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Temperature and field dependent investigations of the longitudinal electromechanical properties of
[00]- and [11(Q]-oriented 0.955Rn;;5Nb,5)O5-0.045PbTiQ single crystals have been
performed. Electromechanical equivalence was found betj@@h and[110] orientations in the
ferroelectric rhombohedral FEphase region, but not in the ferroelectric tetragona! éite. A dc

bias of 0.4 MV/m did not affect this equivalence. Softening of the dielectric congtant
piezoelectric coefficientdss), and Young’s modulugY) were observed along both tfie01] and

[110] orientations in the FEphase region on heating towards thg Biee. Above the FEFE; phase
transition, a significant anisotropy was observed in the electromechanical and elastic coefficients.
These results demonstrate that the enhanced length extengB8atode electromechanical
couplingks; of rhombohedral crystals far from the morphotropic phase boundary is not constrained
to the (001) orientation, but rather to thé€l10) plane. © 2004 American Institute of Physics
[DOI: 10.1063/1.1789271

I. INTRODUCTION lously high values ofd;3(>4000 pC/N can be estimated

from the slope of the straife)- field (E) curves(i.e., da3
Single crystals of lead zinc niobate—lead titanate PZN= 5¢ 1 5E).

-X%PT and lead magnesium niobate—lead titanate PMN  The origin of the high electromechanical behavior has

-x%PT are currently under developméritinvestigations peen attributed to an electrically-induced rhombohedral

have focused on compositions close to the morphOtrOp'?erroeIectric (FE) to tetragonal ferroelectri¢FE,) phase

phase boundaryMPB) between rhombohedral and tetrago- {;ansformatiort:2 The FE phase has a much smallefa

nal ferroelectric states. Their extremely high electromechanifati0 than the FE accordingly under field the largg/a ratio

cal couplingkss>0.90 offers the potential for both broad- change results in enhanced electrically-induced strains. Re-

band and high .acoustic energy density v_vhen compared t8ent studies on PMN-PT and PZN-PT have also demon-
standard lead zirconate titangfZT) ceramics. They show strated the presence of monoclinieE,) and orthorhombic

great promise in underwater sonar projectors, receiving ar(—FEo) ferroelectric states in between the [FBnd FE

rays, and medical ultrasound imaging systems. A vast im- _ . . .
Y . : . ging sy phases® These results open an interesting possibility that
provement in axial resolution and contrast of sonar and ul:

trasound systems will occur as a result of the single crysta'fqtermedlate states may be responsible for the high electro-

broadband capabilities. mecg.amcallp('arform.anc.e. 78

The high electromechanical properties of morpho- |electr.|c |nvest|gat|on§ ha.\ve demonstrated-a complex
tropic ferroelectric PZN-PT single crystals were first transforrnatlorl sequence m plez.ocrystals -that is d.ependent
reported nearly 20 years ago by Kuwata, Uchino, and/Pon orientation and el_ectrlcal history. An intermediate, FE
Nomura®?* In poled (00D-oriented single crystals of state was shown to exist be.tween ther_lélﬁd FE phgses.
0.91PI§Zn, ;Nb,,) O5-0.09PbTiQ longitudinal piezoelectric The .tgmperature range of eX|sten.ce.var|ed, suggesting meta-
(ds9 and electromechanical couplinges) coefficients of stab!l!ty. .Furthermore, the results |nd|cat-ed that the margin of
1500 pC/N and 0.92 were reported, respectively. No lengtf$t@Pility in the FE,FE, and FE states might be sufficiently
extensional results were reported for rhombohedral crystaiff@gile so that changes in orientation, electrical history, or
far from the MPB. These investigations were performed by gnechanical constraints may change the free energy balance.
standard resonance-antiresonance method under relativéfjezoelectric studies on polgd1Q crystals showed that a
low-field drive conditions, which were significantly below monodomain FEstate does not exhibit enhanced piezoelec-
that required to induce saturation in the electrically-inducedricity. However, a(110-oriented FE polydomain state ex-
strain responsée-E). Recently, the high-field behavior of hibited very significant enhancements with a longitudinal pi-
(00D-oriented PZN-PT 92/8 and 0.7fg,sNb,)O;  ezoelectric constanfdss) of ~1500 pC/N. Recent studies
-0.3PbTiQ (PMN-PT 70/30 crystals has been investigated by Viehland, Li, and Amin have demonstrated that the en-
by Shrout and co-workers Strain levels of up to 1.2% were hanced electromechanical performance of oriented
reported at field levels of~3 MV/m. Accordingly, anoma- 0.7PKMg;,3Nb,3)O5-0.3PbTiQ single crystals is not con-

0021-8979/2004/96(9)/5140/4/$22.00 5140 © 2004 American Institute of Physics
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strained to th¢001] orientation, but rather to the.10) plane, _ 5500 -
with the longitudinal coupling coefficient alon@01] and § F910mas A
[110] being equivalent. < 4500 |

Unfortunately, a thorough investigation of the anisotropy 8
of the electromechanical properties as a function of dc bias .fg:f 3500 |
and temperature has not yet been reported for any single 8 - T FE
composition in either the PMNX% PT or PZNx%PT crys- 3 r tr ¢
talline solution. The purpose of this investigation was to de- 2 2500 |- fov1] ,
termine the temperature dependence of the dc biased and 3 [ % %A
unbiased longitudinal piezoelectric constédis), dielectric § 1500 —ﬁ
constant(Ks3), electromechanical coupling coefficiefiss), 2 [110]
and Young’s modulus(Y) for (001)- and (110-oriented 500 bl bt 40 L
0.955P19Zn;;5Nb,,3)05-0.045PbTiQ (PZN-PT) crystals. In- 10 30 50 70 90 110130150170

formation concerning the effect of dc bias and temperature

on the electromechanical properties is extremely useful,

since dc biased operation will be required for applications oFIG. 1. Piezoelectridy; coefficient as a function of temperature at 0 and 0.4

the crystals in sonar projectors. MV/m dc bias for[100]- and[110]-oriented PZN-PT crystals. dc field data
In this work. we will show that the temperature depen_points for the[110] orientation were omitted in all figures for clarity.

dent properties along thg01] and [110] orientations are . .

nearI; idgntical, andgindependent of bias in the, BEate. regions as one WO.UId (_axpect for stable dpmam states. The
Also, an unusual piezoelectric instability between two ferro-.appl'cat'.on of .dc bias did not cause any discernable change
electric states ifi001] and[110] oriented crystals of PZN-PT in the d'eIeCt.”C cons_tant. Ther_efore, one should no_t e>_<pe;ct
has been found. We have observed a longitudinal piezoeleg—ny change in the piezoelectric coefficient due to intrinsic

. - o N contributions(d=¢goKQP, wheregy is the free space permit-
;[gcincdoee;fel(r:lldeg:lf ]:)f 15)?6?68 ZCI\A/CI”?]I)OHQ theL10] direction that tivity, K is the dielectric constant) is the electrostriction,

andP is the polarization This is consistent with the experi-
mental observations.
Figure 2 shows the short circuit Young's modulsas a
Ferroelectric rhombohedrgl001]- and [110]-oriented  function of temperature for pole®01]- and [110]-oriented
0.955P19Zn,sNb,,5)05-0.045PbTiQ crystals grown by a crystals at dc biases of 0 and 0.4 MV/m. Inspection of the
flux method were obtained from TRS Ceram{&tate Col- data reveals that|[110] is slightly larger thanY,[001], and
lege, PA. The crystals were of dimensionsx3x9 mm. that both coefficients are bias independent for
The specimens were electroded with gold and poled. Th@0<T<130 °C. Softening oi|[110] andY,[001] occurred
piezoelectric response was measured using a HP 4194 inpon approachingT, (110 °Q from below. The values
pedance analyzer. The piezoelectric constant, electromé4[110] andY,[001] decreased from 12 and 20 GPa, respec-
chanical coupling coefficient, dielectric constant, andtively at T=25°C, to ~8 GPa at 90 °C. The values of
Young's modulus were calculated from the resonanceY|[110] and Y,[001] were equivalent over the limited tem-
antiresonance curves using a standard IEEE method. Temperature range of 99T<110 °C. In the FEphase region
perature dependent measurements were performed in cofer T>110 °C, bothY,[110] and Y,[001] stiffened with in-
junction with a Delta Design environmental chamber and acreasing temperature. In addition, the anisotropy constant
HP digital multimeter. All measurements were computer au-Y;[110]/Y,[001] was ~4.
tomated. dc bias fields were applied using a high voltage dc

Temperature °C

Il. EXPERIMENTAL PROCEDURE

source and a blocking circuit. Isothermal frequency sweeps T 4 e A
. . . o L O :0 bias A
under zero bias were first performed. This was followed by O 40 b+ :4kviem
application of a dc bias of 0.4 MV/m, and subsequent repeat 2 - A
of the frequency sweep. The field was returned to zero bias, '.§ 5
and the measurement process repeated at a number of stable g 30 [
temperatures between 20r<130 °C. 2 FE;
€ 25
lll. RESULTS > 20
The longitudinal piezoelectric coefficieritl;s) versus E 15
temperature for poled001]- and [110]-oriented PZN-PT § ,
crystals is shown in Fig. 1 for both the unbiased and dc g 10 f Y
biased conditions. An equivalence df; for the [001] and @ Y AU T S E e (U S
[110Q] directions is evident in both the FE&nd FE phase 10 30 50 70 90 110 130 150 170
regions. The piezoelectric constant increased by a factor of 3 o
on heating from 26 T<100 °C, decreasing abruptly by a Temperature "C

factor of 3 atT=T,~110 °C In ?ddition, thedss values ki, 2. short circuit Young's modulus as a function of temperature at 0 and
were not affected by dc bias in either the KiE FE phase 0.4 Mv/m dc bias for{100- and[110-oriented PZN-PT crystals.
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FIG. 3. Dielectric constanK as a function of temperature at 0 and 0.4 Temperature °C

MV/m dc bias for[100]- and[110]-oriented PZN-PT crystals.
FIG. 5. Length extension coupling as a function of temperature at 0 and 0.4
MV/m dc bias for[100]- and[110]-oriented PZN-PT crystals.
Figure 3 shows the longitudinal dielectric const#nag

as a fl:antion IOf tehm%erature folr rﬁ)ole{gm]—land [110]- pling coefficient(kzz) as a function temperature for poled
oriented crystals. The data revea that the valuelégf001] [001]- and[110Q]-oriented PZN-PT crystals. Inspection of the
and K3J110] are nearly equivalent over the temperature .4 reveals that the values kaf; along [001] and[110] are

range of 26< T<90 Chln both gaseg,(% increased fromh. nearly equivalent and independent of dc bias over the tem-
~5000 to ~10000 with increasing temperature over this perature range of 20T<110 °C. In both casesks; in-

range, however, in the range of 80r<110 °C, Kag110] creased linearly from-0.90 to~0.92 over this temperature
mcreaseod much more rapidly than that Ki§J001]. For g0 The temperature coefficient (1/ksq)(dkss/ IT) Was
T>110 °C, abrupt changes i3 were observed for both  yetermined from a linear least squares fit to the data for
orientations, as a result of the FEE transformation. The T<T, to be 350 and 430 ppm/°C for t{801]- and[110-
value of K3 001] decreased dramatically, whereas that of j.oniad crystals, respectively. Fot>T,, in the FE phase

Kad110] increased. In .the range of the Fephase field, ks 110] was significantly smaller than that kf;{001].
(110<T<130 °Q, the anisotropy ratisq110/Ksgoosy Was

~10, which is significantly different than the value of one
found in the FE phase. Figure 4 shows the inverse dielectric!V. DISCUSSION

_1 i - . . .
constan(Ksg) ™" as a function of temperature for polgeD1] The results in this paper show an unusual isotropy of the

and[110]-oriented crystals. In this figuréis " can be seen electromechanical properties in tfELO) plane for rhombo-
to have a hgar-linear relationship with temperature in th‘?’ledral PZN-PT crystals far from the MPB. An electrome-
poled c_ond|t|_0n forT<110 °C, along both th¢001] and chanical equivalence has been found betweer{@Bé&] and
[110 _0r|entat|ons. . . [110] orientations in the FEphase field, over the tempera-

Figure 5 shows the longitudinal electromechanical COU%yre range of 26cT<110 °C. The short circuit Young's
modulus for the two orientations is almost identical over the
temperature range 80T<110 °C. In contrast, significant
anisotropy was observed in the Hihase field forT > T;,.

These unusual attributes cannot be attributed to interme-
diate FE or FE, phases, as no evidence of an intermediate
ferroelectric state was found. The existence of metastable
states in MPB compositions of PMN-PT crystals has previ-
ously been reportel? where the stability margin between
states is altered by field, mechanical constraints, and electri-
FE, cal history*.3 Interestingly, the existence of a metastable, FE
state had earlier been predicted near the MPB of PRe-
cent structural, optical and dielectric studi®sof MPB
PZN-PT crystals have demonstrated the existence of an in-
termediate FE state in-between the FEnd FE phases for
(110 oriented crystals, but not fof001) oriented ones.

o The width of the orthorhombic phase field depended on
Temperature “C the poling field, temperature, and PT content
(8.5%<x<11% PT). The PZN-PT composition used in the
present investigation is=4.5% PT, which lies outside this

0.0004

0.0003 |
[110]

0.0002 [001]

..__-.6_- =
=

0.0001

Inverse dielectric constant

o.oooo L ' 1 ' 1 I 1 I 1 L | 1 '
10 30 50 70 90 110130150170

FIG. 4. InverseK as a function of temperature at O dc bias fb®0]- and
[110)-oriented PZN-PT crystals.
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range. A parameter space that comprises crystallographic orf~E, phase far from the morphotropic phase bound&t?B).
entation and electric boundari€¢poling leve) besides the This isotropy has been explained based upon an inhomog-
usual composition and temperature coordinates has been sugpous shearing of the polarization from the pseudocubic
gested for PZN-PT phase diagrams. (112) towards the(001), via the(110. Analogies between

However, a parameter space that depends upon crystdlis transformation and martensitic transformations are dis-
cut, electrical and thermal histories is difficult to approachcussed, where the transformation pathway is constrained by
within a conventional Landau model. Rather, order paramelastic stress accommodation. In contrast, a large anisotropy
eter gradients and defects energy contributions will be amvas observed in the phase region Tor T,,. No discernable
important part of the total energy. In fact, MPB compositionseffect of dc biag<0.4 MV/m) was found for the longitudi-
of PZN-PT and PMN-PT are known to contain micro- nal piezoelectric, dielectric, and elastic properties of either
domains or tweed Microdomains or tweed are a twinning the [001]- or [110-oriented crystals suggesting a stable do-
that occurs on the 100 A scale and result in a microinhomomain state and intrinsic contributions at this bias level. Un-
geneous lattice. Microtwinned states are well known in ferdike MPB compositions of PMN-PT crystals, no evidence of
roelastic (or martensiti¢ transformations involving large an intermediate ferroelectric orthorhombic state was ob-
changes irc/a ratio between a pseudocuhbjor rhombohe-  served for the PZN-PT crystal composition used in this in-
dral) and a tetragonal staté*’ vestigation.

Elastic isotropy in thg110) plane has previously been
reported in martensitic transformatiotfs-° Martensitic phe-
nomena are known to have an intermediate transformationa
region between pseudo-cubic and tetragonal ferroelastic This work was supported by the Office of Naval Re-
phases in the presence of static quenched disétd@f’Lo-  search.
cal symmetry reduction is driven by stress accommodation
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