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Abstract

Electric fatigue tests have been conducted on pure and manganese modified Pb(Ing 5Nbg 5)O3-
Pb(Mgy/3Nby/3)03-PbTiO3 (PIN-PMN-PT) single crystals along different crystallographic
directions. Polarization degradation was observed to suddenly occur above 50-100 bipolar cycles
in <110> oriented samples, while <001> oriented samples exhibited almost fatigue free
characteristics. The fatigue behavior was investigated as a function of orientation, magnitude of
the electric field and manganese dopant. It was found that <001> oriented PIN-PMN-PT crystals
were fatigue free, due to its small domain size, being on the order of 1um. The <110> direction
exhibited a strong electrical fatigue behavior due to mechanical degradation. Micro/macro cracks
were developed in fatigued <110> oriented single crystals. Fatigue and cracks were the results of
strong anisotropic piezoelectric stress and non-180° domain switching, which completely locked
the non-180° domains. Furthermore, manganese modified PIN-PMN-PT crystals were found to
show improved fatigue behavior due to its enhanced coercive field.
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[. Introduction

Polarization fatigue in a ferroelectric material is defined as a systematic loss of the
switchable polarization under cyclic electric field, believed to reduce the remnant
polarization, dielectric permittivity and piezoelectric coefficients. Fatigue has the potential
to severely limit the application of these materials. There are numerous publications and
reports discussing the origin of ferroelectric fatigue. Reviews on polarization fatigue were
focused on ferroelectric thin films, bulk ceramics and single crystals in last decade.173
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Many factors were found to affect the fatigue behavior in ferroelectric materials, including
experimental parameters, such as the applied driving field amplitude (related to coercive
field, or field level to induce phase transition), driving field frequency, temperature; the
electrode attachment, electrode-ferroelectric interface quality, crystal microstructure, grain
size, porosity, doping, anisotropy, etc. VVarious mechanisms have been explored to explain
the fatigue behavior, such as domain —wall pinning by point defect agglomeration and space
charge accumulation; dead/blocking interfacial layers; nucleation inhibition; local phase
decomposition and the formation of microcracks, to name a few.1=18 However, most of
these results were based upon thin films and bulk polycrystalline ceramic, which are highly
dependent on surface, interface and grain boundary related imperfections and defects. Thus,
it is desirable to investigate the fatigue behavior in single crystals to better understand the
ferroelectric characteristics in bulk materials, in order to decouple the fatigue behavior from
the impact of surface/interface related imperfections and grain boundary conditions19.

In last few years, many investigations on ferroelectric single crystals, including
Pb(Mg/3Nby/3)03-PbTiO3 (PMNT) and Pb(Znq3Nby/3)03-PbTiO3 (PZNT), were carried
out and the results show that fatigue in single crystals exhibits strong anisotropic behavior,
however, the reported results on the anisotropy were rather contradictory.14=28 In PZNT
crystals, it was reported that <001> crystallographic direction is fatigue-resistant, while the
<111> direction exhibit a strong fatigue behavior due to accumulated defects. Vacancies or
space charge defects were found to accumulate at domain boundaries during switching and
clamp their motion. Studies have shown that the activation energy for the domain motion is
dependent on the crystallographic orientation in PZNT crystals and that the mobility is
maximum along the <001> direction.19723 In PMNT crystals, however, it was observed
that microcracks developed in <001> oriented crystals during the cyclic electric field that
pin the domain wall motion, leading to polarization degradation.24~28 They attribute the
domain boundary cracking to 71° domain switching observed by in-situ transmission
electron microscopy.

In the last few years, a new relaxor-based ternary single crystal system Pb(Inq;oNbq;2)O3-
Pb(Mg1/3Nby/3)O3-PbTiO3 (PIN-PMN-PT) was reported to possess higher Curie
temperature/ferroelectric phase transition temperature and comparable piezoelectric
properties to the binary crystal systems PZNT/PMNT. As a result, PIN-PMN-PT shows
broadened temperature usage range.2%=33 Thus, it is interesting to explore this ternary
crystal system for better understanding its performance under different external conditions,
such as dc bias, stress, cyclic electric field, etc. The present investigation is concerned with
the fatigue behavior in PIN-PMN-PT crystals. The effects of orientation, including <001>
and <110> directions, applied electric field amplitude and acceptor dopants on fatigue
behavior in the crystals will be investigated and a possible fatigue mechanism for the
crystals will be discussed.

ll. Experimental

Pure and manganese modified PIN-PMN-PT single crystals were grown by a modified
Bridgman technique, along the crystallographic <001> direction. The composition used in
this study was selected far away from its morphotropic phase boundary (MPB), in order to
avoid composition induced phase transition interference during the cyclic period. The
piezoelectric coefficient ds3 of this PIN-PMN-PT composition was found to be 1300pC/N,
while the remnant polarization P, and coercive field E¢ were on the order of 0.27C/m? and
5kV/cm, respectively, corresponding to part B of the as-grown crystal boule2®, with
composition of 0.26PIN-0.45PMN-0.29PT. The crystal was oriented along <001> and
<110> directions using a back-reflection Laue system. The samples were cut and polished
with silicon carbide. The dimension of the obtained samples was 5x5x0.5mm?3, with normal
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direction along <001> and <110>. In order to eliminate the electrode material and interface
issues and keep the results consistent, vacuum gold sputtered electrodes were used for all the
samples. High field measurements of polarization and strain were performed by a modified
Sawyer-Tower circuit and linear variable differential transducer (LVDT), driven by a lock-
in amplifier. Based on the polarization measurement as a function of frequency, the remnant
polarization was found to drop sharply at 800Hz for PIN-PMN-PT crystals, thus, the domain
switching time was determined to be on the order of a few milliseconds. Thus, all the fatigue
measurement frequency was selected to be 10Hz, with a triangular waveform. The
amplitude of the applied electric field was selected according to the coercive field of the
crystals, being on the order of 5-15kV/cm. In order to prevent electric breakdown and keep
the sample temperature constant under cyclic electric loading, the samples were immersed in
a silicone oil tank. Scanning electron microscope (SEM) was used to observe the domain
configuration in fatigued samples with different orientations. X-ray diffraction was also
performed on the fatigued samples to check for phase changes.

lll. Experimental Results

3.1 Anisotropic fatigue behavior in single crystal systems

Fig. 1a shows the remnant polarization (P,) for <001> oriented PIN-PMN-PT crystals, as a
function of the number of switching cycles. The amplitude of the applied alternating
triangular electric field was 15kV/cm. The initial P, was found to be on the order of 0.27C/
m?2, maintaining the same value till > 104 cycles. P, was slightly reduced to 0.26C/m? at the
cycle about 10°. The unipolar strain behavior is given in the small inset. The piezoelectric
coefficient ds3 calculated from the slope of the S-E loop was found to be on the order of
1300pC/N before the fatigue test, and the value slightly decreased to 1200pC/N after 10°
cycles. However, the maxima strain level was recovered after two weeks, indicating the
rejuvenate behavior for <001> oriented samples. Fig. 1b shows the fatigue behavior for
<110> oriented PIN-PMN-PT crystals, with the same measurement conditions. It is clearly
observed that there were three stages in the polarization as function of cycling number: 1)
the slow fatigue stage (up to 30 cycles), 2) the logarithmic stage (around 50 to 103 cycles)
and 3) the saturated stage (after 103 cycles). The fatigue was found to occur rather suddenly
after 50 cycles, with polarization P, decreasing from 0.39C/m? to only 0.15C/m? in the
logarithmic stage.

3.2 The effect of manganese dopants on the fatigue characteristics

Manganese modified PIN-PMN-PT single crystals were found to possess higher mechanical
quality factor (Q33 ~800-1000) and coercive field (Ec ~5.7-10kV/cm), with internal bias
Eint being on the order of 0.1-0.5kV/cm, showing a “hardening” characteristic, presumably
due to the oxygen vacancy- acceptor defect dipole, clamping the domain wall motion. The
fatigue behavior for <001> and <110> oriented Mn modified PIN-PMN-PT crystals were
shown in Fig. 2a and Fig. 2b, respectively. The small insets in the figures were bipolar
polarization as a function of electric field and cycling number. It was found that the fatigue
behaviors were very similar to the pure PIN-PMN-PT crystals, where the P, was found to be
0.28C/m2 for <001> oriented Mn doped crystals, slightly decreased to 0.27C/m? at cycle
number 10°, while the P, was found to be 0.39C/m? for <110> oriented doped crystals and
maintain the same value till 100 cycles, then dropped suddenly to only 0.13C/m?2 at 1000
cycles.

3.3 The effect of amplitude of the cyclic electric field on the fatigue behavior

Fig. 3a shows the unipolar strain measured at 10kV/cm for <110> oriented PIN-PMN-PT
crystals immediately after the fatigue measurements with different amplitudes of the cyclic
electric field. It was observed that the <110> oriented crystals show no fatigue when the
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amplitude of the applied field was on the order of 5kV/cm (the same value of E;). The
piezoelectric coefficient was calculated to be 840pC/N, which is similar to that of the virgin
samples. However, strong fatigue was found to occur when the applied electric field
exceeded the coercive field. Degraded piezoelectric coefficients were measured to be on the
order of 410pC/N to only 220pC/N, with increasing amplitude of the cyclic electric fields.
For comparison, the unipolar strain for <110> oriented Mn- modified PIN-PMN-PT crystals
were presented in Fig. 3b following the same fatigue measurements. It was found that the
Mn- modified crystals show improved fatigue resistance, with fatigue-free behavior until the
applied cyclic electric field reached 7.5kV/cm. Fatigue started in the samples when electric
field exceeded 10kV/cm. Piezoelectric values were reduced to ~250pC/N, only one third of
the original value.

V. Discussion

4.1 Anisotropic engineered domain configuration

PIN-PMN-PT single crystals show strong anisotropic fatigue behavior. The <001> direction
shows almost fatigue resistant characteristics, while <110> and <111> directions exhibit
strong polarization degradation with cyclic electric field. In perovskite ferroelectric, it is
known that defects, such as vacancies or space charges, tend to accumulate at domain
boundaries during switching and prevent their free motion and reduce the polarization.® For
a <001> poled rhombohedral ferroelectric single crystal, the original eight equivalent
polarization variants along <111> rotate toward the <001> direction and reduce to four
partially aligned variants by 180° domain switching, forming a degenerated “4R” engineered
domain configuration34. For <110> oriented crystals, when the field is applied along the
<110> direction, another domain engineered structure “2R” was generated34, with two
equivalent variants forming a domain boundaries in the <001> direction. In <001> oriented
PIN-PMN-PT single crystals, the polarization reduction was found to be on the order of
<5% upon 10° cycles, correspondingly, the decreasing of piezoelectric coefficient was found
to be <8%. The piezoelectric coefficient was found to rejuvenate to the original value after
two weeks and/or thermal treatment at 300°C, revealing that the frozen-in pinning centers at
the domain boundaries, such as agglomerated defect/charge, were removed and/or re-
distributed; hence, the domain wall mobility recovered. Of particular interest is the fatigue
behavior in manganese modified PIN-PMN-PT single crystals, which show similar trends
with cycling number to the pure counterpart. The manganese ions are known to be acceptor
dopants in the relaxor-PT materials, which substitute titanium ions, resulting in the
development of acceptor-oxygen vacancy defect dipoles, clamping/pinning the domain wall
motion. The acceptor dopants in the bulk crystal systems are supposed to deteriorate the
fatigue behavior; however, the manganese addition in PIN-PMN-PT single crystals was
found to improve the fatigue resistance. This is thought to be related to its higher coercive
field, which will be discussed in detail in the following section.

4.2 Coercive field and the amplitude of applied field

It was reported that the coercive field of the materials was an important factor affecting the
fatigue characteristics. Little or no fatigue was found for an applied electric field around/
below the coercive field (Ec) and moderate fatigue for a field between E¢ and 2E, while
the most severe fatigue occurs for the samples driven by a saturated field of above 2E¢1L.
The E¢ of Mn doped PIN-PMN-PT crystals was found to be 5.7kV/cm and 10kV/cm for
<001> and <110> orientations, respectively, higher than those values reported for pure
crystals. Thus, in Mn- doped crystals, the fatigue behavior is affected by the density of
acceptor-oxygen vacancy defects and coercive field, where high defect density deteriorates
the fatigue while high coercive field improves the fatigue. In order to delineate which
mechanism dominates the fatigue behavior, experiments were performed on the pure and
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Mn-doped <110> oriented PIN-PMN-PT crystals. As shown in Fig. 3a and Fig. 3b, both
<110> oriented pure and doped crystals show fatigue resistance when the electric field was
on the order of 5kV/cm and exhibited strong fatigue behavior with the applied field being on
the order of 15kV/cm. However, when the field was on the order of 7.5kV/cm, the pure PIN-
PMN-PT was found to exhibit fatigue behavior, with piezoelectric coefficient being only
half of the value for virgin samples, while the Mn-doped crystals show fatigue free behavior,
due to its higher Ec. It was observed at the same high applied field (15kV/cm), the strain
hysteresis for Mn- doped crystals was found to be higher than that of the pure counterpart,
revealing that fatigue is more severe in Mn-doped crystals, since the strain hysteresis is
related to the microcracks inside the bulk crystals, which induced by the stress from
accumulated defects. So the defect density will control the fatigue behavior in Mn-doped
PIN-PMN-PT crystals at high cyclic field, while the high coercive field will dominate the
fatigue at relatively low cyclic field.

4.3 Mechanical failure (cracking)

Both first-principles calculations and experimental results with respect to ferroelectrics have
shown that the application of a mechanical stress can impact polarizations and their
switching behavior due to the stress induced micro/macro cracks and phase
transitions19:35:36, Fig. 4 shows the SEM images of <001> and <110> oriented PIN-PMN-
PT crystal samples after 10° bipolar cycles. Typical domain pattern for <001> oriented
crystals was observed and shown in Fig. 4a. The non-180° domain twins were found to be
parallel and/or vertical to the <101> direction, with domain size being on the order of <1
micron. The domain twins join together on the (101) crystallographic plane. Fig. 4b— 4d
show the images of fatigued <110> oriented samples. The domain size in <110> oriented
samples was found to be on the order of 10 microns, much larger when compared to the
domain size in <001> oriented crystals. Fig. 4b shows the (110) cleavage planes, parallel to
which, the cracks are easy to occur. Fig. 4c gives the non-180° domain band structure
(domain boundary) along the <001> direction. Fig. 4d shows micro/macro cracks, which are
in the range of few tens to few hundreds microns. The cracks propagate along the domain
boundary in the <001> direction, due to the large strain incompatibility. Also, other cracks
were observed that deviated from the domain boundaries, which were mainly due to
discontinuities and the anisotropic nature of the mechanical displacement. Analogous to
<110> oriented PMNT crystals28, sudden crack initiation was assumed to occur within the
first hundred cycles and propagate quickly under the first thousand cycles, but afterward
there is almost no crack propagation, corresponding to the logarithmic stage in Fig. 1b and
Fig. 2b. To further elucidate the evolution of residual stress associated with the
crystallographic orientations in PIN-PMN-PT single crystals, more experiments and
discussions will be followed.

In crystals, when the applied field was along the crystallographic orientation, the stress
tensor has lateral components perpendicular to the field direction, which is related to the
lateral piezoelectric coefficient d3; and/or dsp. Fig. 5a shows the lateral piezoelectric
coefficient map for <001> poled PIN-PMN-PT crystals, from which the d3; values were
found to be the same for different vibration directions. This is confirmed in Fig. 5b, where
the field induced strain/displacement was found to be on the same order. For <110> oriented
crystals, however, it is in “2R” engineered domain configuration and the macroscopic
symmetry is mm2, so the lateral piezoelectric coefficient was found to vary significantly
along different vibration directions, as shown in Fig. 6a, where the maximum value d3, can
be achieved when the sample vibrates along <001> direction, being on the order of
—1300pC/N (d3p), while the piezoelectric coefficient d3; was found to be 530pC/N when
vibrate along <1-10> direction. Of particular importance is that the crystal will be
contracted along <001> direction and expanded along <1-10> direction when applied field
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is along <110> direction, giving rise to a large strain/displacement discontinuity along
lateral directions, as confirmed in Fig. 6b. The generated strain/displacement discontinuity
will induce the mechanical fatigue by buildup of the resistance to the non-180° domain wall
motion. As the resistance increases, a great part of the strain is accommodated by plastic
deformation, cracks start to form when the deformation reaches a certain threshold under
cyclic field. Due to the different levels of strain generated in <110> oriented samples, the
generated cracks will deviate from the domain boundaries, which will usually be along the
<001> direction.

It is worth to mention here that the lateral piezoelectric coefficient d3; in <111> poled
crystals (3m symmetry) follows the same trend as that observed in <001> poled crystals
(4mm), as shown in Fig. 7. The values of d3; were found to be on the same order along
different lateral directions, so no piezoelectric strain incompatability occurs. Thus, the
ferroelectric fatigue reported in <111> oriented crystals was induced by the accumulated
charge/defect on domain boundaries, rather than mechanical cracks, which was confirmed
by the rejuvenation of the polarization switching in <111> oriented samples20—22,

Different from the studied PIN-PMN-PT crystals, field-induced cracks were also observed
in <001> oriented PMNT crystals24=28, The domain size of PMNT crystals with MPB
compositions was found to be on the order of 10-30 microns3’, while the domain size of the
studied PIN-PMN-PT crystals was found to be <1 micron, as shown in Fig. 4a. Thus, the
domain wall density in PIN-PMN-PT crystals was much greater than that in PMNT crystals,
indicating that the density of the agglomerated defects/charges on the domain boundaries
was much higher in PMNT crystals even though the total content of defects on domain
boundaries was similar in both crystals. Furthermore, the large domain size in PMNT
crystals make it harder to be switched due to clamping effects arising from a higher density
of agglomerated defects/charges, which will cause higher accumulation of incompatible
piezoelectric strains during the electric field cycling, leading to the crack and fatigue.
However, in the same PMNT crystal system, the <110> oriented crystals show much higher
crack propagation than that of a <001> oriented crystals28, due to the strong anisotropic
lateral piezoelectric activity, as shown in Fig.6.

4.4 Phase transition

Beside the cracks, phase transitions may also play an important role for the fatigue behavior
in <110> oriented crystals. As reported in <110> oriented PMNT crystals, a near completely
reversible transformation between rhombohedral to orthorhombic phase occurs at lower
electric field than for those oriented along <001> direction38. Furthermore, significant
accumulation of residual stress during fatigue measurement will induce the phase transition,
which in turn, will cause cracking of <110> oriented crystals more easily when compared to
the <001> direction. Thus, in PIN-PMN-PT crystals studied in this work, the applied electric
field of < 15kV/cm along <110> direction is expected to induce the orthorhombic phase in
the fatigued samples. Fig. 8 gives the XRD pattern, which was performed on the virgin,
poled and fatigued <110> oriented sample surface, respectively. It was observed that the
<110>, <220> and <330> peaks broadened after the poling process, due to the stress inside
the crystals, induced by the poling. Of particular interest is that the peaks were found to be
split after the fatigue measurement and were confirmed to be in orthorhombic phase.
According to the switching-induced charge-injection model, the local rhombohedral to
orthorhombic phase transformation will cause fatigue (polarization degradation) due to its
low dielectric permittivity of orthorhombic crystal, usually being on the order of 500-1000,
when compared to rhombohedral counterpart (>4000).

Acta Mater. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 7

V. Conclusion

Ferroelectric fatigue in PIN-PMN-PT single crystals was investigated with respect to the
crystallographic direction, amplitude of the applied field and acceptor modification. The
crystals show strong anisotropic fatigue behavior, where <001> oriented samples exhibit
fatigue resistant characteristic, while <110> and <111> oriented samples show a strong
ferroelectric fatigue. The Mn- doped crystals were found to possess improved fatigue
behavior, due to its high coercive field. It is clear that several different mechanisms account
for the ferroelectric fatigue in the crystals. Which one of these mechanisms dominates
depends on the microstructure, anisotropic engineered domain and domain size, etc. The
fatigue in <111> oriented samples is mainly due to the accumulated defect/charge on the
domain boundaries, clamping the domain wall motion, which can be rejuvenated by
annealing, while the mechanical failure (cracks) and the phase transition play important
roles in the fatigue behavior of <110> oriented samples. The crack development in <110>
oriented crystals is mainly attributed to the incompatible strain around the non-180° domain
boundaries and the large anisotropic piezoelectric strain/displacement, especially under
cyclic field condition. Furthermore, the small domain size in <001> oriented PIN-PMN-PT
crystals will benefit the fatigue resistant behavior, while its binary counterpart PMNT with
MPB compositions and large domain size suffer from the fatigue due to the microcracks.
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Fig. 1.

Polarization as function of number of cycles for <001> (a) and <110> (b) oriented PIN-
PMN-PT crystals at field magnitude of 15kV/cm, the small inset shows unipolar strain as
function of field for <001> oriented crystals before and after 10° cycles.
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Fig. 2.

Polarization as function of number of cycles for <001> (a) and <110> (b) oriented Mn-
doped PIN-PMN-PT crystals at field magnitude of 15kV/cm, the small insets show
polarization hysteresis as function of field and cycle number.
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Fig. 3.
Unipolar strain behavior after fatigue measurement under different applied field amplitudes
for <110> oriented pure (a) and Mn-doped (b) PIN-PMN-PT crystals.
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Fig. 4.
SEM images of PIN-PMN-PT crystals after fatigue test. <001> oriented sample (a); <110>

oriented samples showing (110) cleavage planes (b); non-180° domain band structure (c);
micro/macro cracks (d).
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Fig. 5.

(a) Lateral piezoelectric coefficient map for <001> poled crystals; (b) Unipolar strain curves

for <001> poled crystals and vibrate along <110> and <100>.
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Fig. 6.
(a) Lateral piezoelectric coefficient map for <110> poled crystals; (b) Unipolar strain curves
for <110> poled crystals and vibrate along <001> and <1-10>.
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Fig. 7.
Lateral piezoelectric coefficient map for <111> poled crystals.
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Fig. 8.

XRD patterns for <110> oriented crystals (virgin, poled and fatigued samples).
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