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Critical property in relaxor-PbTiO3 single crystals - Shear piezoelectric response

Abstract

The shear piezoelectric behavior in relaxor-PbTiO 3 (PT) single crystals is investigated with regard to the
crystal phase. High levels of shear piezoelectric activity, d 15 or d 24 >2000 pC N -1, are observed for
single-domain rhombohedral (R), orthorhombic (0), and tetragonal (T) relaxor-PT crystals. The high
piezoelectric response is attributed to a flattening of the Gibbs free energy at compositions close to the
morphotropic phase boundaries, where polarization rotation is easily accomplished by applying a
perpendicular electric field. The shear piezoelectric behavior of perovskite ferroelectric crystals is
discussed with respect to ferroelectric-ferroelectric phase transitions and the dc bias field using a
phenomenological approach. The relationship between the single-domain shear piezoelectric response
and piezoelectric activities in domain-engineered configurations is also given in this paper. From an
application viewpoint, the temperature and ac-field drive stability for shear piezoelectric responses are
investigated. A temperature-independent shear piezoelectric response (d 24, in the range of -50 °C to the
O-T phase-transition temperature) is thermodynamically expected and experimentally confirmed in
orthorhombic relaxor-PT crystals; a relatively high ac-field drive stability (5 kV cm -1) is obtained in
manganese-modified relaxor-PT crystals. For all thickness shear vibration modes, the mechanical quality
factor Qs are less than 50, corresponding to the facilitated polarization rotation. The shear piezoelectric
behavior in relaxor-PbTiO 3 (PT) single crystals is systematically investigated with regard to the crystal
phase. High levels of shear piezoelectric activity, d 15 or d 24 >2000 pC N -1, are observed for single-
domain rhombohedral (R), orthorhombic (0), and tetragonal (T) relaxor-PT crystals. These properties are
investigated with respect to the temperature and electric field. The results demonstrate that the single-
domain relaxor-PbTiO 3 crystals are promising materials for high-performance transducers. Copyright
2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Critical Property in Relaxor-PbTiO; Single Crystals — Shear

Piezoelectric Response

Fei Li, Shujun Zhang,* Zhuo Xu, Xiaoyong Wei, and Thomas R. Shrout

The shear piezoelectric behavior in relaxor-PbTiO; (PT) single crystals is
investigated with regard to the crystal phase. High levels of shear piezoelec-
tric activity, dq5 or d,, >2000 pC N~', are observed for single-domain rhombo-
hedral (R), orthorhombic (O), and tetragonal (T) relaxor-PT crystals. The high
piezoelectric response is attributed to a flattening of the Gibbs free energy

at compositions close to the morphotropic phase boundaries, where polari-
zation rotation is easily accomplished by applying a perpendicular electric
field. The shear piezoelectric behavior of perovskite ferroelectric crystals is
discussed with respect to ferroelectric-ferroelectric phase transitions and the
dc bias field using a phenomenological approach. The relationship between
the single-domain shear piezoelectric response and piezoelectric activities

in domain-engineered configurations is also given in this paper. From an
application viewpoint, the temperature and ac-field drive stability for shear
piezoelectric responses are investigated. A temperature-independent shear
piezoelectric response (d,4, in the range of —50 °C to the O-T phase-transition
temperature) is thermodynamically expected and experimentally confirmed

was found to be along the [001] crystal-
lographic direction for compositions
lying in proximity to a morphotropic
phase boundary (MPB).'”] In contrast
to polycrystalline piezoelectric ceramics,
high piezoelectric activities in relaxor-PT
based crystals is believed to be intrinsic
in nature.”l Two intrinsic-based mecha-
nisms have been proposed to explain the
origin of the high piezoelectric response.
The first one is “polarization rotation”,-17
where the high piezoelectric response is
attributed to an ‘ease’ in polarization rota-
tion. It is believed that the monoclinic
(M) phasell®16] acts as a bridge between
the morphotropic phases [rhombohedral
(R) and tetragonal (T)], facilitating the
polarization rotation.'%121718]  For the
second intrinsic mechanism, the high
piezoelectric response is attributed to the

2118  wileyonlinelibrary.com

in orthorhombic relaxor-PT crystals; a relatively high ac-field drive stability
(5 kv cm™) is obtained in manganese-modified relaxor-PT crystals. For all
thickness shear vibration modes, the mechanical quality factor Qs are less
than 50, corresponding to the facilitated polarization rotation.

Introduction

Relaxor-PbTiO; (PT) based ferroelectric single crystals, such
as  (1-x)Pb(Zny 35Nb,/5)05-xPbTiO;  (PZN-PT) and (1-x)
Pb(Mg;3Nb,/3)05-xPbTiO; (PMN-PT) have attracted consid-
erable interest over the last decade because of their superior
piezoelectric properties compared to commercial piezoelectric
ceramics, including (1-x)PbZrO;—xPbTiO; (PZT). The ultra-
high piezoelectric response (ds; > 1500 pC N7, k33 > 95%)
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high level of shear piezoelectric response
in the single-domain state,™! which can
greatly contribute to the longitudinal
piezoelectric response in [001] and [011]
domain-engineered crystals. As analyzed
by Damjanovic et al.2>23 the high shear
piezoelectric activity is related to a flat-
tening of the free energy profile (instability of free energy) near
the MPB. Actually, the high shear piezoelectric response is
directly related to the “ease” in polarization rotation, as has been
revealed before.?’]

From an application viewpoint, the investigation of relaxor-
PT crystals has been focused on crystal growth technology and
usage temperature range. Relaxor-PT based crystals with large
size, homogeneous composition, and low cost are desirable for
various applications. To date, the PMN-PT and Pb(In;/,Nb ;)
03-Pb(Mg;3Nb,3)O3-PbTiO; (PIN-PMN-PT) crystals can be
grown with relatively large size (3-inch in diameter) using the
modified Bridgman method.?*%] A continuous feeding tech-
nique has also been reported to grow relaxor-PT based crystals
with uniform composition and properties.?! For commercial
PMN-PT crystals, the temperature usage range is limited by
the ferroelectric-ferroelectric phase-transition temperature Ty
to <95 °C.I% In recent years, ternary PIN-PMN-PT crystals have
been grown and investigated, showing a broadened tempera-
ture usage range (Tg.r around 120 °C).1?7-32 To further enhance
the usage temperature range for relaxor-PT crystals, efforts
have been put into growing tetragonal PIN-PMN-PT crystals, in
which a broadened temperature usage range (>200 °C) together
with good electromechanical coupling k33 (ca. 84%) have been

Adv. Funct. Mater. 2011, 21, 2118-2128
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observed, as no ferroelectric—ferroelectric phase transition
occurs above room temperature. 33l

Until now, piezoelectric investigations for relaxor-PT based
crystals have been mainly focused on their longitudinal
behavior, whereas the transverse (shear) piezoelectric and die-
lectric properties of relaxor-PT crystals have not been exten-
sively studied.>*38 In contrast to the longitudinal mode, the
transverse (shear) piezoelectric/dielectric response is much
higher in single-domain crystals,?*31 making relaxor-PT based
crystals good candidates for various shear-mode applications,
such as vector sensors, non-destructive evaluation (NDE) trans-
ducers, and low-frequency sonar. Furthermore, the shear pie-
zoelectric activity of the single-domain state is believed to be a
critical factor for the origin of the high longitudinal piezoelec-
tric response in the domain-engineered state. Thus, it is desir-
able to systematically study the shear properties in relaxor-PT
crystals.

In this paper, the present understanding of the piezoelectric
shear response of relaxor-PT based crystals is first discussed.
The shear piezoelectric behavior is then analyzed with respect
to the polarization rotation process, including the temperature
and composition dependence of the shear properties, the contri-
bution of shear piezoelectric to longitudinal piezoelectric prop-
erties in domain-engineered crystals, and shear piezoelectricity
in domain-engineered states. From an application viewpoint,
the temperature and ac-field drive stability, and the mechanical
quality factor Q of the shear vibration modes are discussed.
Approaches to improve the temperature and ac-field drive sta-
bility are also proposed.

2. Shear Piezoelectric Behavior in Relaxor-PT
Based Ferroelectric Crystals

2.1. Shear Piezoelectric Behavior in Single-Domain
Configuration

The shear piezoelectric properties in relaxor-PT based crys-
tals were studied for various ferroelectric phases, including
the rhombohedral (R), orthorhombic (O), and tetragonal (T)
phases. Figure 1 shows the schematic phase diagram, showing
the R, O, and T ferroelectric phases and paraelectric phase (C).
(The monoclinic M¢ phase was found to be only slightly dis-
torted from the orthorhombic phase. Thus, after poling along
the [011] direction, it was proper to consider the Mc phase as a

250

200

o
o

o
o

Temperature
o
o

o

-50

Relaxor PT

Figure 1. Schematic phase diagram for relaxor-PT based crystals, where
R, O, and T represent rhombohedral, orthorhombic/monoclinic (Mc),
and tetragonal phase regions.'"#'3] The spontaneous polar directions of
R, O, and T crystals are depicted in a pseudo-cubic lattice (measured
results of the PIN-PMN-PT system were taken as an example).

quasi-orthorhombic phase for analysis).l"*15] The spontaneous
polarization vectors of the rhombohedral, orthorhombic, and
tetragonal crystals lie along the [111]¢, [011]¢, and [001]¢ crystal-
lographic directions, respectively, as depicted in Figure 1. For
the rhombohedral, orthorhombic, and tetragonal crystals, by
poling along their respective polar directions, the symmetry is
3 m with one independent shear piezoelectric coefficient (d;5 =
d,4), mm2 with two independent shear coefficients (d;s # d,4),
and 4mm with one independent shear coefficient (di5 = d,4),
respectively. Table 1 summarizes the shear piezoelectric coef-
ficients of the rhombohedral, orthorhombic, and tetragonal
phases for PIN-PMN-PT crystals with compositions around the
MPB.3340 High shear piezoelectric coefficients (>2000 pC N7
and electromechanical coupling factors (>85%) were observed
at room temperature for all single-domain crystals, including
rhombohedral “1R”, orthorhombic “10”, and tetragonal “1T”
domain configuration (where “1” indicates the single-domain
configuration).*!l

By applying an electric field perpendicular to the polar direc-
tion of ferroelectric crystals, the polarization in these crystals
will rotate in order to minimize the free energy,*?! leading to
a shear deformation of the lattice, as depicted in Figure 2. For
single-domain relaxor-PT crystals, therefore, the shear piezo-
electric response is associated with these polarization rotation
processes.??l As analyzed in the following, the polarization rota-
tion is easier for compositions closer to the MPB, leading to a
high level of shear piezoelectric activity.

Table 1. Electromechanical shear properties for PIN-PMN-PT crystals with rhombohedral, orthorhombic, and tetragonal phases.

Phase Rhombohedral Orthorhombic Tetragonal
Domain Configuration 1R 10 10 1T
Symmetry 3m mm?2 mm?2 4mm
Properties dys > 3000 pC N dys > 3000 pC N7! dpq ~ 2000 pC N7! dys ~ 2000 pC N7
kys > 90% kis>90% kyy > 85% kys ~80%
€17 > 6000 £9> 6000 £, > 15000 &3> 12000

s5s°~ 27 pm? N~ 5550 ~ 26 pm? N7

5552~ 15 pm? N~ sss? ~ 15 pm? N7

Adv. Funct. Mater. 2011, 27, 2118-2128
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Figure 2. Schematic polarization rotation process and related shear pie-
zoelectric deformation, under perpendicular electric field, whereby the
polarizations are represented by arrows.

2.2. Role of Ferroelectric-Ferroelectric Phase Transitions
for Shear Piezoelectric Response

From a thermodynamic analysis on perovskite ferroelectric
crystals, the shear piezoelectric coefficients generally exhibit
maximum values around the ferroelectric-ferroelectric phase
transitions, no matter if it is induced by the composition or by
temperature, because of the flattening of the free-energy pro-
file or the enhanced energy instability around the phase-tran-
sition points,?*2}l as depicted in Figure 3. Based on previous
measurements and thermodynamic analysis,2*4**3] the char-
acteristics of shear piezoelectric coefficients in rhombohedral,
orthorhombic, and tetragonal crystals can be summarized as
follows:

1) In the rhombohedral phase, there is only one independent
piezoelectric coefficient dys for the 3m symmetry, which
increases as the composition/temperature approaches
the orthorhombic or tetragonal phase from the rhombohe-
dral side.

AT (011 7%
ST M AF
. 4:
HE- B 72 ER
f F i i
,‘_ H -- Electric field
A 4 along [010] R

; %__ Electric field
- along[110]
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2) For the tetragonal phase with 4mm symmetry, the independ-
ent shear piezoelectric coefficient d;5 will increase as the
composition/temperature approaches the rhombohedral or
orthorhombic phase.

In orthorhombic crystals with mm2 symmetry, there are two
independent shear piezoelectric coefficients, dis and d,4. As
shown in Figure 4,14 because of the different polarization
rotation paths, the coefficient d;s will increase if the composi-
tion/temperature is close to the O-T phase boundary, whereas
d,4 will be enhanced if the composition/temperature is close
to the O-R phase boundary/phase-transition temperature.

o
—

The above discussion can be used as a basis to analyze the
temperature/composition-dependent shear properties for
relaxor-PT based crystals with different phases.

2.3. Shear Piezoelectric Behaviors in Domain-Engineered Crystals

In contrast to the high level of shear piezoelectric responses
in single-domain crystals, both high and low shear coefficients
were observed in domain-engineered crystals, for example, in
[001]¢ poled rhombohedral crystals, dis* < 200 pC N~L#%] in
[011]¢ poled thombohedral crystals, di5* > 2000 pC N~ whereas
dys* < 200 pC N~LI4647] The properties of multi-domain crystals
can be attributed to the single-domain properties and related
domain configurations, that is, orientation and structure of the
domains. In order to evaluate the difference in single and multi-
domain configurations, the shear properties of [011] poled rhom-
bohedral crystals were analyzed.*! Figure 5 shows the domain
configuration for [011]c poled rhombohedral crystals, where
the domain configuration is noted as ‘2R’, with mm2 macro-
symmetry. The remaining 71° domains in the “2R” domain con-
figuration are designated as domain I and domain II. For the
15-mode, the contributions of domains I and
II are equivalent with respect to the perpen-
dicular electric field E;, as shown in Figure 6.
The polarization rotation of both domains I
and II contribute to the shear piezoelectric
deformation Ss, leading to a high shear coef-
ficient dis". However, for the 24-mode, the
contribution to the shear deformation S, via
polarization rotation of domains I and II are
opposed, negating one another, as depicted in
Figure 6.481 Thus, the coefficient d,," is rela-
tively small in [011]¢ poled domain-engineered
crystals.[***¥] Analogous to the above analysis,

32.? ?::fé:: - FE;;?:;?P a small shear piezoelectric coefficient d;5* in

g — temp./comp. approaches :l__? [001]¢ poled thombohedral crystals (with “4R”
- / RIO O/Rphase » / N domain configuration) can be expected.

E . E , R/O In summary, the high shear piezoelectric

behavior of single-domain rhombohedral,

Polarization Bolarization orthorh(.)r.nbic, and tetragonal crystals with

(C) compositions around the MPB, are a result

of flattening of the free-energy profile. The

2120 wileyonlinelibrary.com

Figure 3. The shear piezoelectric deformations for tetragonal crystals, corresponding to the
shear coefficient d;s. By applying a perpendicular electric field along a) [010]¢c and b) [110]c, the
polarization rotates to the [011]¢ (polar direction of orthorhombic phase) and [111]c direction
(polar direction of rhombohedral phase), respectively. The subscript “C” represents the crystal-
lographic axes in a pseudo-cubic lattice.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

low level of shear piezoelectric responses in
domain-engineered crystals can be explained
by the negating effect among different
domain rotation processes.

Adv. Funct. Mater. 2011, 21, 2118-2128
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Figure 4. Two independent shear piezoelectric responses (15- and 24-mode) and related polarization rotation path in orthorhombic crystals, whereby
the solid and dashed arrows represent the polarization rotation process under perpendicular electric field. The electric fields E; and E, are along the
[0-11]¢ and [100]¢ directions, respectively. The dotted arrows represent the [001]c and [111]¢ directions in (a) and (b), respectively.

2.4. Shear Versus Longitudinal Piezoelectric Response

The high longitudinal piezoelectric response is generally
observed along the non-polar direction(s) in relaxor-PT based
crystals.'*] Taking [011]c poled tetragonal crystals as an
example, the enhanced piezoelectric response in these domain-
engineered crystals is illustrated in Figure 7. The electric field
along the non-polar [011]¢ direction can be separated into two
parts: Ej, E |. The Ej is along the polar direction and leads to
polarization extension; E | gives rise to the polarization rota-
tion and consequently the shear deformation of single domains.
This shear deformation can contribute to the longitudinal strain
along the [011]c direction. Thus, if the related shear piezoelectric
response of the single domains is high, the longitudinal piezo-
electric response along the non-polar direction would be greatly
enhanced. Based on the single-domain properties,*34¢% Figure 8
shows the orientation dependence of the longitudinal piezoelec-
tric coefficient ds3* for PIN-PMN-PT crystals. It can be seen that
the maximum ds;" values are along the non-polar directions for

[100] o=[0-11]¢ v

[001]=[011]¢

|
[
4
[010]5=[100]¢

L
s

Figure 5. Domain structure of [011]c poled rhombohedral crystals, where
the solid arrows represent the two different rhombohedral domains. The
subscript “O” represents the crystallographic axes in the orthorhombic
lattice.

Adv. Funct. Mater. 2011, 27, 2118-2128
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all three different phases. As demonstrated,?223 if the piezoe-
lectric anisotropy factor, d;s/ds;3, is greater than 2, the maximum
longitudinal piezoelectric coefficient will be along the non-polar
direction, and this type of crystals is referred to as ‘rotator’
ferroelectrics. The anisotropic factors and electromechanical
properties of various single-domain and domain-engineered
configurations are listed in Table 2 (data taken from the litera-
turell:33:37.3948-52) " For the rhombohedral and orthorhombic
crystals, both the longitudinal piezoelectric coefficients and
coupling factors are enhanced in domain-engineered configura-
tions, because of the high piezoelectric anisotropy. It is worth
noting that although the piezoelectric coefficients are enhanced
for domain-engineered tetragonal crystals, the maximum cou-
pling factors k33" were still along the [001]¢ polar direction, this
is related to the fact that the dielectric anisotropy is greater than
the piezoelectric anisotropy factor.[?4953]

According to the above analysis, the shear piezoelectric
response contributes to the longitudinal piezoelectric response
in domain-engineered crystals. Furthermore, by Rayleigh
analysis of domain-engineered relaxor-PT crystals, the ultra-
high longitudinal piezoelectric response for domain-engineered
crystals is mainly attributed to the single-domain shear piezo-
electric response.”>*% In addition, the shear piezoelectric
responses generally exhibit maximum values around an MPB
based on the thermodynamic analysis, thus, the longitudinal
piezoelectric response in domain-engineered crystals will be
greatly enhanced as the composition approaches an MPB.

3. Temperature-Dependent Dielectric
and Piezoelectric Properties

Based on the discussion in Section 2.2 and the phase diagram of
the relaxor-PT based crystals (Figure 1), the temperature-dependent
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as the O-T phase transition occurs above

ioaf . i / DI
i I-( [ 3 /
[} /. DI /

{] [01 1 ]C I.l'l

M,
fm——

room temperature. Of particular interest

) J)
! 7 is that a temperature-independent dy,

can be expected in orthorhombic crystals,
! because of the existence of a composition-
ally “vertical” O-R phase boundary in relaxor-
PT based crystals, as shown in Figure 1,
/ revealing that no O-R phase transition

/ occurs in the studied temperature range for

orthorhombic relaxor-PT crystals.[*%

Figure 9 shows the shear piezoelectric
behavior for rhombohedral, orthorhombic,
and tetragonal PIN-PMN-PT crystals as a
function of temperature. The variations of
the shear piezoelectric coefficients for PIN-

PMN-PT based crystals are consistent with
the above analysis. A temperature-inde-

pendent shear piezoelectric coefficient (d,4)
with an ultrahigh value of >2000 pC N~! was

(100} l

- Y —

Figure 6. Shear piezoelectric behavior and related polarization rotation processes for [011]c
poled rhombohedral crystals. Reproduced with permission.8! Copyright 2010, the American

Institute of Physics.

shear dielectric and piezoelectric properties were investigated for
rhombohedral, orthorhombic, and tetragonal crystals.

For rhombohedral crystals, as presented in Section 2.2, the
shear piezoelectric coefficient d;5 increases with increasing
temperature, as the phase approaches the R-T MPB region
with increasing temperature. For tetragonal crystals, however,
because the T-O ferroelectric phase transition lies below room
temperature, the shear piezoelectric coefficient d;s is expected to
decrease with increasing temperature, moving away from
the T-O MPB region. For [011]¢c poled orthorhombic crystals,
the coefficient d;5 should increase with increasing temperature,

observed.*! The piezoelectric coefficients d;s
for rhombohedral and orthorhombic crystals
were found to increase with increasing tem-
perature and the longitudinal piezoelectric
coefficients di;" along the [001]c direction
were expected to increase with increasing
temperature (below the Tyo.7).[%2%°°>% On
the other hand, for domain-engineered tetragonal crystals (poled
along the [011]¢ direction), the coefficient d;;* was found to
decrease with increasing temperature because of the decreased
dys, as shown in Figure 9b.1*% It is worth noting that a temper-
ature-independent longitudinal coefficient ds3* can be expected
in crystals that are in a single-domain state (poled along the
polar direction), where no shear piezoelectric contribution was
observed. For example, in [001]¢ poled tetragonal PIN-PMN-PT
crystals, the ds;" maintains the same value up to 200 °C.1*%!

The temperature-dependent dielectric permittivity and coupling
factors are shown in Figure 10. The temperature characteristics

Wi Ty |

[001] domain /:

-
|
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r

I

]

Y

: [010] domain

1
1
——b - ————
1
L]
I
I
1

Figure 7. Schematic figure of the piezoelectric deformation in [011]¢ poled tetragonal crystals. It can be seen that the shear piezoelectric response of
single-domain states can contribute to the longitudinal piezoelectric response of domain-engineered crystals.
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Table 2. Piezoelectric and dielectric anisotropies of relaxor-PT based crystals with various phases. E

Relaxor-PT crystals Data for single-domain state Engineered domain configuration F
€33/€0 €/ €11/€33 ds3 [pC N7'] dhs [PCN] dhs/ds3 k33 k3" .

PIMNT(T)? 1090 15000 14 530 2350 4 84% 75% along [011] >

PIMNT(0)?) 900 5400 6 340 3800 mn 82% 93% along [001] =

PIMNT(R)? 700 6300 9 74 2190 30 36% 89% along [001] ~

PMN-0.42PT(T) 660 8600 13 260 1300 5 78% 72% along [011]

PMN-0.33PT(R) 640 3900 6 190 4100 21 69% 949% along [001]

PZNT-0.12PT(T)" 870 12000 14 560 14509 25 87% 629% along [011]

PZNT-0.08PT(R)? 1000 16000 16 909 5000 55 39% 949% along [001]

*e)References [33,49], [48], [50], [51], [39], [52], and [1,37], respectively.

(a) (b) (©)

Figure 8. Orientation dependence of piezoelectric coefficientd;; for single-domain PIN-PMN-PT crystals with a) rhombohedral, b) orthorhombic, and
c) tetragonal phases. The respective input data have been reported previously.[F043:33]

of the dielectric permittivities exhibited a similar trend to that Because the dielectric and piezoelectric responses to tem-
of the piezoelectric coefficients, as predicted by thermodynamic  perature showed similar trends, the electromechanical coupling
analysis. The dielectric permittivity &,,/€, of orthorhombic crys-  factors (k o d/e'/?) were relatively stable with respect to tem-
tals was found to be temperature independent, whereas the per-  perature, as shown in Figure 10b. The shear coupling factor ks
mittivity &;,/€y of rhombohedral, orthorhombic, and tetragonal  of a tetragonal PIN-PMN-PT crystal was found to decrease by

crystals showed large variations with temperature. about 7% upon raising the temperature from —50 °C to 120 °C,
8000 _w— i of PIN-PMN-PT b gooo L~ Rhombohedral crystal -- 3m |

> | o d?: of PIN-PMN-PT ]’ mm2 . —o— Tetragonal crystal - 4mm
= = Electrode (0-11)
Q 6000 Electrode (0-11)c 1S ooool e / |
o | T Aecrocam]

2 4000 pyjing [011] : 1 4000t Poling [111]c Electrode (100)¢
ke) £ [= £
3 o-0-0-* Poling [011] =
£ 2000f m-m-m-m-E "-E--m-n-m-m 1 2000} 1
w

1 L L L 0 L L L L 1
-50 0 50 100 -50 0 50 100 150
Temperature ("C) Temperature (°C)

(a) (b)

Figure 9. The temperature dependence of shear piezoelectric coefficients for a) orthorhombic PIN-PMN-PT crystals; b) rhombohedral and tetragonal
PIN-PMN-PT crystals. Reproduced with permission.“%l Copyright 2010, the American Institute of Physics.
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Figure 10. The temperature dependence of a) transverse dielectric permittivity and b) shear electromechanical couplings for PIN-PMN-PT crystals.

whereas the variation of other shear coupling factors was less
than 3%.

4. Electric-Field-Dependent Piezoelectric
Properties

It is desirable to understand the piezoelectric behavior of
relaxor-PT single crystals under a high electric field, including
a dc bias field or ac drive field, for potential high-power applica-
tions, where the field stability needs to be demonstrated.

4.1. Shear Piezoelectric Response with Respect to a dc Bias
Field

Under a dc bias field, the free energy of perovskite systems can
be expressed as follows:[*3]

AG = ay(pt+ p2+ p2)+ on(p}+ pi+ pi)
+an(pip + pipi+ pipY)
+0¢111(P?+ ps+ Pg)
+o1a(pip} + pips+ Pipi+ pips+ pipi+ pipi)

+0t123pfp§p§ — EyP, — E;P,— E3Ps
(1)

where p; are the orthogonal components of polarization,
measured parallel to the pseudo-cubic axes of the perovskite
unite cell, E; represents the applied electric field. According
to Equation (1), the energy profiles of PZT40/60 with a
rhombohedral phase were plotted under an electric field par-
allel and perpendicular to the [111] polar direction, as shown
in Figure 11. For zero electric field, the minimum free energy
exists at the polar vector along the [111] directions (|p;| = Ipsl),
indicating that the rhombohedral phase is the equilibrium
state. The tetragonal state with its polar vector along the [001]
direction (p; = 0) and the polarization rotation path from the R
to T phase are also marked in Figure 11.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 11. Gibbs free energy profile for PZT60/40 (Zr/Ti = 60/40) at
a) zero bias field, b) 50 kV cm™ along the [111] direction (parallel electric
field), c) 50 kV cm™ along the [-1-12] direction (perpendicular electric
field). Under the above conditions, the polarization p, and p, are equiva-
lent for the free energy of PZT60/40. Thus, the free energies are plotted
with respect to the polar vectors p; and ps, where p, = p, = p;, p, = p3. The
coefficients in Equation 1 have been previously reported.!*’]
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Figure 12. The polarization versus electric field behavior for [111]¢ poled rhombohedral PIN-PMN-PT crystals under various levels of electric fields,

where the ac field was applied to the (-110)¢ faces.

When applying the electric field along the [111] polar direction,
it is observed that the rhombohedral phase becomes more
stable because of the lower free energy, which makes the
polarization rotation harder, as shown in Figure 11b. Based
on this notion, the observed reduction of shear piezoelectric
coefficient with increasing electric field along the [111] direc-
tion in thombohedral PZN-PT crystals can be explained.l**l On
the other hand, when the electric field is applied perpendicular
to the polar direction (along [-1-12]), as shown in Figure 1lc,
the free energy of the rhombohedral phase (polar vector along
[111] direction) increases and the polarization rotation path
from the R to T phase flattens, indicating an increase in shear
piezoelectric response. Thus, an enhanced shear piezoelectric
coefficient can be expected when applying a perpendicular dc
electric field.

4.2. AC Electric Field Stability for Shear Piezoelectric Response

The ac-field stability of relaxor-PT based crystals is ana-
lyzed in the following. Figure 12 shows the polarization-
electric field (PE) loops for rhombohedral PIN-PMN-PT
crystals as a function of the electric field. The small-signal
impedance characteristics for a thickness shear vibration
mode, as a function of the ac drive field after 5000 cycles,
are shown in Figure 13. At an electric field below cm™,

Adv. Funct. Mater. 2011, 27, 2118-2128
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which is half of the coercive field (Ec about 5 kV cm™),
the PE loop after 5000 cycles was found to have the same
shape as the loop after the first cycle, exhibiting no domain
reversal or fatigue in the crystals. The field stability

1 — initial 1
10000 ¢ = = -2kV/cm fatigue 3
. : - - 2.5 kV/cm fatigue]
a I —-—-3 kV/cm fatigue
1000 E
g E
T 100]
g
Q .
£ [
o 10p
1 1 i 1 i 1 i 1 1 L 1 1
0 1 2 3 4 5
Frequency (MHz)

Figure 13. The impedance spectra of PIN-PMN-PT crystals in shear vibra-
tion mode; the impedance spectra were measured after 5000 cycles at
various levels of ac field.
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(- Table 3. AC-field stability and related properties for PIN-PMN-PT crystals. Data reproduced with permission.[?l Copyright 2011, IEEE.

"

= Domain configuration  Material ~ Ec [kV cm™] Epi [kVem™] &€ sP[pm?N7'] dis[pCN7'] ks Nr[Hzm] ac-field stability [kV cm™] Q

(- % niE/-10)® 1R Pure PIN 4.5 0 6000 27 3500 0.93 470 2 30

:II [011]9/(0-11)® 10 Pure PIN 55 0 5600 27 3400 095 380 2 20

= Mn-PIN 8.9 0.6 5800 27 3500 0.95 360 5 25

L [001])/(100)?) T Pure PIN 1.0 0 15000 14 2200 085 850 4 20
Mn-PIN 11.5 1.5 8000 14 1200 0.77 950 6 33

2126 wileyonlinelibrary.com

Apoling direction; ®Electrode surface.

(2 kV cm™) was also confirmed by the impedance-frequency
characteristics, as no change was observed in impedance.
When further increasing the ac-field level, the PE loops
became nonlinear and exhibited hysteresis behavior, mean-
while the anti-resonance frequency was found to shift to a
lower frequency range, demonstrating the instability of the
domain configuration at ac electric fields higher than 2 kV
cm™, limiting the crystal usage range to <1/2 E.

To improve the field stability of relaxor-PT based crystals, two
approaches have been proposed. The first approach is to use
tetragonal relaxor-PT crystals with improved coercive field (ca.
9-11 kV cm™); the other one is to use ‘acceptor’ modified crys-
tals, where the internal bias field stabilizes the polarization.[6%61]
Both pure and Mn-modified PIN-PMN-PT crystals, with rhom-
bohedral, orthorhombic, and tetragonal phases were investi-
gated.[?] The general properties and ac electric field stability of
the PIN-PMN-PT crystals are listed in Table 3. As expected, the
ac-field stability can be enhanced by both approaches. Of partic-
ular interest is that for the Mn-modified orthorhombic crystals,
both high electric-field drive stability (5 kV cm™) and piezoelec-
tric coefficient (3500 pC N~!) were obtained.

5. Mechanical Quality Factor Q for Shear
Vibration Modes

The mechanical quality factor Q is an important parameter
for high-power applications. Thus, the shear-mode quality
factors for various single-domain PIN-PMN-PT crystals were
investigated, the results are listed in Table 3. As presented,
all quality factors were found to be on the order of 20-30. For
comparison, low quality factors for the longitudinal mode in
domain-engineered crystals on the order of 100-300 have been
found previously.*>% However, high longitudinal mechanical
quality factors, being on the order of >2000, were found in the
[111]¢ poled single-domain rhombohedrall®3l and [001]¢ poled
single-domain tetragonal crystals.[*l Based on these results,
it is proposed that the high level of mechanical losses (low
mechanical quality Q) are associated with the polarization
rotation process, including the shear mode of single-domain
crystals and longitudinal mode of domain-engineered crys-
tals. High quality factors were obtained in longitudinal mode
single-domain crystals because of the absence of polarization
rotation processes.

In contrast to the piezoelectric coefficient, the mechan-
ical quality factor Q is more sensitive to other parameters,

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

such as the test frequency, electric-field level, and preload
stress.[°] Of particular interest is that both a high level of
mechanical quality factor and piezoelectric coefficient were
found in the face shear vibration mode (36-mode) of [011]¢
poled rhombohedral crystals,[®! whereby the high piezoe-
lectric activity is associated with the polarization rotation
process, as shown in Figure 14. For 36-mode crystals, the
applied working electric field is parallel to the poling direc-
tion, whereas the working electric field is perpendicular to
the poling direction for thickness shear crystals (15-mode,
24-mode). Thus, the mechanical quality factor may also be
related to the polarization rotation angle, which is under
investigation.

6. Conclusion

The piezoelectric behavior in relaxor-PT based crystals with
rhombohedral, orthorhombic, and tetragonal phases, was
investigated. High shear piezoelectric coefficients were gener-
ally obtained in single-domain rhombohedral, orthorhombic,
and tetragonal crystals with compositions near the MPBs. The
high shear piezoelectric activity was a critical characteristic
for relaxor-PT based crystals, and, as a result, the longitudinal
piezoelectric responses could greatly be improved in domain-
engineered crystals.

From an application viewpoint, interesting properties were
observed for orthorhombic and tetragonal crystals compared
to their rhombohedral counterparts. High shear piezoelectric
responses with improved thermal stability (d,,) and ac drive

Shear
deformation
.'I'-.l 55
EB H
011l [0-11]c

e
g

[100]¢

Figure 14. Schematic polarization rotation process and related face shear
piezoelectric deformation for the 36-mode, where the gray arrows rep-
resent the spontaneous polar vectors [-111] and [111] of rhombohedral
crystals.
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Figure 15. Domain evolution of tetragonal crystals by poling along a) the
[117] direction and b) the [001] direction.

field stability (d;5, Mn-modified crystals) were obtained in
orthorhombic crystals. Moreover, a high electromechanical
coupling kj3 (>84%) and mechanical quality factor Q (>2000)
were concurrently obtained in tetragonal relaxor-PT crys-
tals, with broadened temperature usage range close to their
respective Tc.

7. Experimental Section

Poling Process: As demonstrated in Section 2, relaxor-PT crystals were
poled along their non-polar directions to obtain domain-engineered
structures for high longitudinal piezoelectric responses, whereas the
crystals were poled along their polar directions in order to achieve high
shear piezoelectric responses in single-domain structures.

In contrast to domain-engineered crystals, such as [001] poled
rhombohedral crystals (4R) and [111] poled tetragonal crystals (37),
single-domain crystals were found to crack easily during the poling
process, thus, limiting their applications.

To design a crack-free poling method for single-domain crystals, the
domain evolution of tetragonal crystals was analyzed by poling along the
[001] polar direction and [111] non-polar directions, respectively.

For tetragonal ferroelectric crystals, six different domains, namely
along the [001], [010], [100], [-100], [0-10], and [00-1] directions, coexist
prior to the poling process. As the crystals were poled along the
[117] direction, domains along the [-100], [0-10], and [00-1] directions
transformed to the other three electrically favored domains, forming
engineered domain configuration ‘3T, as shown in Figure 15a. During
the poling process, the electric-field-induced strain by domain switching
was minimal, because the spontaneous strain of these six domains were
equivalent with respect to the [111] direction.

On the other hand, if the crystals were poled along the [001] direction,
domains along the [010], [100], [-100], [0-10], and [00-1] directions
transformed to the electrically favored [001] domain, leading to the

Adv. Funct. Mater. 2011, 27, 2118-2128
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single-domain state ‘1T’, as shown in Figure 15b. During this poling
process, the electric-field-induced strain was significantly large and
abrupt, because of the 90° ferroelectric/ferroelastic domain switching
from the [010], [100], [-100], or [0-10] domains to the [001] domain. As
expected, the strain was found to be >0.6%, with a sharp strain-electric
field behavior around the coercive field, for [001]-oriented tetragonal
PIN-PMN-PT crystals. (I

According to the above analysis, the crack phenomenon of single-
domain crystals was attributed to the large strain variation, which was
induced by the non-180° (90°) ferroelectric/ferroelastic domain switch.
Therefore, in order to avoid cracking, it is necessary to minimize the
strain variation during the poling process. Based on this notion, a
special poling approach was used to obtain single-domain crystals with
various ferroelectric phases, as described in the following.

The tetragonal relaxor-PT crystals were poled along the [001] direction
above the Curie temperature, and then slowly cooled down to room
temperature under the same electric field. By this poling method, only
one domain along the [001] direction was retained with decreasing
temperature from the paraelectric to the ferroelectric phase. Compared
to the room-temperature poling process, a 90° domain switch was
avoided in the above poling process.

For rhombohedral and orthorhombic crystals, the poling electric field
was applied along the [111] and [011] directions, respectively. The crystals
were also poled above the Curie temperature, whereby the poling electric
field was larger than the tetragonal-rhombohedral/orthorhombic phase
transition electric field, in order to guarantee a single-domain state
with its polar vector along the [111]/[011] direction for rhombohedral/
orthorhombic crystals in the temperature range of T¢ to Trr/Tor-

Electrical Measurements: After the polarization process, the electrodes
were removed and attached to large surfaces. The dielectric permittivity
was determined at 1 kHz, using an HP4284A multi-frequency LCR meter.
The resonance and antiresonance frequencies were measured using
an HP4294A impedance-phase gain analyzer. The shear piezoelectric
coefficients and electromechanical couplings were determined by
resonance and antiresonance frequencies, following the IEEE standards
on piezoelectricity. The mechanical quality factor Q was calculated based
on the Butterworth-Van Dyke equivalent circuit. High-field polarization
behaviors were determined using a modified Sawyer-Tower circuit, with
a measuring frequency of 10 Hz, which is much higher than the domain
reversal frequency.
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