities of longitudinal and shear waves propagating
modes. High acoustic attenuation of certain modes may ab%long different crystal orientations of the single-domain

: . . O —339 i i i
damp the propagation of ultrasonic waves in certain direc? MN—33%PT single crystals are also .I|sted n Table.li where
|, g, anduvg, denote the ultrasonic wave velocities of

tions, so that a complete set of material constants for lo itudinal d'sh ith displ |
symmetry systems is difficult to obtain using the ultrasonic ongitudina wave, and shear waves W'.t 'SP acement parat-
lel and perpendicular to the poling direction, respectively.

method alone. We therefore used a hybrid of the two meth .
ods for the task. The constantg,, c,, c3, Cc, are defined below:

The consistency of the complete data can be improved
greatly using the hybrid method because the property of D. D 5 D7 0D 032
PMN-PT single crystals can vary dramatically from sample c1=044+ Coot Vicat Ceo)” — 4[ CasCos— (C14)°] N
to sample, particularly with the composition near the mor- 2
photropic phase boundafPB).

The crystals were first oriented using the Laue machine
with an accuracy oft 0.5°. Each sample was then cut and _CE4+ cos— V(ch+ 22— 4[ch e~ (cP)?] .
polished into a rectangular shape with three pairs of parallel C2= 2 . @
surfaces along111], [110], and[112], respectively. Gold
electrodes were sputtered onto fid1] and[111] faces of ) ) ) ) ]

h sample. An external electric field of 0.3—0.5 MV/m WaSTABLE Il. Measured and derived material properties of single-domain
each sample. oY NaSpMN-339PT single crystals.
applied to pole the sample at room temperature into a single

vy Us v Ug) UsL U Usg) Usi

domain state. It was found that the single-domain state was Elastic stiffness constantsfj (10" N/m?)

. . as E E E E
unstable for this system in natural conditions. Therefore, durct:* ¢’ C1s e’ C3s Cas’ Cos
ing the ultrasonic and resonance measurements, a bias eleg-1» 7.36 11.50 415 1712 2.90 6.38

tric field was applied along the 11] of each sample to main-

) ) ) I D (110 N/m2
tain the single-domain state. One must note that the, Elastic stifiness constants; (10" N/m’)

it ; P ; C11 L cis 7 cs cas cos”
application of a bias electric field will cause some property.
variations. To evaluate the field influence, we have measure¢p.43 7.62 10.32 3.87 21.94 5683 6.50
th_e e_Iastlc compllanr_:e c:c_)nstarfgl varlatlon_wnh a_blas elec- Elastic compliance constantst (10~ m?/N)
tric field, as shown in !:|g. _1. T.he compliansg, increases T S5, S5, S, s, s, S
about 10% when the bias field is removed. In order to main—- - . 16604 1334 51098 23202
tain the single—domain state of PMN—-33%PT crystal sys- " ' ‘ ' ‘ ' '
tem, a bias field of 0.2 MV/m, which is a little higher than Elastic compliance constants? (102 m?/N)

. . D D D D D D
the coercive field of 0.18 MV/m, was employed aldig1]  sh S12 S13 S14 S33” Saa Se6
direction of all sam_ples_. All of our s_ingle—domain data wereg 39 -394 -257 -915 697 3033  26.65
measured under this bias electric field.

In order to simplify the characterization procedure, only Piezoelectric constants;, (C/n?) andd;, (10 *°C/N)

a

those resonance samples with exciting field[111] were e € €3 €33 dis da, dss® das’
useq.The final dimensions of the samples used for the ultrarso, 078 _—288 11.83 4100 1340 -90 190
sonic measurements were about 4 mhmmx2 mm. For

the length and thickness extensional resonance measure-

Piezoelectric constants;, (102 Vm/N) andh;, (1% V/m)

. . h h h h

ments, the aspect ratios of samples exceeded 5:1 in order & 922 9a1 9s3 s 2 . %

yield nearly pure resonance modés. 11.72 383 -—159 335 3638 378 -—-994 40.78
_ A 15-MHz longitudinal wave transducéUltran Labora- Dielectric constantss(s,) and B(10~/z,)

tories, Inc) and a 20-MHz shear wave transdu¢Banamet- 2 S, el el 85 85, Bl 8L

rics) were used for the pulse-echo measurements. The elec:
tric pulses used to excite the transducer were generated by a
Panametrics 200-MHz pulser/receiver, and the time of flight Electromechanical coupling constants and density
between echoes was measured using a Tektronix™ 4604, ks P ke p (kg/m?)
digital oscilloscope.
. . 0.70 0.15 0.69 0.47 8060
For the length and thickness extensional resonance mea-

surements, an HP 4194A impedance/gain phase analyzer wagasured properties.
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