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Abstract
Relaxor-PT based ferroelectric single crystals Pb(Zn1/3Nb2/3)O3–PbTiO3 (PZNT) and
Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMNT) attracted lot of attentions in last decade due to their ultra high
electromechanical coupling factors and piezoelectric coefficients. However, owing to a strongly
curved morphotropic phase boundary (MPB), the usage temperature of these perovskite single
crystals is limited by TRT - the rhombohedral to tetragonal phase transition temperature, which
occurs at significantly lower temperatures than the Curie temperature TC. Furthermore, the low
mechanical quality factors and coercive fields of these crystals, usually being on the order of ~70
and 2–3kV/cm, respectively, restrict their usage in high power applications. Thus, it is desirable to
have high performance crystals with high temperature usage range and high power characteristics.
In this survey, different binary and ternary crystal systems were explored, with respect to their
temperature usage range, general trends of dielectric and piezoelectric properties of relaxor-PT
crystal systems were discussed related to their TC/TRT. In addition, two approaches were proposed
to improve mechanical Q values, including acceptor dopant strategy, analogous to “hard”
polycrystalline ceramics, and anisotropic domain engineering configurations.

I. Introduction
Relaxor-based single crystals, such as Pb(Zn1/3Nb2/3)O3–PbTiO3 (PZNT) and
Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMNT), offer electromechanical coupling factors (k33

2 >0.6)
and piezoelectric strain coefficients (d33s> 2000 pC/N) that far out-perform the
polycrystalline PZT based ceramics with couplings k33

2 ~0.5 and piezoelectric d33 ~ 400–
600 pC/N, as depicted in Fig. 1, making them promising candidates for medical ultrasonics,
sonar transducers and solid-state actuators [1–15]. However, their relatively low Cure
temperatures (TCs ~130–170°C) may limit their application in transducers in which thermal
stability is a pre-requirement in terms of dielectric and piezoelectric property variation and
depolarization as a result of post-fabrication processes. Their implementation if further
restricted by the TRT - the ferroelectric rhombohedral to ferroelectric tetragonal phase
transition, which occurs at a significantly lower temperature than the TC, owing to strongly
curved morphotropic phase boundaries (MPB) [8–10]. A generic phase diagram for relaxor-
PT single crystals is shown in Fig. 2, depicting a strongly curved MPB, showing the TR-T is
far below the Curie temperature, especially at the MPB composition, where the highest
piezoelectric properties are expected. Thus, single crystal systems with a high Curie
temperature for enhanced temperature usage range and thermal stability are desired.

In addition to thermal environments, ferroelectric crystals used in electromechanical
devices, such as high power ultrasonic transducers or actuators, are subjected to high electric
fields, which necessitate that the crystals possess low dielectric/mechanical losses and
relatively high coercive fields. The dielectric loss of PMNT and PZNT crystals are reported
to be on the order of ≤0.4%, similar to values observed in “hard” PZT based piezoelectrics,

*Corresponding author: soz1@psu.edu.

NIH Public Access
Author Manuscript
IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2011
September 27.

Published in final edited form as:
IEEE Trans Ultrason Ferroelectr Freq Control. 2010 October ; 57(10): 2138–2146. doi:10.1109/TUFFC.
2010.1670.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



however, the mechanical quality factors (inverse of mechanical loss of crystals) were found
to be only le; 100, similar to “soft” PZT ceramics, limit crystals for high power transducer
applications operating at resonance frequency [16–17]. Furthermore, the coercive fields (EC)
of crystals, being 2–3kV/cm, reflecting the depolarization electric field, will restrict the
actuation applications under high dc drive, further limited by field induced ferroelectric
phase transitions (EFF). Therefore, it is important to explore why relaxor-PT single crystals
possess low dielectric loss, yet exhibit high mechanical loss and low EC/EFF.

In this paper, we review recent works on the enhancements of both TC and TRT of relaxor-
PT based crystal systems with expanded temperature usage range. A second focus of this
review is the role of dopant and/or crystallographic domain engineering on the mechanical
losses and their origin. Finally, general observations of the properties, with respect to their
TC/TRT are made.

II. Relaxor-PT systems with high Curie temperature
Table I presents a list of several lead based relaxor-PT systems, including the
Pb(Sc1/2Nb1/2)O3–PbTiO3 (PSNT), Pb(In1/2Nb1/2)O3–PbTiO3 (PINT) and
Pb(Yb1/2Nb1/2)O3-PbTiO3 (PYNT), which have been found to possess relatively high Curie
temperatures near their MPB compositions [18–20]. Henceforth, numerous researchers have
focused on single crystals of these binary systems and/or ternary systems with PMN [21–
34].

PSNT single crystals with MPB composition(s) were successfully grown by the high
temperature solution method, as reported by Yamashita et al. [21] and Bing et al. [22–23].
Crystals with compositions in the ternary systems Pb(Sc1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-
PbTiO3 (PSMNT)[24] and Pb(Sc1/2Nb1/2)O3-Pb(Zn1/3Nb2/3)O3-PbTiO3 (PSZNT) [25] were
also grown by the flux method or solution Bridgman method. To date, however, it has been
difficult to grow PSNT based crystals directly from the melt due to the inadequate
perovskite stability, thus limiting crystal growth to a few millimeters in dimension.

Single crystals in the PINT system were grown by the high temperature flux method and
their electromechanical properties have been determined in last few years [26–28]. Single
crystals in the binary PINT and ternary Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3
(PIMNT) [29] systems were also grown using the modified Bridgman techniques, with
transition temperatures on the order of 200 °C and piezoelectric properties d33 of ~2000pC/
N reported, however, they exhibited a low ferroelectric phase transition, TR-T, on the order
of 80–110 °C, similar to the binary PMNT.

The MPB composition in PYNT system exhibited TC of ~360 °C, the highest among all the
lead based relaxor-PT systems (see Table I) and similar to PZT. Single crystals in the PYNT
system were grown using the flux method [30–34], with Curie temperature TC and the
rhombohedral to tetragonal phase transition temperature TRT observed to be 325°C and
160°C, respectively. The increased TRT results in a broadened temperature usage range and
also stabilizes the property temperature dependence as reported in ref. [32]. However, as
found in the PSNT system, only small size crystals with few millimeters can be achieved.

Of particular interest are the new high Curie temperature bismuth based perovskite single
crystals in (1-x)Bi(Me)O3-xPbTiO3, specifically, the BiScO3-PbTiO3 (BSPT) system, where
a Curie temperature around ~450 °C (100°C higher than the PZT materials) was observed
for the MPB composition(s) (x=0.64). BSPT single crystals with different PT contents have
been grown by flux method and characterized [35–39]. The TC and TRT were found to be on
the order of 402°C and 349 °C for 0.43BS-0.57PT (BSPT57) single crystals [37], both much
higher than that found for the lead based relaxor-PT systems, with comparable piezoelectric
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properties. The temperature dependence of the piezoelectric and electromechanical
properties of the rhombohedral BSPT57 were measured and found to exhibit temperature
independent behavior till 330 °C, close to its TRT. Furthermore, the BSPT57 crystals
possessed high coerce field, being on the order of 13kV/cm [37]. Analogous to PSNT and
PYNT systems, BSPT crystals have only been grown using high temperature flux method,
limiting crystals to millimeter size.

In order to obtain relaxor-PT single crystals of sufficient size for commercial applications,
two approaches have been used, including the modified Bridgman growth of PIN-PMN-PT/
PMNT [40–44] and SSCG of PMN-PZT/PMNT [45–51] systems.

Recently, it was reported that ternary PIN-PMN-PT single crystal boules (>50mm in
diameter and >100mm in length) can be grown directly from the melt by the modified
Bridgman technique [13–14, 40–44], with Curie temperatures of >170°C, while maintaining
piezoelectric properties comparable to binary PMNT crystals. Fig. 3 gives the phase diagram
for the PIN-PMN-PT system, in which, single crystals with compositions of PIN> 0.25–
0.35, PT> 0.30–0.32, have been grown and investigated [40–44]. Analogous to PMNT, the
composition along the growth directions <001>/<110> varies due to the segregation of Ti,
Mg and In, being on the order of 7%, 5% and 2%, respectively. As found for PMNT, the
lower PT content was at the bottom part of the crystal boule while the top of the boule was
found to be in tetragonal phase. Common to all the relaxor-PT crystal systems, the
rhombohedral to tetragonal phase transition observed in PIN-PMN-PT ternary crystals,
occurs well below its Curie temperature due to the strongly curved MPB. As expected, TRT
of >120°C, 30°C higher than PMNT, can be achieved in the ternary PIN-PMN-PT system
[43].

In addition to the modified Bridgman technique, the SSCG/templated grain growth method
has been demonstrated to offer another route to obtain relaxor-PT single crystals [45–51].
PMNT crystals with 40mm in size have been successfully grown by SSCG method and the
piezoelectric properties were found to be comparable to that of the Bridgman grown crystals
[15, 50–51]. A key advantage of the SSCG technique is that no compositional segregation
happens during the growth and crystals with uniform composition can be obtained. Single
crystals in PMN-PZT ternary system was explored to further increase the TC and TRT. Fig. 4
shows the schematic phase diagram of PMN-PZT system, where the tetragonal phase area is
bounded by a convex curve toward PT. MPB compositions lie on this curve, which separates
tetragonal and rhombohedarl/pseudo-cubic phase. Single crystals with compositions close to
the MPB have been successfully grown, as shown in the circular region. Curie temperatures
greater than 200°C, with TRTs ranging from 95 to 170°C, have been achieved [46].

III. General relationship of the properties with TC and TR-T

In polycrystalline ferroelectric materials, knowledge of the Curie temperature is an
important parameter to establish temperature usage range and temperature dependent
behavior, showing a strong relationship of dielectric and piezoelectric properties with TCs,
as shown in Fig. 1b. For relaxor-PT single crystals, however, both TC and TRT are key
parameters, due to their strongly curved MPB, as shown in Fig. 2. Thus, it is desirable to
understand the general relationship of the single crystal properties.

Fig. 5 shows the room temperature electromechanical coupling factor k33, dielectric
permittivity, piezoelectric coefficient d33 of relaxor-PT based ferroelectric single crystals as
function of Curie temperature TC or rhombohedral –tetragonal phase transition temperature
TRT. Fig. 5(a) gives the electromechanical k33 as function of Curie temperature for various
crystal systems, where the k33s were found to be on the order of 90% for all the <001>
domain engineered rhombohedral relaxor-PT crystals, regardless of their TRT/TC. From Fig.
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5(b) and (c), however, the dielectric permittivity and piezoelectric coefficient were found to
decrease with increasing TRT, and not TC, as observed for polycrystalline ceramics (Fig. 1b).

IV. Recent developments of high TC PIN-PMN-PT and PMN-PZT ternary
crystals

Fig. 6 shows the main properties, including dielectric and electromechanical properties for
PIN-PMN-PT and PMN-PZT crystals, compared to binary PMNT counterpart. For
comparability, the compositions in these crystal systems were selected based on similar
piezoelectric coefficient d33, being in the range of 1500–1700pC/N. Fig. 6(a) gives the
dielectric permittivity as a function of temperature for the crystals, in which, the Curie
temperature were found to be 137, 185 and 216°C, with TRT being on the order of 93, 128
and 145°C, for PMNT29, PIN-PMN-PT and PMN-PZT, respectively, in which, the TC/TRT
temperatures were found to be the highest in PMN-PZT crystals [41,49]. The temperature
coefficient of the dielectric permittivity was found to be >5%/°C for PMNT crystals in the
temperature range of 25–100°C, due to the low TRT, while it was found to be 1.2% – 1.6%/
°C in the same temperature range for PIN-PMN-PT and PMN-PZT crystals, revealing an
improved temperature stability of dielectric behavior for the ternary crystals, due to their
higher TC/TRT. Fig. 6(b) shows the temperature dependent electromechanical coupling
variation (Δkij/kij), in which one can see that the electromechanical coupling drop at only
90°C for PMNT crystals, corresponding to its TRT temperature, while the depolarization
occur at 123°C and 140°C for PIN-PMN-PT and PMN-PZT crystals, respectively, indicating
the high TC/TRT crystal systems possess broadened temperature usage range.

In addition to the thermal environments, ferroelectric crystals used in electromechanical
devices are subjected to the combination of electric field/temperature/stress etc. Fig. 7(a)
gives the phase diagram of the PMNT system as a function of dc bias [10]. It was observed
that with increasing external dc bias, the TCs of PMNT crystals increase while the TRTs
decrease, expanding the tetragonal phase, further limiting the usage temperature range for
applications under external dc bias. This phenomenon happens because the spontaneous
polarization for tetragonal crystals was along <001> direction, which will be stabilized when
applied electric field was long <001> orientation. For comparison, Fig. 7(b) shows the
temperature usage range of various crystal systems as function of dc bias, in which one can
see that the ternary crystals show similar trend as that of PMNT with increasing dc bias,
with usage range 30–40°C higher than PMNT.

V. General trends of “hard” ferroelectric materials
It is thought that “hard” ferroelectric materials possess higher coercive field EC when
compared to “soft” ones, however, in the same system, such as PZT, the EC was found to be
on the order of 12–18kV/cm

Fig. 8(d) presents the coercive fields (EC) as function of TC for different crystal systems,
where the EC was found to increase with increasing TC. The EC values were found to be on
the order of 2–3kV/cm for PMNT/PZNT crystals with TC being 140–170°C, while the
coercive field for BSPT crystals was found to be 13kV/cm, five times higher than PMNT
system, due to its higher Curie temperature, ~405°C. It is interest to note that for the same
crystal system, the tetragonal crystals were found to possess much higher coercive field
when compared to its rhombohedral counterparts, being off the general trend as shown in
Fig. 8(d), owing to the 90° domains in tetragonal phase were harder to be switched under
applied fields, when compared to the 109°/71° domain walls in rhombohedral compositions.
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It is hard to conclude what control the mechanical quality factor in ferroelectric materials:
Curie temperature, coercive field and internal bias are closely related to the mechanical Q
values. Fig. 9(a) shows mechanical Q as function of TC for ferroelectric materials, including
single crystals and polycrystalline ceramics. From a broad viewpoint, materials with higher
TC were found to possess higher mechanical Q. However, it was observed the Q values were
scattered and random for the materials with TC lower than 400°C. Fig. 9(b) gives the
mechanical Q as function of internal bias in ferroelectric ceramics, it was found that the Q
values increased with increasing the internal bias field, where “soft” ceramics were found to
have low Q, being on the order of <100, with no internal bias observed, while “hard”
ceramics showing various internal biases and Q values, demonstrating that the internal bias
plays an important role in the high Q ferroelectric ceramics. For single crystals, the scenario
is more complicated, not only the internal bias affect the Q value, also the anisotropic
domain structures should be considered.

VI. High power relaxor-PT single crystals
Relaxor-PT based ferroelectric single crystals have been reported to possess excellent
properties in the <001> poled domain engineered state, with high piezoelectric coefficients
d33 >1500pC/N and large electromechanical coupling factors k33>0.9, with low mechanical
quality factor Q~ 120. The combination of high piezoelectric properties and low Q make
single crystals excellent components for non-resonant actuators and high frequency medical
ultrasound transducers [16,17]. In contrast, however, the high power ultrasonic transducers
generally use “hard” piezoelectric ceramics Pb(Zr,Ti)O3 (PZT), including PZT4 and PZT8
(DOD Type I and III) [52]. These materials are characterized by low dielectric (tanδ) and
mechanical losses (high mechanical quality factor Q). In general, to achieve the “hardening”
effect, these materials are acceptor doped, resulting in the development of acceptor-oxygen
vacancy defect dipoles. These dipoles align parallel to the polarization direction, leading to
an internal bias, as evident in a horizontal offset in the polarization-electric field (P-E)
behavior, clamping domain wall mobility [53,54]. A consequence of these dopants,
however, is a reduction in electromechanical coupling and piezoelectric activity, so limits
the bandwidth of transducer, since the power and bandwidth capabilities of the transducer
are functions of the mechanical quality and electromechanical coupling factors [55]. Thus,
the materials with both high electromechanical coupling and mechanical quality factor are
desired.

Fig. 5(b) shows the polarization hysteresis for different crystal systems, from which, the
coercive field can be obtained [41,49]. The coercive field was found to be 2.2kV/cm for
PMNT binary crystals, only half the values observed for the ternary crystals, being on the
order of 4.5kV/cm and 5.5kV/cm for PMN-PZT and PIN-PMN-PT crystals, respectively.
Fig. 5(c) presents the unipolar strain curves as a function of electric field, for different
<001> domain engineered crystals, exhibiting low hysteresis characteristics [41,49]. The
piezoelectric coefficients can be calculated from the slope of S-E curves at low electric field
and found to be 1500–1700pC/N for all the crystals. Of particular interest is their different
strain behavior, where the PMNT was found to possess three segments with different slopes,
corresponding to the electric field induced rhombohedral to monoclinic and monoclinic to
tetragonal phase transitions. It is desirable to keep the crystals in rhombohedral phase, where
the threshold field was found to be 15kV/cm for PMNT, above which, the crystal
transformed to other phases and the property degraded, whereas this threshold electric field
was found to be on the order of 55kV/cm and 60kV/cm for PMN-PZT and PIN-PMN-PT
crystals, respectively, significantly increase the usage electric field range.

Based on the high piezoelectric properties of relaxor-PT single crystals, two approaches
were proposed to further improve the mechanical Q values. Analogous to “hard” PZT
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ceramics, the Mn acceptor dopant was investigated in PMN-PZT crystals, with enhanced
mechanical Q (~1050) and low dielectric loss (~0.2%), while maintaining ultra high
electromechanical coupling k33 > 90%, inherent in <001> oriented domain engineered
single crystals [16]. The effect of acceptor doping was also evident in the build-up of an
internal bias (Ei ~1.6kV/cm), shown by a horizontal offset in the polarization-field behavior,
as given in Fig. 7 [16]. It was also observed from Fig. 7 that the remnant polarization was
reduced, while the coercive field increased in Mn-doped PMN-PZT crystals, demonstrating
that the degree of “switchable” polarization is significantly reduced, owing to the domain
wall clamping by the internal bias.

Different from PZT ceramics, there is no grain boundary in the single crystals, which show a
strong anisotropic behavior. So it is important to explore the domain engineering
configuration in the relaxor-PT crystals with different crystallographic orientations. It was
found that the electrical and mechanical losses in crystals depends on the specific engineered
domain configuration, with both high Q and high electromechanical coupling observed for
the <110> oriented PMNT crystals [17]. Table II lists the longitudinal properties for pure
and Mn-modified PIN-PMN-PT crystals along their primary crystallographic directions
<001>, <110> and <111>, pure and Mn-doped PMN-PZT are also summarized in the table
and compared to commercial “hard” PZT ceramics. It was found that the dielectric
permittivity εr, dielectric loss (tanδ= 1/Qelectric), piezoelectric coefficient d33 and elastic
compliance s33

E reached the highest values for the <001> domain engineering configuration
(4R) and exhibited minimum values for the <111> monodomain crystal (1R), with values
for <110> poled samples (2R) lying in between. In contrast, the mechanical quality factor Q
was maximum for the <111> oriented samples, being on the order of ~1000, with values
being less than ~160 for <001> oriented crystals. Of particular significance from Table II
was the high mechanical Q, on the order of ~500 for the <110> engineered domain
configuration, with an electromechanical coupling factor k33 on the order of ~0.91. To
delineate the anisotropic loss behavior, we must consider the role of domains in the relaxor-
PT single crystals. As stated, there are two types of domains in rhombohedral relaxor-PT
ferroelectric crystals, the 180° ferroelectric domains and non-180° ferroelastic-ferroelectric
domains (71° and 109° domains) [56–59]. The 180° domains refer to domain walls with
antiparallel polarizations, but with strain tensors that are necessarily equivalent. Such
domain walls will generally be moved by the application of an electric field [56], which only
contribute to the polarization (dielectric loss). The non-180° domain walls refer to walls
between variants which differ in both polarization vector and strain tensor. Both 180° and
non-180° domain walls generally form to decrease the effects of depolarization fields,
whereas only non-180° domain walls may minimize the elastic energy. Thus, the dielectric
and mechanical losses are originated from 180° and non-180° domain wall motion,
respectively [16, 60]. For <111> poled single crystals, the domain engineered structure is
pseudo-monodomain “1R”, with no domain walls exist, thus, both low dielectric loss and
high mechanical Q values are expected. Indeed, the dielectric loss was found to be only
0.1%, with a mechanical Q on the order of ~1000 for <111> poled PIN-PMN-PT. As stated
above, the 180° domain walls in ferroelectric crystals can be moved by the application of
electric field, accounting for the low dielectric loss in the relaxor-PT single crystals.
However, four degenerated 109°/71° domain walls existed in <001> poled crystals, with
engineered domain configuration 4R, which was found to be very stable under external
electric field, however, large hysteresis was found when external stress applied along <001>
direction, leading to large mechanical loss (low mechanical Q) in <001> direction. For
<110> poled ferroelectric crystals with engineered domain configuration “2R”, only 71°
domain existed, whereas 109° domains parallel to the (110) face, exhibiting much more
stable domain structure when compared to “4R” engineered domain configuration, giving
rise to a higher mechanical Q value in <110> poled polydomain PIN-PNN-PT crystals. Of
particular interest is that no internal bias for <110> oriented crystals was observed,
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demonstrating the high Q value of <110> orientation is attributed to anisotropic domain
structure, other than internal bias, as found in acceptor doped ferroelectric materials.

Thus, the mechanical quality factors in relaxor-PT ferroelectric crystals can be improved by
two approaches, either acceptor doping or anisotropic engineered domains. It is interesting
to note that the combination of these two approaches will further enhance the mechanical Q.
From Table I, <110> oriented Mn-doped PIN-PMN-PT crystals were found to possess
higher coercive field and internal bias when compared to the pure counterpart, due to the
domain wall clamping by the acceptor dopant, further increase the Q value along
crystallographic <110> direction as expected.

As mentioned above, high electromechanical coupling factor kij and mechanical quality
factor Q are desired for high power, broad bandwidth transducer applications. However,
previous investigations have shown that both Q and kij can be enhanced only at the expense
of each other in ferroelectric ceramics, as shown in Fig. 10, where it was observed that with
increasing mechanical Q values, the electromechanical coupling decreased in PZT ceramics.
Of particular significance is that for domain engineered relaxor-PT single crystal systems,
either acceptor modification or <110> orientation can be used to improve the mechanical Q
values, meanwhile maintaining ultra high electromechanical coupling, being on the order of
0.9.

V. Conclusion
In summary, relaxor-PT based single crystals, such as PMNT and PZNT, were extensively
studied for actuation and transduction applications. However, their low temperature usage
range (low TRT), low coercive field and mechanical quality factor, limit their high power
applications. In this study, ternary PIN-PMN-PT and PMN-PZT were investigated in details.
The TC of these two systems were found to be >170°C, with TRT being on the order of 120–
150°C, significantly increase their usage temperature range by 30–60°C, when compared to
commercial available PMNT crystals. The coercive fields were found to be on the order of
5kV/cm, with electric field induced ferroelectric phase transition occurring at 50–60kV/cm
for <001> oriented crystals, due to their higher Curie temperature, expanding their field
usage range greatly. Furthermore, the mechanical Q values were found to be increased,
being on the order of 1000, by acceptor dopant and/or <110> engineered domain
configuration, while maintaining the high electromechanical coupling factor ~0.9. At last,
the general trends of properties related to TC/TRT in relaxor-PT based ferroelectric single
crystals were discussed. The dielectric permittivities and piezoelectric coefficients were
found to decrease with increasing TRT, while the coercive field was found to depend on the
TC. Of particular interest is the electromechanical couplings were found to be independent
of TC/TRT, maintaining on the same order of 0.9, inherent in domain engineering single
crystals.
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Fig. 1.
Electromechanical coupling k33 and piezoelectric d33 of Relaxor-PT single crystals,
compared to polycrystalline piezoelectric ceramics as a function of Curie temperature, the
crystal systems exhibit significantly higher values (after [20]).
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Fig. 2.
A generic phase diagram for relaxor-PT crystal systems, depicting a strongly curved MPB,
the dotted line is the projected phase diagram for modified systems (after [20]).
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Fig. 3.
Schematic phase diagram for PIN-PMN-PT ternary system.
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Fig. 4.
Schematic phase diagram for PMN-PZT ternary system (after [46]).
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Fig. 5.
(a) Electromechanical coupling k33 as function of TC; (b) Dielectric permittivity as function
of TRT; (c) Piezoelectric coefficient d33 as function of TRT for various relaxor-PT crystal
systems (data obtained from references [1–51]).
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Fig. 6.
(a) Dielectric permittivity as function of temperature; (b) Bipolar polarization hysteresis; (c)
Unipolar strain as function of electric field; (d) Electromechanical coupling variation as
function of temperature for PIN-PMN-PT and PMN-PZT crystals, compared to PMNT.
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Fig. 7.
(a) Phase diagram for PMNT single crystals under different dc bias fields (after [10]), (b)
Temperature usage range for PIN-PMN-PT and PMN-PZT ternary systems, compared to
PMNT crystals.

Zhang and Shrout Page 18

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2011 September 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
Bipolar polarization hysteresis of pure and Mn modified PMN-PZT single crystals (after
[16]).
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Fig. 9.
(a) Mechanical quality factor as function of Curie temperature for different materials; (b)
Mechanical quality factor as function of internal bias for ferroelectric ceramics.
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Fig. 10.
The relationship between mechanical quality factor Q and electromechanical coupling factor
k33, for different polycrystalline and single crystal systems.
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Fig. 11.
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Fig. 12.
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Table I

Morphotropic Phase Boundaries in Perovskite Pb(BIBII)O3-PT Systems.

Binary System PT content on MPB TC (°C) at MPB TR-T (°C) at MPB

(1-x) Pb(Zn1/3Nb2/3)O3-xPbTiO3 (PZNT) x ≅0.09 ~180 95

(1-x) Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMNT) x ≅0.33 ~150 80

(1-x) Pb(Ni1/3Nb2/3)O3-xPbTiO3 (PNNT) x ≅0.40 ~130 /

(1-x) Pb(Co1/3Nb2/3)O3-xPbTiO3 (PCNT) x ≅0.38 ~250 /

(1-x) Pb(Sc1/2Nb1/2)O3-xPbTiO3 (PSNT) x ≅0.43 ~260 100

(1-x) Pb(Sc1/2Ta1/2)O3-xPbTiO3 (PSTT) x ≅0.45 ~205 /

(1-x) Pb(Fe1/2Nb1/2)O3-xPbTiO3 (PFNT) x ≅0.07 ~140 /

(1-x) Pb(In1/2Nb1/2)O3-xPbTiO3 (PINT) x ≅0.37 ~320 120

(1-x) Pb(Yb1/2Nb1/2)O3-xPbTiO3 (PYNT) x ≅0.50 ~360 160

(1-x) Pb(Mg1/2W1/2)O3-xPbTiO3 (PMWPT) x ≅0.55 ~60 /

(1-x) Pb(Co1/2W1/2)O3-xPbTiO3 (PCWPT) x ≅0.45 ~310 /
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