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Ferroelectrics are essential components in a wide range of applications, including ultrasonic
transducers, sensors, and actuators. In the single crystal form, relaxor-PbTiO3 (PT) piezoelectric
materials have been extensively studied due to their ultrahigh piezoelectric and electromechanical
properties. In this article, a perspective and future development of relaxor-PT crystals are given.
Initially, various techniques for the growth of relaxor-PT crystals are reviewed, with crystals up to
100 mm in diameter and 200 mm in length being readily achievable using the Bridgman technique.
Second, the characterizations of dielectric and electromechanical properties are surveyed. Boundary
conditions, including temperature, electric field, and stress, are discussed in relation to device
limitations. Third, the physical origins of the high piezoelectric properties and unique loss characteristics
in relaxor-PT crystals are discussed with respect to their crystal structure, phase, engineered domain
configuration, macrosymmetry, and domain size. Finally, relaxor-PT single crystals are reviewed with
respect to specific applications and contrasted to conventional piezoelectric ceramics.
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l. INTRODUCTION AND BACKGROUND
A. Introduction

Piezoelectric materials find application in a wide range
of sensors, actuators, and ultrasonic transducers that are im-
portant in various industrial and scientific areas. Innovations
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in electromechanical devices continue to be the driving force
for the development of new piezoelectric materials. Applied
piezoelectric materials include bulk ceramics,'” single
crystals,B*5 thin ﬁlms,(*8 textured ceramics,9 polymers,m and
composites,“*14 in which, relaxor based ferroelectric single
crystals, such as Pb(Mg;,3Nb,/3)03-PbTiO; (PMN-PT) and
Pb(Zn,/3Nb,/3)03-PbTiO; (PZN-PT), have attracted exten-
sive attentions over the last 15 yr, due to their ultra-high pie-
zoelectric properties. The longitudinal piezoelectric strain
coefficient ds; and electromechanical coupling factor ks,
being on the order of >1500pC/N and ~0.9, far out-perform
state-of-art polycrystalline ceramics Pb(Zr,Ti)O; (PZT),
showing great promise for various -electromechanical
applications.*™

In this review, a concise background on piezoelectricity/
ferroelectricity and their related properties are given in
Sec. I. Various crystal growth methods, including high tem-
perature solution (flux), Bridgman, and solid state crystal
growth (SSCQG), are surveyed and discussed in Sec. II. In
Sec. III, the characterization of single crystal relaxor-PTs is
given, while the origins of the ultrahigh piezoelectric proper-
ties are discussed and presented in Sec. IV. Piezoelectric
materials used for electromechanical devices are generally
subjected to various external conditions, including tempera-
ture, dc bias field, ac drive field, and prestress. The role of
external boundary conditions on the properties of relaxer-PT
crystals will be discussed in detail in Sec. V. The relationship
of material property and device performance, contrasted
with state of the art PZT ceramics and new relaxor-PT single
crystals will be reviewed in Sec. VI. Finally, a brief sum-
mary and future trend are presented in Sec. VII.

B. Background on piezoelectricity and ferroelectricity
1. Piezoelectricity and related parameters

Piezoelectricity is the ability of certain crystalline mate-
rials, which possess non-centre-symmetries, to develop an
electric polarization proportional to an applied mechanical
stress (direct piezoelectric effect) or develop a mechanical
strain (deformation) proportional to an applied electric field
(converse piezoelectric effect). The direct piezoelectric
effect was first discovered in quartz by Curie and Curie in
1880,'5 soon after that, the converse piezoelectric effect was
predicted by Lippmann,'® based on thermodynamic consid-
erations, and confirmed experimentally by Curie brothers in
1881.

In regard to various electromechanical applications, the
following piezoelectric and related properties will be intro-
duced, including dielectric permittivity &, piezoelectric coef-
ficient d, frequency constant N (phase velocity v and elastic
constant s/c), electromechanical coupling factor &, and me-
chanical quality factor Q.'

a. Dielectric permittivity. The electric displacement in a
dielectric material is related to the applied electric field
through the relation

D; = ¢ - E; (D
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where ¢;; is the dielectric permittivity of the material. The
relative dielectric permittivity & (commonly refers to as
the dielectric constant) can be calculated according to

Erij) = &ij/ €0, 2

where ¢ is the permittivity of free space. In simple inorganic
solids, the dielectric permittivity is mainly associated with
the electronic and ionic polarizabilities, while in ferroelectric
ceramics, the domain walls and polarization rotation make
important contributions to the dielectric properties.'”'® The
dielectric permittivity is complex number with real (¢.) and
imaginary (¢,") components, following the equation:

"

& = ¢ -tand, 3)

where tand is the dielectric loss.
The capacitance of the piezoelectric element can be
determined by

C=¢e-Alt, 4)

where A and ¢ are the area and thickness of the element.
Determination of the dielectric permittivity is generally im-
portant for the device performance, since the capacitance is
closely related to electrical impedance Z, following:

1

Z:_—.
JjoC

®)

To allow the 50 Q electrical impedance matching, for exam-
ple, single element transducer utilizes low permittivity mate-
rials, while high frequency medical array element requires
high permittivity materials.'’

For most practical applications, the free dielectric per-
mittivity ¢ (dielectric displacement in a piezoelectric ele-
ment at constant stress) and clamped dielectric permittivity
&> (dielectric displacement at constant strain) are sufficient in
theoretical and device analysis. The relationship between the
two dielectric permittivities can be expressed as

& =l —d?/st, (6)

where d and s are piezoelectric and elastic compliance con-
stant, respectively.

b. Piezoelectric coefficients. Piezoelectricity refers to
the linear coupling between mechanical stress and electric
polarization and/or between mechanical strain and applied
electric field.'”'® Based on the selection of independent elec-
trical and mechanical variables, there are four sets of piezo-
electric coefficients.'”* At constant electric field (E) and
mechanical stress (T), the piezoelectric strain (or charge)
coefficient d is formulated as

s oD
d =\ 5~ = | 5+~ ) (7)
OE) aT )
while the piezoelectric voltage coefficient g is related to the
voltage response to an applied stress, where the electrical
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displacement (D) and T are selected as independent varia-

bles, following:
OFE oS
= (o), (), ©

The piezoelectric strain coefficient d is generally used in low
frequency or non-resonant device applications, while piezo-
electric stress coefficients e is employed at high frequency or
under mechanically clamped conditions, where E and strain
(S) are selected as independent variables, and given by

aT oD
e=|—%=) == - C)]
OE) ¢ Ay
Finally, the piezoelectric clamped voltage (or stiffness) coef-

ficient & can be defined when the independent variables are S
and D, according to the equation

or OE
i=(-3),~ (-3, 1o

The four sets piezoelectric coefficients are interrelated as
follows:

ool — 5 (E
dt). - ‘%:/g‘]/y - ezus”).
o= Sh. — 4 cE
e, = sl‘jhj,b = d,ucwt
e (an
8ir = Bidjn = hiys,;
RS, _ .D
hy, = ﬁl'jejl = 8iuCy,

where [ is the dielectric impermeability, and s/c are the elas-
tic compliance and stiffness constants, respectively. The
superscripts E, T, S, and D indicate different boundary condi-
tions, with subscripts i, j=1,2,and 3and u, A1=1,2, 3,4, 5,
and 6.

c. Frequency constant and elastic constant. Frequency
constants are useful parameters allowing the end user to
determine the piezoelectric element dimensions to achieve a
desired resonance frequency.'” Also, from the frequency
constants, the phase velocities and elastic constants can be
calculated. The frequency constant is related to the reso-
nance (or antiresonance) frequency and the controlling
dimension of the piezoelectric element, as given in the fol-
lowing equations:

N, =f -lorN,=f, I (12)

All solids deform under mechanical stress. Under small
stresses, the strain is related to stress by Hooke’s law, through
the elastic compliance s or elastic stiffness c. The elastic con-
stants are closely related to the density p and phase velocity v
(two times the frequency constant) of the piezoelectric ele-
ment. The elastic constants can be determined following:

s=1/pv” or c = pv*. (13)

d. Acoustic impedance. The acoustic impedance Z of a
material, evaluating the propagation of acoustic waves across
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interfaces between different media, is also related to the elas-
tic constant and/or phase velocity, following the
relationship:

Z = \/pc = pu. (14)

Z is an important parameter in piezoelectric applications
related to acoustic waves.'” Analogous to electrical imped-
ance, the transfer of acoustic energy from one medium to
another will be maximized when the two media have the
same acoustic impedance. For example, the acoustic imped-
ance is about 30MRayl for relaxor-PT crystals, while it is
only 1.5MRayl for water, thus, matching layers with inter-
mediate acoustic impedances are desired to improve the
acoustic energy transfer.

e. Electromechanical coupling. The electromechanical
coupling factor k; of a piezoelectric material refers to the
conversion ability between electric and mechanical energy
and vice versa, being closely related to the bandwidth of res-
onant devices. The relationship of electromechanical cou-

pling and the piezoelectric coefficients follows the
formulae:'**°
2 2 2 2
Po= iy _ G S iy (15)
ip SIYE S‘S-CD TSE ﬁScD .
ii° pp i pp ii® pp i pp

Electromechanical coupling factor is a dimensionless param-
eter relating to different vibration modes, since the mechani-
cal energy of the piezoelectric element depends on the
element dimension and vibration. The coupling can be calcu-
lated directly from the resonance and antiresonance frequen-
cies measured on the piezoelectric elements, following:

: : 2 ' ;
K= gfc—; cot (g%) or kzk_ 1= gji—’“ cot (g%) (16)

f. Mechanical quality factor. Analogous to the dielec-
tric loss tano,, mechanical loss tand,, (inverse of the mechan-
ical quality factor Q,,) describes the power loss over the
energy stored in the system. For a piezoelectric resonator,
the mechanical quality factor Q,, characterizes the resona-
tor’s bandwidth relative to its center frequency, following:

On =11/, (17)

where Af is the frequency difference at —3dB of the maxi-
mum admittance. From a power dissipation viewpoint, high
0,, is important in resonant applications, while high Q,
(inverse of dielectric loss) is crucial for devices operating
off-resonance.

For ferroelectric single crystals, the existence of domain
wall motion/polarization rotation will significantly decrease
Q,,. Other factors affecting the Q,, include the polarization
rotation angle, domain state (single domain vs multido-
mains), and domain size. External conditions will also affect
the measured Q,, values, such as measurement frequency,
contact resistance (sample surface finish and adhesion of the
electrode), and damping (for example, the Q,, value meas-
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ured in air is much higher than the measured value in water,
but lower compared to the value measured in vacuum).

2. Ferroelectricity and related phenomena

Ferroelectricity is the presence of a spontaneous polar-
ization in a material, which can be reoriented between two or
more distinct crystallographic directions by applying an
external electric field.?*® Ferroelectricity was discovered
by Valasek?” in Rochelle salt in 1921, following which, fer-
roelectric behavior was observed in many families of materi-
als, including hydrogen bonded crystals, complex oxides,
polymers, and liquid crystals. Among oxides, materials with
perovskite, tungsten bronze, and Aurivillius structures have
been the mainstay for the ferroelectric studies. It should be
noted that polarization reorientation can be induced by either
applied stress (ferroelastic switching) or electric field (ferro-
electric switching).

a. Ferroelectric domains and domain walls. A polar-
ization develops once a ferroelectric crystal is cooled
through Curie temperature, from the prototype paraelectric
to ferroelectric phase with lower symmetry. Regions with
uniform polarization are called ferroelectric domains, rang-
ing in scale from few nanometers to few tens micrometers.
The interface between two domains is called the domain
wall, which is thin in order to reduce the elastic energy gen-
erated by the strain near the walls, being on the scale of a
few lattice cells. In a ferroelectric crystal, the variety of do-
main patterns and the number of types of domain walls
depend on the number of conceivable orientations of the
dipole moment when the spontaneous polarization occurs
from the prototype phase.>*~> For the tetragonal (T) case,
domains can have their polarization along one of the six
(001) directions. Domain walls can lie in the (001) and (101)
planes. The (001) walls are referred to as 180° walls, since
they separate domains which are 180° to each other (antipar-
allel polarizations but with strain tensors that are necessarily
the same), while (101) walls are 90° walls, separating
domains perpendicular to each other. For a rhombohedral
(R) phase, the spontaneous polarization lies along one of the
eight (111) directions, thus both 180° and 71°/109° domain
walls can occur. For the orthorhombic (O) phase, 180°, 60°,
90°, and 120° domain walls may exist, with spontaneous
polarization lies along one of twelve (011) directions. The
switching of 180° domain walls does not involve elastic de-
formation (so called ferroelectric domain walls), while the
switching of non-180° walls involves elastic deformation,
referred to as ferroelastic domain walls. Thus, both 180° and
non-180° domain walls may reduce the effects of depolariz-
ing electric fields, but only the formation of non-180° do-
main walls can minimize the elastic energy. It is thought that
the dielectric loss is related to the 180° and non-180° domain
wall motion under an applied electric field, while mechanical
loss is only associated with non-180° domain wall motion
under an applied stress. Domains can be observed using
polarized light microscopy (PLM), scanning force micros-
copy, scanning electron microscopy, piezoresponse force
microscopy, etc.
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Polarization A

1 P

E Electric Field

FIG. 1. A typical polarization hysteresis loop in ferroelectrics.

b. Ferroelectric hysteresis loop. Ferroelectric materials
can be characterized by measuring their polarization P (D) as
function of applied ac electric field (E), i.e., P-E hysteresis
loop.'?2%3373¢ Eerroelectrics are strongly nonlinear in their
dielectric behavior, thus, the variation of polarization with
electric field is generally hysteretic as a consequence of do-
main wall motion. As shown in Figure 1, at low electric field,
a linear relationship between P and E is observed, since the
field is not sufficient to switch any domains and the crystal
behaves as a normal dielectric. As the applied field increases,
domains switch to the directions being more inclined to the
electric field and the polarization increases rapidly until all
the domains have switched, whereupon the polarization
becomes saturated and relates to the spontaneous polariza-
tion Pg. As the field strength decreases to zero, some of the
domains will remain aligned in the positive direction and the
crystal will exhibit a remnant polarization P (poled state).
The remnant polarization cannot be removed until an applied
field along negative direction reaches a certain value, defined
as the coercive field Ec. An ideal hysteresis loop is symmet-
rical, with the positive and negative values of E- and Py
being equal. The levels of E¢, Pg, Pg, and the squareness of
the loop may be affected by many factors, including sample
thickness, presence of charged defects (defect dipoles), me-
chanical stress, thermal treatment, measurement frequency,
and space charge, etc.

Due to the existence of ferroelectric domains, the overall
symmetry for nonpoled ferroelectrics is centro-symmetric and
a piezoelectric response cannot be observed. Ferroelectric
materials, thus, can be piezoelectrically active through the
poling process, where an electric field is applied to switch the
polarization vector of each domain inclining to the direction
of the applied field. Generally, ferroelectric materials can be
poled at ~2E electric field. In order to enhance poling effi-
ciency and avoid cracking, ferroelectric crystals and polycrys-
talline ceramics are poled at elevated temperature.

c. Polymorphotropic phase transitions and morpho-
tropic phase boundary (MPB). Phase transitions are major
characteristics of most ferroelectrics. The most important
transitions are those between the ferroelectric and paraelec-
tric phases, and the temperature at which the transition
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occurs is called the Curie point (Curie tempera-
ture).'*2°23¢ Upon cooling through a Curie point, the crys-
tallographic structure of a ferroelectric crystal is associated
with a small distortion of the paraelectric structure, so the
lattice symmetry of the ferroelectric phase is lower than that
of the paraelectric phase. Ferroelectrics are also subject to
transitions in which the crystallographic orientation of the
polar axis changes, referring to polymorphic phase transi-
tions, such as tetragonal to orthorhombic (Tor) and ortho-
rhombic to thombohedral (Trp) phase transitions in relaxor-
PT crystals. The thermodynamic properties (including the
dielectric and piezoelectric) show anomalies and reach peak
values when the temperature is in the vicinity of polymor-
phic phase transitions. Phase transitions can occur not only
with changing temperature, but also under mechanical stress
and/or electric field, generally, a positive electric field and
uniaxial tension favor ferroelectricity.*®

It is important to note that many ferroelectric solid solu-
tions are found to possess an MPB, an abrupt structural
change within a solid solution with composition,' separating
two ferroelectric phases of different crystallographic symme-
tries. For compositions near the MPB, the polarization can
be easily rotated between different symmetries, giving rise to
enhanced dielectric and piezoelectric properties. It should be
noted here, both polymorphic phase transitions and MPBs
lead to improved dielectric and piezoelectric properties in
ferroelectric systems. However, the property enhancements
at polymorphic phase transitions are strongly temperature
dependent.®’®

d. Domain engineering. As previously stated, the num-
ber and possible orientation of domains (domain configura-
tion) are determined by the crystal symmetry, which are
closely related to their dielectric and piezoelectric properties.
The technique to control the desirable domain configuration
is called domain engineering. Definition of a domain engi-
neered structure is given as: “A domain engineered ferro-
electric crystal is one, which has been poled by the
application of a sufficiently large field along one of the possi-
ble polar axes of the crystal other than the zero-field polar
axis, creating a set of domains in which the polarization vec-
tors are oriented so that their angles to the poling direction
are minimized.”3*-4

It was reported that the electric field induced hysteresis-
free strain response in [001] oriented R relaxor-PT single
crystals is related to the “domain engineered configuration.”
In R crystals, there are eight degenerate domain variants, with
the spontaneous polarization (polar vector) along one of the
(111) directions. When poled along the non-polar axis [001],
four of the eight domain variants will be energetically favored
by the poling field, with polar vectors along [111], [111],
[111], and [111]. Thus, four domain variants exist after the
poling process, with polar vectors equally inclined to the
poling direction (~54.7°), exhibiting a macroscopic 4 mm
symmetry. The resultant domain engineered configuration, la-
beled “4R,” will be stable upon further application of an elec-
tric field along the poling direction, since there is no driving
force for domain wall motion, and only the polar vectors in
each domain variant will rotate towards to the direction of the
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applied field (polarization rotation or inclination).>® This
accounts for the hysteresis-free strain characteristics and low
dielectric loss observed in relaxor-PT crystals. An engineered
domain configuration is basically multidomain, various do-
main engineered configurations can be realized depending on
the crystal symmetry (phase) and the crystallographic orienta-
tion. For example, domain engineered configurations “2R”
and “40” can be formed when poled along the crystallo-
graphic [011] and [001] directions of R and O phase crystals,
with macroscopic mm2 and 4 mm symmetries, respectively,
as summarized in Table 1.°**° It should be noted that single
domain states can be formed upon the application of electric
field along spontaneous polarization directions, for example,
(111) for R crystal and (001) for T crystal, leading to “1R”
and “1 T” states, respectively, though the single domain states
are not generally stable, with the domains partially switching
back after the removal of external electric field.

In engineered domain configurations, relaxor-PT crys-
tals are found to possess high piezoelectric coefficients,
owing to the easy tilt of spontaneous polarization by apply-
ing electric field along non-polar directions. Other
approaches, such as domain wall engineering using pattern-
ing electrodes or special poling process, are also found to
increase the piezoelectric activity with increasing domain
wall densities (decreasing domain sizes) in BaTiO3 or PMN-
PT crystals,’go’4143 due to the extrinsic contribution from the
domain wall motion.

e. Aging behavior and piezoelectric nonlinearity. The
domain alignment during the poling process leaves the ferro-
electric material in a state of high internal stress due to strain
accommodations associated with the ferroelastic domain
wall reversal/polarization rotation. The gradual relief of vari-
ous stresses by domain realignment, usually in small steps as
time elapses, gives rise to the observed change in properties
with time. For example, the dielectric and piezoelectric coef-
ficients decrease while the mechanical and electrical quality
factors increase, as a logarithmic function of time,!7-19-20-36
In order to obtain ferroelectric materials with stable proper-
ties, accelerated aging treatments have been used to relieve
these interdomain stresses.

Another effect associated with multidomain ferroelec-
trics is piezoelectric nonlinearity. Deviations from linear
behavior occur in ferroelectrics due to the domain wall
motion/domain switching, which are related to dissipation

J. Appl. Phys. 111, 031301 (2012)

and hysteresis.’® Under low electrical or mechanical drive
fields, ferroelectric materials may be considered linear,
where the dielectric and piezoelectric constants are attributed
to intrinsic contribution and reversible domain wall motion.
With increasing electrical or mechanical drive, there is a
disproportionate increase in dielectric and piezoelectric
response, being related to irreversible domain wall motion.
Other phenomena, such as field/mechanical stress induced
phase transitions and cyclic electric fatigue, are also related
to domain effects. More details about piezoelectric nonli-
nearity can be found in the reference by Damjanovic.®

C. Background on pervoskite ferroelectric materials
1. History of pervoskite ferroelectric ceramics

A breakthrough in the discovery of ferroelectric materi-
als occurred in mixed-oxide perovskites with the general for-
mula ABOj5. Milestones included barium titanate (BaTiOs)
polycrystalline ceramics in the late 1940 s (Refs. 44—46) and
PZT solid solutions in the early 1950s,"*"* which have
since dominated the piezoelectric ceramic markets. The
major interest is that large dielectric and piezoelectric prop-
erties are achieved in PZT with compositions close to an
MPB. In addition, PZT ceramics can be modified with differ-
ent dopants, exhibiting “hard” characteristics with acceptor
dopants or “soft” behavior with donor dopants, suitable for a
broad range of electromechanical applications. However, it
is hard to grow PZT single crystals in usable size, due to the
incongruent melting behavior. In late 1950 s, unusual dielec-
tric behavior was reported in complex perovskites with
chemical formula of Pb(B’,B”)O3, where B’ is a low valence
cation and B” is a high valence cation, later named relaxor
ferroelectrics.”® Materials with this chemical structure ex-
hibit frequency-dispersed dielectric permittivity. Of the
many interesting relaxor materials discovered, lead magne-
sium niobate (PMN) was the most promising, with high
dielectric permittivities and a strong nonhysteretic electro-
strictive effect at room temperature.>*”'>* In the late 1970,
it was discovered that by creating a solid solution of PMN
with addition of PT, the Curie point and the nonhysteretic
quadratic strains increased.” This finding was quickly fol-
lowed by the discovery that with increased compositional
levels of PT, the electrostrictive behavior of PMN-PT was
replaced by a more “classical” ferroelectric behavior, leading
to the mapping of the PMN-PT binary phase diagram, which

TABLE I. Domain engineered configuration in Relaxor-PT single crystal systems (Refs. 33 and 40).

Crystal phase Polar directions Poling direction Engineered domain configuration Macroscopic symmetry Exist domain walls
Rhombohedral (111) [001] 4R 4 mm 109°,71°
[011] 2R mm?2 71°
[111] 1R 3m Single domain
Orthorhombic (011) [001] 40 4 mm 90°
[011] 10 mm?2 Single domain
[111] 30 3m 60°
Tetragonal (001) [001] 1T 4 mm Single domain
[011] 2T mm?2 90°

[111]

3T 3m 90°
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showed an MPB separating rhombohedral and tetragonal
phases.>** Analogous to PZT, the piezoelectric properties
of PMN-PT ceramics reach peak values at the MPB, being
on the order of 700 pC/N 3 In 1982, a new method, called
two-step precursor process, for synthesis of PMN ceramics
and other complex mixed oxide ceramics was reported by
Swartz and Shrout,’® greatly decreased the presence of
unwanted pyrochlore phase.

2. Relaxor-PT single crystals

Although the growth of relaxor PMN crystals was
reported in the early 1960 s, it was not until the early 1970s
that single crystal relaxor ferroelectrics emerged, specifically
lead zinc niobate (Pb(Zn;sNb,3)0s—PZN).>* It was found
that these crystals could be readily grown from the high tem-
perature PbO flux. The solid solution was found to possess
an MPB at around 9%PT, with d3; > 1500 pC/N reported for
[001] poled PZN-PT crystals. The high piezoelectric prop-
erty was explained by a strong crystal anisotropy in single
crystals.”’® This work was followed by the investigation on
single crystal PMN-PT in 1989 5.°”%° The piezoelectric prop-
erties of PMN-PT and PZN-PT single crystals poled along
different crystallographic directions were reported in late
1990's and early 2000s,>*°'~"> showing ultrahigh piezoelec-
tric coefficients and electromechanical coupling factors,
being on the order of >2000 pC/N and >0.9, far outperform-
ing state-of-art PZT ceramics, as shown in Figure 2. Today,
relaxor ferroelectrics PMN-PT single crystals continue to be
an exciting research area that promises even further discov-
eries and have been recently commercialized using the
Bridgman crystal growth method.**’®

Implementation of these crystals has yet to meet expec-
tation, due to their low Curie temperature T and ferroelec-
tric phase transition temperature Trr. The temperature
stability and long term reliability of single crystal devices
are a major concern for many applications. In addition to the
low T¢/Tgy, the low Ec brings up the issues of polarization
stability under various storage and driving conditions. For
this case, a dc bias may be required to maintain the polariza-
tion and the performance of the devices. Loss in sensitivity,
however, occurs when applying dc bias, which also adds
complexity and the cost to the driving electronics. Further-
more, though having low dielectric loss, being on the order
of 0.004, their low mechanical quality factors Q,,, being
~100, limit their use in resonance based applications, such
as high power transducers and transformers. Owing to the
above mentioned issues observed in PMN-PT and PZN-PT
crystals, new single crystal systems with broad temperature
usage range and improved reliability under the thermal/elec-
tric field/mechanical stress are desired.”®

Over the last 10yr, extensive effort has been focused
on new crystals with high T/TrT, including binary systems
Pb(Sco sNby 5)03-PbTiO; (PSN-PT),”~#3 Pb(In, sNbg 5)O5-
PbTiO; (PIN-PT),**® Pb(Yby sNbgs5)O5-PbTiO; (PYN-
PT),***  BiScOs-PbTiO; (BSPT)*>'°' and ternary
systems Pb(SCO‘5Nb0.5)O3—Pb(Mg1/3Nb2/3)03-PbTi03 (PSN—
PMN-PT),'”  Pb(Iny sNby 5)05-Pb(Mg; 3Nb,/3)03-PbTiO5
(PIN-PMN-PT),'?3"12¢  Pb(Mg, 3sNb,/3)05-PbZrO5-PbTiO;

J. Appl. Phys. 111, 031301 (2012)

2500 3
?.'_/ Y
| Y 3
~2000F | e !
Z |
a | e . \
21500 | \ /Relaxor-PT
» «_/ Single Crystals " |
= A
S 1000 |
©
o
E\JJ . . o
o 500 e o Piezoelectric
@ . * &, Ceramics
O 1 I. e ! a
100 200 300 400 500
Curie Temperature (°C) (a)
1.0
k,, ~90-95% for Single Crystals
U ——
@ | “ae "eeee o .o
0 . e
2 osf
E_ F . .
L . L] L
8 LI, & -
o6 Ce o ° ®  Piezoelectric
g . . :
& 5 Ceramics
£ .
[&] .
fob]
E 04
o
©
@
w
0.2 Y e T
100 200 300 400 500
Curie Temperature (°C) (b)

FIG. 2. Piezoelectric d33 (a) and electromechanical k33 (b) of relaxor-PT
crystals, compared to polycrystalline ceramics as function of Curie tempera-
ture (data are from Ref. 76).

(PMN-PZT),"?"7132 etc. Among those crystal systems, only
PIN-PMN-PT and PMN-PZT systems have been found to be
grown in large size and high quality. With these develop-
ments in relaxor-PT single crystals, the concept of various
generation of crystals was proposed by Smith.'** First, gen-
eration crystals, e.g., PMN-PT and PZN-PT, exhibit high
electromechanical coupling and piezoelectric coefficients
that allow transducers to be fabricated with increased band-
width (x2-3), higher sensitivity (+12 dB) and higher source
level (+12dB) when compared with the state-of-art poly-
crystalline PZT technology, which already have been com-
mercialized in medical ultrasonic transducers. Second
generation crystals extend the high electromechanical prop-
erties to a broader range of temperature, electric field and
mechanical stress, expanding their design envelope by reduc-
ing the need for heat shunts and applied dc bias fields. Crys-
tals with higher ferroelectric phase transition temperatures
and higher coercive fields are in this category, where the
potential commercialization of the ternary PIN-PMN-PT and
PMN-PZT are expected. Third generation crystals include
the addition of minor dopants to tailor the crystal’s electro-
mechanical parameters, analogous to PZTs. For example,
Mn doped relaxor-PT crystals have been developed, with
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greatly increased mechanical quality factors, which will ben-
efit the resonance based devices, such as sonar transducers,
ultrasonic motors, or piezoelectric transformers.

Table II compiles the general properties for the three
generations of crystal systems, where the Tc/Trt and Ec of
2nd generation crystals were found to be higher when com-
pared to their 1st generation crystal counterparts, with com-
parable dielectric and piezoelectric properties. As expected,
the mechanical quality factor of 3 rd generation crystals was
found to be >5 times higher than that of 1st generation crys-
tals, due to the existence of an internal bias, induced by Mn
acceptor dopants.'**1%7

Il. SINGLE CRYSTAL GROWTH: ISSUES AND FUTURE
DIRECTION

Numerous crystal growth techniques have been devel-
oped to synthesize single crystals. These techniques include
growth from high temperature solutions (flux; flux Bridgman;
top seeding crystal growth; Kyropoulos), crystal growth from
the solid state, crystal growth from the pure melt (Bridgman;
Stockbarger; Czochralski; floating-zone melting, etc.); crystal
growth from vapor (such as chemical vapor deposition and
physical vapor transport); crystal growth from aqueous or
nonaqueous solvent; hydrothermal; etc.'¥*!3

As discussed in Sec. I C 2, three generations of relaxor-
PT single crystals have been developed. The successful
growth of relaxor single crystals was first reported in the late
1950s for Pb(Mg1/3Ta2/3)O3 (PMT) and Pb(ZH1/3Nb2/3)O3
(PZN) crystals using the high temperature solution growth
technique with PbO as flux."**'*! In the period of 1960—1990,
the growth of PZN-PT and PMN-PT single crystals was
reported using PbO or PbO/B,05 as fluxes, but with limited
success to obtain large size crystals.”’*'**7'47 In the mid-
1990, systematic studies of flux grown PZN-PT single crys-
tals were carried out, with crystal sizes being sufficient for
detail property characterization and device exploration. The
ultrahigh piezoelectric properties and the potential applica-
tions of the relaxor-PT single crystals drew extensive attention
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and renewed interest worldwide in growing large-size and
commercially viable single crystals,*¢!:6%148-130

In this section, crystal growth approaches related to
relaxor-PT single crystals will be discussed, with emphasis
on high temperature solution methods, Bridgman, and solid
state conversion method.

A. High temperature solution growth

For the case of growth from a high temperature solution,
the constituents of the material to be crystallized are dis-
solved in a suitable solvent and crystallization occurs as the
solution becomes critically supersaturated. The supersatura-
tion may be promoted by evaporation of the solvent, by cool-
ing the solution or by a transport process in which the solute
is made to flow from a hotter to a cooler region. The advant-
age of using a solvent is that crystal growth occurs at a lower
temperature than that required for growth from the melt,
thus, this method is useful for growing crystals that are
incongruently melting or phase instable, undergo a phase
transition below the melting point which may result in severe
straining or cracking, have a very high vapor pressure at the
melting point or highly refractory materials.'”' Relaxor-PT
single crystals, such as PZN-PT,"”*"">7 PYN-PT (Ref. 91)
and BSPT,”®!*® show incongruently melting characteristics
and pyrochlore phase (Pb,Nb,O-) at high temperature. The
size of relaxor-PT single crystals produced by the conven-
tional flux growth technique remains relatively small. In
order to grow large PZN-PT single crystals, other flux
growth techniques have been explored. These include the
solution Bridgman'*~'7° and top-seeded solution growth
(TSSG)'"""'" techniques, where PZN-PT single crystals
with 75 mm in diameter have been produced. In this section,
the development and status of PZN-PT single crystals growth
using high temperature solution method will be discussed.

1. Conventional flux method

Figure 3 shows a typical experimental set-up for PZN-
PT single crystal growth using conventional flux method.
The components, including the nominal crystal composition

TABLE II. The property comparison of various generation relaxor-PT single crystals.

Crystal Tc (°O) Trt (°C) Ec (kV/cm) Eine (kV/cm) & d33 (pC/N) ka3 Om References
First generation crystals

PMN-0.29PT 135 96 2.3 — 5400 1540 0.91 150 241
PMN-0.33PT 155 65 2.8 — 8200 2800 0.95 100 31
Second generation crystals

PIN-PMN-PT 191 125 5.0 — 4400 1510 0.92 180 109
PIN-PMN-PT (MPB) 197 96 5.5 — 7240 2740 0.95 120 110
PMN-PZT 210 113 5.0 — 5000 1750 0.92 150 130
PMN-PZT 216 144 4.6 — 4850 1530 0.93 100 127
BSPT57 402 349 13.7 — 3000 1150 0.91 — 97,101
PYN-0.45PT 325 160 12.5 — 2000 2000* 0.90 — 76
Third generation crystals

Mn:PIN-PMN-PT 193 119 6.0 1.0 3700 1120 0.90 810 —
Mn:PMN-PZT 203 141 6.3 1.6 3410 1140 0.92 1050 136

“Calculated from the slope of S-E loop at 20kV/cm.
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and flux, are mixed thoroughly and charged into the platinum
(Pt) crucible, and then the Pt crucible is covered with a lid
and placed into a sealed alumina crucible, which can reduce
the evaporation of lead at high temperature. The assembly is
placed in a muffled resistant heating furnace and allowed to
heat to temperature in the range of 1200-1250°C, with a
dwell time of several hours to stabilize and homogenize the
melt. Subsequently, the assembly is cooled at a controlled
cooling rate, typically in the range of 0.5-1 °C/min, to initi-
ate the growth process. The growth process is allowed to end
at temperature of 800—1000 °C, then cooled to room temper-
ature at a rate of 50°C/h. In order to eliminate or reduce
points of spontaneous nucleation, a local cooling arrange-
ment, such as thin metal rod or metal wire, or controlled oxy-
gen gas flow, is used at the bottom center of the Pt crucible.
The thermal gradient is usually about 10°C/cm at the cool-
ing spot. Though a cooling spot is used, the thermal gradient
for flux method is very small, the crystal is not exposed to
steep temperature gradients, and the crystal can grow in an
unconstrained fashion, together with the relatively low
growth temperature, leading to an improved crystal quality
with respect to point defects, dislocation densities, and low
angle grain boundaries, compared to crystals grown directly
from melt. Disadvantages of this method, however, are sub-
stitutional or interstitial incorporation of solvent ions into the
crystal lattice, microscopic, or macroscopic inclusions of sol-
vent, impurities, or non-uniform doping.13 9.146-151

For the high temperature solution method, the selection
of flux is very important. PbO or PbO-B,0; mixtures are
commonly used in the growth of relaxor-PT single crystals.
A PbO melt has a reasonably low viscosity and high solubil-
ity for complex oxides, with a melting temperature of
886 °C. It will form an eutectic compound with PZN-PT at
828 °C, with composition of 25 wt. % (PZN-0.09PT)/75 wt.
% PbO.">” PZN-PT crystals will partially decompose into a
pyrochlore phase above 1140°C and incongruently melt at
1225 4 2°C, thus, crystallization temperatures are selected
to below this temperature. Typical solute-to-flux weight
ratios used are in the range of 0.65:0.35 to 0.5:0.5, which
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FIG. 3. Schematic experimental set-up of the PZN-PT crystal growth from
high temperature solution.
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guarantee a crystal growth temperature below 1140 °C. After
the growth process, the crystals are leached out of the flux
using hot nitric acid. The growth of PZN-PT crystals starts
by nucleation at [111] corners followed by spreading down
adjacent [001] edges and (001) crystal faces at a low supersa-
turation in the solution, while the growth is dominated via
nucleation at [001] edges and on (001) faces when the degree
of supersaturation increase. It was reported that by engineer-
ing the isotherms in the solution, [111] corner nucleation is
controlled, while (001) layer growth is promoted. The crystal
growth process in this case is dominated by layer growth on
certain (001) crystal planes.147 Each (001) layer represents a
layer of material grown within a given time interval, reduc-
ing solute segregation, thus, wafers cut parallel to the preva-
lent (001) layer growth plane show improved compositional
homogeneity. The crystal growth occurs in an equilibrium
or near-equilibrium condition, such as controlled cooling/
growth rates, compositional uniformity between wafers can
also be improved.'*’ Figure 4 shows large size PZN-PT sin-
gle crystals (>35mm edge length) grown using the above
scheme at Microfine Materials Technologies,'* with translu-
cent and light yellow to brownish-yellow in color while
exhibiting prominent (001) habitual facets. The obtained
crystals show improved compositional uniformity, with a
Curie temperature variation being within £2 °C, correspond-
ing to the PT content variation less than =0.5% in the whole
ngot.

2. Flux Bridgman

Bridgman method is useful for the production of single
crystals, however, PZN-PT easily changes to pyrochlore
phase at high temperature, with perovskite phase stable only
in PbO flux, thus, modified solution Bridgman method has
been applied to grow PZN-PT crystals.'**'"! The PZN-PT
compound with flux is charged in the Bridgman crucible,
with the crucible sealed and buried into alumina powder in a
refractory tube. Alumina powder is used to support the cruci-
ble as well as prevent PbO evaporation. An oxygen gas cool-
ing system (with cooling rod) is designed and assembled at
the bottom of the crucible to induce nucleation at the bottom
of the crucible, providing a temperature gradient, usually on
the order of 15-20°C/cm. The oxygen flow rate and the di-
ameter of the rod are important to accurately control the ther-
mal gradient. The hot zone temperature of the furnace is
>1250°C, with the crucible lowered through the thermal
zones at a rate of 0.1-0.6 mm/h. Due to a lack of forced con-
vection in the Bridgman growth, the growth rate is strongly
dependent on mass transport. The crucible lowering rate is
important, depending on the solute transport rate at the re-
spective temperature range. Large size crystals have been
reported up to 75mm in diameter and S55mm in
length.'®*'** PbO flux inclusions were observed in the bot-
tom part and the peripheral regions of the crystal, probably
as the results of inadequate temperature gradient and the dif-
ference between the crucible lowering rate and the solute
transport rate (crystal growth rate). In the solution Bridgman
growth, no seed material is used to initiate nucleation.
Depending on the growth condition, the growth direction
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FIG. 4. (Color) Large PZN-PT single crystals grown from PbO flux (Cour-
tesy of Dr. L. C. Lim from Microfine Materials Technologies).'>

can vary from [111] to [100]. Large size PZN-PT crystals
obtained show (100) habitual planes, due to the fact that
growth rate along [111] is the highest, while [100] direction
exhibit the lowest growth rate. The variation of Ti*" concen-
tration along the growth direction was found to be =0.6 mol.
% over a distance of about 20 mm."'®*~'®* Compositional uni-
formity of the as-grown PZN-PT crystals were reported to be
greatly improved with much less inclusion defect, by using
two-step solution Bridgman method."**'""17" n this
approach, PZN-PT seed crystal is achieved by spontaneous
nucleation at the cooling spot (oxygen flow) in the first step.
The temperature goes up due to the termination of oxygen
flow at the end of the first step, which will melt the seed par-
tially and re-establish a stable solid-liquid interface during
the second growth step, thus, inclusions in the crystals are
reduced.

Other high temperature solution growth methods,
including top seeding solution growth (TSSG),'”*'7® have
also been studied to grow PZN-PT single crystals. Crystals
with 35mm in diameter and 14mm in length have been
obtained. Compared to solution Bridgman, the TSSG tech-
nique offers the advantage of low cost, with ease of separat-
ing the primary grown crystals from the flux and extending
life of Pt crucibles. Furthermore, TSSG can be effectively
improved for growth of uniform crystals by continually
charging the raw powders into the crucible to offset compo-
sitional variation in the melt during growth. Lead oxide
evaporation and decomposition of the as-grown perovskite
crystals during the crystal growth process, however, limit the
TSSG method for large scale production.'’*!7?

B. Modified Bridgman

Analogous to the Czochralski method, Bridgman
method also grows single crystals directly from the melt,
which is the most straightforward and economical way to
grow high quality and large size crystals."*® The work by
Bridgman was directed toward the growth of single crystals,
where he used a vertically mounted tubular electric furnace
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to melt the charge and lowered the ampoule containing the
charge through an axial thermal gradient, so the molten ingot
is gradually crystallized from one end to the other."”” A simi-
lar vertical configuration was employed by Stockbarger to
grow single crystals of lithium fluoride, using two furnaces
mounted coaxially, which possess high temperature and low
temperature zones.'’® Horizontal directional solidification
has also been widely employed and is known as ‘“horizontal
Bridgman” growth. Both horizontal and vertical directional
solidification techniques (referred to as normal freezing)
have been extended to melt partial charge, with a high tem-
perature zone traversing along the charge, which is referred
to as zone melting. The zone melting configuration has the
advantage over the normal freezing method of avoiding
macro-segregation in the crystals, 31797182

PMN-PT single crystals have been grown from high
temperature solution with PbO or PbO/B,O; as the
flux,>>0%147-159 however, the growth rate and crystal size
using the flux method are not suitable for commercial pro-
duction. The first report on the melt growth of PMN-PT crys-
tals using a modified Bridgman furnace occurred in 1997,
suggesting that the Bridgman method could be used to grow
PMN-PT crystals as an alternative to flux method,'®*'** after
which, Bridgman approach has been widely used to grow
PMN-PT crystals."®~'* Currently, binary PMN-PT and ter-
nary PIN-PMN-PT crystals are commercially manufactured
along [001] direction, with 75—100 mm in diameter and 150-
200 mm in length, by using modified multi-crucible Bridg-
man method, as shown in Figure 5,185.186,195-200

Figure 6 shows typical experimental set-up for Bridg-
man growth technique. Crystal growth is usually performed
in either straight or tapered Pt crucibles. After oriented
PMN-PT crystal seed and the sintered pellets charged into
the Pt crucible, it is sealed with a Pt lid to prevent the PbO
evaporation at high temperature. The crucible is placed into
alumina buffer tube and the gap between the crucible and the
alumina tube is filled with alumina or zirconia powders.'®’

[001] grown PMN-PT & PIN-PMN-PT (®100mm)

FIG. 5. (Color) PMN-PT and PIN-PMN-PT single crystals (100 mm diame-
ter) grown by multi-crucible Bridgman method (courtesy of Dr. J. Luo from
TRS Technologies).'””
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FIG. 6. Schematic experimental set-up of a Bridgman growth system.

The assembly is loaded into resistance-heating multi-zone
furnaces with soaking temperature higher than 1350°C and
dwelling time of 5-10h. The axial temperature gradient is
set to be larger than 20°C/cm at the solid-liquid interface.
Several thermocouples are used to monitor the melt tempera-
tures during growth.'®® Unidirectional solidification is
accomplished by slowly lowering the Pt crucible through the
temperature gradient with a translation speed less than
I mm/h. After the growth process, the furnace is allowed to
cool to room temperature at a rate of 50 °C/h to prevent the
cracking of the crystal. The crucibles are not reusable, as the
grown crystals cannot be removed without cutting away the
crucible. #7194

For PMN-PT crystal growth, owing to the large differ-
ence in melting point and density between each oxide, espe-
cially between PbO (T, =886°C and p=9.53 g/cm’) and
MgO (T, =2852°C and p =3.58 g/cm?), it is usually diffi-
cult to get a homogeneous perovskite phase by directly mix-
ing the oxides without the presence of a minor amount of the
pyrochlore phase.'®® Pre-synthesized PMN-PT using a modi-
fied columbite precursor method has been proved to be the
most efficient way to eliminate the pyrochlore phase.’® Pow-
ders with nominal compositions are calcined at 850 °C for
several hours to synthesize the PMN-PT compound, and then
ground, mixed and pressed into pellets, subsequently sintered
to reduce the volume of the pellets prior to the charge in Pt
crucibles. During crystal growth, it is important to under-
stand the high temperature phase equilibrium of the solid so-
lution. The high temperature phase diagram of the PMN-PT
system was reported in 2003, showing a typical binary solid
solution behavior.'”® Though PMN and PT are congruently
melting compounds, the segregation coefficient of Ti is less
than one, giving rise to compositional variation in the as-
grown crystal boule. For electromechanical applications,
single crystals with high property uniformity are desired.
Due to the compositional gradient associated with titanium
segregation during the growth, the properties vary along
the growth axis, which result in property variation from
wafer-to-wafer and even within the wafer. Compositional
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uniformity can be improved by growing along the crystallo-
graphic [001] directions, where there is almost no composi-
tional gradient in [001] oriented wafers (radial direction), the
axial gradient (along the crystal growth direction), however,
possess yet high composition segregation. Three different
regions can be identified in the as-grown [001] seeded PMN-
PT crystal boule by observing the transparency and sponta-
neous domain structure in the polished wafers, sliced along
the growth direction. In the lower part of the boule, where
crystallization occurs first, the crystal is semi-transparent and
uniform without visible ferroelectric macrodomains, corre-
sponding to the rhombohedral phase. In the middle part, the
crystal is very cloudy due to light scattering by large and
irregular-shaped visible domains, relate to the monoclinic
phase. In the upper part, however, the crystal becomes trans-
parent with only 90° domains observed, indicative of the tet-
ragonal phase.'®°

Figure 7 shows a typical composition profile of Ti con-
centration in a [001]-oriented crystal boule grown by the
Bridgman method. The Ti concentration was found to be
about 0.27 at the initial part, slightly increasing to 0.36 at the
top of the crystal boule. The compositional profile of Ti was
simulated by a well-established equation used for describing
the compositional segregation behavior in solid solution sys-
tems during the normal solidification process

Cs = k,Co(1 — g)* ", (18)

where k. is effective segregation coefficient, C and C are
the solute concentration in the crystal and the starting melt,
respectively, and g is the solidified fraction. The effective
segregation coefficient was found to be about ~0.83. Thus,
Ti segregation in PMN-PT gives rise to the compositional
inhomogeneity and accounts for the property variation,
resulting in only one third of the as-grown crystal boule with
desired dielectric and piezoelectric properties.'®® Owing to
the inevitable compositional segregation in the Bridgman
growth, alternative crystal growth techniques have to be
sought to further improve the longitudinal compositional
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FIG. 7. Ti concentration along the growth direction in PMN-PT crystal
boules grown by Bridgman and Zone-melting methods (data from Ref. 186).
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uniformity along the growth direction and to extend the por-
tion of as-grown boules with optimal piezoelectric proper-
ties. Zone leveling, which has been shown to produce a
uniform distribution of solute in single crystals, has been
proposed as an alternative method to prevent compositional
segregation, 81182185186 1y qinsle-pass zone leveling, the
composition distribution along the solidification direction
can be described by the following equation:

Cy = Co(1 = (1 — kp)e /1), (19)
where d is the distance from the point at which the first solid
freezes and / is the length of the melting zone. Theoretically,
zone leveling can produce a flat compositional distribution
except for the initial and ending regions. The zone melting
growth of PMN-PT crystals was initially demonstrated using
a rf induction heated furnace by self-seeding growth.'®!
Recently, [110]-oriented PMN-PT single crystals have also
been grown by a modified zone melting process in a three-
zone resistance heating furnace.'®® The Ti concentration
along the growth direction in this boule is given in Figure 7
and compared with the conventional Bridgman method. It is
obvious from the data that the zone melting method offers
improved longitudinal compositional uniformity, by leveling
the Ti concentration in the middle part of the boule.

For PMN-PT and PIN-PMN-PT crystal growth, two
major modifications to the conventional Bridgman method
have been adopted: multi-crucible configuration and zone
leveling, leading to the cost-effective manufacturing of large
crystals.'®>'%¢ In order to further reduce crystal cost, it is im-
portant to improve the compositional segregation. Continu-
ous top-feeding Bridgman method, which maintains steady
state for melt composition and the mass transport rate, has
been explored in last few years. Several companies, includ-
ing JFE Mineral Co.,zo1 TRS Technologies,zo2 and HC Mate-
rials,m3 have initiated this modification, with preliminary
results showing that two thirds of the as-grown crystals pos-
sess uniform dielectric and piezoelectric properties, greatly
increasing the homogeneity and yield, thus decrease the
overall production cost.?"!

C. Solid state conversion

The solid state conversion method (SSCG or template
grain growth (TGG))”?°4216 has been studied as an alterna-
tive approach to achieve single crystals. In the SSCG pro-
cess, a small single crystal seed is diffusion-bonded to a
highly dense polycrystalline body. Growth occurs by con-
suming fine grains in the matrix to become a large single
crystal after long annealing period, generally at temperatures
100-200 °C below melting points. This process is referred to
as solid-state single crystal growth because it does not
involve complete melting of the major components. Thus,
the SSCG method is useful for the single crystal growth of
materials with high melting temperatures, volatile compo-
nents, and incongruent melting.?'®*'” Compared to the other
single crystal growth processes, the crystal growth rate in the
SSCG process is relatively low, being in the range of 50 um
to 200 um per h, depending on the material system.>'®
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For SSCG of PMN-PT, excess PbO (up to ~8 wt. %) is
generally added to the compound powder and mixed thor-
oughly, then pressed into pellets and sintered to obtain high
density ceramics. Abnormal grain growth (AGG) or exagger-
ated grain growth is observed to occur with the formation of
a small amount of liquid during annealing at 1200 °C for sev-
eral hours. During AGG, a few grains grow much faster than
the surrounding fine grain matrix so that the microstructure
exhibits a bimodal distribution of grain size.*'® Abnormal
grains usually grow until they impinge upon each other. If it
is possible to control the nucleation of abnormal grains in a
polycrystalline material, AGG can be used to grow a single
crystal. In the SSCG process, a small [011] oriented Ba(Zr ;.
Tip.0)O5 (BZT) single crystal seed is embedded or bonded on
the surface of the polycrystalline ceramic. In spite of the dif-
ference in chemical composition between the seed crystals
and the ceramic, the BZT seed crystals are chemically stable
in the Pb-based ceramics and thus act as an effective seed
single crystal and PMN-PT crystals can be obtained.'®

In order to increase Curie temperature, PMN-PT modi-
fied by PbZrO; (PZ) end member was attempted using flux
and Bridgman methods, with limited success due to the
incongruent melting feature of PZ. During the growth, PZ
easily decomposes to ZrO,, preventing the continuous
growth of PZT or PMN-PZT single crystals. From this per-
spective, the SSCG method is potential to grow crystals with
PZ end member, where no melting of the compound is
involved. The as grown PMN-PZT single crystal with size
up to 60mm was reported to be successfully fabricated by
the SSCG approach,?'®?!” showing high Curie temperature
and ferroelectric phase transition temperatures, being on the
order of >200°C and 96170 °C, respectively, with compa-
rable dielectric, piezoelectric, and electromechanical proper-
ties to PMN-PT crystals.'?’~13°

lll. STRUCTURE AND PROPERTY
CHARACTERIZATIONS

A. Crystal phase determination

As introduced in Sec. II B, due to the nature of Bridg-
man growth method, the composition may not be uniform
along the crystal boule, with rhombohedral (R), orthorhom-
bic/monoclinic (O), and tetragonal (T) phases possible.186
Furthermore, for relaxor-PT crystals with a composition
close to an MPB, the phase may vary by poling or annealing
treatment. Therefore, it is important to determine the specific
phase of the crystal to be characterized. In the following, the
general phase characterization methods will be discussed,
with emphasis on macroscopic methods.

1. Microscopic characterization

Microscopic characterization of crystals includes x-ray
diffraction (XRD) and PLM, which can be used to directly
determine the phase.

The lattice parameters and phase of the materials can be
readily determined from XRD analysis. However, for relaxor-
PT crystals with a composition close to an MPB, the lattice pa-
rameters of R, O, and T phases are similar and difficult to
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distinguish. Therefore, high energy XRD methods have been
applied to characterize the phase of relaxor-PT crystals.*'®
Alternatively, the phases can be identified according to extinc-
tion angles using PLM method.?'” The advantage of this tech-
nique is that it can be easily used to observe the variation of
crystal phase as a function of electric field, stress, or
temperature.?** >

2. Macroscopic characterization

The phase of crystals can also be determined indirectly,
using piezoelectric, dielectric permittivity-vs-temperature (¢-T),
and strain-vs-electric field (S-E) measurements.' '®??°2%° In the
following sections, the phase characterization methods are
introduced for relaxor-PT crystals with various poling
directions.

a. [111] poled relaxor-PT crystals. For [111] poled
crystals, it is easy to distinguish the R phase from T or O
phase, by direct d;; measurements, owing to the fact that
very low ds3 values can be observed for [111] poled R crys-
tals (<200 pC/N). Low ds3 values can be explained as fol-
lows. In the R phase, the spontaneous polarization lies along
the (111) crystallographic direction, with a single domain
state “1 R” obtained when poled along [111] directions,
where no polarization rotation contributes to the longitudinal
dz3. The same phenomena can be observed in [011] poled
orthorhombic crystals and [001] poled tetragonal crystals,
with single domain states of “10” and “1T,” respectively.
To distinguish [111] poled O and T crystals, the &-T meas-
urements can be used, since an O-T phase transition can be
observed for O crystals prior to the Curie temperature, while
no phase transitions exist for T crystals above room tempera-
ture, until reaching the Curie temperature.

b. [011] poled relaxor-PT crystals. Analogous to [111]
poled crystals, d33 measurements can also be used to distin-
guish [011] poled O crystals from R and T crystals, the [011]
poled R and T crystals can be distinguished by &-T measure-
ments, since no ferroelectric phase transition occurs for T
crystals above room temperature.

c. [001] poled relaxor-PT crystals. Similar to the case
of [111] and [011] poled crystals, the [001] poled T crystals
can be readily determined by ds3 or &-T measurements. How-
ever, distinguishing R and O phases is complicated for [001]
poled crystals, because d33 values are similar for [001] poled
R and O crystals, with “4R” and “40” engineered domain
configurations, respectively. By systematically studying of &-T
and S-E behavior, the methods to distinguish R and O phases
for relaxor-PT crystals were proposed,''®?*> where the phase
could be determined according to the temperature or electric
field induced phase transitions and field induced strain level.

B. Dielectric and piezoelectric measurements

The dielectric permittivity of relaxor-PT crystals can be
determined by measuring the capacitance of plate samples
with electrodes on the major surfaces. To measure the “free”
dielectric permittivity 81~jT, the test frequency should be sub-
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stantially lower than the lowest resonance frequency (gener-
ally at 1 kHz). The “clamped” dielectric permittivity .9,-js can
be determined at a frequency which is high compared to the
principal natural frequencies of the plate samples (usually
two times the principal thickness antiresonance frequency).
Compared to 8,-]-S parameters, electromechanical coupling k;;
can be measured with improved accuracy,?*’ therefore, .s,-js is
usually determined by the following equation:

83/853 = 1 — k3 (20)

Due to the anisotropy of relaxor-PT crystals, only three dielec-
tric permittivities €33, €22, and €;; are non-zero parameters exist
in the dielectric matrix. The permittivity ¢33 may be determined
along the poling direction, while &;; and &y, are determined
along the directions perpendicular to poling direction. Thus, in
order to obtain &;; or &, the electrodes should be removed af-
ter the poling process and subsequently re-electroded on the
large faces vertical to the original electrode planes.

In contrast to the determination of dielectric permittiv-
ities, there are three common measurements that can be used
to determine piezoelectric coefficients, i.e., Berlincourt ds;
meter (direct method), the slope of strain-electric field (con-
verse method) and impedance/ultrasonic pulse-echo method.
Other approaches, such as laser interferometer, laser scan-
ning vibrometer or laser velocimeter, have been reported to
measure strain of thin film or d;; under hard drive condi-
tions, which can be found in Refs. 137, 228, and 229. The
Berlincourt and strain-electric field methods are quasi-static,
where the testing frequency should be much lower than the
fundamental resonance frequency of the sample, being gen-
erally used to determine the piezoelectric coefficients di3,
ds1, and ds, for relaxor-PT crystals.

Compared with the quasi-static method, the impedance
and ultrasonic pulse-echo methods are based on the theory of
acoustic vibration, which can be used to determine various pie-
zoelectric coefficients and elastic constants, including shear pa-
rameters. For the impedance method, the elastic constants and
electromechanical coupling factors are calculated by measuring
resonance and antiresonance frequencies of the piezoelectric
elements, from which, the piezoelectric coefficients can be
derived. In order to obtain a certain vibration mode, the sample
geometry must meet required aspect ratio.”>’ It should be noted
that the general impedance method is not available for lossy
materials, whose piezoelectric coefficients can be determined
by different approaches,”**** such as impedance spectrum fit-
ting.**** The ultrasonic pulse-echo measurement can be
applied to determine the elastic stiffness constants from the
phase velocities of ultrasonic waves propagating along appro-
priate pure mode directions. By using the impedance and ultra-
sonic methods, the full matrix of dielectric/elastic/piezoelectric
constants have been determined for relaxor-PT crystals

with various phases (rhombohedral, orthorhombic, and
tetragonal).31’71’72’97’112’“5’122’235’236

C. Loss determination

For piezoelectric materials, three different losses may be
considered: dielectric, mechanical, and piezoelectric
losses.”*” The loss factors can be represented as follows:
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¢ =¢ (1 —jtan&g)
s =s'(1 — jtandy) (1)
d=d(1—jtandp)

where tandg, tandy;, and tandp are dielectric, mechanical,
and piezoelectric loss factors, respectively. To determine the
loss factors, hysteresis loop and inductance-capacitance-
resistance (LCR) meter measurements can be utilized.

1. Hysteresis loop measurements

The losses are associated with the hysteresis phenomena
in materials. The determination of loss factors is introduced
in the Ref. 36. A typical D-E hysteresis loop is shown in Fig-
ure 8, with applied electric field Ej,coswt. It can be observed
that a larger loss factor tandg corresponds to a higher level of
D-E hysteresis. From Figure 8, the stored electric energy Ug
(E from O to E)) and the loss energy (wg) of an electric field
cycle (area A) can be represented as follows:

1
Ug = Es’Eg (22)
A = wg = n¢' Ej tan 0 (23)

where loss factors are considered to be independent of elec-
tric field. From the equations, the dielectric loss factor can
be calculated

WE
27‘EUE

tan op = (24)

Thus, the dielectric loss can be determined by measuring the
area A, as shown in Figure 8. Based on the same method, the
mechanical and piezoelectric losses can be determined by meas-
uring strain-stress and strain-electric field loops, respectively.

2. Impedance spectrum measurements

The dielectric loss can be directly measured using an
LCR meter, while the mechanical loss factors can be deter-
mined by measuring the frequencies at resonance and —3dB
bandwidth, as discussed in Sec. I B 1 f. However, it is hard
to determine piezoelectric loss by measuring the impedance

FIG. 8. (Color online) Schematic plot for D-E loop with certain dielectric loss
tanog.
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spectrum, as discussed in Ref. 238, resulting in inconsistent
results, 232:238.239

D. Determination of full matrix material constants

In general, domain engineered Relaxor-PT single crystals
possess extraordinary large piezoelectric coefficients for the lon-
gitudinal vibration mode, while crystals with single domain
states are found to possess very low longitudinal properties and
ultrahigh shear properties. Thus, it is desirable to understand the
fundamental principle of domain engineering and to understand
the physical origin of the ultrahigh piezoelectric and electrome-
chanical properties, which requires the full set of material con-
stants for theoretical analysis. From application viewpoint, in
order to use computer simulations (such as the ATILA finite ele-
ment package) to design transducer devices, the complete set of
material constants must be obtained for input in the software.

There are several issues involved in the characterization
of the high performance relaxor-PT crystals, which should be
taken care of during the determination of the full matrix mate-
rial constants.®’ For single domain crystals, the samples are
poled along their respective spontaneous polarization direc-
tions. However, a single domain state may not be stable and
domains may partially switch back upon removal of the poling
field, leading to inaccurate results. To overcome this, a dc bias
field may be used to stabilize the single domain state, at a price
of inducing the nonlinear behavior. For ternary PIN-PMN-PT
crystals, the single domain states were found to be stable,
allowing the determination of full matrix material constants.''>

For samples with domain engineered configurations, such
as “4R,” they are in multi-domain state, whose macroscopic
symmetry is the effective symmetry of the engineered domain
patterns, which can be very different from the microscopic crys-
tal symmetry. Because several energetically degenerated domain
states exist in a given structure and several domain wall orienta-
tions are allowed, the engineered domain patterns can be compli-
cated and the symmetries of such patterns need to be analyzed
for different combinations of domains and domain walls.”'

For [001] poled relaxor-PT crystals, including the do-
main engineered structures “4R,” “40,” and single domain
“1T,” the macroscopic symmetry is 4mm (as shown in
Table I), where the Z axis is along the poling direction [001],
with X and Y axes along [100] and [010] crystallographic
directions to form a right-hand orthogonal coordinate. There
are eleven independent electroelastic constants in 4 mm sym-
metry. For [011] poled R and O crystals, including the do-
main engineered structure “2R” and single domain state
“10,” the macroscopic symmetry is mm2, with seventeen in-
dependent electroelastic constants. The Z axis is along the
poling direction [011], with X and Y axes along the crystal-
lographic directions [011] and [100], respectively. For [111]
poled R crystals, the single domain state “1 R” has a macro-
scopic symmetry 3 m, with twelve independent electroelastic
constants. The Z axis is along poling direction [111], while
X and Y axes are along [110] and [112] directions, respec-
tively. In order to obtain the full matrix material constants,
various crystal samples with different geometries and orien-
tations need to be prepared according to symmetry con-
straints and constitutive relations, as given in Figure 9,



031301-15 S. Zhang and F. Li
i [o11]
v ¢ 4mm :
! K335 8335 33 |

Ks3, 8335 ds\i i kl53_£§1’ Sss dys

i Kisy &5 8550 dys .
! [ K45 €225 Sa00 gu 0
: [010] I

K3y €335 84y d T ) -2 -

/ sy along g /
> [110]¢ [011] k\n S H ks €335 €33
EIUO]C ktt 313! c33

[110]¢

U]trasomc samples to measure elastic
constants and calculate piezo. constants

J. Appl. Phys. 111, 031301 (2012)

(1]

mm2 : 3m

Ky3s S35, di3
Kiss 8115 8550 Ay

U = —

- 5 Ky, £33, €33
[110](_1_", |{

-
Ultrasonic samples to measure elastic
constants and calculate piezo. constants

[100]

FIG. 9. (Color online) Samples for the full matrix material constants determination, for crystals with 4 mm, mm2, and 3 m symmetries.

according to Institute of Electrical and Electronics Engineers
(IEEE) standard on piezoelectricity,227 the dielectric, elastic,
piezoelectric, and electromechanical constants can be calcu-
lated and/or derived.”7-240-241

Another critical issue for the full matrix determination is
self-consistency of the obtained data, which may be induced by
experimental measurement, uncertainties of some derived quan-
tities due to the unstable nature of some constitutive relations,
which will enlarge the error through error propagation.>'*** For
relaxor-PT crystals, the lack of compositional uniformity will
lead to large property variation. Thus, it is desirable to reduce
the number of samples utilized in the full matrix determination,
in order to eliminate the inhomogeneous compositional effect. It
has been reported that the combination of the impedance and ul-
trasonic pulse-echo methods offer the advantage of using less
samples to determine material constants, where the different
phase velocities (relate to elastic stiffness constants) can be
measured in one cubic sample.?'7!7%115:226243-245 Taple 117 Jists
the phase velocities and related elastic stiffness constants for
4mm ([001] poled crystals), mm2 ([011] poled crystals), and
3m ([111] poled crystals) symmetries, based on the measured
shear and longitudinal waves with different propagation and dis-
placement directions, from which, most of the elastic constants
can be obtained.”"''>*%

Table IV lists some piezoelectric and dielectric constants
for single domain relaxor-PT crystals. As shown in Table IV, a

critical characteristic of relaxor-PT crystals is that the longitu-
dinal properties (&33, d33, and s33) are much smaller than those
values of shear vibration (¢, d;s, and sss). For single domain
crystals, the longitudinal piezoelectric response is mainly
related to polarization extension, while the shear piezoelectric
response is associated with polarization rotation, as analyzed
by Damjanovic er al*****’ The high shear piezoelectric
response in relaxor-PT crystals is attributed to the ease of
polarization rotation, which will be discussed in Sec. I'V.

E. Piezoelectric properties as function of orientation
and composition

1. Orientation dependent properties

Table V lists the longitudinal properties of various
relaxor-PT crystals as a function of crystallographic orienta-
tion. The longitudinal piezoelectric, dielectric, and elastic
constants of the crystals poled along nonpolar directions (R
crystals along [001] and [011] directions and O crystals along
[001] direction) are found to be much higher than those coef-
ficients along the polar direction (R crystals along [111] and
O crystals along [011]). Figure 10 shows the domain configu-
ration of [001] poled R and O crystals. In “4 R” and “40” do-
main configurations, the domain vectors lying along different
directions are equivalent to the [001] orientation. Therefore,
without considering the contribution of domain walls, the

TABLE III. Relationship between the phase velocity and elastic constants for crystals with 4 mm, mm2, and 3 m symmetries in the pulse-echo ultrasonic

measurements.
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TABLE IV. Piezoelectric, dielectric, and elastic constants for single domain PIN-PMN-PT crystals with various phases.”

Dielectric constants

Elastic constants s;; ( x 1072 m*/N)

Crystal phase ehy /€0 &, /%0 e st $2o" 337 Saa” Ss5- Se6”
Tetragonal 1T'!? 1090 15000 15000 17.1 17.1 41.0 55.0 55.0 25.0
Orthorhombic 10** 1500 30000 8070 9.2 21.2 16.8 78.1 316 15.5
Rhombohedral 1R'"® 700 6300 6300 10.4 10.4 6.8 101.9 101.9 33.8
Crystal phase Piezoelectric constants d;; (pC/N) Electromechanical coupling factors
d31 d32 d33 dlS d24 d22 d16 k31 k32 k33 le k24

Tetragonal 1T!? —200 —200 530 2350 2350 0 0 0.50 0.50 0.84 0.85 0.85
Orthorhombic 10°** 153 —346 350 4550 4100 0 0 0.44 0.65 0.74 0.96 0.90
Rhombohedral 1IR'"®  —34 —34 74 2190 2190 511 —1022 0.13 0.13 0.36 0.92 0.92

“The properties are expected to increase with composition approaching an MPB.

contribution of domains to longitudinal piezoelectricity can
be analyzed from single domain properties. Figure 11 shows
the orientation dependence of piezoelectric coefficients d3s
for PIN-PMN-PT crystals, calculated from the data in single
domain states “1 R,” “1T,” and “10,” respectively, where the
maximum longitudinal piezoelectric responses are along their
nonpolar directions. A high anisotropic dj3 is observed for all
single domain crystals, which can be attributed to the high
piezoelectric anisotropic factor d;s/ds3 (>4). It was reported
that the calculated d3; along [001] direction (derived from
single domain data) was about 80%~90% of measured dss
for [001] poled domain engineered crystals,>****° demon-
strating that the irreversible (extrinsic) contribution to piezo-
electric coefficient is relatively small. According to Rayleigh
analysis,”> the irreversible piezoelectric contribution was
about 10%—-20% for crystals with MPB compositions, while it
was only about ~3% for relaxor-PT crystals with composi-
tions far away from an MPB. It was also confirmed in [001]
poled domain engineered PIN-PMN-PT crystals with O phase,
where the calculated d53 value from “10” single domain data
was found to be about ~11% lower than the value measured
directly,”* exhibiting the extrinsic contribution being on
the order of ~11%, due to the irreversible electric-field-
induced-phase transition,''%?% Thus, it can be concluded that
the major contribution of the ultrahigh piezoelectric d35 in do-
main engineered crystals comes from the orientation conver-

TABLE V. Comparison of longitudinal and shear piezoelectricity for relaxor-PT crystals.

sion of the high shear piezoelectric d;s in the single domain
state. The origin of ultrahigh longitudinal piezoelectric
response of relaxor-PT crystals will be discussed in detail in
Sec. IV A.

The dielectric loss and mechanical quality factor also
exhibit anisotropic characteristics. Table VI lists the dielec-
tric loss and mechanical quality factors for PMN-PT crystals
as a function of orientation.”>® For rhombohedral relaxor-PT
crystals, the lowest loss factor was found to be along their re-
spective polar directions, with mechanical Q,, values being
>1000. Of particular significance is that both high electro-
mechanical coupling (~0.9) and large mechanical Q,,
(~600) were achieved in [011] poled crystals with “2R” do-
main engineered configuration, which will be discussed in
Sec. IV B.

Table V lists the shear constants for rhombohedral
relaxor-PT crystals poled along [001] and [011]. The shear
constants for [111] poled R crystals were listed in Table IV.
In contrast to the longitudinal piezoelectric response, the
shear piezoelectric response of domain engineered crystals
cannot be simply analyzed by anisotropic calculations.
Figure 12 shows the orientation dependence of the shear
piezoelectric coefficient ds for single domain rhombohedral
crystals. For “1 R” single domain state, the shear coefficient
dys is ~4600 pC/N after rotation around [110](x axis) by 54°
(new z’ axis is along [001] direction), being slightly higher

19,31,71,110,114,115,245

Mode Crystal [001] poled

[011] poled [111] poled

Longitudinal Relaxor-PT crystals &35 feo S33t me/N d3; pC/N ki3 &35 Jeo  S3it pm2/N

d33 pC/N k33 €33 T/60 333E sz/N d33 pC/N ka3

PIN-PMN-PT(R) 7200 77.8 2740  0.95 4400 52 1300 0.92 700 6.8 74 0.36
PMN-PT (R) 8200 120 2820 0.95 3800 70 1350 0.88 640 13.3 190  0.69
PZN-7PT (R) 5622 142 2455 092 3180 62 1150 0.87 — — — —
Mode Material [001] poled [011] poled
Shear Relaxor-PT crystals &, Ty sss™ pm2/N d;s pC/N kg5 e eo Sss5- me/N d;s pC/N  kis & Tty sas” pmz/N doy pC/N  koy
PIN-PMN-PT(R) 10100 14.5 230  0.20 6800 160 2900 0.93 1480 16.1 200 043
PMN-PT(R) 1600 14.0 146 032 6000 140 2500 0.90 1800 16.0 200  0.40
Ceramics PZT4 PZTS8 PZT5H
e /e sss” pm* /N d;s pC/N  kis e oo sssopm*/N  dispC/N ks &1 /eg sss” pm*/N dis pC/N - ks

1470 39.0 496  0.71

1290 31.9 330

0.55 3130 43.5 740  0.68
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FIG. 10. (Color online) Domain structure (or possible domain vectors) of
[001] poled rhombohedral and orthorhombic crystals.

than the original value (4100 pC/N, without rotation), reveal-
ing that dy5 in [001] poled domain engineered crystals will
be on the order of ~4600 pC/N, if only [111] single domain
exists, which is not the case. In reality, as listed in Table V,
the shear piezoelectric coefficient of [001] poled domain
engineered crystals is around 200 pC/N, due to the negating
effect among various domains. As shown in Figure 13, with
an applying perpendicular electric field along [010], the con-
tribution from [111] and [111] domains to the shear deforma-
tion S, are opposed to the contribution from [111] and [111]
domains, leading to a low level of shear piezoelectricity.
Here, it should be noted that d;5 =d,4 based on the macro-
scopic symmetry 4 mm. The negating effect is also observed
for the shear coefficient d,4 in [011] poled “2R” crystals, as
shown in Figure 14. The contributions of [111] and [111] to
the shear deformation S, are opposed under an applied field
E, along the [100] direction, negating one another and giving
rise to the minimized d»4.>>> Admittedly, the negating effect
does not exist in every shear mode of domain engineered
crystals. For the /5-mode of [011] poled R crystals (“2R”

R phase PIN-PMN-PT crystal
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TABLE VI. Mechanical quality factor and dielectric loss of PMN-0.30PT
crystals as a function of orientation.*>

Domain d33 5337

Material Engineering ¢  tand k33 (pC/N) (pm2/N) Qm

PMN-0.30PT [001] 4R
[011] 2R
[111] IR

5200 0.004 0.90 1500  60.0 120
4400 0.002 0.90 1050  35.9 600
810 0.002 0.42 90 6.5 1130

domain configuration), the contribution of the two different
domains are identical, both contributing to the shear defor-
mation Ss under an applied electric field E; along [011], as
shown in Figure 14,%*% thus the measured piezoelectric coef-
ficient d;s (~2500pC/N) is close to the calculated one
(2100 pC/N, as shown in Figure 12). Based on the results,
both orientation dependence of single domain properties
(Figure 12) and domain configurations (Figures 13 and 14)
should be considered in the analysis of the shear properties
of multi-domain crystals.

The orientation dependences of longitudinal and shear
piezoelectric responses are discussed according to the coor-
dinate rotation, which are closely related to the domain con-
figurations. It should be noted that by the coordinate
rotation, new piezoelectric coefficients can be generated and
unwanted coefficients can be eliminated, which are exempli-
fied in the following.

Face (contour) shear piezoelectric coefficient dze" was
predicted by coordinate rotation in [011] poled relaxor-PT
crystals, according to the equation,”’

dye = 2d3; 8in 0 - cos 0 — 2d3;, sin 0 - cos 0, (25)

where ds4 is the face shear coefficient after rotating around
the Z axis by 0 angle and d3; and d5, are piezoelectric coeffi-
cients in the original coordinate of [011] poled R crystals.

O phase PIN-PMN-PT crystal

[011]

FIG. 11. (Color online) Orientation dependence of piezoelectric coefficient d;} of (a) rhombohedral, (b) tetragonal, and (c) orthorhombic PIN-PMN-PT crys-
tals. Li et al., Advanced Functional Materials 21, 2118, 2011. Copyright © 2011, Wiley.
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FIG. 12. (Color online) Orientation dependence of shear piezoelectric coeffi-
cient for rhombohedral PMN-PT crystals, where input data are from Ref. 72.

The maximum face shear dss was theoretically predicted and
experimentally obtained in [011] poled Zt = 45° relaxor-PT
crystals (0 = +45°).2°172%* The piezoelectric coefficients and
electromechanical coupling factors, being on the order of
1600-2800 pC/N and 0.77-0.83, respectively, were deter-
mined by the impedance method using square plate samples,
with ultrahigh elastic compliance constants on the order of
127-225 pm2/N 2 The high elastic compliance corresponds
to very low frequency constant, making them good candi-
dates for the low frequency transducers.”>*>>* In addition,
compared to d;s/d»4 thickness shear samples, the face shear
component can be repolarized since the poling direction is
the same as the working electrode direction. The mechanical
quality factor of the face shear resonator is ~100—450, sig-
nificantly higher than that of thickness shear resonators
(~30).2325% However, the condition ds; = ds,% 0 exists in

3 [001].
[010].
[100]c
Electric ﬁéld
along [010]
IR 17 N
. P 5
.,
’w _':I.

FIG. 13. (Color online) Schematic of polarization rotation for [001] poled R
crystals under [010] perpendicular electric field, related to dp4 (=d;5).
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24 mode

15 mode

FIG. 14. (Color online) Two independent shear piezoelectric response (/5 -
and 24-modes) and related polarization rotation paths in crystals with “2R”
engineered domain state, where the shear deformations were contributed by
polarization rotation of domain I (DI) and domain II (DII). Reprinted with
permission from Zhang et al., Applied Physics Letter 97, 132903, 2010.
Copyright © 2010, the American Institute of Physics.

the newly rotated coordinates, which may interfere with the
face shear vibration, thus, it is desired to have zero dz; or ds;
in practical applications. It was reported that one of the trans-
verse extensional piezoelectric coefficients could be elimi-
nated at a rotation angle of

0= arctan< el > or 0= arctan( 2 ), (26)
—d3 —dj3

at the expense of increasing the other transverse extensional
coefficient, while the face shear coefficient was found to be
insensitive to the rotation angle in the range of 30°—60°.%%

For rhombohedral crystals with single domain “1 R” and
macroscopic 3 m symmetries, the thickness shear coefficient
dye exists and is equal to —2d,,. Analogous to face shear
vibration, the thickness shear d;s is interfered with dg,
which is undesirable in practical applications (e.g., hydro-
phones). It was reported that the coefficient d;¢ can be elimi-
nated by rotating the coordinate system around the X axis,
without sacrificing the high value of d;s, with the rotation
angle being determined by*>!*3

d
o = arctan (ﬁ) 27
dis

2. Composition dependent properties

It has been reported that the properties of relaxor-PT
crystals strongly depend on the composition, especially in
proximity to the MPBs, ' '¢-185-186.193.238.239.256-260 By ther-
modynamic analysis, the shear piezoelectric response of sin-
gle domain crystals will increase as the composition
approaches an MPB.*®'2°> As a consequence, the
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longitudinal dielectric and piezoelectric coefficients of do-
main engineered relaxor-PT crystals exhibit strong composi-
tional dependent properties, as shown in Figure 15. For [001]
and [011] poled R crystals, the piezoelectric coefficients ds3,
d3,, d3», and dielectric permittivity 33 were found to
increase as the composition approached an MPB. In [001]
poled PMN-xPT crystals, the coefficient ds3 increased from
1200 pC/N to 2500 pC/N as x increased from 0.26 to 0.30.
The coefficient—d3, of [011] poled R crystals was found to
increase from 1000 pC/N to 1800 pC/N as the composition
approached the R-M/O phase boundary. In contrast, the elec-
tromechanical coupling factors were found to be relatively
insensitive to compositional variations, with k33 values being
in the range of 0.89-0.93.

Generally, the dielectric loss of relaxor-PT crystals exhib-
its maximum values around MPBs. For [001] poled R PIN-
PMN-PT crystals, the dielectric loss factor increased to
~1.2% for compositions close to the R-M/O phase boundary,
while it was around <0.5% for all other compositions.116 The
enhancement of loss factor is attributed to the ease of polariza-
tion rotation, which will be discussed in detail in Sec. IV B.

F. Pyroelectric and electro-optic properties

The ultrahigh dielectric and piezoelectric properties of
relaxor-PT crystals have generally been the main focus, while
other properties, including pyroelectric and electro-optic prop-
erties, have only been given attention in last few years. The
pyroelectric coefficients of relaxor-PT crystals exhibit maxi-
mum values along their polar directions.”®® Investigations of
the pyroelectric properties for relaxor-PT crystals has gener-
ally focused on the single domain crystals (poled along polar
direction). Table VII lists reported pyroelectric coefficients
for relaxor-PT crystals.”** >’ For [111] poled rhombohedral
and [001] poled tetragonal relaxor-PT crystals, the pyroelec-
tric coefficients p are found to be on the order of 8~15
x 10~*C/m’K, being much higher than those of conventional
pyroelectric crystals, such as triglycine sulfate (TGS)
(5.5x 107*C/m? K) and LiTaO; (2.3 x 10~*C/m* K). The
dielectric constant (500~1000) and dielectric loss (0.1%
~0.4%) of relaxor-PT crystals, however, are also much larger
than those of TGS and LiTaO;. Therefore, in respect to the

TABLE VII. Pyroelectric properties and FOMs for relaxor-PT crystals.
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FIG. 15. (Color online) Composition dependence of piezoelectric response
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figure of merit (FOM, e.g., Fy o< p /(&oé, tan 5)1/2), relaxor-
PT crystals do not offer obvious advantages to TGS and
LiTaO;. In order to utilize relaxor-PT crystals for thermal
imaging applications, crystals have been modified using Mn
dopants and reported to effectively reduce both dielectric con-
stant and loss, resulting in the improved FOMs, as listed in
Table VIL>%* 27

Analogous to the piezoelectric response, the third-order
tensor electro-optic coefficient r33 of relaxor-PT crystals has
been reported to be much higher along nonpolar directions

Composition Te(°C)  Trr(°C)  p(107*C/m*K) & (1kHz) tand (1kHz) F;(107"°m/V) F,m*C) F; (107°Pa~'?)  Refs.
LiTaO5 620 — 2.3 47 0.0005 0.72 0.17 15.76 264
(SrBa)Nb,Og — — 5.5 400 0.003 2.35 0.07 7.2 264
PZT ceramic 340 — 33 714 0.018 1.22 0.02 1.15 264
TGS — — 5.5 55 0.025 2.12 0.43 6.1 264
PMN-0.26PT 121 92 15.3 643 0.0028 6.1 0.11 15.3 265
PMN-0.29PT 135 103 12.8 515 0.0063 5.25 0.11 9.8 266
PMN-0.37PT 173 -5 8.7 570 0.0041 3.5 0.07 7.6 265
PMN-0.28PT — — 10.8 660 0.003 — — — 263
PZN-0.08PT — — 8.2 950 0.003 — — — 263
PIMNT(42/30/28) 187 152 9 702 0.002 3.6 0.06 10.2 267
Mn-PMN-0.26PT 120 90 17.2 660 0.0005 6.88 0.12 40.2 268
Mn-PMN-0.29PT 135 105 16.2 688 0.0005 6.48 0.11 37.1 269
Mn-PMN-0.38PT 175 — 6.9 490 0.0026 2.76 0.06 8.2 270
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than that along the polar direction. For [001] poled T crystals
and [111] poled R crystals, the 33 coefficients were reported
to be 70~130pm/V, while the r3; was up to 300 pm/V for
[001] poled R crystals (~30pm/V for LiNbO3).271*273 The
high 133 values are believed to be associated with the high 75
of relaxor-PT crystals. The low optical transmission of
relaxor-PT crystals, however, limits the potential O-E appli-
cations, due to the complex domain structure. It is known
that domain wall density of relaxor-PT crystals can be mini-
mized by poling along their respective polar directions. As
reported, the transmission of [001] oriented tetragonal PMN-
PT crystals can be enhanced by ~15% after poling.”’*

IV. ORIGIN OF PIEZOELECTRIC RESPONSE AND
LOSSES

A. Piezoelectric properties

The origin of the high piezoelectric response for
relaxor-PT crystals has been debated since their dis-
covery HTHT5231.238246 248275285 Erom experimental
observations, the mechanism of the ultrahigh piezoelectric
activity in relaxor-PT crystals is different from that in poly-
crystalline piezoelectric ceramics. Of particular interest is
that ultrahigh piezoelectric coefficients, low dielectric loss
and strain-electric field hysteresis, being contradiction in
PZT ceramics, occur simultaneously in domain engineered
relaxor-PT crystals.?

Prior to the discovery of relaxor-PT, the highest piezo-
electricity was found in PZT and related ternary ceramics for
the compositions around their respective MPBs, where the
piezoelectric coefficients were found to be on the order of
200-700 pC/N."?8¢ The high piezoelectric response of PZT
ceramics is believed to originate from the MPB, where
poling and domain wall mobility are enhanced.' It is well
known that the piezoelectricity of PZT ceramics can be
tuned using various dopants, where donor dopants (e.g.,
Nb>* and Sb>" on Ti*" site or La*" on Pb*" site) give rise
to “soft” behavior, while acceptor dopants (such as Fe*" and
Mn*™?" on Ti*" site) lead to “hard” characteristics. The
high piezoelectric response (d;3; > 500pC/N) in “soft” PZT
ceramics is the result of enhanced domain wall mobility,
which is a nonlinear and hysteresis process, accompanied by
high dielectric/piezoelectric loss. In contrast, the domain
wall motion of “hard” PZT ceramics is stabilized by the

Step| Stepll
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development of internal bias field, induced by acceptor dop-
ants and the associated oxygen vacancies, leading to a rela-
tively low level of piezoelectric activity and hysteresis.

In this section, concepts recently developed to explain
the high piezoelectric activity in relaxor-PT crystals are sur-
veyed, with the roles of MPBs, monoclinic phases, and
relaxor component discussed in relation to experimental
results.

1. Electric field induced phase transitions

In the middle 1990, Park and Shrout*®"*? published a
number of papers that introduced the potential merits of
relaxor-PT based crystals, reporting that the high E-field
induced strains along [001] direction was associated with the
E-field induced rhombohedral-tetragonal phase transition. As
depicted in Figure 16, the spontaneous polarization of rhom-
bohedral crystals along (111) directions will incline to the
[001] direction with increasing electric field and ultimately
inducing a structural transition to the tetragonal phase. This
predicted phase transition was confirmed by in situ high
energy XRD techniques.”®” Due to the lack of domain wall
motion in this process (prior to the phase transition),
hysteresis-free strain was observed. The underlying origin of
the high piezoelectric coefficient, however, remained
unknown.

2. Polarization rotation mechanism

In 2000, Fu and Cohen* analyzed the free energy profile
of PZN crystals using the first-principles linearized aug-
mented plane wave (LAPW) method and proposed a polar-
ization rotation mechanism to explain the high piezoelectric
activity in relaxor-PT based crystals.* In their work, the free
energy under zero electric field (U) was calculated as a
function of the spontaneous polar direction, as shown in
Figure 17. Under an electric field, the total free energy of
crystals can be expressed as F=U-P-E. It can be seen that
the —P-E term decreases as the angle between P and E
decreases, meaning that the applied electric field stabilizes
the ferroelectric phase whose polar direction lies close to the
applied electric field. With the application of an [001] elec-
tric field, two polar rotation paths of PZN crystals, i.e.,
a—f—g—e and a—b—c—d—e, were given, as depicted in
Figure 17(a). In the low-field region, the piezoelectric

FIG. 16. Variation of polarization for
E rhombohedral relaxor-PT crystals under
[001] electric field.
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FIG. 17. Polarization rotation path (a) and related free energy (b).Reprinted
by permission form H. Fu and R. E. Cohen, Nature 403, 281 (2000). Copy-
right © 2000, Nature Publishing Group.

coefficient of the first path was calculated to be five times
larger than that of the second one, because the a—f path was
much flatter than a—b path, where a flatter energy profile
corresponds to more structural instability, indicating that a
small electric field will induce a large polar rotation, result-
ing in high level of E-field induced strain.”’’ Obviously, a
flat free energy is the dominant factor for obtaining high pie-
zoelectric response.

“Polarization rotation” vs “domain wall motion”. As
mentioned above, the facilitated “polarization rotation”
through the flattened free energy is thought to be critical for
achieving the high piezoelectric response in relaxor-PT crys-
tals. However, the nomenclature “polarization rotation” should
be distinguished from “domain wall motion (or domain
switching),” which is generally used to explain the contribu-
tion to the piezoelectric response in polycrystalline ceramics.

Domain wall motion is the phenomenon where ferro-
electric materials change from one spontaneously polarized
state to another under electric or mechanical field, in order to
minimize the free energy, which can be deemed as a rotation
of the lattice in space (90° rotation in tetragonal crystals, 71°
and 109° in rhombohedral one, and 60°, 120°, and 90° in
orthorhombic one), without a change in lattice symmetry (no
lattice distortion). During domain wall motion, only a part of

J. Appl. Phys. 111, 031301 (2012)

the lattice of one domain switches to another stable state, as
shown in Figure 18(a). In addition, domain wall motion can
be separated into two types: reversible and irreversible.
Figure 18(b) shows a schematic figure of the free energy
with respect to the domain wall position in polycrystalline
ceramics, where the irreversible domain wall motion refers
to a motion over one or several energy barriers, while revers-
ible domain wall motion corresponds to motion among two
energy barriers.*

In contrast to domain wall motion, the polarization rota-
tion process is induced by application of a perpendicular
electric field, leading to a shear deformation of the lattice
(lattice distortion), which induces variation of the lattice
symmetry. During the polarization rotation process, the lat-
tice distortion in each domain variant is identical and thought
to be reversible, as shown in Figure 17, where no energy bar-
rier exists in the polarization rotation path. Admittedly, first-
order ferroelectric phase transitions can be observed at high
levels of electric field for relaxor-PT crystals with MPB
compositions, being related to an irreversible polarization
rotation process. For analysis of the piezoelectric coefficient
in crystals, however, only polarization rotation at low levels
of electric fields, being deemed as a reversible process, need
to be concerned.

Considering the contribution to the longitudinal piezo-
electricity, the polarization rotation mechanism refers to a
contribution from the shear deformation of the lattice (origi-
nate from lattice distortion) is the intrinsic effect. However,
the contribution of domain wall motion to the piezoelectric-
ity is based on the anisotropy of the lattice scale and the

()

Irreversible
displacement
A

Energy

Reversible
displacement

Domain wall position
(b)

FIG. 18. (a) 90° domain wall motion upon electric field and (b) Schematic
of free energy with respect to domain wall position.*®
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contribution to strain comes from lattice rotation, where no
lattice distortion is involved. Taking tetragonal domains as
an example, the contribution of domain wall motion to elec-
tric-field-induced-strain is mainly due to the lattice parame-
ters ¢>a. Obviously, if ¢=a, the domain wall motion
shown in Figure 18(a) cannot contribute to the piezoelectric
response. Thus, domain wall motion is not associated with
the piezoelectric distortion of lattice and belongs to an ex-
trinsic effect.

3. High shear piezoelectric response and MPB

The piezoelectric matrix of single domain relaxor-PT
crystals has been reported,n’ln’lls’243 based on which the
piezoelectric anisotropy has been extensively investi-
gated.”’®*"” The longitudinal piezoelectric coefficients are
found to exhibit very strong orientation dependence due to
the high levels of di5 (d;5 > ds3). 2432467248 Ror thombohe-
dral relaxor-PT crystals, therefore, the high longitudinal
coefficient ds3 along the [001] direction is attributed to the
high shear piezoelectric response in the single domain state.
Based on a thermodynamic approach, Damjanovic et al. dis-
cussed the origin of high shear piezoelectric response for fer-
roelectric materials.?’®*”” The shear piezoelectric coefficient
is in proportion to the transverse dielectric permittivity,
spontaneous polarization, and electrostrictive constant, fol-
lowing d;socepe;1QssP3, where P; is the spontaneous polar-
ization, Qss is the electrostrictive constant, and &;; is the
transverse dielectric permittivity. Compared with the sponta-
neous polarization and electrostrictive constant, the high
level of transverse dielectric permittivity was believed to be
responsible for the high shear piezoelectric coefficient. For
perovskite ferroelectric crystals, the transverse dielectric per-
mittivity mainly arises from a polarization rotation process,
as depicted in Figure 19, thus the shear deformation can be
softened by flattening the polarization rotation path (enhanc-
ing the structural instability). Based on reported results, the
shear piezoelectric coefficients d;s/d>4 can be significantly
enhanced at compositions near MPBs or at temperatures
close to polymorphic phase transitions (PPTs), where phase
instability is due to similar free energies of the various mor-
photropic or polymorphic phases.

For an explanation of the high longitudinal piezoelectric
response in domain engineered relaxor-PT crystals, both
polarization rotation and high shear piezoelectric mecha-
nisms are actually based on the same physical foundation,

Shear
deformation

Perpendicular
electric field

FIG. 19. (Color online) Shear piezoelectric deformation and polarization
rotation.
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i.e., flat free energy profile or structural instability. Thus, the
high longitudinal piezoelectric response can be observed at
compositions close to MPBs, where the free energy profile is
flat. However, other ferroelectric crystals, such as
Pb(Zr,Ti)O3, (K,Na)NbOs, and BaTiO5(BT), with peak pie-
zoelectric properties at their respective MPBs or PPTs, being
much lower when compared to relaxor-PT crystals, leave the
question of which factor induces the high level of structural
instability or flat free energy profile in relaxor-PT crystal
systems.

4. The role of a monoclinic phase

Prior to the discovery of monoclinic phases, only rhom-
bohedral, orthorhombic, and tetragonal phases were experi-
mentally observed in perovskite ferroelectrics, and only
these three ferroelectric phases were proved to be stable by
six-order Devonshire thermodynamic analysis.?” The differ-
ent types of monoclinic phases, namely, M, Mg, and M¢c
(as shown in Figure 20, where polar vector of M, phase lies
in (110) plane, while polar vectors of Mg and M lie in (101)
and (010) planes, respectively), have been observed by vari-
ous research groups using in situ high energy X-ray/neutron
and polarized light microscopy®’®*"**** and also theoreti-
cally confirmed to be stable by higher-order Devonshire
theory.?®*

The monoclinic phase is believed to act as a “structural
bridge” between tetragonal, orthorhombic, and/or rhombohe-
dral phases, consequently, the polarization rotation in the M
phase is thought to be a critical factor for the high piezoelec-
tric property of relaxor-PT crystals.””' Recently, Viehland
et al > proposed that the observed monoclinic phase is
an adaptive phase, which is formed by tetragonal micro-
domains with very low domain wall energy. In this model,
90° domain wall motion was thought to be the dominate fac-
tor for the observed high piezoelectricity. In addition, the
hysteresis-free S-E loops of relaxor-PT crystals were also
explained by the adaptive phase model, being attributed to
the very low domain wall energy of the fine micro-
domains.?83-288 However, several researchers hold critical
opinions in the understanding of the high piezoelectricity
from monoclinic phases.”'?>**° Kisi er al.*®® proposed that
it is the high piezoelectricity that induces monoclinic phase
in PZN-PT crystals and not the monoclinic phase

A[001]

[100]

FIG. 20. (Color online) Various monoclinic phases for relaxor-PT crystals.
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contributing to the high piezoelectricity. Thus, a monoclinic
phase can be recognized as a monoclinic distortion induced
by strong piezoelectric anisotropy in relaxor-PT crystals.

5. The role of relaxor end member

Relaxors, including PMN and PZN, have been exten-
sively studied for more than half century.’*>* However, the
relaxor characteristics have not been involved in the explana-
tion of the high piezoelectric properties in the analyses
above. We should bear in mind that the piezoelectric activity
of relaxor-PT ferroelectrics is much higher than those of
classical ferroelectric crystals (e.g., BT and PZT). According
to the random-cation model, relaxors PMN and PZN consist
of local randomly oriented polar cluster, referred to as polar
nanoregion (PNR), being chemically ordered (Nb:Mg/
Zn =2:1) and embedded in a disordered matrix.>*° The polar
nanoregions are one of the key factors for relaxor ferroelec-
trics, which can significantly affect the macroscopic proper-
ties.”' In 2008, Xu et al. >’ studied relaxor-PT crystals
using neutron inelastic scattering experiments and found that
the transverse acoustic (TA) mode softened, being attributed
to the existence of PNRs, which interact with the propaga-
tion of phonons, giving rise to phase instability. This soft TA
mode is related to an ease of shear deformation, indicating a
high shear piezoelectric response of relaxor-PT crystals.
According to this work, the relationship between high piezo-
electric response and relaxors was established, helping to
partially answer the question “why high piezoelectric
response was only observed in relaxor based crystals other
than classical ferroelectric crystals.”

6. Critical factors for high piezoelectricity

Various mechanisms corresponding to the high piezoelec-
tric activity in relaxor-PT crystals have been discussed above.
Concept 1 helped us to recognize the high strain and
hysteresis-free S-E loops for domain engineered relaxor-PT
crystals. Concepts 2 and 3 demonstrated that the dominant
factor for the high piezoelectric response was a flattened free
energy profile, which can be induced by structural instability,
e.g., around MPB or PPT. Concept 4 proposed that the mono-
clinic phase was the dominant factor resulting in high piezo-
electricity, where a monoclinic phase was thought to be a
bridge facilitating polarization rotation or adaptive phase
(strong domain mobility contribution to piezoelectricity).
Concept 5 built a relationship between the structural instabil-
ity and relaxors for relaxor-PT systems, which can actually be
deemed as the addition to concepts 2 and 3, being responsible
for the high piezoelectricity observed in relaxor-PT crystals.

In order to delineate the critical factors responsible for
ultrahigh piezoelectricity in relaxor-PT crystals, the related
properties of [001] poled PMN-xPT crystals were analyzed
as a function of composition and ferroelectric phase.

The sub-coercive field piezoelectric behavior of PMN-
PT crystals was studied using the Rayleigh approach, as
shown in Figure 21, where d;,;; and oEq/(«Eq + d;y;) repre-
sents the degree of reversible (hysteresis-free) piezoelectric
contribution and irreversible contribution.?*> Due to a stable
domain engineered structure, the irreversible contribution is
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generally less than 10% for either R or M crystals, as shown
in Figure 21(b), demonstrating that the intrinsic contribution
(lattice) is mainly responsible for the high piezoelectric
response. Of particular interest is that crystals with M phase
show no piezoelectric advantage over the R phase, revealing
that an M phase is not necessary for an ease polarization
rotation process. The enhanced piezoelectricity for PMN-
xPT crystals is observed for compositions in proximity to the
MPBs and not in M phase region. The monoclinic phases
play the role in formation of MPBs with R and/or T phases,
inducing phase instability and lead to the high piezoelectric
response of relaxor-PT crystals.?*

To further understand the enhancement of piezoelectric-
ity, the electric field induced strain (at 70 kV/cm) and the fer-
roelectric phase transition E-field (R/M—T phase) for [001]
oriented PMN-xPT crystals were measured, as shown in
Figure 22. For the R phase, the strain was on the order of
0.7% and nearly independent of composition, whereas the
phase transition E-field was found to decrease as the compo-
sition approached the R-M phase boundary. According to the
polarization rotation mechanism, the decrease of phase tran-
sition E-field demonstrates a flat free energy profile, leading
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FIG. 21. Compositional dependence of Rayleigh parameters for PMN-xPT
crystals at 1 Hz: (a) reversible contribution d;,; and (b) irreversible contribu-
tion. Reprinted with permission from F. Li et al., Journal of Applied Physics
108, 034106 (2010). Copyright © 2010, the American Institute of Physics.
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FIG. 22. (Color online) Transition electric fields and the electric field
induced strain levels at 70 kV/cm for PMN-xPT crystals.

to high piezoelectricity. In the M phase region, the piezo-
electric coefficient was observed to first decrease and then
increase with increasing PT (Figure 21(a)), while both the
strain and phase transition E-field decreased with increasing
PT (Figure 22), which can be explained by considering the
variation of both free energy profile and spontaneous polar-
ization direction as a function of composition.**®

The relaxor behavior of PMN-xPT crystals was analyzed
using a modified Curie law

L1 (T-T,)
P c (28)

where ¢, is the maximum value of the dielectric permittivity
at T,,, C is the Curie-like constant, and y (=1~2) is the
degree of diffuseness. A higher value of y represents a higher
level of relaxor behavior. For classical ferroelectrics, the
value of y is 1, while for relaxor, the value is 2.

The measured y values for PMN-xXPT crystals are shown
in Figure 23, with the highest value being on the order of 1.85
for x=0.31. Of particular interest is that the factor y shows
very high values (>1.7) and is nearly compositionally inde-
pendent in the R phase region, however, it drastically
decreases with increasing PT content in M and T phase
regions, with the values being <1.3 for the T phase. Based on
concept 5, the relaxors PMN and PZN can induce phase insta-
bility, giving rise to high piezoelectricity. Therefore, if a higher
value of y represents an enhanced relaxor effect on phase insta-
bility, the fact that the piezoelectricity of R relaxor-PT crystals
far outperforming tetragonal ones, can be explained.

In summary, the measured piezoelectric response of
PMN-xPT crystals as a function of composition can be well
explained by concepts 2, 3, and 5. A possible conclusion can
be derived: phase instability is the most important factor for
inducing a high piezoelectric response. To obtain a high
level of phase instability in ferroelectric crystals, not only
MPBs (or other coexist phases, such as PPTs) but also a
relaxor component is required. For relaxor-PT crystals, the
induced phase instability is generally associated with soften-
ing of a TA mode (high d;5) or facilitation of a polarization
rotation process. In contrast to domain wall motion in PZT
polycrystalline ceramics, the high and hysteresis-free piezo-
electric response of relaxor-PT crystals is attributed to the
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FIG. 23. Relaxor factor y for [001] oriented PMN-xPT crystals, small inset
is the dielectric constant vs. temperature for PMN-0.30PT.

intrinsic/lattice contribution. Relaxor-PT crystals generally
exhibit strong temperature dependent properties and high
mechanical loss (see Secs. IV B and V), due to contribution
of polarization rotation. Thus, enlarging the longitudinal pie-
zoelectric response (dsz3) of single domain crystals may be a
possible way to exploit new piezoelectric crystals with
improved temperature stability and low mechanical loss. In
this respect, Damjanovic*** proposed a special phase bound-
ary system, where the high single domain coefficients d;5
and d53 can be simultaneously obtained.

B. Loss in relaxor-PT crystals
1. Internal bias and domain wall motion

The dielectric and mechanical losses are primarily related
to the domain wall motion in ferroelectric ceramics. In order to
reduce loss in polycrystalline ceramics, the general approach
has been to modify them with “acceptor” dopants, such as
Fe* 2" and Mn3+’2+, which substitute for Zr*/Ti*" cations,
resulting in defect dipoles of acceptor-oxygen vacancies. These
dipoles align parallel to the polarization direction, which effec-
tively clamp domain wall motion, leading to reduced dielectric
and mechanical losses.'*'***13¢ For acceptor doped relaxor-
PT crystals (third generation, such as Mn:PMN-PZT), since
there are no grain boundaries, the defect dipoles in the crystals
must occupy energetically preferred sites in the lattice, forming
anisotropic centers, locally or within a domain. After poling,
the dipoles realign themselves along a preferential direction for
the spontaneous polarization and move to the high stressed area
of domain walls by diffusion, leading to an internal bias, pin-
ning the domain walls, and stabilizing the domains."**?°* How-
ever, relaxor-PT crystals show strong anisotropic behavior,
thus, the direction of the internal bias is not well-known and
will behave differently when the crystals are poled along polar
or nonpolar directions, further studies need to be carried out. It
should be noted here that the domain size also affects the me-
chanical loss of the crystals, where the Q,, was found to
increase with increasing domain size.*®

2. Polarization rotation

In contrast to polycrystalline ceramics, domain wall
motion can be minimized in crystals with various domain
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configurations, such as single domain states (poled along po-
lar directions) and engineered domain configurations with
equivalent domains ([001] poled rhombohedral crystals and
[111] poled tetragonal crystals, with “4R” and “3T” engi-
neered domains), resulting in low dielectric loss. In spite of
the absence of domain wall motion in domain engineered
crystals, however, the level of mechanical loss observed is
relatively high. As given in Table VI,**° the mechanical Q,,
(inverse of the mechanical loss) in single domain crystals is
found to be much higher than those in domain engineered
crystals. From these results, it was proposed that the high
level of mechanical loss in domain engineered crystals
(“4R”) is associated with polarization rotation. It should be
noted that both polarization rotation and domain wall motion
are related to E-field induced polar direction variation, where
the difference is that the former and latter processes refer to
continuous and discontinuous variations, respectively, as
shown in Figure 24. The low losses observed in hard piezo-
electric ceramics and/or single domain crystals are due to the
lack of E-field induced polar direction variation, where only
polarization extension occurs (no polarization rotation
involved) in single domain crystals due to the application of
external field along the polar direction.

3. Polarization rotation angle

From the above, one can conclude that the losses of
relaxor-PT crystals should be closely related to the polariza-
tion rotation process. In the following discussion, the losses
are analyzed with respect to the angle between the polar and
E-field directions, referred to as polarization rotation
angle.*® Table VIII lists dielectric loss and mechanical qual-
ity factors for relaxor-PT crystals with various domain engi-
neered structures and different vibration modes. Both the
mechanical quality and dielectric quality factors (inverse of
dielectric loss) were found to decrease with increasing polar-
ization rotation angle. For the longitudinal mode, minimum

i)
B
’ E g
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Extension

FIG. 24. (Color online) Schematic for polarization
rotation and extension. The polarization rotation
can be found in soft materials (soft PZT and domain
engineered crystals); In hard ceramics and single
domain crystals, polarization rotation is minimized,
due to the internal bias field (hard ceramics) and
external field being along polar direction (single do-
main crystals).

At

Single domain
crystals

mechanical and dielectric losses are found for “1T” and
“1R” crystals, where the polarization rotation angle is zero.
For the shear mode case, the dielectric and mechanical
losses, being >1%, are much higher than those of the longi-
tudinal mode due to the large polarization rotation angle,
being on the order of 90°. Thus, it can be concluded that a
small polarization rotation angle corresponds to a low level
of dielectric/mechanical losses for relaxor-PT crystals.

4. Morphotropic phase boundary

As discussed in Sec. IV A,225 the irreversible contribu-
tion is enhanced in relaxor-PT crystals as the composition
approaches an MPB, due to the increased phase instability,
leading to enhanced losses. In addition, the polarization rota-
tion process becomes easier for compositions close to an
MPB. As discussed in Sec. IV A 2, a facilitated polarization
rotation was thought to be associated with high levels of
loss. Due to these two factors, the mechanical quality factor
was observed to decrease for compositions in proximity to
MPBs, as evident in Figure 25. It should be noted here that
the increase of structural/phase instability enlarges both pie-
zoelectric/dielectric properties and the related losses.

5. Losses under high ac drive field

Other factors, including the electrode selection, surface
finish of the samples, damping, etc., will also affect the
measured mechanical quality factor, as previously mentioned
in Sec. I B 1 f. Due to the nonlinear characteristics of ferro-
electrics, however, such as domain wall motion, the meas-
ured losses strongly depend on the amplitude of the driving
field.!3>137-294-29 These measured high field values are
referred to as large signal losses, to be separated from the
small signal losses (measured at Vs < 1 V), which are gen-
erally reported in the references. Figure 26 shows the piezo-
electric loss and mechanical loss (inverse of mechanical Q,,)
as a function of the driving field amplitude, where both types

TABLE VIII. The loss/quality factors for relaxor-PT crystals as a function of polarization rotation angle.

Domain configuration Vibration mode Polarization rotation angle

Mechanical quality factor

Dielectric loss Piezoelectric coefficient (pC/N)

1T/IR shear 90°
4R longitudinal 54.7°
40/M¢ longitudinal <45°
2R longitudinal 35.3°
1T/1IR longitudinal 0°

<30 19%~2% >2000
100~200 0.4%~1% >1500
200~400 0.2%~1% >1500
500 ~ 800 0.2~0.5% 1000~1500
>1000 0.2% 60~500
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of loss were found to increase with increasing drive field.
According to Rayleigh analysis,*® the irreversible piezoelec-
tric contribution will increase with increasing amplitude of
electric field, responsible for the increase of loss factors.

V. PROPERTIES UNDER EXTERNAL BOUNDARY
CONDITIONS

Piezoelectric relaxor-PT single crystals used in electro-
mechanical devices may be subjected to various external
conditions, including thermal, electric fields (dc or ac), me-
chanical stresses (uniaxial or hydrostatic pressure), or the
combination of the above, which may significantly affect the
crystal properties. Therefore, relaxor-PT crystals, as a new
material of choice for high performance electromechanical
applications, need to be investigated under various external
conditions. In this section, the properties of relaxor-PT crys-
tals are reviewed as a function of various boundary
conditions.

A. Temperature dependence

The thermal stability of dielectric and piezoelectric prop-
erties is very important for most electromechanical applica-
tions, such as medical transducers and vector sensors, to name
a few. Thus, it is desirable to understand the temperature usage
range and thermal behavior of piezoelectric crystal elements.
The temperature dependent properties of relaxor-PT crystals
have been extensively studied, with most investigations
focusing on [001] poled crystals.’3100:109-111.123,127-130.297-300
Figure 27 gives the longitudinal piezoelectric/dielectric
response as a function of temperature for [001] poled relaxor-
PT crystals, showing similar temperature dependent behavior
for different crystal compositions with the same phase. Gener-
ally, the piezoelectric and dielectric responses drastically
degrade above Trg, the ferroelectric phase transition tempera-
ture. Prior to Tgg, the temperature dependent behavior is
explained in the following.

As discussed in Secs. III and IV, the high longitudinal
piezoelectric coefficients of [001] poled R and O/M crystals
are attributed to the high shear piezoelectric response in sin-
gle domain state, thus, the temperature dependence of longi-
tudinal piezoelectricity is closely related to the temperature
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FIG. 26. (Color online) (a) Piezoelectric loss (determined by S-E loops)
and (b) mechanical loss as function of drive field (data are from Refs.137
and 295).

dependent shear piezoelectric behavior, which is presented in
Figure 28 using PIN-PMN-PT as the example. The measured
temperature dependence of the shear piezoelectric behavior
can be explained by analyzing the phase diagram and related
polarization-rotation path, as shown in Figure 29.°"* In this
figure, the orthorhombic O phase is used instead of mono-
clinic Mc phase, due to the fact that Mc is a slightly distorted
O phase. It should be noted that both O and M¢ symbols are
used in this review, based on the references from various
research groups. For rhombohedral crystals, upon applying a
vertical electric field along [112]c, the spontaneous polariza-
tion rotates from [111]¢ to [001]c, giving rise to deviation in
crystal symmetry from 3m (rthombohedral phase) to 4 mm
(tetragonal phase). This rotation becomes easier as the tem-
perature approaches the R-T phase transition, responsible for
the improved shear piezoelectric properties with increasing
temperature. For T crystals, however, the spontaneous polar-
ization rotates from [001]c to [011]c under a perpendicular
electric field along [010]c, inducing crystal symmetry deviat-
ing from 4mm to mm2. The crystals move away from the
T-O phase transition point with increasing temperature, leads
to the decreased shear coefficient d;s. For O crystals, the sce-
nario is complicated due to the anisotropic mm2 symmetry.
There are two shear piezoelectric coefficients d;s and do4.
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FIG. 27. Temperature dependence of (a) piezoelectric coefficients and (b)
relative dielectric permittivities for [001] poled R, T, and M/O crystals.

The spontaneous polarization rotates from [011]c to [001]c
under an applied field E; along [011]¢ direction, inducing a
phase transition from mm2 to 4mm symmetry, which is
expected to increase with increasing temperature (approach-
ing the O-T PPT). Of particular significance is that the shear
d>4, with spontaneous polarization rotating from [011]c to
[111]c under an applied field E, along [100]c direction, is
closely related to the O-R phase boundary, showing nearly
temperature independent behavior (as shown in Figure 28(b)),
due to the vertical O-R phase boundary.’”*®

From the anisotropic calculation given in Figure 11, it is
known that the coefficient d53 of [001] poled R and O crystals
is mainly attributed to the single domain shear coefficient d;s.
Therefore, the variation of longitudinal piezoelectric coeffi-
cients dy; for [001] poled R and O crystals shows the same
trend of single domain shear coefficient d,s, as given in Fig-
ures 27 and 28. For [001] poled tetragonal crystals, the longi-
tudinal piezoelectric coefficient is stable with respect to
temperature, due to the fact that no contribution comes from
the shear coefficient d;5 (no polarization rotation involved), as
shown in Figure 27. Of particular importance is that the elec-
tromechanical coupling factors of relaxor-PT crystals are
found to be insensitive with temperature, as shown in Figure
30, due to the fact that both dielectric and piezoelectric varia-
tions are similar. The coupling factor k33 of [001] poled R and
O crystals, being about 0.90, slightly increases as the tempera-
ture increases up to Tgg, while for [001] poled T crystals, the
coupling factor k33 was found to decrease with increasing
temperature.
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FIG. 28. (Color online) Temperature dependence of single domain shear
piezoelectric responses for (a) PIN-PMN-PT crystals with R and T phases
and (b) PIN-PMN-PT crystals with O phase. Reprinted with permission
from F. Li et al., Applied Physics Letters 97, 252903 (2010). Copyright ©
2010, the American Institute of Physics.

To fully understand the temperature dependent properties
for domain engineered relaxor-PT crystals, the [011] poled
tetragonal (with “2T” engineered domain) and [111] poled
orthorhombic (with “30” engineered domain) crystals were

Temperature
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! E, along
[o1]e

Relaxor PT

FIG. 29. (Color online) Schematic phase diagram and the polarization rota-
tions for relaxor-PT based crystals.
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investigated, with the results shown in Figure 31. At room
temperature, ds3 values are around 1000 pC/N and 800 pC/N
for [011] poled tetragonal and [111] poled orthorhombic
relaxor-PT crystals, respectively. From the anisotropic piezo-
electric behavior, the longitudinal piezoelectric coefficients
for crystals with “2T” and “30” engineered domain configu-
rations are mainly contributed by the single domain shear
coefficient di5 (“1T”) and doy (“107), respectively. It was
observed that the d;; of [011] poled tetragonal crystal
decreases with increasing temperature, following the same
trend of the shear coefficient d;5 in “1T” state (Figure 28(a)).
Of particular significance is that for [111] poled O crystals,
the coefficient ds;; is almost independent of temperature
(820~860pC/N in the temperature range 20°C~100°C),
due to the temperature independent shear d,4, as shown in
Figure 28(b).

Analogous to the piezoelectric and dielectric responses,
the losses of relaxor-PT crystals exhibit a strong temperature
dependence, as shown in Figure 32, where the mechanical
loss was found to increase with increasing temperature, due
to increased domain wall motion at elevated temperatures. It
should be noted that the dielectric loss also exhibited a simi-
lar trend to that of the mechanical loss, which drastically
increased as the temperature approached Tgg/Tc.

Before finishing this section, the properties of relaxor-
PT crystals at cryogenic temperatures are discussed briefly.
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tric coefficients and electromechanical coupling factors for (a) [011] poled
tetragonal crystals and (b) [111] poled orthorhombic crystals.

At —190°C, the longitudinal piezoelectric coefficients of
domain engineered relaxor-PT crystals were reported to be
~1000 pC/N, a reduction of ~40% when compared to room
temperature values. For soft PZT and PMN-PT polycrystal-
line ceramics, however, the piezoelectric coefficients are
only on the order of 200 pC/N, a reduction of 60%—75% of
the room temperature values. The reduction is much higher
than those of relaxor-PT crystals, due to the fact that the
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FIG. 32. (Color online) Temperature dependence of mechanical quality fac-
tors for PIN-PMN-PT crystals.
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FIG. 33. (Color online) Uniaxial compressive strain-stress response of [001]
poled PIN-PMN-PT single crystal at various temperatures and zero dc bias.
Reprinted with permission from P. Finkel et al., Applied Physics Letters 97,
122903 (2010). Copyright © 2010, the American Institute of Physics.

extrinsic contribution (domain wall motion) is almost fully
frozen upon —150 °C for polycrystalline ceramics.”®’

B. Uniaxial stress and dc bias field effects

For transducer applications, a piezoelectric element may
be subjected to uniaxial stress and/or dc bias electric fields.”
A compressive stress is generally used to prevent the
piezoelectric elements from going into tension under high
drive field, whereas a dc bias electric field may be applied to
stabilize the piezoelectric material and prevent it from depol-
ing.>*'?% In this section, the effect of compressive stress
and positive dc bias field on [001] poled relaxor-PT crystals
is reviewed, including stress/electric field induced phase

transitions and stress/electric field dependence of piezoelec-
tric properties.33-3570.75.118.119.287.301-312

1. Stress/electric field induced phase transitions

The strain versus stress response for [001] poled single
crystals has been extensively investigated by Finkel et al '®
as shown in Figure 33. With the application of a compressive
stress, the polarization of [001] oriented rhombohedral crys-
tals rotates from [111] to [011], as analyzed using Devon-
shire theory,**® where the rotation process can be separated

into two stages, as shown in Figure 34. Stages I and II corre-
spond to reversible polarization rotation and the R—O phase
transition, respectively, which can be observed in the meas-
urements (Figure 33). The stress induced R—O phase transi-
tion can be recovered upon removal of the stress, and the
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FIG. 35. (Color online) Strain-stress behaviors for relaxor-PT based crystals
under various dc bias fields. Reprinted with permission from P. Finkel et al.,
Applied Physics Letters 97, 122903 (2010). Copyright © 2010, the American
Institute of Physics.

phase transition stress level is found to decrease with
increasing temperature, as shown in Figure 33. From Figures
34 and 16, it can be concluded that the effect of compressive
stress and positive dc bias field on polarization rotation is
opposite to one another, where a dc electric field was
observed to enhance the magnitude of phase transition stress,
as shown in Figure 35."'® In addition, the hysteresis was
found to decrease and the strain-stress response became lin-
ear with increasing dc bias electric field, demonstrating that
a dc bias field can be used to improve the stability of the
relaxor-PT crystals based transducers.

Figure 36 shows the electric field-strain response of [001]
poled PMN-PT crystals.''® Under an [001] electric field, the
polarization rotation is shown in Figure 16, where the polar
vectors rotate from [111] to [001] direction. As shown in
Figure 36, two phase transitions were observed for PMN-
0.28PT and PMN-0.30PT crystals, being R-Mc and Mc-T,
respectively, which were confirmed by in situ observations.”®’
For Mc/O crystals, only one phase transition Mc-T was
observed, with the shape of the strain-electric field loops simi-
lar to that of strain-stress loops. Analogous to the phase transi-
tion stress, the phase transition electric field was found to
decrease with increasing temperature, while increasing as the
composition moves away from the R-O/Mc phase boundary.*?
The electric field induced phase transitions in PMN-PT crys-
tals are generally recoverable. However, it should be noted
that the phase transition is irrecoverable for relaxor-PT crys-
tals with compositions extremely close to MPBs,**>% where
the piezoelectricity degrades drastically after the occurrence
of the irrecoverable phase transition.

FIG. 34. Polarization rotation and phase

transition of [001] poled rhombohedral
crystals under uniaxial stress.
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2. Piezoelectric properties as a function of dc bias and
uniaxial stress

a. dc bias field. With the application of a dc bias field,
both the intrinsic (lattice) and extrinsic (domain wall motion)
contributions to the piezoelectric response in ferroelectrics
are affected. In “soft” piezoelectric ceramics, where the
contribution of domain wall motion to piezoelectricity is
high, being 240%,311 thus, a clamping effect of domain wall
motion is thought to be the dominant factor under dc electric
field.>'? For “hard” piezoelectric ceramics, the piezoelectric
response is nearly independent of the positive dc bias field,
since domains have been clamped by the internal bias field.
The ultrahigh piezoelectric properties of domain engineered
relaxor-PT crystals, however, are primarily induced by the
lattice deformation, thus, the dc bias effect on relaxor-PT
crystals can be analyzed based on the intrinsic contribution.

Figure 37 shows the piezoelectric coefficient ds;" for
[001] poled PIN-PMN-PT crystals as a function of positive
de bias field>"® For R crystals with low PT content, the
phase transition field is on the order of ~50kV/cm, dy;" was
found to monotonously decrease with increasing dc bias
field, while for R crystals in proximity to the MPB with
phase transition field of ~25kV/cm, a slight increase was
observed at bias field from 12 to 15kV/cm. Clearly, an
increase of dy;  was observed for O crystals. To explain the
experimental results, the applied dc bias field is separated
into two portions: Ej and E,, where the electric field E is
along the polar direction, while E is perpendicular to the
polar direction. From thermodynamic analysis, it is known
that the electric field E decreases the piezoelectric coeffi-
cient d;5 of single domain crystals (mechanism I), while E |
leads to the improvement of piezoelectric ds (mechanism
IT). The high single domain d,5 corresponds to high longitu-
dinal piezoelectric response in domain engineered crystals.
For [001] poled PIN-PMN-PT crystals, both mechanisms I
and II affect the longitudinal piezoelectric response.

b. Uniaxial stress. The piezoelectric coefficient dy3"
and electromechanical coupling factor k33 as a function of
uniaxial stress for [001] poled PMN-PT crystals (R phase)
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FIG. 37. (Color online) dc bias field dependence of piezoelectric response
for PIN-PMN-PT crystals with various phases.

are shown in Figure 38.31% The piezoelectric coefficient ds3"
was found to increase from 1600 to 2500 pC/N with increas-
ing stress, while the coupling factor showed a slight decrease
from 0.95 to 0.90, which was also reported by Amin
et al?*'" % The increase in piezoelectric coefficient under
compressive stress can be attributed to the stress induced
phase boundary motion. As shown in Figure 39, the R-O
phase boundary moves to a lower PT region, as a conse-
quence, the thombohedral crystals approach the R-O phase
boundary under stress and give rise to improved piezoelec-
tric properties.’*> From this respect, therefore, the mecha-
nisms of temperature and stress induced piezoelectric
enhancements are similar. Figure 40 shows the strain behav-
iors for [001] poled PMN-PT crystals under various levels of
uniaxial stress, as reported by Viehland ez al.*>'*'" It can be
observed that the value of strain increased from 2.7 x 10~°
to ~4.2 x 107> under a stress of 4 x 10’ N/m2, indicating
that the zero point strain of the crystal is shifted (i.e., a
contraction) under mechanical load and the strain can be
(partially or fully) recovered with an application of electric
field. If the applied uniaxial stress is high enough, the piezo-
electric response of [001] poled relaxor-PT crystals will
decrease,’' '8! owing to the stress induced R-O phase
transition and depolarization, as discussed in Sec. V B 1. For
an application point of view, one needs to pay attention to
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FIG. 38. Uniaxial stress dependence of piezoelectric response for PMN-PT
crystals. Reprinted with permission from D. Viehland er al., Journal of
Applied Physics 90, 2479 (2001). Copyright © 2001, the American Institute
of Physics.
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the piezoelectric hysteresis. As shown in Figure 40, the hys-
teresis of strain-electric field loop increased significantly
under compressive stresses.

c. Temperature usage range under dc bias. For
relaxor-PT crystals with R or M/O phase, the usage tempera-
ture range is limited by their ferroelectric phase transition
temperatures, due to the strongly curved MPB. From dc bias
experimental results, the usage temperature range for R or
M/O crystals is further reduced.*? Figure 41 shows a modi-
fied phase diagram of the [001] oriented PMN-PT crystals as
a function of dc bias, where one can see that the Curie tem-
perature of PMN-PT crystals increases with increasing exter-
nal dc bias field, while the ferroelectric phase transition
temperatures (including R-T and O-T) decreases. This is due
to the fact that the applied dc bias lies along [001] orienta-
tion, which is the spontaneous polarization direction of T
crystals, thus, the dc bias field stabilizes the tetragonal phase
and leads to a decrease in the R/O-T ferroelectric phase tran-
sition temperature.
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FIG. 40. (Color online) Strain-electric field behaviors for PMN-PT crystals
under various prestress. Reprinted with permission from D. Viehland et al.,
J. Appl. Phys. 90, 2479 (2001). Copyright 2001, the American Institute of
Physics.
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In this section, the temperature, dc bias field, and uniax-
ial stress dependent piezoelectric behavior for relaxor-PT
based crystals were reviewed. A common characteristic of
relaxor-PT crystals under external fields can be established:
relaxor-PT crystals possess higher piezoelectric response for
compositions close to an MPB, but higher electric/stress field
stability and usage temperature range are observed for com-
positions far away from an MPB. Therefore, based on piezo-
electric and related field stability, a compromise should be
made in selection of the relaxor-PT crystals for electro-
mechanical applications.

C. Hydrostatic pressure

In practical applications, the ferroelectric materials are
not only subject to thermal, preload stress, dc bias, and ac
drive field, also to hydrostatic pressure condition. Under
hydrostatic pressure, the mechanical losses of relaxor-PT
crystals were found to significantly increase, due to the
enhanced friction between the piezoelectric crystals and
pressure transmitting liquid.'*® High levels of mechanical
loss will deteriorate the resonance-antiresonance behavior of
the piezoelectric materials, making it difficult to determine
the piezoelectric coefficients using the impedance method.
Thus, the investigations of piezoelectric properties for
relaxor-PT crystals under hydrostatic pressure have been
limited. Generally, the variation of piezoelectric coefficients
and electromechanical coupling factors for relaxor-PT crys-
tals is small under hydrostatic pressure, up to 500 MPa. The
piezoelectric dsz; was reported to decrease from 2050 to
1850 pC/N for PIN-PMN-PT, while the variation of k33 was
~1% for PMN-PT,126’321*323 which can be analyzed with
respect to the pressure-induced MPB shifting and/or
pressure-induced domain size variation.**

D. Relaxor-PT crystals under high drive field

1. Dielectric and piezoelectric properties under high
drive field

Ferroelectrics generally exhibit nonlinear properties
under high drive field, owing to the interfaces (domain wall
and/or phase boundary) motion. As reported, the piezoelec-
tric and dielectric responses of relaxor-PT crystals generally
increase with increasing drive field (electric field or stress).
Figure 42 shows the piezoelectric/dielectric responses with
respect to the drive field amplitude for relaxor-PT crys-
tals.! 16324325 At low levels of drive field (drive field lower
than half of the coercive field or stress amplitude lower than
1 MPa), the dielectric and piezoelectric responses of relaxor-
PT crystals were found to obey the Rayleigh law,*® which
gives the approximation of the field dependence of dielec-
tric/piezoelectric coefficient by a linear behavior

m(F) = My + onF, (29)

where the coefficient m refers to the piezoelectric d or dielec-
tric &, F is the amplitude of drive field (electric field E or
stress field o), my,;, the zero-field coefficient, and «, the
Rayleigh coefficient. The coefficient o represents the phase
boundary and/or domain wall motion, being related to the
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FIG. 41. Phase diagram for PMN-PT single crystals under different dc bias
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composition and orientation of the crystals. As shown in
Figure 42(c),"'® the coefficient « increased as the composi-
tion approached MPB, which was discussed in Sec. IV A 6.

2. Field stability of the shear properties

The piezoelectric shear properties of single domain
relaxor-PT crystals have attracted attention in the last few
years, due to their ultrahigh piezoelectric d;5 and electrome-
chanical coupling k;s. The ultrahigh elastic compliances
make these crystals promising candidates for ultralow fre-
quency transducers.’’>%114115243 However, the relatively
low coercive fields of relaxor-PT crystals, being on the order
of ~2-5kV/cm, limit their applications where large drive
fields are required. Table IX lists the principle shear proper-
ties for different crystal systems, including piezoelectric
coefficients, electromechanical couplings, elastic complian-
ces, frequency constants and coercive fields, etc. The allow-
able ac drive fields are the maximum applied cyclic electric
fields at 10 Hz frequency, above which, depoling occurs and
the shear properties are degraded, while the field stability
ratio is the allowable drive field divided by the respective
coercive field.>>**?® The crystal systems investigated include
first generation PMN-PT with coercive fields being on the
order of 2kV/cm, second generation PIN-PMN-PT with
coercive fields about 4.5-11kV/cm, and third generation
Mn:relaxor-PT with not only higher coercive fields of
6—12kV/cm but also internal bias of 0.5-1.5kV/cm. It was
observed that crystals with T phase possessed lower piezo-
electric properties when compared to their R and O counter-
parts, but much higher coercive fields, thus increasing the
allowable ac drive field. The field stability ratios of all the
unmodified crystals, regardless of the high coercive field in
T crystals, were found to be on the order of ~40%, less than
half of their respective coercive fields, whereas the ratios
increased to about 60%—70% for third generation crystals,
because of the existence of an internal bias field. Thus, the
combination of high coercive field and internal bias gives
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rise to the higher allowable ac drive fields.**® Of particular
significance is that the face shear mode shows comparable
piezoelectric properties to the thickness shear modes, but
much higher field stability ratio, being on the same order as
the coercive field.*>® For the face shear case, the working
electrode is the same direction as poling direction, where the
property degradation above the coercive field is related to
the fatigue behavior in [011] poled crystals, rather than the
depolarization characteristics observed in thickness shear
mode.
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FIG. 42. (Color online) (a) The ac electric field dependent dielectric behav-
ior for PZN-PT crystals, (b) piezoelectric coefficients for PMN-PT crystals
as function of dynamic stress, and (c) piezoelectric coefficients for PIN-
PMN-PT crystals as a function of electric field, o values are calculated from
the slope of ds; vs E curves. Reprinted with permissions from A. Bernal et
al., Applied Physics Letters 95, 142911 (2009); M. Davis et al., Journal of
Applied Physics 95, 5679 (2004); F. Li et al., Journal of Applied Physics
109, 014108 (2011). Copyright © 2004, 2009, 2011, the American Institute
of Physics.
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TABLE IX. Shear mode characteristics of relaxor-PT crystals with various domain configurations (PIN: PIN-PMN-PT).

J. Appl. Phys. 111, 031301 (2012)

253,254,326

Engineered Allowable ac Field stability
Poling/Electrode® domain Crystal Ec (kV/cm)  Ej, (kV/ecm) & d;; (pC/N) ki Nr (Hzm) field (kV/em)® ratio
111/110 1R (dys) PMNT 2.5 — 6000 2500 0.90 500 <1 <40%
111/110 1R (dys) Pure PIN 4.5 — 6000 3500 0.93 470 2 44%
PIN-Mn 6.2 1.0 8000 4100 0.94 410 4 65%
011/011 2R (d;5) Pure PIN 5.0 — 6500 2800 0.92 570 2 40%
PIN-Mn 7.3 1.2 4600 2200 0.91 520 5 68%
011/011 10 (d;s) Pure PIN 5.5 — 5600 3400 0.95 380 2 36%
PIN-Mn 9.0 0.6 5800 3500 0.95 360 5.5 61%
001/100 1T (dys) Pure PIN 12.0 — 15000 2200 0.85 850 4.5 38%
PIN-Mn 11.5 1.5 8000 1200 0.77 950 7.0 61%
001/110 1T (dys) PIN-Mn 11.7 1.5 8000 1200 0.78 980 8.5 72%
011/011 2R (d36) Pure PIN 5.0 — 5000 2600 0.82 500 5.0 100%

First [hkl] is poling direction and second (hkl) is electrode face.

Allowable ac fields achieved here are at 10 Hz ac drive field condition, for practical applications, higher allowable drive fields are expected at higher drive

field frequency.

It should be noted that in the pulse-echo ultrasound
imaging systems, a transducer is excited by short duration
electrical pulses. The depolarization behavior of relaxor-PT
single crystals in thickness extensional mode has been stud-
ied using electrical pulses with 10 ns duration and «1% duty
cycle, showing high field stability, with the allowable pulse
field about three times of the coercive field, regardless the
different coercive field values for various crystal systems.

3. Fatigue behavior

The fatigue behavior of binary PMN-PT, PZN-PT crys-
tals, and ternary PIN-PMN-PT crystals with various crystal-
lographic directions have been investigated.*>’*” Figure 43
shows the polarization as a function of bipolar cycles for
relaxor-PT crystals.>**?? The polarization was found to
decrease with increasing bipolar cycles for [011] and [111]
oriented crystals, exhibiting fatigue behavior, while [001]
oriented crystals shows fatigue-free characteristics, revealing
anisotropic fatigue behavior. The degradation of polarization
(fatigue) for relaxor-PT crystals was mainly attributed to the
effect of charge-injection and micro/macro-cracks. Charge-
injection and accumulation of space charge that pins domain
wall movement is a generally agreed upon mechanism for
fatigue in ferroelectrics.’?”*?® Lee er al.**° proposed that the
effect of charge-injection was much more significant for
[111] oriented crystals than crystals oriented along [001] and
[011] directions, due to the fact that the sideways growth of
domains and lower density of domain boundaries in [111]
oriented R crystals will increase the concentration of defects,
segregating at the domain boundaries and leading to the sig-
nificant fatigue in the [111] oriented PZN-PT crystals. Due
to the injected charge, an internal bias was observed for
[111] oriented PZN-PT crystals after fatigue measurements,
which induced the islands of frozen domains, resulting in
asymmetric strain-field loops.*®*?° Of particular interest is
that the magnitude of the (switchable) polarization and sym-
metry in hysteresis loops can be rejuvenated for [111] ori-
ented fatigue samples by annealing the crystals above their

respective Curie temperatures (~300°C), leading to redis-
tribution and/or reduction of defects.

For [011] oriented relaxor-PT crystals, a sudden reduc-
tion of polarization was observed after the first hundred
cycles, following a logarithmic behavior. Based on the anal-
ysis by Zhang et al..>** the sudden reduction of polarization
was attributed to micro/macro cracks, which are in the range
of a few tens to a few hundred microns, as observed by scan-
ning electronic microscopy. The cracking in [011] oriented
samples was due to the incompatible strain around the non-
180° domain boundaries and large anisotropic piezoelectric
strain/displacement,332 associated with the mm2 macro-
scopic symmetry. Different from the fatigue characteristics
observed in [111] oriented crystals, the fatigue behavior in
[011] crystals is due to mechanical failure (cracking) and
phase transition, which is not recoverable.>*> The [001] ori-
ented crystals generally show fatigue resistance as compared
to those [111] and [011] oriented crystals. However, it
should be noted that fatigue behavior was sometimes
observed in [001] oriented PMN-PT crystals as well, being
attributed to microcracks developed under cyclic electric
field, which pin the domain wall motion, as observed for
[001] oriented PMN-PT crystals with an MPB composition
and large domain size (>10 um).*?*37

In summary, the fatigue phenomena in relaxor-PT crys-
tals are generally attributed to effects of charge-injection and
micro/macro-cracks during cycling. The fatigue is also
related to the amplitude of applied electric field,***** with
the crystals showing improved fatigue behavior when the
cyclic electric fields are less than their respective coercive
fields. Thus, acceptor doped crystals with an internal bias
and relatively higher coercive fields are expected to show
improved fatigue-resistant behavior, which was found to be
the case for Mn:PIN-PMN-PT crystals.***

It should be noted that the high drive field discussed
above is at off-resonance frequency. For high power applica-
tions, however, the transducers need to be operated near or at
the resonance, where the relaxor-PT crystals behave very dif-
ferently. The dynamic strain and the output power are not
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FIG. 43. (Color online) Fatigue behavior for relaxor-PT crystals (a) PZN-
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only related to the piezoelectric property and applied electric
field, but also associated with the mechanical loss.'7-2+29¢

VI. APPLICATIONS

In this section, the potential of relaxor-PT single crystals
for various applications, including ultrasound transducers,
sensors, and actuators, is evaluated. Advantages and issues
of crystals in relation to state-of-art polycrystalline ceramics
for electromechanical applications will be discussed. In con-
trast to polycrystalline piezoelectric ceramics, the ability of
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domain engineered configurations, crystallographic direc-
tions (anisotropic characteristics), and crystal phases offer
novel vibration modes and properties not achievable in poly-
crystalline ceramics.

A. Ultrasound transducers

Ultrasound transducer is a device that converts electrical
energy (for example, alternating current) into ultrasound
(mechanical or acoustic energy). For transducer applications,
the key material parameter is the electromechanical coupling
factor, which is closely related to device bandwidth and sen-
sitivity. In addition, the dielectric permittivity is a critical pa-
rameter in order to match the electrical impedance of
transducer to that of driving electronics. Temperature and
field stabilities are also important for ultrasound transducers,
since the dielectric permittivity changes as a function of tem-
perature and field, resulting in the variation of electrical im-
pedance of device.*®

The most widely studied transducer application for
relaxor-PT crystals has been the medical ultrasound, allow-
ing for improved image resolution.'®®*¥¥-3% The application
of medical ultrasonic imaging spans a wide frequency range,
from 1.5 to 60 MHz, depending on the organs to be imaged.
For abdominal, obstetric, and cardiological imaging applica-
tions, the frequency range is from 2 to 5 MHz. For pediatric
and peripheral vascular applications, the range is from 5 to
7.5MHz, while the ophthalmology, dermatology, intracar-
diac, and intravascular imaging require frequencies in the
range of 10 to >60 MHz.** Generally, low mechanical Q of
transduction structures is desired for medical imaging trans-
ducers, which allows for better sharp pulses detection.

Underwater sonar projector is another type ultrasound
transducer, which has been extensively studied.'86-294-370-385
Different from high frequency and low duty cycle medical
ultrasonic transducers, sonar projectors usually operate in a
much lower frequency range (1-500kHz) and higher duty
cycle (up to 100%). This requires that the piezoelectric mate-
rials possess not only high coupling factors but also high co-
ercive fields (ac field stability), mechanical quality factors
(less heat generation) and high elastic compliances (low fre-
quency range operation, and/or device miniaturization). In
this section, we will focus on the recent developments on the
medical ultrasonic transducer and sonar projectors based on
relaxor-PT single crystals.

1. Medical ultrasonic transducers

For medical imaging applications, ultrasonic piezoelec-
tric transducers are operated in the thickness mode, where a
piezoelectric element is located between acoustic matching
layers and backing layer. Piezoelectric materials with high
thickness mode coupling, low acoustic impedance, and pure
thickness mode operation are required to achieve high sensi-
tivity and broad bandwidth.'3¢-3%°

Piezoelectric material/polymer composites utilizing 1-3
and 2-2 connectivity, offer advantages over single phase pie-
zoelectric materials,lz’méﬁ389 as shown in Figure 44, with the
highest electromechanical coupling observed in 1-3 compo-
sites. In addition, the acoustic impedance of composites is
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greatly decreased when compared to monolithic piezoelectric
materials, due to the low density epoxy constituent. Further-
more, the properties of composites can be tuned over a wide
range by choosing the volume fraction and compositions of
each constituent.

The state-of-art piezoelectric ceramics used in medical
transducers are generally soft PZTs, e.g., PZT5H, which
offer relatively high longitudinal coupling k33 ~0.75 and
sliver coupling k33’ ~0.70 for array transducers. Single crys-
tals offer ultrahigh longitudinal k33>0.90 and sliver
k33’ > 0.80, achieved in the [001] direction, which can be uti-
lized in the 1-3 or 2-2 composite structures, respectively.
The resulting bandwidths, over 130%, can be used for a vari-
ety of applications including sub-harmonic or second har-
monic imaging for increased resolution.*** 3%

Several companies, including Philips, GE, Siemens, Hita-
chi, Toshiba, TRS Technologies, Humanscan, Boston Scien-
tific, HC Materials and etc., have been employing relaxor-PT
crystals for medical ultrasonic applications. Toshiba was a
pioneer in this field, working on the development of single
crystals and phased array transducers for medical imaging
applications starting in the 1990s, while the first low fre-
quency phased array transducer was released to the market in
November 2004 by Philips and received excellent market ac-
ceptance.338 Since then, different generations of medical
imaging transducers have been developed, with improvements
in bandwidth and sensitivity, being on the order of >15% and
>3dB, respectively, when compared to their PZT ceramic
counterparts. In addition to the above advantages, an increase
in hydrostatic parameters of crystal/epoxy composites was
reported when compared to ceramic/epoxy composites, pro-
viding a figure of merit (d,g;) more than three times that of
PZT composites, improving the signal to noise ratio (SNR)
and providing either deeper penetration or lower excitation
amplitudes. This is particularly important in emerging high-
frequency ultrasound imaging applications.

Fabrication of crystal/epoxy composites are generally
the dice-and-fill process, as shown in Figure 45. Due to the
low fracture toughness and possible high internal stresses
within the crystals, single crystal wafers are prone to chip-
ping and crack propagation during the dicing process, thus
optimized dicing conditions, including selection of blade
type, dicing speed, dicing depth, and supporting material, are
required.*>® % For composites with an operational fre-
quency range above 20MHz, the post (pillar) widths need to
be less than 50 um to keep longitudinal aspect ratio, which is
not practical using mechanical dicing. A photolithography
based micromachining process was developed by TRS,**®
based on micromachined ultrasound transducer (PC-MUT)
technique, as shown in Figure 46. This PC-MUT has been
demonstrated successfully for high frequency imaging appli-
cations, possessing the advantages of submicron machining
precision, batch fabrication, and a low-stress mechanical
environment for fragile, fine structures.*>*3%°

The obtained electromechanical coupling factors for PC-
MUT PMN-PT/epoxy composites were reported to be ~0.79
for 15 MHz transducer, showing great potential compared to
PZT composite. However, the coupling decreased to 0.67 for
75 MHz transducer, exhibited a large decrease in electrome-
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chanical coupling, showing a strong scaling effect and leading
to the question of the origin for property degradation in PMN-
PT crystals at high frequencies.***~°? Figure 47 shows the
electromechanical properties of crystal/epoxy 1-3 composites
as a function of sample thickness.>*® For comparison, the lon-
gitudinal coupling factors k33 of monolithic PMN-PT and
PIN-PMN-PT samples, which were calculated according to
Eq. (20), were plotted as a function of sample thickness. In
addition, the reported coupling factors for PMN-PT/epoxy
1-3 composites were included. Note that the corresponding
resonance frequencies on top X-axis were calculated from the
frequency constant by assuming ~1000 Hz m for both mono-
lithic and 1-3 composites samples. From Figure 47, the mon-
olithic PMN-PT crystals were found to exhibit a decrease in
coupling (k33) with decreasing sample thickness, due to the
degradation of free dielectric permittivity, a result of domain
size/surface boundary clamping.****°" For crystal/epoxy 1-3
composites, the level of decrease in coupling was found to be
greater than that of monolithic samples (larger slope
observed), demonstrating that the surface damage induced by
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FIG. 46. (Color online) High frequency com-
posite transducers PC-MUT process. P. W.
Rehrig et al., “Micromachined imaging trans-
ducer,” U.S. patent US7622853 (24 November
2009); X. N. Jiang et al., Proceedings on SPIE
6531, 65310F (2007); X. N. Jiang et al., Proceed-
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the dicing process, gave rise to further property degrada-
tion.! It was observed that the 20 MHz PIN-PMN-PT/epoxy
1-3 composite maintained higher electromechanical coupling
factors, being on the order of 0.80, when compared to
20 MHz PMN-PT composites, with coupling being only 0.74.
This is due to the fact that the domain size of PMN-PT crys-
tals (10-20 um) is much larger than that of PIN-PMN-PT
(~1 um). When the physical size of the samples (~50 um)
becomes of the same order as the domain size, it is possible
that the surface boundary condition may disrupt the equilib-
rium “4R” domain structures and hinder the polarization rota-
tion, leading to the decreased dielectric properties and
electromechanical coupling in PMN-PT.****! In order to
confirm the role of domain size on the dielectric and piezo-
electric properties in ultrathin samples, a field-cool poling
approach was applied to PMIN-PT crystals, where significantly
smaller domain size ~5 ym was achieved, consequently, the
dielectric constant and piezoelectric coefficients were greatly
improved.** Thus, ultrahigh frequency PC-MUT composites
with much higher electromechanical coupling factors are
expected by using the single crystals with small domain size
(< sample thickness).

Though not discussed in this review, another important
medical transducer area is the high power therapeutic ultra-
sound or high intensity focused ultrasound for cancer treat-
ments, which may benefit from the high performance
crystals, especially the third generation crystals.

2. Underwater acoustic transducers

Underwater acoustic transducers are useful in ocean en-
gineering. Networked underwater communication systems

ings on SPIE 6934, 69340D (2008). Copyright ©
2008, SPIE.

epoxy

involve many acoustic modems, each with a projector and a
hydrophone, since the materials used in projectors and
hydrophones are very different, we will categorize hydro-
phones in Sec. IV B titled “sensor,” while only underwater
projectors will be discussed here.*®>

Sonar projectors require significantly high demanding
acoustic performance characteristics (high power and high
duty cycle), with operational distance ranging from meters to
kilometers and frequency operation of 1-500 kHz. In these
applications, high acoustic source levels are required. Addi-
tionally, the variations in temperature, hydrostatic pressure,
and high attenuation of the water, etc., complicate the struc-
ture and performance of the devices.'**** For a transducer
operating at resonance frequency, the mechanical heat gener-
ation can be evaluated following the formula:

Y, S?
P = [ON 7
20,

where P, is the time averaged power dissipation per unit
volume, Y, the short circuit modulus, Q,, the mechanical
quality factor, S the dynamic strain, and @ the operating
frequency.

Autonomous underwater vehicles (AUVs) have been
widely used for underwater oil or mineral mining, cable
inspection, oceanographic research, salvage, undersea equip-
ment inspection, and maintenance. There are four areas of
design that are important in successful deployment of these
devices: power consumption, size, detection capability, and
communication.'®® Flextensional “cymbal,” 1-3 composites,
and tonpilz have been demonstrated to be effective structures
for sonar projectors, where tonpilz arrays are currently the

(30)
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FIG. 47. Electromechanical coupling k33 for monolithic and crystal/epoxy
1-3 composites, as a function of sample thickness and corresponding ultra-
sound frequency. Reprinted with permission from H. J. Lee et al., Journal of
Applied Physics 107, 124107 (2010). Copyright © 2010, the American Insti-
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most widely studied projectors to obtain the required source
level and bandwidth for high power sonar. The start-of-art
materials used for sonar projectors include ‘“hard” PZTs,
such as PZT4 and PZTS8.'86:294373.385 Recently, high per-
formance relaxor-PT single crystals have been studied exten-
sively, due to their higher electromechanical coupling and
piezoelectric coefficients, when compared to their polycrys-
talline counterparts. In addition, the Young’s modulus is
approximately one-quarter that of traditional PZT4 and 8
ceramics, resulting in a significant decrease in device size
while maintaining the same frequency.'®¢233%5 Figure 48
gives a schematic figure of a PMN-PT crystal based tonpilz
transducer.'®¢**> In tonpilz transducers, the length of the
piezoelectric stack is generally larger than the width, which
allows the overall stack to operate in a near-longitudinal
mode, taking advantage of the high longitudinal coupling
>0.90 of single crystals. The size of a tonpilz transducer is
reduced over 50% compared to its ceramic counterpart.””> A
sixteen-element array of 33-mode crystal tonpilz transducers
was recently reported to provide three times the bandwidth
of a comparable PZT ceramic array, producing as much as
15dB of additional source level at the band edges with no
change in amplifier.>*

PMN-PT single crystals, however, are “soft” piezoelec-
tric materials and can be depoled under nominal drive fields
due to their relatively low coercive fields, thus they require
an external dc bias to eliminate depoling. Under bias, PMN-
PT crystals offer significantly higher energy densities than
PZT8 ceramics, making lower operational power possible.
However, the external dc bias leads to decreased dielectric
and piezoelectric properties and adds complexity and cost to
the driving electronics. In addition, a rise in temperature,
induced by the high mechanical loss of PMN-PT crystals,
has been found to limit the pulse length and duty cycle. A

J. Appl. Phys. 111, 031301 (2012)
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FIG. 48. Cross-section of typical tonpilz transducer. "5

large mechanical preload via the bias bolt accelerates heating
due to the strain and polarization nonlinearity. Furthermore,
a significant change in dielectric permittivity as a function of
temperature leads to significant strain on matching electron-
ics and amplifiers, which will affect the power delivery.295

From a material viewpoint, the 2nd generation relaxor-
PT single crystals offer a broader temperature usage range
(less temperature dependent properties) and higher coercive
fields (higher drive stability), while 3rd generation crystals
with improved mechanical Q,, (less heat generation and
higher dynamic strain level) are important candidates for
high power and broad bandwidth sonar transducer applica-
tions. It was reported that there was about five times reduc-
tion in the mechanical heat dissipation for the 3 rd generation
crystals, when compared to PMN-PT counterpart.*”

Transducers operating at low frequencies with high out-
put power require large displacement of the radiating surfa-
ces. The compact low frequency transducers typically
employ novel mechanical system to generate additional dis-
placement. In addition, some applications demand compro-
mise between the compliance required to generate large
displacements and the stiffness required to withstand hydro-
static pressure. Therefore, transducers exhibiting relatively
high coupling and broadband response, which can withstand
hydrostatic pressure in a compact form, would be desirable.
Based on these requirements, crystals with different orienta-
tions and vibrations need to be considered, taking advantage
of the strong anisotropic characteristics of single crystals.
The use of [011] poled PMN-PT crystals in the “32” mode
has been reported to allow lower drive and bias voltages,
while simplifying construction with minimal impact on
transducer effective coupling, size, and bandwidth, '86-374375
Compared to its “33” mode counterpart, the resonance fre-
quency was decreased greatly, with an effective coupling of
0.83."77° Figure 49 shows a commercial MMT TP61 pro-
jector based on transverse extensional mode PZN-PT crys-
tals, with an operating frequency range of 12-52kHz, being
very compact in size (~24mm thick in the unpackaged
form).">?

Recently, the thickness shear vibration mode of relaxor-
PT crystals drew attentions for transducer applications, due
to the high piezoelectric d;s, large electromechanical cou-
pling ks, and ultrahigh elastic compliance ss5”, allowing for
ultralow frequency and broad bandwidth sonar trans-
ducers.”? Strong cross talk between dis and d;q exists in
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FIG. 49. (Color online) Projector TP16 operating in transverse extensional
mode, fabricated by MMT (Courtesy of Dr. L. C. Lim from Microfine Mate-
rials Technologies).'>

crystals with “1 R” single domain states, where d;s can be
eliminated by coordinate rotation, as discussed in Sec. III E
1. Of particular interest is that relaxor-PT crystals with “2R”
and “10” engineered domain configurations were found to
possess high shear piezoelectric d;s and zero piezoelectric
dy6, due to the macroscopic symmetry mm?2, revealing these
crystals are free of cross-talk, which will benefit the trans-
ducer design. In addition, the drive field stability (<!/ Ec
for 1st and 2nd generation crystals) can be improved greatly
in the 3 rd generation crystals (~0.7 Ec), due to the existence
of the internal bias field, which stabilizes the polarization
and reduces the polarization rotation under external ac drive
field.**® The low mechanical 0,, (~30) of thickness shear
components, however, limits their applications in projector
type transducers.>® The face shear vibration mode of relaxor-
PT single crystals has been reported to be a potential candi-
date for low frequency and high power sonar transducer
applications, due to the large piezoelectric d3s and electro-
mechanical coupling kss.2>> Of particular importance is the
large ac drive field stability (being on the order of ~E¢) and
high mechanical Q,, (>150), greatly increasing the allowable
drive field and stress levels.>>>?%* In addition, the face shear
mode offers the potential to minimize the transducer device
size since the controlling dimension of the face shear is the
edge length, which makes it possible to realize much lower
operational frequencies when compared to the thickness
shear mode devices.>>>

B. Sensors

Sensor is a device that responds to a physical stimulus
and converts it into a signal which can be recorded. Basi-
cally, there are two types of sensors: active and passive sen-
sors. Piezoelectric sensors are of the active type since no
external source of power is required for measuring, while
most other sensors are of the passive type, including capaci-
tive, inductive, piezoresistive, and resistive sensors.>”? Pie-
zoelectric sensors are found to possess the advantages of
high rigidity, high stability and reproducibility, fast response
time, wide operating temperature range, and insensitivity to
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electric and magnetic fields, thus have been widely used for
measuring force, torque, strain, pressure, acceleration, acous-
tic emission, etc. Materials used for piezoelectric sensors are
expected to possess high piezoelectric sensitivity, high elec-
trical resistivity, low temperature dependence of all proper-
ties within the operational temperature range, low loss
(absence of hysteresis), high mechanical strength, etc.’? In
the following, two typical piezoelectric sensors-hydrophone
and accelerometer will be discussed, with emphasis on the
recent developments using high performance relaxor-PT
crystals.

1. Hydrophones

In most active sonar systems, the same transducer serves
as both projector and hydrophone, but in some cases, such as
towed line arrays for reception, separate hydrophones are
used.*®

Hydrophones detect the pressure variation of acoustic
signals and noise in water and produce an output voltage pro-
portional to the pressure. Thus, the performance criteria for
hydrophones are quite different from those for projectors,
where projectors usually operate in the vicinity of resonance
with power output the major concern, while hydrophones
usually operate over a wide band below resonance, the out-
put voltage, and signal-to-noise ratio are key.**>

The response of pressure sensitive hydrophones is fre-
quency independent and omnidirectional. In this way, the
figure of merit of hydrophones can be defined as

M*Cy = ga3ds3Vo, (3D

where M is the voltage sensitivity and Cyis the free capaci-
tance and V) is the volume of the material, thus, the greater
volume of piezoelectric material, the greater figure of merit.
A basic limitation on hydrophone performance is the electri-
cal noise generated internally by thermal agitation in its
components and in water; this noise must not exceed the
total sea noise for good performance. Electrical dissipation
and mechanical resistance of the piezoelectric elements
allow electrical and mechanical energy in the hydrophone to
be lost as internal thermal energy, resulting in electrical
noise. At far below the resonance frequency, the energy dis-
sipation is mainly dominated by the dielectric loss of the pie-
zoelectric material. An alternative figure of merit
incorporating the noise generating loss factor, tand, will be
considered and the above formula will be rewritten as

MZCf/ tand = g33d33V0/ tan 5, (32)

emphasizing the importance of a low dissipation factor.*® In
this perspective, single crystal offers advantages over
conventional soft PZTs, due to their much lower dielectric
loss. In the case of hydrophone application, the state-of-art
materials are lead metaniobate, which have high g,
coefficients, due to the strong anisotropic piezoelectric char-
acteristics. Although the resulting hydrostatic sensitivity is
high for these materials, the dielectric permittivities are low,
thus yielding a higher impedance and lower figure of
merit.*®
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TABLE X. Comparison of hydrostatic coefficients for various materials.
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Material & dy, (pm/V) g, (Vm/N) dy - gn (x 107 m*/N)
PbNb,Og 225 67 0.034 2250
PZT ceramics 1800 40 0.0025 100
PZT 1-3 composite 54 27 0.056 1540
PMN-PT crystal 4436 80 0.002 160
[011] PIN-PMN-PT crystal “2R” 3000 87 0.003 290
[011] PIN-PMN-PT crystal “10” 1500 110 0.008 910
[001] PMN-PT 1-3 composite 340 111 0.037 4120
[011] PMN-PT 2-2 composite 800 337 0.048 16000

It was reported that cymbal transducers,*** consisting of

a piezoelectric disk sandwiched between two metal cymbal-
shaped endcaps, allow the radial motion of the piezoelectric
material to be converted into a flextensional motion in the
metal endcaps, leading to a large displacement. The single
crystal cymbal hydrophone was reported to exhibit sensitivity
4 dB higher than that of PZT counterpart, taking advantage of
the high ds; and ds; of relaxor-PT crystals.395 There has been
a longtime interest in developing piezoelectric composites for
underwater hydrophone applications because of their high
hydrostatic sensitivity, good acoustic impedance matching to
water, and high-pressure tolerance.**>3*3% Piezocomposite
hydrophones are dominated by 1-3 type connectivity, in
which, the arrangement of piezoelectric material and polymer
will reduce the influence of the 31 and 32 modes and pro-
duces a significant improvement in hydrostatic voltage sensi-
tivity, with a high figure of merit dj, - g;.>*>>°® The composite
design is intended to operate in thickness mode, with opera-
tional frequencies in the range of Hz to MHz. Other engi-
neered connectivities, such as parallel-connected 2-2
composites, have also been investigated, taking advantage of
strong anisotropic behavior of [011] poled single crystals,
with macroscopic mm2 symmetry.>*’%° In this symmetry,
the hydrostatic piezoelectric coefficient d, =d33 + d3; +dsq,
where d33 and ds; are both positive while d3; is negative. As
shown in Figure 44, when the polymer layers are perpendicu-
lar to the Y axis, the contribution of ds, to the hydrostatic d,
value will be greatly reduced, with minimal reduction of the
ds3 and d3; values, thus, the hydrostatic piezoelectric d, is sig-
nificantly improved. It was reported that crystal/epoxy 2-2
composites with a crystal volume of 25%, exhibited a large d,
value, being on the order of 337 pC/N.**® Table X lists the
properties of various hydrostatic hydrophone materials,
including polycrystalline ceramics, single crystals, 1-3
composites, and 2-2 crystal/epoxy composites, where the 2—2
composites exhibit the most promising figure of merit d, - g,
being on the order of 16 000 x 10~ 3 m?/N,186:385.398

2. Accelerometers

Piezoelectric accelerometers can be used to measure
dynamic change in mechanical variables, such as accelera-
tion, vibration, and mechanical shock.**®™%* The state-of-art
piezoelectrics for accelerometer applications are soft PZTs,
depending on the operational temperature and frequency
range. Considering the high piezoelectric coefficient and low

dielectric loss of relaxor-PT single crystals, they are ideally
suited for low noise and high sensitivity accelerometers. The
accelerometer noise was reported to be inversely propor-
tional to the charge output, especially at low frequencies.
Platformed unimorph accelerometer using PMN-PT single
crystals was developed by Wilcoxon Research Inc., exhibited
a 15dB reduction in its noise floor.**> Piezoelectric crystal
accelerometers using PZN-PT have been developed at
Microfine Material Technologies.'>**** Figure 50 shows the
seismic/infrasonic accelerometers with 1D (right) and 3D
(left) designs, which were reported to possess sensitivity
being about 25 000 pC/g, or 2.5 V/g, and an extreme wide
dynamic range from <1 x 107> g to 20 g.

C. Actuators

Piezoelectric actuator is a device for positioning or con-
trolling a system, operated by electric voltage or current, and
converts it into motion. Due to the extreme accuracy of the
controlling, piezoelectric actuators have been extensively
used in a broad range of applications, including precise posi-
tioning, active damping, adaptive optics, adaptive structures
for flap control, etc.'®® Numerous types of piezoelectric
actuators have been developed, including in-plane actuators,
stack actuators, benders, flextensional actuators, ultrasonic
motors (resonant actuators), etc.*%>22 The state-of-art mate-
rials for off-resonance actuators are soft PZT ceramics,
which possess piezoelectric strain coefficients up to

FIG. 50. (Color online) PZN-PT crystal based high sensitivity seismic/infra-
sonic accelerometer fabricated by MMT (Courtesy of Dr. L. C. Lim from
Microfine Materials Technologies).'>®
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TABLE XI. Properties comparison for various materials relate to actuator applications.

Material Tc(°C)  Trr(°C)  Ec(kV/em)  Eiy (kV/em) & tano dz; (pm/V) dis (pm/V)* Qm d-0x10° (pm/V)
Off—resonance actuator applications

PZT5A 360 — 15 — 1700  0.02 380 650 75 30
PZTSH 200 — 7.5 — 3400  0.02 600 750 75 45
PMN-PT29 135 96 23 — 5400  0.004 1540 1540 150 230
PMN-PT33 155 65 2.8 — 8200  0.004 2800 2800 100 280
PIN-PMN-PT 197 96 55 — 7240  0.004 2740 2740 120 330
On—resonance actuator applications

PZT4 328 — 14.2 3.0 1300  0.004 300 380 500 150
PZTS8 300 — 18.7 7.0 1000 0.004 230 230 1000 230
Mn:PIN-PMN-PT 193 119 5.0 1.0 3700  0.002 1120 1120 810 910
Mn:PMN-PZT 203 141 6.3 1.6 3410  0.002 1140 1140 1050 1200

ad3, is calculated by the slope of S-E loop, measured at 20 kV/cm.

~600 pC/N, while hard PZTs have been the mainstay for ul-
trasonic motors and/or resonance actuators, due to the large
figure of merit d - 0. However, many actuator applications,
such as cryogenic temperature, low power consumption,
large displacement, and high resolution, require advanced
piezoelectric elements. Table XI list the principle properties
of PZTs and PMN-PT single crystals, related to actuator
applications. The piezoelectric coefficient of soft PZTs are in
the range of 400-600 pC/N, with large field piezoelectric
coefficient d3; being on the order of 550—750 pC/N. For com-
parison, the first generation PMN-PT single crystals offer d3;
being in the range of ~1500 pC/N to ~2800 pC/N, depend-
ing on compositions. Of particular significance is that the
high field d;;" of PMN-PT crystals are found to be similar to
the small signal values, with strain-field hysteresis less than
5%, much smaller than that of soft PZTs, whose hysteresis
values are about >40%. This is important for the high reso-
lution actuation (precise positioning). In contrast, hard PZTs,
such as PZT4 and PZTS, show high mechanical quality fac-
tor Q,,, with the d-Q values being on the order of
1-2 x 10’ pm/V, promising for resonant actuator applica-
tions. For comparison, 3rd generation single crystals offer
high mechanical Q,,, being >500, with d - Q values being on
the order of 10°pm/V, several times higher than their ce-
ramic counterparts (Table XI). The Curie temperatures of
PZTs are found to be >200-360 °C, with suggested tempera-
ture usage ranges up to 100-250°C. For comparison, the
temperature usage range of single crystals is limited by the
low rhombohedral (orthorhombic) to tetragonal ferroelectric
phase transition temperatures, being on the order of
60-95 °C for first generation crystals, improved to >120°C
for second generation crystals. It should be noted that
relaxor-PT crystals exhibit high piezoelectric activity at
cryogenic temperatures, with piezoelectric coefficient at
30K comparable to the value of PZT ceramics at room
temperature. 186

1. Stack/in-plane actuators

Piezoelectric actuators with low driving voltages
(<150V) are desired for some aerospace and industrial
applications. Currently, widely used low voltage piezoelec-
tric actuators are co-fired PZT actuators, with strain achieved

less than 0.1%, owing to the low piezoelectric coefficients.
Single crystals exhibit much larger strain compared to con-
ventional PZT ceramics, due to the ability to orientate the
crystals along a preferred high strain crystallographic direc-
tion, thus, piezoelectric crystal stack actuators and in-plane
actuators have been widely studied.

Stack actuators are featured with amplified stroke (each
layer stroke times the number of layers) and high blocking
force, while in-plane actuation mostly adopts the transverse
mode to generate motion in plane.**>~*!3

Stroke output of a stack actuator is given by the follow-
ing formula:

L, (33)

~ <

where AL is the stroke, ds; is the longitudinal piezoelectric
coefficient, V the driving voltage, ¢ the thickness of the crys-
tal layer, and L the active length of the stack (the sum of all
active layer thickness). For stack actuators, [001] poled sin-
gle crystals were used because of the ultrahigh piezoelectric
coefficient >1500 pC/N. The complete stack is composed of
crystal plates, metal shim, endcaps, and epoxy bonding
layers, which are assembled as schematically shown in
Figure 51.%9749%410 It was reported that the stacked actuators
provide a factor of two higher strain energy density, a factor
of ten higher strain level (>1%), and a lower loss in heat dis-
sipation due to improved hysteretic behavior, when com-
pared to PZT multilayer actuators.**®#1°

For in-plane actuators, [011] poled single crystals have
been used, taking advantage of large transverse piezoelectric
coefficients —d3,, being >1200pC/N, with large in-plane
displacement along the [100] direction. In addition, perform-
ance enhancement has been achieved for in-plane actuators
by utilizing inter-digital electrodes (IDEs). Maximum micro-
strains of 886 (@ 15kV/cm) have been reported with the
PZN-PT single crystal IDE devices, compared with 250
microstrain (@ 8kV/cm) from the IDE devices using
PZT5A.*"

Displacement >50 um was reported in 20 mm long sin-
gle crystal stack actuators with low dielectric loss (<0.1%)
and low hysteresis under the driving field of 14kV/cm,
while in-plane stroke of 24 um has been achieved
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FIG. 51. (Color online) Schematic view of single crystal stack actuator ass-
embly*®” and crystal stack/actuator array fabricated by TRS Technologies'*®
(Courtesy of R. Sahul from TRS Technologies).

with 15 X 6 x 0.5 mm single crystal plates at driving field of
8kV/cm. The results show that the single crystal piezoelec-
tric actuators hold enhanced stroke under lower driving field
when compared to PZT counterparts, while keeping the na-
ture of piezoelectric actuations with high precision, high re-
solution (<3nm), and fast response under high preload
stress. The potential benefits of these crystal actuators in
deformable mirrors have been demonstrated at cryogenic
temperatures by TRS Technologies, for large throw deforma-

ble mirror in space telescopes and airborne wavefront control
systems, 199406410

2. Flextensional actuators

Flextensional actuators such as “moonie,” “cymbal,”
“thunder,” etc. are well known with low profile and large stroke
due to the compliance amplification mechanism, but their force
output is low compared to stack actuators, ' 86:199:406-409.412.413
Two different piezoelectric drivers can be used for flextensional
actuators (cymbal type). Figure 52 (left) shows a typical “31”
mode flextensional actuators, where the driving element is
a piezoelectric plate and its horizontal “31” strain will be
amplified into vertical actuation, while Figure 52 (right) gives
the “33” mode flextensional actuators, where the stack actuator
is inserted into a thin metal frame (amplification mechanism).

Actuation}iirection

J. Appl. Phys. 111, 031301 (2012)

Taking advantage of the strong anisotropic characteristics of
single crystals, the piezoelectric element used in “32” mode
flextensional actuators are poled along [011] direction, with the
length direction along [100], while [001] poled crystal plates
are used in the “33” mode flextensional actuators. It was
reported that a large stroke over 66 um has been achieved under
400V in “32” mode flextensional actuator, using PMN-PT
crystal plate with dimension of 15 x 6 x 0.5 mm, while over
100 um stroke was obtained under 500V for “33” mode flex-
tensional actuator. Both actuators showed fast response time,
being 0.1-0.15 msec. Furthermore, the stroke of the flexten-
sional actuators was found to remain >60% of the room tem-
perature values at a cryogenic temperature of ~70 K. %0041

3. Ultrasonic motors (Resonant actuators)

At resonance frequency, the strain (x) of piezoelectric
materials is given by

8
x:_Zde-E, (34)
T

where it can be seen that the strain is proportional to the fig-
ure of merit d - Q. For resonance based actuators, in addition
to a high piezoelectric strain, attention must be paid to the
mechanical loss (inverse of mechanical quality factor Q,,).
The needs are essentially focused on high d - Q figure of
merit in order to obtain high strain level near the resonance
frequency, the medium depoling stress, and the coefficients’
linearity.*'4~#%2

Piezoelectric motor is a type of the resonant actuator,
which operates on ultrasonic wave/friction drive mechanism.
It has high displacement resolution and frictional locking in
the power-off state, while possessing the advantage of being
driven by an electric field, without parasitic magnetic fields
as for conventional electromagnetic motors. Thus, piezoelec-
tric motor is a good candidate for high precision microme-
chanical systems, such as camera phones, micro robots, and
medical endoscopes.*'**!7 The piezoelectric materials used
for commercial ultrasonic motors are “hard” PZTs, with high
figure of merit d - Q, exhibiting high power and high driving
force, however, PZT based piezoelectric motors are limited
to the temperature range of —40 °C (performance reduction
and increased hysteretic losses) to 100 °C (thermal instability
and depoling), which is not practical for low temperature

Actuation}iirection

e

Al ‘33" strain 1A

e

Piezoelectric plate

Piezoelectric stack

d

FIG. 52. (Color online) Flextensional
actuators in “31” and “33” modes, fabri-
cated by TRS Technologies. #0409
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applications, such as adaptive structure drives for shape,
position, and force controls in spaceborne and airborne
platforms.*'” PMN-PT single crystal based linear/rotatory
ultrasonic motors were reported, with a large torque, high re-
solution, and low power consumption. A single crystal ultra-
sonic motor based on wobbling mode with center coupling is
shown in Figure 53.*'**'7 Two single crystal ring stacks
were fabricated with segmented electrodes to apply one
pair of voltage signal with a n/2 phase difference, and a
“wobbling motion” at the center part of the stator was
excited with high efficiency. This linear motor shown the
features of low driving voltage ~60-70 V,,,, high traveling
speed 50-100 mm/sec, fast direction reverse, with maximum
driving force on the order of 200 g, which was also demon-
strated being operational at low temperature of ~77 K.*!7

Compared to conventional PZT4 based ultrasonic motor,
PMN-PT crystal based motor show larger amplitude of the
stator, due to higher d - Q for PMN-PT crystals. Meanwhile, a
large d coefficient gives rise to lower exciting voltage and
larger output torque, while the low Q,, leads to wider exciting
frequency range. However, the low Q,, of PMN-PT crystals
results in significant heat generation in the ultrasonic motor,
thus, both high d and high Q,, are desirable for the motor
applications, where the 3rd generation single crystals should
be considered as the piezoelectric element in motor design.

It should be noted that the mechanical Q,, at antireso-
nance frequency was reported to be higher than the value at
resonance frequency.*?® Furthermore, the impedance reaches
maximum value at antiresonance frequency, requires low
current and high voltage driving, in contrast to the high cur-
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FIG. 53. (Color online) (a) Piezoelectric composite stator with two notches,
(b) PMN-PT crystal ring, and (c) the assembled piezoelectric stator.
Reprinted with permission from X. N. Jiang, in /EEE Ultrasonic Symposium
(2004), pp. 1314-1317; S. X. Dong et al., Applied Physics Letters 86,
053501 (2005). Copyright © 2005, the American Institute of Physics.
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rent and low voltage for the “resonance” drive, which means
that a conventional inexpensive power supply may be uti-
lized as driving source for the antiresonance based devi-
ces. ¥?0 Thus, ultrasonic motors working at antiresonance
frequency and using 3rd generation crystals are expected to
exhibit improved performance.

In summary, single crystals show great potential for
high performance ultrasonic transducers, sensors and actua-
tors, far out-perform the state-of-art polycrystalline ceramics.
Besides the above electromechanical devices, relaxor-PT sin-
gle crystals have also been found for other applications, such
as piezoelectric transformers,””®*** piezoelectric energy
harvesting,*****" pyroelectric energy harvesting,***** and
thermal imaging,*®®*%+3*43! \hich make relaxor-PT crystals
“materials of choice” for next generation devices.

Vil. SUMMARY AND FUTURE PERSPECTIVE
A. Summary

In summary, three generations of relaxor-PT single crys-
tals have been surveyed in this article. The high temperature
solution, Bridgman, and solid state crystal growth techniques
were reviewed in relation to the growth of large size and
commercially viable crystals. Currently, PMN-PT and PIN-
PMN-PT single crystals up to 100mm in diameter and
200 mm in length along [001] growth direction have been
successfully commercialized using modified multi-crucible
Bridgman method.

In contrast to polycrystalline ceramics, relaxor-PT crys-
tals possess not only ultrahigh piezoelectric/electromechani-
cal properties but also high tunability of related properties.
Different piezoelectric/electromechanical properties can be
achieved in relaxor-PT crystals, taking advantage of engi-
neered domain configurations, crystal phase, orientation, and
anisotropic characteristics, which are not achievable in poly-
crystalline ceramics.

A facilitated polarization rotation, being related to the
high shear deformation of the lattice, is deemed responsible
for the high longitudinal piezoelectric coefficients of relaxor-
PT crystals. The MPBs and relaxor end member are thought
to be critical factors for structural instability, leading to the
facilitated polarization rotation (i.e., high shear piezoelectric
response) of relaxor-PT crystals. However, the ease in polar-
ization rotation also induces high mechanical loss observed
in relaxor-PT crystals.

The Curie temperature 7 and ferroelectric phase transi-
tion temperatures Tzr are key parameters that affect the prop-
erties and usage range of relaxor-PT crystals.*? Figure 54
shows the room temperature piezoelectric coefficient, electro-
mechanical coupling factor, and coercive field for [001] poled
relaxor-PT based ferroelectric single crystals as a function of
Trr and/or Tc. The piezoelectric coefficients are found to
decrease with increasing Tk, but not T as reported for poly-
crystalline PZT ceramics (as evident in Figure 2(a)). In con-
trast to the piezoelectric coefficients, the electromechanical
couplings are found to be independent of either T or Ty,
where k33 values for various relaxor-PT crystal systems with
MPB compositions are on the order of ~0.9, regardless of
their transition temperatures. In addition, the coercive fields
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FIG. 54. (Color online) (a) Piezoelectric coefficient as a function of Tgr;
(b) Electromechanical coupling as function of Tc¢; and (c) Coercive field as
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shows polarization hysteresis of Ist, 2nd, and 3rd generations crystals.
Reprinted with permission from S. J. Zhang and T. R. Shrout, IEEE Transac-
tions on Ultrasonics Ferroelectrectrics Frequency Control 57, 2138 (2010).
Copyright © 2010, IEEE.

of ferroelectric crystals are found to increase with increasing
Tc, as shown in Figure 54(c). It is of interest to note that for
the same crystal system, tetragonal compositions are found to
possess significantly higher coercive fields when compared to
their rhombohedral counterparts, being associated with their
respective domain structures. The second generation crystals,
including ternary PIN-PMN-PT and PMN-PZT are found to
possess enhanced T¢ and Ty when compared to first genera-
tion binary crystals, offering improved thermal stability and

J. Appl. Phys. 111, 031301 (2012)

an overall broadened temperature usage range. The
polarization-electric field behavior for various crystal systems
are given in the small inset of Figure 54(c), where the PMN-
PZT (second generation crystal) is found to offer nearly twice
of E¢ of binary PMN-PT (first generation), being on the order
of ~5kV/cm versus 2.3kV/cm. The Mn modified PMN-PZT
(third generation) shows increased Ec (~6.3kV/cm) when
compared to its pure counterpart, with an internal bias field
being on the order of 1.6kV/cm, due to the fact that the
acceptor-oxygen vacancy defect dipoles clamp domain wall
motion and inhibit polarization rotation.

For polycrystalline ceramics, a consequence of high Q,,
is the sacrifice of electromechanical couplings, As shown in
Figure 55, the coupling k335 are found to decrease with
increasing mechanical Q,, values. Thus, both high Q,, and
high coupling cannot be simultaneously achieved in poly-
crystalline ceramics. Of particular significance is that for do-
main engineered relaxor-PT crystal systems, in contrast to
ceramics, the mechanical Q,, values can be improved with-
out sacrificing the electromechanical couplings, as shown in
Figure 55, the modified crystal systems exhibit different lev-
els of Q,,, in the range of 70-2000, while maintaining ultra-
high electromechanical couplings, being on the order of
>0.85, demonstrating relaxor-PT crystals are unique piezo-
electrics and the “materials of choice” for next generation
electromechanical applications.***

Innovations in electromechanical device design continue
to be the motivation for the development and exploration of
new piezoelectric materials. Three main application areas of
the relaxor-PT single crystals have been reviewed in this arti-
cle, including ultrasound transducers, sensors, and actuators,
with comparison to state-of-art polycrystalline ceramics.
PMN-PT single crystals have been commercialized for the
medical ultrasonic transducers and cryogenic actuators,
owing to their ultrahigh electromechanical couplings and
piezoelectric properties, while second and third generation

1.0
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FIG. 55. The relationship between mechanical quality factor Q,, and elec-
tromechanical coupling factor for different polycrystalline and single crystal
systems. Reprinted with permission from S. J. Zhang and T. R. Shrout, IEEE
Transactions on Ultrasonics Ferroelectrectrics Frequency Control 57, 2138
(2010). Copyright © 2010, IEEE.
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crystals offer the possibilities in the applications where high
thermal and field stabilities are desired.

B. Future perspectives

In this section, we leave the readers with a few queries
and perspectives

(a) How to decrease the cost of relaxor-PT single crystals
and the property variations? The continuous feeding
Bridgman method is expected to offer improved compo-
sitional uniformity and increased yield of the as-grown
crystal boules.

(b) How to increase the temperature usage range by modify-
ing the MPB? Can the curvature of MPB be understood?

(c) For the third generation crystals, what is the role of the
donor and/or acceptor modifications? What is the defect
dipole direction in crystals before and after the poling
process? Will the poling condition affects the defect
dipole? What is the relationship between the defect
dipoles and domain wall motion/polarization rotation?

(d) How to control/utilize the nonlinear behavior of the crys-
tals under external stress, electric field, and thermal
field? How they affect the device performance? What is
the drive limitation for high power applications?

(e) How to take advantage of the anisotropic characteristics
of single crystals? For example, new crystal cuts, includ-
ing thickness shear d,4 in “10” single domain state and
longitudinal d5; in “30” engineered domain state show-
ing high thermal stability, face shear ds¢ exhibiting high
mechanical Q,,, and high field stability.
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