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Fatigue anisotropy in single crystal Pb „Zn1Õ3Nb2Õ3…O3–PbTiO3

Koichi Takemura,a) Metin Ozgul, Veronique Bornand, Susan Trolier-McKinstry,
and Clive A. Randallb)

Center for Dielectric Studies, Materials Research Laboratory, The Pennsylvania State University,
University Park, Pennsylvania 16802-4800

~Received 22 February 2000; accepted for publication 3 August 2000!

Fatigue rates in the Pb~Zn1/3Nb2/3!O3–PbTiO3 perovskite solid solution were investigated for
different compositions in the rhombohedral and tetragonal phases in a variety of directions, at
various field levels. It was found that the fatigue rates depend on both the ferroelectric phase and
crystallographic orientation. In the rhombohedral phase when the field is applied along the@001#C

direction~where the direction is given in terms of the cubic prototype!, excellent fatigue resistance
was obtained. ©2000 American Institute of Physics.@S0021-8979~00!06321-0#
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I. INTRODUCTION

Ferroelectric fatigue is the gradual decrease of swit
able charge with polarization reversal under bipolar dri
Early studies of fatigue were mostly confined to single cr
tals, and fatigue was observed to be a general phenomen
ferroelectrics. In general, freezing of the switchable polari
tion is believed to occur through the pinning of domain wa
with point defects and space charge.1–8

In ferroelectric thin film studies, fatigue as well as im
print and retention are widely recognized as major proble
to overcome with ferroelectric nonvolatile random acce
memories~FeRAMs!. IN FeRAM devices, polarization re
versal is utilized for read/write operations and the two re
anent polarization states correspond to ‘‘0’’ or ‘‘1’’ in th
binary memory. Ferroelectric fatigue makes it difficult to d
tinguish between the two states, and consequently limits
lifetime of the memories.9–11

There have been innovative advances to overcome
problem of fatigue in perovskite films, such as the utilizati
of top and bottom oxide electrodes, RuO2,

12,13 IrO2,
14

SrRuO3,
15 and (La,Sr!CoO3,

16,17 which have all been suc
cessfully tested. The mechanism responsible for the
proved fatigue resistance with oxide electrodes is not fu
elucidated; one possibility is that such electrodes can ac
oxygen sources, and so help limit pinning of the dom
walls associated with point defects. Alternative ferroelectr
have also been explored, such as SrBi2Ta2O9 ~SBT! and
SrBi2Nb2O9 ~SBN!.18–20 These materials have the spontan
ous polarization lying in thea-b plane of the orthorhombic
unit cell. There are only four possible polarization states w
SBT or SBN.21 In the polycrystalline case, the remanent p
larization is small, unless care is taken to control the crys
lization orientation. The SBN family can be co-process
with Pt electrodes and retains good fatigue even in this c
There are, however, technological issues associated with
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lower polarizations levels, the high crystallization tempe
tures, and Bi–Pt reactions.22

The objective of this study was to revisit fatigue in pe
ovskite single crystals based on Pb~Zn1/3Nb2/3!O3–PbTiO3,
~PZN-PT! system. These material systems have recently
come important owing to the excellent electromechani
performance obtained with engineered doma
structures.23,24

II. EXPERIMENTAL PROCEDURE

PZN-PT crystals were grown by a high temperature fl
technique.25,26 The ferroelectric crystal compositions studie
include 100% PZN~PZN!, 95.5% PZN-4.5% PT~PZN-4.5
PT!, 92% PZN-8% PT~PZN-8 PT!, and 88% PZN-12%
PT~PZN-12 PT!. At room temperature, PZN and PZN-4.5 P
crystals are rhombohedral~pseudocubic!, PZN-8 PT is near
the morphotropic phase boundary~MPB! ~still rhombohe-
dral!, and PZT-12 PT is tetragonal. For the sake of cons
tency, all of the orientations given throughout the remain
of the article will be given in terms of the prototype cub
perovskite axes. This will be denoted by the subscriptC
when orientations are given. All the crystals were orien
within 62° along the@111#C or @001#C axes by the back-
reflection Laue method. Plate-shaped samples were obta
by cutting off the oriented crystals, which were then polish
with 3 mm alumina powder to obtain flat and parallel su
faces. Pt 100 nm thick was sputtered as an electrode.
thickness of the samples ranged from 200 to 600mm, and the
electrode area ranged from 0.7 to 7 mm2. The samples were
annealed at 250 °C in air for 16 h in order to remove resid
strain and defects that were introduced during crystal gro
and polishing.

Polarization hysteresis loops were measured at ro
temperature using a modified Sawyer–Tower circuit. In p
ticular, the electric field~E! was applied as a triangular b
polar wave form using a high voltage dc amplifier~Trek
Model 609C-6 or Kepco Model BOM 1000M!. The fre-
quency of the alternating field was 10 Hz for polarizati
measurements as well as the switching in fatigue meas
ments. During measurement, the samples were immerse
Fluorinert to prevent arcing. The remanent polarization (Pr)

n
8,
2 © 2000 American Institute of Physics
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7273J. Appl. Phys., Vol. 88, No. 12, 15 December 2000 Takemura et al.
and the coercive fields (Ec) were computed from the hyste
esis loops obtained. On a limited number of samples,
strain-field hysteresis loop was monitored with a linear va
able differential transducer to ensure complete switching
der the bipolar drive at each driving field frequency and a
plitude.

III. RESULTS AND DISCUSSION

A. Composition and orientation dependence

Figures 1 and 2 showPr , Ec , and hysteresis loops fo
@111#C- and@001#C-oriented PZN-4.5 PT crystals as a fun
tion of the number of switching cycles. The amplitude of t
alternating triangular electric field (Emax) was 20 kV/cm, and
the frequency of the field was 10 Hz. The initialPr value for
the @111#C-oriented crystal (Pr ,@001#) is approximately equa
to 1/A3 of Pr ,@111# . In @111#C-oriented crystals, the remane
polarization during cycling is along@111#C for Ei@111#, or
@ 1̄1̄1̄#C for Ei@ 1̄1̄1̄#. Thus, the domains switch betwee
@111# and@1̄1̄1̄# states. In@001#C-oriented crystals, the spon
taneous polarization lies along one of four possible po
directions, for example,@111#C , @ 1̄11#C , @11̄1#C , or
@ 1̄1̄1#C for Ei@001#. With a reverse electric field, then thes

FIG. 1. Switching cycle dependence of~a! remanent polarization,Pr ~solid
circles!, and coercive field,Ec ~open triangles!, ~b! hysteresis loops for
@111#C-oriented PZN-4.5 PT single crystals. In Fig. 1~b!, the solid line is the
hysteresis loop after ten cycles, and the broken line is that after 13105

cycles.
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domains switch to@ 1̄1̄1̄#C , @11̄1̄#C , @ 1̄11̄#C , or @111̄#C , and
this can be done via 180°, 71°, or 109° switching process
assuming rhombohedral symmetry.

As shown in Fig. 1, thePr values for@111#C-oriented
crystals are almost constant up to 103 cycles and then de
crease rapidly with further switching cycles. Th
@111#C-oriented crystals obviously fatigue. TheEc values
increase after the onset of fatigue. In contrast, thePr andEc

values for@001#C-oriented crystals are almost constant up
105 switching cycles as shown in Fig. 2~a!. The shape of the
hysteresis loop does not change even after 105 cycles as
shown in Fig. 2~b!. The Ec value slightly decreases with
switching cycles. As will be discussed below, this decre
in Ec as a function of cycling was observed fo
@001#C-oriented crystals measured with a wide variation
field amplitudes. We infer that some domain walls a
weakly pinned in the initial state, causing some resistanc
switching, but during cycling these domain walls are d
tached from the original pinning sites. Possible origins
the pinning include impurities, oxygen or lead vacancies,
damage produced during crystal growth, polishing, or el
troding.

The same orientation dependence of fatigue is also
served in pure PZN single crystals, as shown in Figs. 3

FIG. 2. Switching cycle dependence of~a! remanent polarization,Pr ~solid
circles!, and coercive field,Ec ~open triangles!, ~b! hysteresis loops for
@001#C-oriented PZN-4.5 PT single crystals. In Fig. 2~b!, the solid line is the
hysteresis loop after ten cycles, and the broken line is that after 13105

cycles.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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4. Fatigue in rhombohedral PZN~-PT! single crystals, there
fore, is not dominated by the nature of the ferroelectric
that is to say relaxor or normal behavior.27,28

Unlike the rhombohedral phase, fatigue is observed
@001#C-oriented PZN-12 PT tetragonal crystals as shown
Fig. 5. In tetragonal PZN-12 PT, the polar direction is alo
@001#C . Thus, domain switching involves polarization dire
tions normal to the electrode-crystal interface, and pres
ably is accomplished predominantly through 180° dom
wall motion. The origin of fatigue in tetragonal PZN-P
crystals is believed to be similar to that found in tetrago
BaTiO3 single crystals.

The switching behavior of Pr and Ec in a
@001#C-oriented PZN-8 PT crystal~near the MPB composi
tion! is shown in Fig. 6~a!. Whereas thePr values are almos
constant up to 105 cycles, the hysteresis loop changes
shown in Fig. 6~b!. There is some indication of the develo
ment of a pinning phenomenon, as is evidenced by the
rowing of the waist of the hysteresis loop.

The above results indicate again that the rate of fatigu
strongly dependent on both the ferroelectric phase and
crystal orientation in relaxor-PT single crystals. T
@001#C-oriented rhombohedral phase showed no notable

FIG. 3. Switching cycle dependence ofPr ~solid circles! and Ec ~open
triangles! for @111#C-oriented PZN single crystals.

FIG. 4. Switching cycle dependence ofPr ~solid circles! and Ec ~open
triangles! for @001#C-oriented PZN single crystals.
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tigue up to 105 cycles for the slow alternating field require
to switch the polarization in the crystal capacitors.

B. Switching condition dependence of fatigue

In ferroelectric thin films, the magnitude of the applie
fields can influence the fatigue rates.29,30Figure 7 shows that
the @111#C-oriented PZN-4.5 PT single crystals fatigue for

FIG. 5. Swithcing cycle dependence ofPr ~solid circles! and Ec ~open
triangles! for @001#C-oriented PZN-12 PT single crystals.

FIG. 6. Switching cycle dependence of~a! remanent polarization,Pr ~solid
circles!, and coercive field,Ec ~open triangles!, ~b! hysteresis loops for
@001#C-oriented PZN-8 PT single crystals. In Fig. 6~b!, the solid line is the
hysteresis loop after ten cycles, and the broken line is that after 13105

cycles.
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wider range ofEmax values. @001#C-oriented PZN-4.5 PT
crystals, in contrast, do not fatigue under variousEmax levels,
as shown in Fig. 8. We therefore can infer that the crys
orientation, rather thanEmax, governs the fatigue resistanc
for these PZN-PT crystals, provided theEmax does not in-
duce ferroelectric phase transitions.31 Figures 9 and 10 show
the switching cycle dependence ofPr and Ec values for
@111#C- and @001#C-oriented PZN-4.5 PT single crysta
measured at various switching frequencies between 0.1
10 Hz. In the present study, fatigue lifetime does not dep
on the switching frequency for@111#C-oriented crystals.

It has been shown previously that large strain change
0.1% accompany polarization reversal in@111#C-oriented
crystals.23 Strain sometimes results in microcracking, a
microcracks have often been associated with fatigue in b
ceramics.32 Figure 11 shows that annealing improves thePr

value of a fatigued@111#C-oriented PZN-4.5 PT crystal
When a fatigued crystal was annealed at 450 °C for 16 h
air, Pr increased to more than 80% of the initialPr value.
This result proves that the fatigue observed in the pres

FIG. 7. Switching cycle dependence ofPr ~solid symbols! and Ec ~open
symbols! for @111#C-oriented PZN-4.5 PT single crystals under vario
switching field strengths~j,h; 10 kV/cm, d,s; 20 kV/cm, m,n; 30 kV/
cm!. The switching frequency was 10 Hz.

FIG. 8. Switching cycle dependence ofPr ~solid symbols! and Ec ~open
symbols! for @001#C-oriented PZN-4.5 PT single crystals under vario
switching field strengths~j,h; 5 kV/cm,d,s; 10 kV/cm,m,n; 20 kV/cm!.
The switching frequency was 10 Hz.
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study is recoverable, and rules out fatigue by microcracki
Therefore, fatigue in the@111#C-oriented PZN-4.5 PT single
crystals is believed to result from domain wall pinning v
defects during polarization reversal, as has been reporte
earlier single crystal studies.

C. Optimum orientation of crystals

Figure 12~a! shows the fatigue behavior for PZN-4.5 P
single crystals oriented along@001#C1a, where a is the
degree of deviation from@001#C ~a50°! toward @111#C ~a
554.7°!, as shown in Fig. 12~b!. The initial Pr andEc values
increase witha, and the initialPr magnitude is consisten
with projection of thePr ,@111# , i.e., Pr ,@111# cos(54.7°2a).
The fatigue rate is enhanced when crystals are oriented
a>15°. The induction period before fatigue onset gradua
decreases with increasinga. Fatigue in the rhombohedra
PZN-PT single crystals is systematically dependent on c
tallographic orientation, with@001#C-oriented rhombohedra
ferroelectric single crystals believed to have the lowest
tigue rate.

FIG. 9. Switching cycle dependence ofPr ~solid symbols! and Ec ~open
symbols! for @111#C-oriented PZN-4.5 PT single crystals measured at va
ous switching frequencies~j,h; 0.1 Hz, d,s; 1 Hz, m,n; 10 Hz!. Emax

was 20 kv/cm.

FIG. 10. Switching cycle dependence ofPr ~solid symbols! and Ec ~open
symbols! for @001#C-oriented PZN-4.5 PT single crystals measured at va
ous switching frequencies~j,h; 0.1 Hz, d,s; 1 Hz, m,n; 10 Hz!. Emax

was 20 kv/cm.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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D. Domain structure in field cycled PZN-PT crystals

Optical microscopy has shown in the@111#C-oriented
PZN-4.5 PT crystal the domain density increases with
cling and fatigue, whereas in the@001#C-oriented PZN-4.5
PT crystal, the density of domain walls decreases. In the c
of @111#C-oriented crystals, it is anticipated that as doma
walls are pinned by the fatigue process, new domains
activated from preexisting nuclei, initially enabling the max
mum polarization to be reversed for each cycle. As cycl

FIG. 11. Recovery of remanent polarization,Pr , for @111#C-oriented PZN-
4.5 PT single crystals fatigued under differentEmax conditions;~a! 10 kV/
cm, ~b! 20 kV/cm, and~c! 30 kV/cm. After fatigue, the crystal was anneale
at 250 °C~open triangle!, and then 450 °C~open square! for 16 h in air.
Downloaded 08 Jun 2004 to 128.178.140.164. Redistribution subject to A
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continues the process of pinning, activation of new doma
and then ultimately freezing, the result is a high density
frozen-in domain walls in fatigued crystals. Recently, in o
group, switching analysis of@111#C- and @001#C-oriented
PZN-PT crystals has shown that the mobility of doma
walls in @001#C cuts is much higher.33 This results in the
ferroelectric being able to lower its total energy by syste
atically having the fastest domain walls control the switchi
and the domains can grow to define the largest volume
the crystal and reduce the total domain wall density. This
consistent with observations made with optical microsco
where only a few domains are observed in@001#C-oriented
crystals driven under bipolar fields to 103– 105 cycles.
Clearly more work needs to be conducted to establish
orientation and nature~i.e., charged or uncharged! of the
residual domain walls in both fatigued and unfatigued cr
tals of both orientations. Higher resolution techniques t
can verify the local domain structures will also be necessa
together with a determination of the switching mechanism

IV. CONCLUSIONS

Fatigue in PZN-PT single crystals was studied at ro
temperature for a variety of crystallographic orientation
electric field strengths, frequencies, and compositions. I

FIG. 12. ~a! Effect of deviation from@001#C direction on fatigue for PZN-
4.5 PT single crystals.~b! The deviation angle from@001#C toward @111#C

~a! is defined. Solid markers showPr , and open markers showEc ~j,h;
a50° @001#, l,L; a515°, d,s; a530°, m,n; a545°, .,,; a
554.7° @111#!. The switching frequency was 10 Hz andEmax520 kV/cm.
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observed that the rhombohedral PZN-PT crystals orien
with the field along@001#C have no fatigue. At room tem
perature,@111#C-oriented rhombohedral PZN-PT fatigues
does tetragonal PZN-PT in@001#C and @111#C directions.
Close to the morphotropic phase boundary the presenc
tetragonal phase will dominate and complicate the fatig
process; this will be addressed in a future paper.

The fatigue free nature of the rhombohedral phase in
@001#C orientation is suggested to be related to the en
neered domain configuration, and to the observation that
@001#C direction has a high domain mobility. Followin
these studies, epitaxial ferroelectric thin films
Pb~Yb1/2Nb1/2!O3–PtTiO3 have been fabricated and tested
verify fatigue at higher switching frequencies and thinn
crystals. The results are consistent with the fundamental
servations made here.34
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