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ABSTRACT

This report documents work carrled out in the Materlals Research Laboratory of The
Pennsylvania State University on the third and final year ol the program on “Plezoelectric
and Electrostrictive Malcrials for Transducers Applications™ sponsored by the Oflice of Naval
Research {ONR) under grand No. NOOO14-89-J-1689. This marks the tennination of a very long
and highly productive scquence of contracts and grants focusing on Llhe development of new
malterials for Plezoclectric and Electrostrictive transducer applicalions carried through under
core ONR funding. Fortunately many clements of the work will be continuing on a new
Universily Rescarch Initlative (URI) program under ONR sponsorship.

Iighlights of Lhe past ycar's activitles include: An increasced cmphasis upon the
flextensional (imoonie) type actuators. modellng both the inlernal stress distribution as a
function of geowetry, and the very interesting resonant mode structure of the composiles; A
more refined focus upon the performance of piczoelectric ceramic transducers, particularly
under high drive levels Is developing with concern for the cxtrinsic domain and phase
Loundary contributions to response. Measurement and modelling are being used to explore the
nonlinearily and the frequency response and (o examine the phase partilioning at the
rhombohedral : tctragonal morphotropic phase bou:lary in the PZT system. Phenomena
limtting lifcthime in polarization and phase swilching actuators are belng explored Lo separale
sutface and volume clfects and those due to grain size and [law population differences. New
work has been initiated (o examine Acoustic Emission as a tcchnique, in combination with
Barkhausen current puisc analysls, to scparate and evaluate domain swilching and
microcracking In polarization swilching systeins.

From work on this program il has now beconte clear that the relaxor ferroelectrics are
i fact close analogucs of the magnetic spin glasses, sou thal the spin glass formalism can be
used (o explain the very wide range of diclectric, elastic and electrostriclive properties. The
remaliing outstanding fundamental problem is that of the detailed interrelationship belween
the known nano-heterogeneity in the structure and chemistry and the nanopolar regions
which contribule Lhe electrical response.

Of very high practical interest Is the manner in which the relaxor can be [icld biased
into extremely strong piczoclectric response. Work s going forward Lo examine this response
in detail and to explore the possibility that such “super-responses’ can be induced by chemical
(solid solution) means.

Processing sludics have focused upon new lower temperatlure consolldations for

relaxors, and upon new composlitions for high temperature plezoclectric ceramics.

in paralicl with the ONR Transducer Program the Laboratory has extensive DARPA
sponsored rescarch on ferroclectric thin films.  Since the fiims structures frequently involve
malterials like the PZT, PMN : PT. PLT and PLZT families of composilions and do explore
piczoelectric effects and applications, a small group of the most relevant papers form this

program are appended to the report.
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CERAMIC-METAL COMPOSITE ACTUATOR

Q.C. Xu, A. Dogan, J. Tressler,
S. Yoshikawa, and R. E, Newnham
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

ABSTRACT

The main objective of this work was to
develop a new type of actuator. It consists of a
piezoelectric ceramic disk or multilayer stack and two
metal end plates with a crescent-shaped cavity on the
inner surface. The plates are used as mechanical
transformers for converting and amplifying the lateral
displacement of the ceramic into a large axial motion
in the plates. Both d3; and dj3 contribute to the axial
displacement. Sizeable strains were obtained with both
PZT-metal and PMN-metal actuators. Displacement
amplification principle, fabrication, and measurement
results are presented.

INTRODUCTION

In recent years, piezoelectric and
elecirostrictive ceramics have been used in many
actuator applications. The two most common types of
actuator are a multilayer ceramic actuator with internal
electrodes and a cantilevered bimorph actuatord!]. A
frame suructure for displacement amplifier in xmpact
printer head has also been developed using
piezoelectric multilayer actuators (2], - —

This paper describes a new type of cemmc-
metal composite actuator which is based on the
concept of a flextensional transducer(2). The ceramic
is excited in an exiensional mode and the metal plates
in a flexure mode. The meital plates are used as a
mechanical wransformer for transforming the high
mechanical impedance of the ceramic to the low
mechanical impedance of the load. Therefore, a large
effcctive piezoelectric coefficient, d33, exceeding

4000 pC/N as well as a hydrostatic piezoefleciric:

cocfficient dy, exceeding 800 pC/N can be obiained
from a single PZT disk-metal (brass) compositel*].

PRINCIPLE

The extensional mode of the piezoelectric
ceramic element is characterized by a large generated
force, a high electromechanical coupling, a high
resonant frequency, and a small displacement. Often it
is desirable to use a compact structure to magnify the
displacement of the ceramic element. Figure ! shows
the basic configuration of the ceramic-metal composite

d
i &
e |
T’ L4 U\ \\:Q:‘\\\A \\ ‘\QS§§;Q§SS\‘<§:§
J»'Q\ \L?l\\ “.\\\"' "‘\k B
~ M
1) ) ' Bonding
Fgure L. The geometsry of composite.
actuator. The ceramic element can either be 2

piezoelectric ceramic or an electrostrictive ceramic
with single layer or multilayer. Low driving voltages
can be used for the multilayer ceramic element. The
electrostrictive ceramic is expected to reduce
hysteresis as well as exhibit a nonlinear relationship
between the voltage and the displacement.

The "Moonie™ metal plates are used as
displacement magnifiers. The relationship between the
displacement of the metals and the geometry of the

.metals and the ceramic is explained below. For

simplicity, consider a cirved beam with small
curvature bonded to a ceramic bar (Figure 2).

According to elastic theory (S), the bending moment M
under an electroactive force from the ceramic is as eq.

(1)

222 12 p2
Tdb-a)<4ab (n2))
M2 2 Q)
4[-3—1’-!np‘-+bzln§+azln9+b2-az)
- i

L p & M
nt A% %
Meal . . . Crramic

N ’
\ ’
\‘. l’

Figure 1. Simplified model for displacement magnification.




The electroactive force will be transmitted to
the Moonic metal. The stress in the metal is:

Te= El A @)
An
where d = piezoelectric strain coefficient of
the ceramic,
Ea = electric field in the ceramic,
Ye = Young's modulus of the ceramic,
Ac. Am = cross sectional area of the

ceramic and metal, respectively,
and r~a~-b.

The normal displacement of the metal
produced by the piezoelectric effect of the ceramic is:

2
'”‘}lf’, Y.

3 dY 4
Uy= = v Q)
POy, 1, 4b,Y.0
| P = thickness of the metal
Ym = Young's modulus of the metal
v = applied voltage
Im = moment of inertia of the metal
Us _3.4Y.¢
ay| =+ "an, Y )
off (4)
For the electrostrictive effect:
21
T.- w ()
Ag
Q ---e.lec;r;cmcun coefﬁcxenut_ )
- the ceramic - -
L =  permittivity

The displacement of the metal by the
electrostrictive effect is then:

QeY¢

23= s —.(6) -
4 ) h.Y.O

U=

The transverse displacement at the end of the_ -

ceramic bar is:

Sng_v.

¢

and the displacement conversion rziio is:

U_398Ych

) 4LOYh (7)

Equations (3) and (6) explain uow the normal
displacement U of the metal is related to the transverse
piezoelectric or electrostrictive effect of the ceramic.
The to1al displacement is the sum of the displacement
described above and the displacement due to
longitudinal effects.

The lowest resonant frequency of the actuator
is a flextensional mode which is determined mainly by
the stiffness of the ceramic in a planar mode and the
equivalent mass of the metal plate. The equivalent
mass is much larger than the real mass of the metal
plate because the vibration velocity of the metal part is
much larger than the reference velocity of the PZT.
The equivalent mass is

4 2 2
3 pobhl) @ dX 2

M,= - Ma

22
d.Yh,
JEXN
LY.

Mm=PmVm=Pmbhm i

When the be/b ratio is high and kp << ke,

the resonant frequency of the lowest flextensional
mode is:

, L L
fa’ -

2y (M, + MIke+ k™ V 1eexf) M,

.iﬁii;'f.) 3‘-‘{;’—{;"—;‘—‘11 t, ®

L6Ygh,

The M, is mwek larger than the real mass of the metal.
Here  kc=stiffpess of ceramic
km=stiffoess of metal plate
fc=resonant frequency of planar
mode of the ceramic itself.

From equation (8) the lowest flextensional frequency
{g; is proportional to VB,




SAMPLE PREPARATION

The composite actuators were made from
eleciroded PZTSA or PMN-PT ceramic disks (1! mm
in diameter and 1| mm thick) and brass end caps (from
11 mm t0 13 mm in diameter with thicknesses ranging
from 0.2 10 3 mm). Shallow cavities from 6 mm to 8.5
mm in diameter and about 150 pm center depth were
machined into the inner surface of each brass cap. The
ceramic disk and the end caps were bonded around the
circumference, taking care not to fill the cavity or short
circuit the ceramic electrodes. Three kinds of bonding
materials have been utilized:

L Silver foil (28 higi \and

This composite was heated to 600°C under
stress to solidify the bond. After cooling, the actuator
was encapsulaled using Spurr’s epoxy resin, followed
by curing at 70°C for 12 hours. Electrodes were
attached to the brass end caps and the PZT ceramic

was poled 3t 2.5 MV/m for 15 minutes in an oil bath
held at 120°C.

2 Pb-Sn-Ag Solder Bonding.

The PMN-PT or poled PZT and the brass end
caps with the Pb-Sn-Ag solder ring (thickness 50 pm)
were heated 10 190°C under pressure.After cooling, the
composite was encapsulated using epoxy resin, -

3 Epoxy Resio Bonding.

The brass end caps and the ceramic were
bonded by Emerson & Cuming epoxy resinaround the
rim at room temperature,

—_— - ————

An electrostrictive actuator was made from a
multilayer ceramic stack and a brass beam and bonded

to the Moonie inner surface with an epoxy (Figure 3). __ .

This composite demonstrates that a sizeable
displacement can be produced under low driving
voltage using a8 multilayer ceramic stack.
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EXPERIMENT RESULTS

The displacement of the composite actuator in
the low frequency range was measured with a Linear
Voltage Differential Transducer (LVDT) having a
resolution of approximately 0.05 pm. The direct
piezoelectric coefficient d33 was measured at a
frequency of 100 Hz using a Berlincourt d33 meter.
The displacement-frequency dependence was measured
with 2 double beam laser interferometer, Resonant
frequencies were obtained with a Hewlet-Packard
Specirum Analyzer (HP-3585A) or Network Analyzer
(HP-3577A).

L Displacement Measurement

Figure 4 shows the displacements versus
electric field curves for composite actuators driven by
PZT and PMN ceramics. Displacements for the
uncapped ceramics are shown for comparison. PMN
does not need to be poled because it utilizes the
electrostrictive effect rather than piezoelectricity.
Dimensions of the PMN composite sample in Figurc 4
are as follows: d=13 mm, dp=11 mm, h=150 pm, dc=6
mm, hp=1 mm, and hyp=0.4 mm. The dimensions of
the PZT composite-1 sample are: d=dp=11 mm, h=50
pm, dc=7 mm, hp=1 mm, and by =0.5 mm. Both of the
uncapped PZT and PMN ceramics have the same size,
dp=11 mm and hp=1 mm. The experimental results
sgow that the composites produce a sirain

~ amplification of about 10 times. A displacement of

about 10 pm can be oblained under a field of 1 kV/mm.
By loading these actuators with weights, it is capable

“of exerling forces in excess of 2 kgf. ..

) As shown in Equation 3 and Equation 6, the
displacement amplification is_dependent on the
thickness of metal hy, and cavity diameter dc. The
sample PZT composite-2 with dimensions d=dp=11

mm, bp=1 mm, h=200 pm, by =0.3 mm, and dc=8.5

" -
= 124 - _,m-«nm o
3 e .
104 e @
< " e o  ;
i ' * o . :
g 'y ) . H PZT compesite
S .
a ¢ $ &
14 : . PMN
.
b g2 gt el
] 300 408 c00 800 1000

Electric Field (V/om)
Figure 4. Displacements measured for composite
T --acluslors driven by PZT and PMN
cersmice. Displacement for the uncapped
ceramics are shown for comparison,




mm cxhibits sizeable displacements - as large as 20
um with a force capability of 0.15 kef (see Figure ).

-

3
A

Displacement (um)
8 H

No Load
5 g/mm2
75 g/mm2

T A v ¥ v

[} 2 4 e ] 1o 12

Electric Field ( x100 V/mm)

Figure S. Displacement vs. field curves under
different exerty forces for the
sample PZT composite-2.

The 124 layer electrostrictive composite
actuator shown in Figure 3 gave the displacement
exhibited in Figure 6. More than 1S pm displacement
can be obtained under an applied voltage of 150V.
Notice that this experimental result is obtained with

only one metal end-cap on the ceramic stack. If the

convex or concave metal end-caps are placed on both
sides of the ceramic stack, more than 30 pm
displacement will be obtained under the applied
voltage of 150V. Displacements for the uncapped
multilayer ceramic in the same direction are shown for
comparison. The lowest flextensional resonant
frequency for the composite is 6.4 kHz.

Agplind Volage, ¥

U (am)

i

Figure 6. Displacemeni with increase ln spplied voltage
of the muhilayer caramic- metal composite
sclusior ming 38 eleciresiriclive ceramic slack

and & bram ond CBp.

2 Thickness Dependence

Figure 7 shows the effective d33 coefficient
and resonant frequency plotted as a function of the
brass thickness. As expected in Eq. (4) and Eq. (B),
the effective d33 is proportional to 1/h,, and the lowest
resonant frequency is proportional to vhy,. The d33
values were measured at the center of the brass end
caps using a Berlincourt d33 meter. Values as high as
4000 pC/N, approximately 10 times that of PZTSA,
were obtained with the Moonie actuator.
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Figure 7. Resonance frequency f, and dyy coefficient
plotied as a function of the thicknesy of the
brass endcapa.

Piezoelectric effects are largest near the
center of the transducet where the flexural motion is
largest. The effective values measured as a function of
position with a Berlincourt meter are shown in Figure
8. Plots are shown for two brass thicknesses of 0.4 and - --
3.0 mm. Ample working areas of severarmmzm—-
obtained with the actuators. —

2000
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-
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10 -8 . s Y
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Figure 8. Positional dependence of the dssy
. coellicient for two actuators with

brass thickness of 0.4 mm and 3.0 mm.




3. Resonant Frequency-Temperature
Dependence

The lowest flextensional {requency of the PZT-
brass composite with Pb-Sn-Ag solder bond and without
epoxy encapsulation decreases with temperature as
shown in Figure 9. This is probably due to the bhigh
stress in the PZT ceramic arising from thermal stresses
set up by the metal.
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Figure 9. Resonance Frequescy ve. Tempersiure

4 Elecuode Effect

Figure 10 shows the effective piezoelectric
d33 coefficient of the composite increases wn.h
electrode area of PZT. This means that all the PZT is
contributing uniformly to the displacement.
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Figure 10. Effective dyy vs. electrode areas of the ceramic.

5. Creep

Keeping a field of 1 kV/mm on the composite
sample with epoxy bonding for two hours, no
displacement change was observed by LVDT
measurement (see Figure 11) after one hour,
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Figure 11. Creep under field IKV/mm.

CONCLUSIONS

A new type of actuator has been constructed
from piezoelectric PZT ceramics bonded to metal end
caps. Shallow spaces under the end caps produce
substantial increases in strain by combining the d33
and d3] contributions of the ceramic. Even larger
displacements were obtained using PMN
electrostrictive ceramics.

. _The displacement is inversely proportional to the
metal thickness.

The lowest resonant frequency is proportional 1o
the square root of the metal thickness.

The displacement is proportional to the area of the
driving ceramic.

The creep under 1 kV/mm is very small after one
hour.

Further improvements in actuator performance are
expected using improved materials and design. Driving
voltages can be reduced using multilayer ceramics,
and larger displacements can be obtained using
multimoonie stacks (Figure 12).
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Figure 12.  Iustration of Stacked Composite.
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ABSTRACT

Dieleclric measurements in the temperature range of -20 °C to 160 °C
have been performed on lanthanum doped lead zirconate titanate ceramic
samples wilh rough ground, polished and chemically elched surfaces,
respectively. It is found that the observed dielectric constants, dielectric loss,
polarization and pyroelectric coeflicient are the smallest in the ground samples
and the laigest in the elched samples. The difference is more pronounced near
the permitlivity maximum temperature Tpqiax .  The measured dielectric constant
was found to depend on sample thickness in the ground and polished samples
but not in samples witlh etched surfaces. The resulls are explained in terms of a
simple surface layer model. A nonferroelectric layer is produced during
lapping, which has dieleclric constant of the order of 100 and the capacitance of
this layer in the invesligated lemperature range is 0.2 — 0.7 pF/cm2. Through
post-annealing, the contributions from the nonferroelectric nature of this surface
layer and from the two dimensional tensile stress generated by lapping were

also separated and quantified.




I. INTRODUCTION

Surface layers have special effects on many physical properties of
ferroelectric materials, such as dielectric constant, dielectric loss'.2, pyroelectric
current3, remnant polarization, domain switching time, coercive field4 and

optical properties.> The existence of a surface layer can introduce many

artifacts to electric measurements, causes misleading in the property evaluation

of ferroelectric materials.

Recent technology advances in the thin film deposilion have made the
practical application of ferroelectric thin film possible, the most promising
applications include non-volatile memory and electro-optical devices.® Since
ferroelectric films have thickness of only several thousand angstroms to a few
microns, the surface to volume ratio is two to four orders of magnitude larger
than that in bulk ferroelectric malterial. Therefore, the surface layer behavior has
a critical influence to the properties of the ferroelectric thin film. It has been

realized that in order lo improve the performance of the ferroelectric thin film,

one must understand and control the surface behavior. The same is true also
for the bulk ferroelectric ceramic, especially when the sample thickness
becomes very thin. An induced surface layer from mechanical processing could
strongly affect the peiformance of the ceramic. In comparison a ceramic system
is easier to study than thin film because one can manipulate the dimensions
and a well densified ceramic is readily produced while there are still many
unsolved technical problems in the thin film processing and its surface effect
can not be easily separated. Therelore we choose to study a ceramic system,
the resulls could also be instructive for a thin film system.

The study of surface layer can be traced back in the 1950's. Kanzig’
found that in very small BaTiOg3 particles a discrepancy exists in the symmetries

of a surface layer (about 100 A in thickness) and the bulk. From X-Ray and




electron diffraction experiments he also found that a tetragonal strain presents
in this surface layer even above Curie temperature. He proposed that a space
charge layer at sample surface is responsible for these results. Chynoweth3
observed a polarized surface in BaTiOj3 crystals above Curie temperature and
provided some evidence o support the space charge layer model. Merz4
demonstrated that the swilching time and the coercive field depend on sample
thickness, which can be explained by the fact that there exists a surface layer in
which the domain wall mobility is less than those in the bulk of the crystal.8
Since then, many experiments have verified the existence of the surface layer
on ferroelectric samples, these experiments includes: thickness dependence of
the dielectric constant and loss 2, optical absorption coefficient® and refractive
index.510 The thickness dependence of dielectric constant and loss were first
studied by Schlosser and Drougard!, their experiments showed that the
measured dielectric constant from a thin sample of BaTiO3 single crystal is
consistently smaller than that from a thick sample. The effect was ascribed to the
presence of a surface layer with lower dielectric constant. The relaxation time of
this layer was measured to be about 10-4 second at 120 °C. Thickness
dependence of dielectric constant was also found in many other ferroelectric
crystals, including TGS, PbsGe30112, KDP and Rochelle salti2. The electric
impedance of the surface layer is much higher than that of the interior of the
bulk. An interesling fact is that this surface layer seems to be insensitive to the
change of temperature.

The existence of the surface layer was explained as due lo the presence of
intense space charge field near the ferroelectric-electrode interface, which
modifies the ferroelectric behavior.!3 The characterization of this surface layer
is not so simple, there are at least three different types of surface layers: (a) the

as grown layer; (b) the lapped layer; (c) the chemically etched layer. Each of




these layers may have dilferent structure and contribute differently to material

properties. Previous studies on the thickness dependence of dielectric constant
and loss did not incorporale the effect of different surface conditions. Although
Schlosser and Drougard! did use samples with both etched and polished
surfaces, the difference in their experimental results from these two surfaces
was not explained. Jyomura et al'4 have studied the influence of the surface
layers produced by mechanical lapping (grinding and polishing) on the physical
properties in (Pbg.gBag.1Srg.1)(Zrg.gTig.2)O3 ceramics. Their resulls show that
alter these lapped surface layers were etched off, the dielectric properties of the
ceramic were improved. They concluded that the lapped surface layer ( about
0.1-0.2 pm thick) seems to be non-ferroelectric, so that near the Curie
temperature (at which the dielectric constant reaches maximum in mornal
ferroelectrics) the dielectric constants of this layer is much smalier than that of
the bulk material. They also found a 2-dimensional tensile siress in the order of
5-15Kbar inside this surface layer. Unfortunately, none of the above mentioned
invesligalors have studied the thickness dependence of dielectric properties in
a ceraniic system.

In order 1o gain a better understanding of the nature of these surface layers
it is necessary to evaluate the contributions from dilferent type of surfaces. In
this paper we present some experimental resuits which quantify the
contributions of three types of surfaces: ground, polished and chemically
elched. The ellects of the lapping generated two-dimensional tensile stress
were also singled out through post-annealing. The physical properties being
studied include dielectric constant, dielectric loss and pyroelectric coefficients,
and the malerial being studied is Lanthanum doped lead zirconate

litanate(PLZT), a relaxor ferroelectric ceramic . The reason for chosen PLZT




ceramic as our subject material is because its excellent electro-optical property

which has found many practical applications.!5.16

il. EXPERIMENTMENTAL PROCEDURE
2.1 Surface Preparation

Ceramic PLZT specimens were fabricated from mixed oxides by hot
pressing technique as described by Yao et al.!7 The compositions are
represented by the formula Pby.xLax(ZryTiz)1-w403. Conventionally, this
formula is simplified 1o a form 100x/100y/100z representing the mole ratio
La/Zi/Ti. For instance, Pbg.g2Lag.og(Zro.65Ti0.35)0.9803 is simply represented
by 8/65/35. Three different compositions were used in this study, they are
7/68/32, 8/65/35 and 8.4/65/35. The grain size for these three compositions are
5um, 5pm and 10pum, respectively. At room temperature, 7/68/32 is
rhomboliedral, 8/65/35 and 8.4/65/35 are also mainly rhombohedral but very
close lo the morphotropic phase boundary (a structural phase boundary
between letragonal and rhombohedral phases) composition.

The samples used in the experimenls were cut into platelets with their
thickness ranging from 45pun to 2000um and areas of about 2-20 mmZ2. Three
types of surface were prepared by the following methods: a) Grinding with 3um
silicon nitride abrasive. b) Polishing with 1um diamond paste after grinding. c)
Etching in H3POy4 acid for 2 minutes at 140°C after grinding or polishing.
Surface obtained from method c) is relatively rougher than the polished surface
but better than the ground surface. After surface processing, some of the
samples were annealed at 600°C for 1 hour to release the mechanical stress
generaled during polishing and grinding in the surface layer. Gold electrodes

were eilher sputtered or evaporated onto the surfaces of these samples.




2.2 Measurements

The dieleclric properties were measured using a compulerized system
produced by Hewlell-Packard. A HP 9825A desktop computer was used for the
on-line control of automated measurements through a HP 6904B
multiprogrammer interface. The temperature and frequency dependence of
capacitance and loss tangent were measured by LCR meter, HP4274A and
4275A impedance analyzers, respectively. The frequency range in our study is
102—107 Hz, and the total system accuracy is estimated to be 0.3%. The
pyroelectric currents vs. temperature were measured using the HP4140B
picoampere meter. A Delta Design model 2300 environment chamber was
used for temperalure control, which can regulate temperature from -150 °C to
200 °C by using liquid nitrogen as coolant. Temperatures were measured with
a Fluke 8502A digital muitimeter via a platinum resistance thermometer
mounted direclly on the ground electrode of the sample holder. The rate of
temperature change is fixed at 3 °C/min for ali the runs. In order to avoid aging

elfect, the starling temperature is set at 160 °C and the finishing lemperature is

-160 oC in all the dielectric measurements.

. RESULTS AND DISCUSSIONS
In order to separale different contributions, the study was carried out in two
steps: lirst, we only change the surface conditions while keeping the sample

thickness fixed, then we change the thickness for each type of surface

conditions.
3.1 Effects of surface conditions

Temperature dependence of the measured dielectric constant and loss
tangent for 7/68/32 are shown in Fig.1 for three types of surfaces, i.e., ground,

polished and chemically etched respectively. Near the dielectric maximum
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Figure 1 Dielectric constant and loss tangent vs temperature measured at 1 kHz

for PLZT 7/68/32 hot pressed samples with three different surtace
conditions. The results for etched, polished and ground surfaces are
represented by thick, thin and dashed lines respectively.
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temperature(Tyax ~ 140°C), the specimen with etlched surface gives the highest
dielectric constant, and the one with ground surface(roughest surface) has the
lowest dielectric constant. However, it has been noticed that the higher the
dielectric constant of the ferroelectric the stronger the surface effects, below 50
oC the dielectric constants are almost the same for all three surface conditions.
This anomalous behavior suggests that a surface layer might be produced by
the lapping process, which has dilferent dielectric characteristic. This surface
layer is about 0.1pum 1o 2um thick'4, which is two to three orders of m.  ituc
smaller than the thickness of the specimen (200pm). Therefore, the capacitance
(< 1/d) of the surface layer is very large compared with the bulk material.

Considering the fact that the surface layer is a capacitor in series with the bulk, it

contributes very litlle 1o the observed total capacitance Cy,, Cip = CsCo__

Cs + Cob ~

Cp. when Cg >> Cy, where Cs and Cp are the capacitance of th~ ~irface layer
and the bulk respectively. However, vhen the dielectiic constant Kp becomes
very laige near Tyax, Cp (< Kp) becomes comparable to Cs, hence according
to the formula for two capacitances in series, the total capacitance C,, would
reflect slrong contiibutions from Cg. The dielectric losses also show some
dilferences among these three surfaces (Fig.1). Above 110 °C the. e the
same, bul below Tyax the specimen wilh etched surface shows the highest loss
and the one with ground surface has the lowest loss. This phenomena may also
be explained by the existence of a non-ferroelectric surface layer and will be
discussed further below.

Fig.2 is the temperalure depen:i=nce of the dielectric constant and the loss
tangent for PLZT 8/65 /35 (Tnyax is ~ 90° C) with both elched and ground
surfaces at three dilferent frequencies. The two set of measurements have

been conducled on the same sample, i.e., after the measurements were done
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with the ground sutface, the same sample was elched to remove the lapped
surface layer then do the dielectric measurements again.

Polishing and gtinding are mechanical processes, two consequences
may result from these processes: One is the mechanical damage to the sample
surface which creates a structurally distorted surface layer; the other is the
introduction of a mechanical stress to the surface of thc “ecimen, the nature of
this stress is usually a two dimensional tensile stress.14 In order to study how
this surface stress contributes to the change of dielectric properties, we have
carried out pre-processing and post-processing heat treatment for the samples.
First, all samples were :/mnealed before lapping o remove the bulk stresses
produced during material processing and cutting, then these annealed samples
were either polished or ground, and finally after polishing or grinding, some of
the samples were annealed again to remove the surface stresses produced
from lapping pracess. Dielectric measurements were carried out on all of these
different heat trealed samples. Typical results are shown in Fig.3a which is for
PLZT 7/68/32. We can see that t: -* dielectiic consi1nt and loss tangent are
quite different for the samples being post-annealed and for those without being
post-annealed, especially close to the dielectric maximum temperature Tmax.
One can see that the dielectric constant becomes larger at higher temperature
(> 40 ° C) but becomes smaller for tfemperatures below 40 °C after post-
annealing for samples with polished surfaces. The loss tangent is also
changed by the post-annealing for the polished samp', it becomes larger for
temperatures below T,,ax but smaller for temperature above Tnax. Fig (3b) lists
the results belore and after post-annealing respectively for sample with etched
surface, no change was found for the dielectric properties in this case within the
experimental error. In Fig.4 are the temperature dependence of spontaneous

polarization and pyroelecriric cuefficient, respective! ‘fore and after post-

10




I8

12

(23]

12

DIELECTRIC CONSTANT (10°)
A\O

0

r ¥ 1} l L R D | ' LR L ' LI B l LI I ) l | B L D 0008
PLZT 7/68/732 f=|KHz (a) ]
—— With post-annealing
; ----- Without post - —10.06
_ annealing
R ~0.04
i ]
-
i —0.02 _
i Z
i J w
- )
Z
- 10.00 =
C “ 0
a - n
~ S
) —10.06
=
[ 40.04
B ]
i -10.02
T N N N N e 0.00

~-06 -20 20 60 I00 140 180

Figure 3

- The effects of post-annealin

TEMPERATURE (°C)

g on the dielectric constant and loss tangent
measured at | kHz in the temperature range of -60°C - 170°C for PLZT
7/68/32 hot pressed ceramic specimens. (a) Results for samples with
polished surfaces. (b) Results for etched samples.

N

—\_




POLARIZATION (C/M?)

o
_h .

O
ol

O
N

pos

O.1}-

OO0t=—-d—p—}t—r—1

0

Figure 4

J ' | | l |} I ! [ i ' L{ I ]
PLZT 7/68/32

-10.06

~10.04

—— With post-
annealing

: 0.02
------ Without post -

annealing

PR 1 ~s 0.00
20 40 60 80 100 120 140

TEMPERATURE (°C)

Polarization and pyroelectric coefficient vs temperature for polished PLZT

7/68/32 hot pressed ceramic samples with and without post-annealing,
respectively.

12

PYROELECTRIC COEFFICIENT (C/M%°C)




annealing for a sample with polished surface. One can see that both quantities
are increased by the post-annealing. We also found that the depolarization
temperature is 2 °C lower for the post-annealed samples due to the elimination
of surface stress.

Since the results in Figs. 3(a) & 4 were obtained from two sampies of
exactly the same chemical composition and geometry, the difference shown in
in the figures are solely caused by the post-annealing, in other words, by the

elimination of surface stresses produced during lapping process.

3.2 Thickness Dependence of Physical Properties

As pointed out in section 3.1, the surface layers produced from lapping on
the PLZT hot pressed ceramic samples will contribute to the measured physical
properties. The nature of these layers depend only on the preparation
techniques, it should not change with the sample thickness. From this argument
and the fact that the surlface layer is actually a large capacitor in series with the
bulk, it is expected that the surface layers should contribute more to the
measured physical properties in thinner sample whose capacitance is
comparable to the surface layer capacitance than in thicker samples whose
capacitance is much smaller than Cg. This is indeed the case observed in our
experiments.

In order to quantily the surface layer contributions, we have studied the
influence of sample thickness to the measured dielectric properties. The
specimens used for this study have been annealed at 650 °C for 1 hour after
polishing to relieve the surface stress, hence the effects observed on these
samples are mainly due to the non-ferroeleciric nature of the surface layers. As
shown in Fig.5 (a) the measured dielectric constant and the loss tangent for a

PLZT 8.4/65/35 decrease wilh decreasing sample thickness, which is consistent
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with some reported resulls on other ferroelectric single crystals!-2. Our results
show that the thickness effect is not very obvious until the sample thickness is
below 200um. The dielectric maximum reduces about 30% when the sample
thickness decreases from 618 pm to 99um. We have performed the thickness
dependent tesling experiments in several compositions of the PLZT system,
including 8/65/35, 8.6/65/35 and 9.5/65/35, similar results as in Fig. 5 were
obtained for all of these compositions.

It may be intriguing to make a comparison of the results in Figs.1 &5. One
finds that at low temperature ( < 40 °C) the three curves (representing the
temperature dependence of the dielectric constants for ground, polished and
etched surfaces) in Fig.1 merge into a single curve, but in Fig. 5 the thickness
effect does not completely go away even at very low temperatures.

A simple explanation may be given as follows for the thickness
dependence of the measured dielectric constant values: Lapping produces a
thin surface layer which has different dielectric characteristic. This surface layer
is only about 0.1— 2 um in thickness, therefore, the capacitance of this surface
layer is very large although its dielectric constant may be relatively low. When
the sample is thick ( > 200 pm), the capacitance of the bulk part is much smaller
than that of the surface layer, so that the measured dielectric constant value is
very close to the true value of the bulk interior. As the thickness of the sample
decreases, the capacitance of the bulk becomes more and more comparable to
the capacitance of the surface layer so that the measured capacitance is
influenced more and more by the surface layer. At temperatures close 10 Tmax
the dieleclric constant of the bulk interior becomes very large, which in turn
makes the capacitance of the inlerior very large, in this case surface layer could
contribute substantially to the measured values. Since each sample consists of

two surface layers and the bulk interior which are three capacitors in series, the
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total capacitance and hence the measured dielectric constant should decrease
with sample thickness. If the sample is thin enough this effect will not vanish
even at very low temperature. Fig. 5 precisely shows this characteristic.

The most interesting results are show in Fig. 5 (b) which are for samples
with chemically etched surfaces. We can see that the thickness dependence is
completely eliminaled even for sample as thin as 41 pm! Although the etched
surface is rougher than the polished surface, a better result could be achieved
with those elched samples. This is a very important result from the application
standpoint for ferroelectric ceramics. Fig. 5 (b) also shows that there is a slight
increase of the loss factlor for temperatures above Tinax, which may be due to the

increase of DC conduclivity in some of the samples at higher temperatures.

3.3 Model for Ferroeleclric Surface Layer

A simple theorelical trealinent to the problem is {o consider the lapped
surface layer to be a homogeneous dielectric layer which has different dielectric
nature than the inlerior. Each sample being measured is a sandwich with the

PLZT ceramic in belween two such surface layers. The tolal capacitance Ct of

this sandwich slruclure is

1/Cy=1/Cp+2/Cg (1)
where Cp, Cg are the capacitances of the bulk interior and the surface layer,
respeclively. We have shown that the dielectric constants do not depend on
sample thickness for those samples with etched surface, Athérefore results on
these etched samples are taken to be the bulk values in our calculations. Crtis
the measured value for a sample with lapped surfaces. The surface capacitance
Cs calculaled from Eq. (1) for both ground and polished samples is plotted in
Fig.6 as a function of temperature. We can see from Fig.6 that the surface

capacitance is a linear function of temperature within the experimental error. In
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the measured temperalure range, -20 °C — 160 °C, the surlace capacitances
CsG and CsP for the cases of ground and polished surfaces respectively may be
expressed by the following linear functions

CsG= (1.848 *10-3 T+0.30632) pF/cm?2 (2a)

CsP=(1.796°10-3 T +0.40979) pF/cm? (2a)

One can see from Fig. 6 that the surface capacitance of the polished sample CsP
is consistently larger than the surface capacitance of the ground sample CsG,
which may be explained from the fact that the mechanical damaged surface
layer is thinner for the polished sample than for the ground sample.

An important point should be mentioned for the results in Fig. 6: There is
no peak or any other types of anomalies observed at Tpjax ~ 90° C for the
surface capacitance! This result provides a strong support for the non-
ferroeleclric nature of the surface layer even below Tax. It has been reported
thal a surface capacitance of ~0.5 uF/cm? exists for polished single crystal
barium titanate and strontiumn titanate, .14 which is in the same order of
magnitude as our results in Fig.6.

Because the thickness is much smaller than the lateral dimensions in all
our samples, it is quile accurate to treat them as plane capacitors, from Eq.(1) we
have

1/Km= 1/Kp+(2dg/d) (1/Ksg). 3)
Where Ky, Kp and Kg are the measured, bulk and surface layer dielectric
constants respeclively, d and dg are the sample thickness and the surface layer
thickness. The plot of KK;,! versus d-! for PLZT 8.4/65/35 with polished surface is
shown in Fig.7 at three diflerent frequencies, where Kp, is the dielectric constant
at Tmax (note in relaxor materials Tmax and Ky, are both function of frequency).
The slraight lines are obtained from least squares fitting. There are different

intercepts (Kp™!) for dilferent frequencies which are due 1o the dielectric
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TABLE 1
f I/Km 2ds/Ks Ks Kb Kb
(kHz) (intercept) (mm) (cal.) (cal.) (elched)
1 6.83e-5 2.51e-6 120 14634 14660
10 6.96e-5 2.67e-6 112 14370 14338
100 7.22e-5 2.70e-6 111 13850 13840

dispersion of relaxor matlerials. The fitted parameters are listed in Table 1 for aii
three frequencies. In addition, the bulk dielectric constants calculated from these
intercepls are given in Table 1, which agree very well with those obtained
directly from measurements on etched samples ( see Table 1). The dielectric
constants of the surface layer listed in Table1 are calculated  n the slopes
the fitted straight lines and using the thickness value of dg = 0.15 um for t~
polished samples, which was the value estimated by Jyomura et al.14 The
typical value of the dielectric constant for the surface layer is in the order of 100,
which is much smaller than the dielectric constants of the bulk that could be
more than 15000 near Tipax-

The loss tangent can also be separated into contributions from the bulk,
(tang)p, and from the surface layers, (tand)s, respec;tively. Based on the surface
layer model, the total measured dielectric loss (tans), may be represented by 14

(1and)m -(tand)p= [(tand)s-(tand)p] / (1+C~/2Cp) (4)
Below Tyax the bulk is in ferroelectric state, (tand)pis 'gedue e
contribution from hyslerelic domaiit processes. Since the surface layer is in
non-ferroelectric stale, (tand)y, is usually larger than (tand)s, hence (tans)s-

(tand)y, is negalive. From equation (3) one concludes that (tans),, is smaller
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than (tand)p, which explains why the ground and polished samples appear lo
have lower dieleclric loss than the etched samples at temperatures below Ty,ax
(see Figs.t1 and 2).

The post-processing heat treatment results are consistent with that of
Jyomwra et al,'4 who found that a two-dimensional tensile stress of about 5-15
kbars was generated on sample surface during lapping. This surface tensile
stress can reduce the total effective dielectric constants, polarization and
pyroeleclric coelficient , in addition, it may also cause the increase of
depolarization temperature, similar to the effects of compressional stress and
hydrostatic stress on ferroelectric properties reported by other

investigators18.19.20,

IV. SUMMARY AND CONCLUSIONS

In suminatry, a systematic study has been carried out on the effects of
surface layer in PLZT relaxor ferroelectric ceramic system. This surface layer is
produced by lapping process, its thickness is about 0.1-1 pm. Our results show
that the dielectiic constant of this surface layer is about 100 and only changes
slightly with temperature, no dielectric maximum was observed at Tmax for this
surface layer. The capacitance of this surface layer is very large and change
linearly with temperalure in the investigated temperature range ( -20 °C — 160 °
C ) from 0.2 pF/cm2 to 0.7 pF/cm2. Since the surface layer and the bulk interior
are capacitance in series, the large surface capaciior can show its effects only
when the interior capacilance becomes comparable, i.e., when the sample is
very thin ( < 200 um ) or al temperatures close to Tygm. In addition to some
degree of amorphism in this surface layer, lapping also produces a two
dimensional tensile stress in this layer, we show that the tensile stress can be
relieved through post-annealing. It is found that the surface effects can be

reduced by as much as 60—80 % through the post-annealing.
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One of the most encouraging results is that the surface effects can almost
be eliminated through chemical elching although some surface roughness may
be introduced. In a real application one may chose either post-annealing or
chemical etching, or may even the combination of the two, to eliminate the
surface ellecls depending on the requirements. Direct application of as
polished thin ceramic sample can cause substantial degradation of many
physical properties.

It may be necessary to point out that the dielectric properties v/e have
reporled here are obtained under weak electric field, it is conceivable that the
elfects of surface layer could be quite different under strong electric field. In fact,
we have already noticed that the coercive field, the saturated and remnant
polarizations measured from hysteresis loops show strong sample thickness
dependence even in elched samples, which suggests that the surface layer
from lapping may not be important under strong electric field, instead, a space

charge layer may form at the metal dielectric interface. We will not address the

space charge layer problem in this paper.
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THE INFLUENCE OF SURFACE CONTAMINATION ON
ELECTRIC FATIGUE OF FERROELECTRICS

Qiyue Jiang, Wenwu Cao and L.E. Cross
Materials Research Laboratory

The Pennsyivania State University

ABSTRACT

Electric fadgue is a major obstacle for some potential applications of ferroelectric
materials based on the reversals of spontaneous polarization, such as making memory
devices and actuators. It is found that the observed fatigue in small grain ceramics is not
intrinsic but significantly related to the surface conditions. Studies on hot pressed lead
zirconate titanate (PLZT) of composition 7/68/32 show that the fast fatigue is actually
caused by contaminated surfaces instead of intrinsic structure deterioration or the change of
domain states. All the specimens with conventionally cleaned surfaces show significant
fatigue after 105 switching cycles, but specimens cleaned with a new cleaning procedure
did not fadgue even after more than 108 switching cycles. The fatigue initiated by the
surface contamination under a high AC field is explained in terms of the degradation of the
interface between ferroelectric and electrode, which leads to an inhomogeneous field

distributon causing microcracking in the ceramic.




L INTRODUCTION

Many applications of ferroelectric materials, such as making piezoelectric, electro-
optcal and electrostrictive devices, involve repeated reversals of the polarization. One
critical limitation on the performance of these devices is the fatigue associated with repeated
electrical cycling. Fatigue mainly refers to the degradation of the ferroelectric properties
with respect to repeated reversals of the polarization, which appears in the hysteresis loop
in the form of a decrease in remnant polarization(Py) or saturated polarization(P m) and
often accompanied by an increase of the coercive field(Ec).

In 1953, Mcquarriel!] first reported the time dependence of the P-E hysteresis loop in
a BaTiO3 ceramic. He found that after several weeks of switching at 60 Hz, the square
shaped hysteresis loop was changed to a distinct propeller shape with some obvious
decrease in both the maximumn polarization and the remnant polarization. Merz and
Anderson(2] studied fatigue behavior in a single BaTiO3 crystal, a gradual reduction of
polarization after a few million switching cycles was observed and the fatigue behavior was
related to the wave patterns of the electric field(sine wave or pulse train wave). The ambient
atmosphere had an effect on the switching stability of BaTiO3 single crystal(3], a loss of
squareness of the hysteresis loop was found when the crystal was switched in vacuum,
N», Hy, or He gases, and the deteriorated hyteresis loop could restore its original shape
under AC cycling in Oy, or dry air.

Fatigue experiments were also carried out on other ferroelectrics in the 1960's.
Taylor4] studied fatigue phenomena in 24 compositions of niobium-doped
Pb(Zr,Sn,Ti)O3 ceramics and discovered that the fatigue rate depended on the composition.
However, he found little difference in fatigue behavior when the AC electric field pattern
was changed from a sine wave to a pulse train wave. A more detailed study of fatigue was
carried out by Stewart and Cosentino on La or Bi doped PZT ceramics!), they showed that
the polarization decreased rapidly and was reduced to half of its original value after 5x106

switching cycles. They concluded that the parttems of electric field, the types of electrodes,




and the ambient conditions had no significant effects on the fatigue behavior. Stewart and
Cosentinol] also reported an interesting result: when a fatigued sample was heated above
the paraelectric-ferroelectric phase transition tempcrature Tc, the fatigued properties could
be restored. Contrary to Stewart and Cosentino, Fraser and Maldonadol6! also studied the
same La doped PZT ceramics and reported significant effects of the electrodes. They found
that when indium was used as electrode material instead of gold or silver, there was still
85% of the original remnant polarization left after 109 switching cycles, but fatigue
occurred much faster when using lead, aluminum, gallium, silver and gold as electrode
material. Carl{?] observed significant degradation in the La or Mn doped PbTiO3 ceramics,
after only a few thousand switching cycles the polarization dropped to 30% of its original
value together with some increase of the coercive field, and some cracks were also
observed on the surfaces of the samples under SEM.

Although the fatigue phenomena in ferroelectrics have been studied for over thirty
years, its origin is still not clear. Some possible causes of the fatigue under high AC field
are:1) the gradual reorientation of domains into a more stable, i.e. minimum energy
configurationlt] [8]; 2) injection of charge carriers into the ferroelectrics which provide
pinning for domain wall movement(®] ;3) structural inhomogeneity which produces traps
for the domain walls, which can reduce the domain wall mobility{10]; 4) the appearance of
microcracking caused by the large change of strain during switching(71(11],

Despite the fact that the fatigue effect is the key factor which prevents some potendal
applications of ferroelectrics, only a limited number of papers have been published on this
subject. In addition, these published results by different investigators are often in
contradiction, and there are no explanadons for these discrepancies. Therefore a systematic
study on this subject is needed in order to understand the origin and mechanism of fatigue
behavior. We report here an extensive study of the fatigue behavior on La doped lead
zirconate ttanate(PLZT) ceramic system. The reason for choosing PLZT ceramic system is

because its relatively low coercive field, large polarization and square shaped hysteresis




loop. Moreover, hot pressed PLZT ceramics are ransparent, therefore have potential

applications in non-volatile memory, electro-optical, and elctrostrictive devices. In this

paper, the focus will be on the effect of surface contamination on the fatigue behavior. We

believe that different surface conditions was one of the main reasons for the |

inconsistencies of those reported experimental results.

II. EXPERIMENT PROCEDURES

Lanthanum doped lead zirconate titanate ceramic specimens were fabricated from
mixed oxides by hot pressing technique. The composition used in this study is
Pbg.93L20.07(Zro 68 Ti0.32)0.982503. Conventonally, this formula is simplified to a form
7/68/32 according to the mole ratio of La/Zr/Ti. The average grain size is about Sum. At
room temperature 7/68/32 is in thombohedral phase. Samples were first cut into platelets
with the areas of about 10 mm? and thicknesses in the range of 150-300um, then annealed
at 600 °C for 1 hour to release the mechanical stress generated during cutting, grinding and
polishing processes.

Three different surface conditions were prepared: a) ground by 3um abrasive, b)
polished by 1um diamond paste, ¢) etched in H3POj4 acid for 2 minutes at 140°C. In
conventional cleaning procedure, organic solvents (alcohol or acetone) are used to rinse the
samples and then the samples are dried in air at room temperature. An improved cleaning
method used in our experiments is described as follows: first the samples are cleaned by
conventonal procedure, then they are further cleaned ultrasonically in solvent, and finally
the samples are heated in a furnace for 1 hour at 500-600°C. Gold electrodes were
sputtered onto the sample surfaces.

The properties studied here are the remnant polarization Py, the maximum polarization

Pm, coercive field Ec, and the dielectric constant € in depoled state. High voltage sine wave
AC field was used to switch the polarization, and the hysteresis loops were measured

though a conventional Sawyer-Tower circuit and a Nicolet 214 digital oscilloscope. The




temperature dependence of dielectric constant was measured by Hewlett Pacakard 4274A
LRC meter, and the temperature was measured using a Fluke 8502A digital multimeter.

The heating rate was set at 3 °C/min.

III. RESULTS AND DISCUSSION
3.1 Fatdgue in PLZT Specimens Cleaned by Conventional Procedure.

In order to compare the results from different specimens and to emphasize the
changes of the measured properties, relative polarization and coercive field are used in this
paper, they represent the percentages of the polarization and coercive field with respect to
the initial polarization and coercive field obtained at 102 or 103 switching cycles. Fig.1
shows the typical results obtained from specimen cleaned by conventional procedure. The
AC field was kept at only 10 Hz in order to avoid heating effect. One can see that the
fatigue started at about 103 switching cycles, and proceeded very rapidly between 105 -106
cycles. The polarization P, dropped to a value below 40% of the initial values after 106
switching cycles. The changes of the saturated polarizations which were not show here
have similar behavior as that of the remnant polarization P,. Fig.2(a) and 2(b) are typical
hysteresis loops before and after the fatigue test, respectively, from a sample with polished
surfaces. The coercive fields Ec also increased with switching cycles. There is a
correspondence between the changes of E¢ and Py, i.e., while the polarization decreases,
the coercive field E¢ incicases, which is consistent with the results obtained by other
researchers.(4}(61(11] It is noticed that the ground sample fatigued earlier and faster than the
samples with polished and etched surfaces. The same experiments were also carried out
using sine wave field at the frequencies of 100 Hz and 200 Hz, no apparent difference
were observed. Fig.3(a) and (e) show the weak field dielectric constant as a function of
temperature for a sample with polished surfaces before and after the fatigue test

respectively. One can see a substantial decrease of the dielectric constant in the fatigued
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sample. Samples with the other two types of surfaces have similar results which are not

show here.

3.2 Fatigue in PLZT Specimens Cleaned by Improved Procedure.

Fig.4 shows the changes of the polarization and coercive field with switching cycles
for samples cleaned by improved procedure. The experiments were carried out ata
frequency of 100 Hr. Samples with all the three types of surfaces did not show any fatigue
even after 108 switching cycles. We can see this more clearly from the two hysteresis loops
in Fig.5, which were re:orded at 103 and 2 x108 switching cycles in a ground sample, the
same results were also obtained from samples with the other two types of surfaces. This is
a very important finding which leads to much deeper understanding on the nature of the
fatgue behavior in ferroelectrics. We can conclude from these experimental resulis that the
fatgue shown in Fig.1 is purely extrinsic, i.e., caused by dirty surfaces. The actual lifetime
of PLZT 7/68/32 ceramics with grain size less than 5 um is much longer than that shown in
Fig.1. We can also conclude that the surface roughness does not change the fatigue
characteristic of a ceramic (Fig.4) but the surface preparations have significant effects on
the observed fatigue behavior due to the organic contaminants being trapped at the ceramic-
electrode interfaces, because a large electic field(15-40 kv/cm) is constantly applied on the
sample during switching experiments, which will interact with the contaminates. We will
elaborate this point in the following section.

Although these experimental results can not be used as a proof to discredit the
validity of other previous explanations on fatigue in terms of internal domain behavior, we
can at least conclude that the fatigue in fine grain PLZT 7/68/32 is caused by the ceramic-
elecrode interface as shown in Fig.6, which can be eliminated with an improved cleaning
procedure described in this paper. This finding is very encouraging for many prospective

applications of ferroelectrics.
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3.3 Fatigue Originated from Surface Contaminadon.
A. Deterioration of the ferroelectric-electrode interface under high AC fisld.

In fatigue experiments the possible sources of contaminants are: abrasive residue
from grinding process; residue of solvents(water, alcohol or acetone); water in the air;
residue of the bonding glue from cutting process; skin grease from finger touch. Without
further cleaning these contaminants are left on the surfaces of specimens, being sandwiched
between the sample surface and the electrode, producing a poor interface cc;ntact. The
effects of solvents and skin grease were further examined in the following experiments.
First, the samples were etched by H3PO4 acid to remove the abrasive residues and skin
grease, then the following surface treatments were given to three different samples:

a) sample 1 was washed by water and acetone, then rubbed both surfaces by fingers;
b) sample 2 was washed by water and acetone, then let it dry in the air; A

c) sample 3 was washed by water and acetone, then heat treated in a furnace at 500 °C
for 1 hour (free from contamination).

Fig.7 shows the results from fatigue tests on these samples using a 100 Hz sine wave
AC field. The remnant polarization of sample 3 did not decrease at all after 108 switching
cycles, only E¢ increased slighty. (In the etched samples E shows slight increase at the
beginning and then becomes stable). P, of sample 2 fatigued to 85% of its initial value after
108 switching cycles and E increased about 18%. Sample 1 was the worst among the three
samples, its Py reduced to 30% of the initial value, and E¢ increased 50% after only 2 x106
cycles. Since the three samples only differ in surface aeatments, these discrepancies in
fatgue results could only be explained in terms of the different degree of surface
contamination. We can now understand why the fatigue rate was faster for tre ground
sample than samples with the other two type of surfaces as shown in Fig.1, because of the
surface roughness, the ground sample was contaminated the most in the conventional

preparation process.
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Although the experiments clearly indicate that the fatigue is initialized at the interface
between the surface and electrode, the actual mechanism is still not clear yet because the
reactions of organic contaminants under high AC field at the interface are very complicated.
A few possible explanations for what might have happened at the interface are:(12](13) 1)
electrochemical reaction, such as ionization of contaminants, reduction of the chemical
composition near the sample surface; 2) corona, high voltage can ionize water and
organics, causing partial discharge which leads to a time related continuous degradation of
the dielectric property; 3) contact deterioration effect, residue of solvents and skin grease
prohibit a direct contact of the metal electrode with the sample surface, resulting a poor
contact. When a poor contact occurs, a large field is applied to the contaminant layer which
has much smaller dielectric constant than the sample, causing electrochemical reaction,
resulting a partdal failure of the contact which then lead to an inhomogeneous field
distribution, this field inhomogeneity in turn initiates the microcrackings in the specimen.

Among the three factors, the third one may be the most important.

B. The nature of the fatigue by surface contaminaton.

From previous discussions it is no doubt that the fatigue was initiated at the sample
surfaces. Next question we want to ask is whether the fatigue behavior only reflects surface
damage or it also indicate interior failure. To answer this question we have measured the
bulk dielectric constant as a function of temperature for the fatigued sample at a frequency
of 1 kHz, the results are shown in Fig.3 curve (a). The maximum temperature in the
measurement was 190 °C which is above the Curie temperature(130 °C for PLZT 7/68/32).
Compared with the results measured before fatigue test, curve (e) in Fig.3, we can see a
drastic decrease of the dielectric constant especially close to the Curie temperature region.
Different heat treatments were applied to this fatigued sample to see if the fatigued sample
could be repaired. Curve (b) in Fig.3 is the temperature dependence of the dielectric

constant measured after the fatigued sample went through a heat reatment at 300 °C for 3
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hours, only partial recovery was achieved. The sample then experienced further heat
treamment at 600 °C for 1 hour, further improvements were observed as shown in curve (c)
of Fig.3, but the dielectric constant stll did not recover to its initial value, which means that
part of the damage is permanent. In order to investigate the depth of the damage from
surface inidated fatigue, the sample was then ground off a 15 pum thick layer from each
surface and re-electroded using sputtering technique. The measured resuits are shown in
curve (d) in Fig.3, no further improvement was achieved which indicates that the fatigue
damage has propagated to the interior of the sample.

The high field properties, i. ¢., the remnant polarization Py and the coercive field E,
were also measured after each heating, re-electroding, and thinning. The results are listed in
Table 1. One can reach the same conclusion as for the weak field dielectric measurements
from the results in Table 1. We conclude from this study that the fatigue, although started at
the ceramic-electrode interface, has caused permanent damage to the whole body of the
sample, thermal treatment can only achieve partial recovery.

Previously, fatigue in ferroelectrics was explained as due to the stabilization of
domain walls.[1](5](8] The fatigue caused by domain pinning usually can be recovered by
heating the samples to paraelectric phase.(518] In our experiments, total recovery did not
occur even after the fatigued sample has been heated to as high as 600 °C which is 470 °C
higher than the Curie temperature. Therefore, the fatigue we have observed could not be
due to the domain wall pinning, instead, we believe that the intergranular microcracking is
responsible for the non-recoverable fatigue inidated by surface contamination. Scanning
Electron Microscopy was performed on a fatgued sample(Fig.8 a) and non-fatigued
sample(Fig.8 b) with ground surfaces. The samples were etched using H3POj4 acid to
remove gold electrodes. On the micrographs in Fig.8, we can see some of the grinding
damages and etch-pits for the non-fatigued sample, while for the fatigued sample we see a
lot of grains without grinding damages and etch-pits. This means that a whole layer over

these grains was peeled off during etching, which indicates that the bonding berween
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grains was weakened during fatigue test. In addition, some cracks around grain boundaries
are clearly visible in Fig.8 (a), but no large cracks were observed either on the surfaces or
on the cross section of the fatgued sample.

Poor contact between ceramic and electrode can cause non-uniform field distribution
as shown in Fig.9. The highest field concentration occur at the edges of the contaminates as
indicated by the letters A, B, and C on the figure. Chemical reactions will happen in the
contaminates under high field, which will destroy the intimate contact between the electrode
and the ceramic, causing the effective applied field strength in the underneath ceramic to
become smaller. One can refer to the schematic drawing of the field flux lines in the figure
to understand the physical picture. Because ferroelectrics are both piezoelectric and
electrostrictive, large strain is generated during switching. In PLZT ceramics the field
induced strain can be as large as 0.1% or more.[14] When the deterioration of the interface
occurred during fatigue experiment the regions under good contact with the electrode were
under larger field, while the regions under deteriorated interface effectively experience
much smaller field, hence these two regions can not be switched simultaneously, which
generate stress concentrations at the boundaries between the switched regions and the non-
switched regions. As we know that the grain boundaries have weaker mechanical strength
than that of the grains, intergranular microcracking could be produced by these stress
concentrations, which initiates the fadgue behavior. Optical micrograph of a fatigued
sample shows that this is indeed the situation (see Fig.10). The micrograph was taken
from a fatigued sample after the electrodes being carefully removed, we found that some of
the regions were changed from transparent to opaque, but some regions remain to be
wansparent. The darkness represents the degree of damages in the sample, in general, the
worse is the fatigue the less are the transparent regions. Using this microcracking
mechanism one can explain reasonably well the results in Table 1.

Based on the discussions above, we suggest that the fatigue initiated by surface

contaminaton in hot pressed PLZT 7/68/32 ceramics is though microcracking at the
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Table I Comparison of the remnant polarization and the coercive field for a PLZT 7/68/32

sample before and after fatigue, and after heating, re-electroding and thinning treatments.

-

Remnant Polanzanon Coercive Field
(uc/cm?) (kv/cm)
Before fatigue 27.0 5.0
After fatigue 6.0 6.8
After 190 9C heating 11.5 8.0
After 3009C heating 19.2 10.4
After 600 °C heating 22.4 7.3
After removal of 15um from each side 22.5 7.2
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Fig.9 Schematic plot of the inhomogeneous electric field concentrations at the ceramic-

electrode interface in a contaminated sample.
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Fig.10 Optical micogragh taken from a fadgued sample. The darkness indicates the degree
of mechanical damage or stress concetrations. The transparant regions are non-

fatigued portions still left in the sample,
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boundaries of the switched and non-switched regions near the ceramic-electrode interface,

which extends quickly into the interior of the ceramic.

IV. SUMMARY AND CONCLUSIONS

A systematic study has been carried out on the influence of surface conditions on the
fatigue behavior of hot pressed PLZT 7/68/32 ceramics with grain size less than Spm. It is
found that the observed fatigue which occurred within 105 switching cycles is actually
caused by surface contamination. These surface contaminates cause deterioration of the
contact between ferroelectric and electrode, resulting an inhomogeneous field distribution in
the specimen inducing microcrackings at the grain boundaries. The applied field then will
be concentrated across those cracks parallel to the electrode, which effectively raise the
coercive field and lower the polarization. The conventional cleaning methcd is proved to be
not appropriate for specimens used under high AC field. This surface contamination
initiated fatigue can be eliminated though an improved surface cleaning procedure, our
results show that the ferroelectric properties of PLZT 7/68/32, such as the polarizadon and
the coercive field, can be preserved for more than 108 switching cycles if the surfaces are
cleaned properly, which is a very encourage finding for some potential applications based
on the polarization reversals.

Contrary to some reported results.(51(8] we found that the fatigue damages are
permanent and are throughout the entire sample. The fatigued properties i.e., the reduction
of the polarization and the dielectric constant, and the increase of the coercive field can be
partially recovered though thermal treatment, however, a complete recovery is not possible.

At last we like to point out that the results obtained here are applicable only for small

grain ceramics, the fatigue mechanism in large grain systems is completely different.(15]
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ABSTRACT

In all ceramic plezoelectric and electrostrictive actuator materials, the basic
mechanism coupling electric and elastic properties is electrostriction i.e. the strain
x| is related to the components of the Polarization PkP| by the relation:

xg = Quly PxPy

where the Quiy are electrostriction constants in polarization notation. For the
different piezoelectric and electrostrictive ceramics, Px and P} may be made up of
combinations of spontaneous and induced polarizations and changes of P can also be
effected by both domain and by phase changes. In all perovskite structure based
systems however the Qg are ‘proper’ constants (not morphic) and do not change
widely within a given composition family. Thus it is clear that to achieve large shape
change (strain) it is essential to be able to induce large changes in polarization.

We have demonstrated in earlier studies (1)(2) that in Lead lanthanum zirconate
titanate (PLZT) family of ceramics at compositions which are in the spin glass phase
at room temperature, large polarization changes and large strain changes can be
induced by a nano to macrodomain phase change driven by electric field.

For PZLTs, the fatigue effects which occur in all high strain systems and limit the
number of useful strain cycles driven are particularly accessible to study. In this
work we demonstrate:

(1) That initial fatigue which occurs in the composition 7 : 68 : 32 at ~105 cycles is
due to improper electroding procedures.

(11) That in hot pressed transparent ceramics of the same compositions with grain
size less that 5 um and no vistble pores or micro voids, there is not fatigue for
~109 cycles of strain up to 0.4%.

(1i1) For a similar composition which is not hot pressed and contains a normal
ceramic pore distribution (p actual/p theoretical ~ 97 to 98%) fatigue sets in at
~104 to 105 cycles.

(lv)  In large graln samples, a different fallure mechanism occurs due to the
development of micro-cracks which evolve into macro-cracks rupturing the
sample,




Different composilions of PLZT and of Lead Magnesium Niobate : lead titanate
solid solution show micro to macrodomain transition down to liquid nitrogen
temperature. Evidence for strain and fatigue effects in these materials will also be
presented.

(1) INTRODUCTION

To describe the electro-elastic interactions in insulating crystalline dielectric
materials it is customary to use the phenomenological equations involving the
piezoelectric and electrostrictive deformations induced by electric fields in the form

xy = sykiXit + dmyFm + EmnyEmEn (1)
where  xy are components of the induces strain

Xy components of the applied electric field

EmEn components of the applied electric field

Skl the elastic compliance tensor

dmi the plezoelectric tensor

gmny the electrostriction tensor.

In stmple linear dielectrics, alternative forms may be written transposing stress
and strain, polarization and fleld and all constants are related by simple
transformations. For the nonlinear ferroelectric related dielectrics which are
essential for achieving high strain behaviour the relation between E and P is highly
nonlinear, often hysteretic and the "constants” dmij and gmnij are strong functions
of both fleld and temperature. In such materials systems it is simpler to describe the
elasto-dielectric behaviour using

xy) = SjkiXkl - bmiyPm - @mnyPmPn 2
where Ppn, P are components of electric polarization
bmy the piezoelectric tensor now in polarization notation
Omny) the electrostriction tensor again in polarization form.

In both equations (1) and (2) the Einstein summation convention is assumed. For
(2) however, the coeflicients b and Q are now found to be largely independent to
temperature and to have similar values in the same structure families.

For bulk samples, the polarization levels which can be induced by realizable
electric flelds below dielectric breakdown are such that even in very high permittivity
ferroelectric or paraelectric dielectrics the constants b and Q@ do not permit the
induction of strains much above 3 1074, In ferroelectric crystals however,
spontaneous polarizations occur which are order to magnitude larger and in some
cases induce strain ~1.5.10°1,

In looking for new electro-elastic actuators which can control strains much larger
than conventional plezoelectric and electrostrictive ceramics it is then natural to
look for materials in which Ps the spontaneous polarization can be controlled.

In earlfer studies (1)(2) two different types of phase switching actuators were
demonstrated.

. Systems which could be switched by electric field from antiferroelectric
(P=0) to strongly .crroelectric (P = Ps) inducing strains up to 0.8%.




. Compositions in the lead lanthanum zirconate titanate (PLZT) family which
settle into a spin glass state (P = 0) at the working temperature, but can be
switched to a ferroelectric state (P = Pg) which induced strains up to 0.5%.

For all fertolc systems, whether ferroelectric, ferroelastic (shape memory) or
ferromagnetic where large strains are switched by inducing or reorienting
spontaneous strain, there must be concemn as to possible mechanisms which may
degrade performance on repeated actuatfons, problems which may stem from a
number of diferent causes but are often lumped together under the heading of fatigue.

It 1s the purpose of this paper to summarize work on fatigue mechanisms in high
strain phase switching actuators which has been carried on the Materials Research
Laboratory at Penn State over the last four years.

(2) STUDIES OF FATIGUE IN PLZT PHASE SWITCHING CERAMICS

Previous studies of high strain actuators have explored compositions in the PLZT
system chosen near to the morphotropic phase boundary. In describing the PLZT
compositions it has become conventional to use the notation X/Y/Z where Y/Z is the
ratio of the mole fraction of zirconia to titania, and x is the model fraction of
Lanthanum substituted into the solid solutfon. Thus for example on 9/65/35
composition has 65% Zirconia to 35% titania with 8 mole% of Lanthanum added.
For the compositions explored the maximum switchable strain was over 0.5%. The
strain vs fileld relation i{s hysteretic, but the strain levels induced are strictly
proportional to the square of the inducing polarization. Thus, by current control it is
possible to "dial” a specific displacement and the actuator can be left remanent at any
chosen strain level. Compositions and dielectric and strain data from the earlier
study (2) are listed in Table 1 and the compositions identified on the phase diagram in
figure 1.

In any study of the mechanical properties of ceramics at high strain levels, the
flaw population which may initiate mechanical failure is critical since the PLZTs can
be hot pressed to very near theoretical density and good optical transparency,
indicating the complete absence of larger scattering centers with dimensions near te
the wavelength of light, they appear to be an ideal vehicle for fatigue studies. With the
close correspondence between polarization and induced strain, strain fatigue may be
monitored by continuous observation of the polarization levels and only needs to be
checked at intervals along the degradation curve.

Initial studies using a 7:68:32 PLZT compositions were however most
disappointing (ig. 2) with the material showing severe fatigue after only some 104
cycles. A first question which must be answered is whether the fatigue is a surface or a
volume phenomenon, does it occur at the electrode:ceramic interface or is it
distributed through the volume of the sample. The simple experiment shown in figure
3 answered the question unequivocally for this initial fatigue. For the experiment a
square cross section sample rod was cut from the transparent ceramic, polished and
cleaned and silver electrodes applled to all surfaces. To separate the major surfaces
the edges were beveled leaving two orthogonal electrode pairs (1:2 and 3:4 in fig. 2).
With switciiing fleld applied between the 1:2 pair polarization was degraded following
the curve in figure 3b. The fileld was then transferred to the 3:4 pair, now clearly if
degradation is a volume eflect the 3:4 fleld will be seeing already degraded material,
however figure 3c shows that the 3:4 electrodes repeat almost exactly the degradation
cycle observed with 1:2, as it they were starting from virgin material. Clearly the
observed fatigue is a surface effect. Switching back to the 1:2 electrode pair the sample
is still fatigued, however, removing the electrode and re-applying brings the sample
back to the unfatigued virgin state.




The strong suspiclon is that the problem is at the dielectric: electrode interface.
Roughening the surface to promote adhesion, polishing or even chemically etching
modifled but did not radically improve fatigue (fig. 2). A treatment which did however
eliminate fatigue up to more thun 108 switching cycles is illustrated in figure 4. The
sample was cleaned ultrasonically, then etched in hot phosphoric acid, rinsed and
dried at 500°C for ~ 1 hour (fig. 4a). Etching with air drying (fig. 4b) improved the
sample with respect to conventional surface preparation (fig. 4c), but the high
temperature heat treatment was essential to eliminate fatigue (fig. 5).

Table 1

Dielectric, Polarization and Strain Data for a Number of Spin Glass to
Ferroelectric Phase Switching Composition in the PLZT Family at
Compositions Close to the Morphotropic Phase Boundary.

Comp. T_1'C) K. Ku  Ec(kviem) Pr(uc/em)  r(107)  5(10°Y)  1/s,
8/67/%) w 1200 S50 2.6 2 oNn 5 0.}
8/63/33* [ 11350 460 36 ] 032 ) 0.32
8/63/ 37 114 1ixXx) 456x) 4.7 a 0.76 1.9 0.32
1165135 1490 15000 3 o8 28.4 i 1 0.7
7/62.5131.5° 160 16000 2900 bJ .2 2 37 0.64
71/60/40 L] [0V ¢) B ) i) 6.3 2.2 12 bR } 04
7/%8/42 0 T 260 8 n (K] 32 0.9
7/%6/44 L] ey 2200 10 2 0.94 23 0.4
6/62/18 19 o 210 s n 1.43 4.1 0.58
6/60/40° pii ) 10 200 5.6 N3 1.38 47 057
6,58/42 7.43 2 132 33 0.53
$/60/ %0 P& 1900 1600 6.52 n [ s ] 4.2 0.53
s/58 8741 8 6.41 M 1.24 45 0.59
S/%6/ 4 8.3 32.1 1.6 S.4 0.56
4/5114)° 1.4 352 1.26 R X] 0.6
435745 ' 10 23 1. 29 0.55

* MPR comporitions: 1,2 Transverse strain induced at 1S kv/em, 5,; Longitudinal strain induced at 1S kv/cm,
3¢ Tramsverse temapent stiain. T,: Temp. ol dickectric i K. Marxi dielcctric . Ko
Diclectric constant a¢ 23°C.
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That the degradation effect is associated with a surface impedance is suggested by
weak fleld dielectric studies. Using an 8.4/65/35 composttion which has a very high
dielectric permittivity near 90°C Qiyue Jiang has shown that on thinning a
conventionally prepared sample the effective peak permittivity appears o decrease
flgure 6: just the effect to be expected I there Is a capacitive series tmpedance. If
however the electrode s applied immediately ater appropriate heat treatment, there
is no change {n apparent peak permittivity down to less than half the thickness of the
conventionally prepared sample ({ig. 7).

A most important question concerns the possible role of the high perfection of the
hot pressed transparent ceramic. To test the importance an almost identical 7/65/35
composition was prepared by conventional sintering ~97-98% theoretical density,
ylelding the normal opaque ceramic body. Switching studies compared to the hot
pressed body now show degradation begins at 104 ~ 105 cycles and 1s severe by 109
cycles (fig. 8) even though identical electroding procedures were used. Studies have
shown that this degradation is a volume phenomenon and cannot be restored by
reelectroding.

For the hot pressed theoretically dense samples it may be asked whether the
ceramic grain size is important in fatigue. The 7:68:32 composition used for the data
in figure 4 had a grain size of order 3 pmeters. Heat treating the sample it was possible
to grow the grains to ~30 umeter. Again it appears that severe fatigue is induced by 105
~108 cycles of field (fig. 9).

That the fatigue behaviour is a complex overlay of several competing mechanisms
is evident from studies using 8.4:65:35 compositions. Frequently with this
composition, even though the induced strain at saturation is less than in the 7:68:32
composition, the ceramic often failed catastrophically by cracking after only some
107 ~108 cycles (fig. 10).

(3) LOW TEMPERATURE STUDIES

An interesting potential application for the hysteretic high strain actuator is in
precise position control for large space based telescope mfrrors. For a completely
active system, the power requirements for many banks of position control actuators
could be prohibitive. In the phase switching actuator, if the composition is properly
designed polarization switching can be very fast, so that banks of actuators could be
serviced by a single power supply which would only be required to update the actuator
agalnst aging and system drift. For such systems however it would clearly be
necessary for the actuator to be in initimate contact with the mirror, whose surface
would probably be at space ambient temperature ~100°’K, f.e. - 173'C. Thus it is
important to know how polarization controlled high strain actuators would behave
at low temperature.

In the spin-glass type switching systems it 1s important to explore the freezing
temperature as a function of composition. From such studies which will be reported
elsewhere it was clear that the 9.5/65/35 PLZT and pure lead magnesium niobate
(PMN) would be adequately square hysteretic. For the PLZT, polarization and strain
curves taken at -132°C are shown in figure 11. Clearly strains up to ~2-5.10-3 can be
retained remanently in this temperature. Pure PMN at -140°C (fig. 12) has a rather
less square hysteresis loop and the strain level is now less then 2.1073.

In both the PLZT composition (fig. 13) and the PMN (fig. 14) full switching up to
107 cycles only leads to very small fatigue. If the actuator were used in a static
deflection situation and only updating pulses were applied we believe this level of
fatigue would be acceptable for practical situation. Clearly if the actuator has to be
continuously exercised across the full strain range further improvement will be
necessary.
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Fig. 3

Experimental configuration used to demonstrate that early fatigue is a
surface not a volume related problem. ’

{a) Square cross section sample of 8.4/65/35 PZT electroded on the
major surfaces, but with the edges beveled to separate 1:2 and 3:4
electrode pairs.

(b) Modification of the dielectric hysteresis and polarization
degradation for fields in the 1:2 direction,

(c) Modlification of hysteresis and polarization with field cycling for
Nelds in the 3:4 direction. Note that for 3:4 degradation again starts
as if for a virgin sampie.

(d} Returning field to either 1:2 or 3:4 electrode pairs after fatigue the
sample remains In the fatigued state.




Fig. 4

(a)

(b)

(c)

Hysteresis behaviour showing the effects of different surface treatments on
a hot pressed transparent 7:68:32 PLZT before sputter deposition of gold
electrodes.

(a) For maximum resistance to fatigue the treatment involves etching in
hot phosphoric acid, rinsing in distilled water then heat treating to
500°C for one hour immediately before electrode deposition.

(b) Fatigue evident at 2.107 cycles after phosphoric acid etch, rinsing and
drying without heat treatment.

(c)  Severe fatigue assoclated with electrodes applied to conventionally
prepared PLZT surfaces.
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(4) SUMMARY AND CONCLUSIONS

For high strain phase switching actuators based upon spin glass like
compositions in the PLZT family it has been shown that the fatigue effects which
limit the number of useful strain switching cycles involve a number of phenomena

For hot pressed theoretically dense oplically transparent ceramics, the electrode
structure has been shown to be critical if premature fatigue is to be avoided. For
sputtered gold electrodes, etching in phosphoric acid followed by a high temperature
heat treatment immediately before electrode application was shown to yield fatigue
free performance up to 10° cycles. Conventional ceramics of ~97-98% theoretical
density made by conventional sintering could not be made fatigue free. The grain size
and the composition of the ceramic were also shown to play a major role in
determining the lifetime. In general finer grain ceramics as expected had longer
fatigue lifetimes, however composition is a more sophisticated variable and faflure
does not appear to be directly keyed to strain performance.

Initial low temperature studles have shown that hysteretic (dial-a-displacement)
actuators can be developed to work at temperatures ~-140°C. Fatigue at io” cycles is
quite small and for simple updating to maintain a near constant static displacement
present materials will be quite adequate.

In many high strain applications it will be necessary to use multilayer systems
with cofired electrodes so as to achieve adequate displacements at low terminal
voltages. It will be important to repeat these types of fatigue studies for system with
cofired internal electrodes.
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Abstract—ULead utanate doped with niobium forms solid solutioas of the type Pb, _ ,4(Ti, . , Nb, )0, where
x = .02 and 0.05. The ferroelectric Curie temperature of these solid solutions is around 465°C, compared
to $90-C for PbTiO, at the cubic-tetragonal phase change. The lattice distortions at and below the Curie
temperalure generate internal stresses, leading to mucrocracking. The microcracking in lead ttanate
ceramics is detected by acoustic emission methods as a function of beating o and cooling from vanous
temperatures upto 800°C. From this study it is concluded that microcracking is primarily triggered by
the sudden latuce parameter changes at the Curie temperature oo cooling and that it is enhanced by the
aamsotropic thermal expansion below the transiuon. The bealing of microcracks is a gradual process and
excapes direct detection by the acoustic emission methods. An indication of the recombination of
mxrocracks on heating has been obtained by the total gumber of acoustic emission counts ia samples

cooled from vanious temperatures and also from fixed temperatures aller diffierent periods.

1. INTRODUCTION

Single phase ceramic materials may exhibit micro-
cracking on cooling from high temperatures ecither
due to anisotropic axial thermal expansion (if they
have non<ubic crystal structure) {1, 2] or due to
phase transitions. A material with anisotropic
thermal expansion behavior undergoes contraction
(or expansion) by varying extents in different crystal-
lographic directions during cooling, setting up in-
ternal stresses, which may lead to intergranular or
transgranular ruptures if the internal stresses exceed
the {racture stress of the material. Aluminum t-
tanate, which possesses anisotropic axial thermal
expansion, was the first ceramic matenal in which an
unusual linear thermal expansion behavior is re-
ported (3] On heating a sintered ceramic aluminum
utanate, it contracts upto a certain temperature and
then expands. On cooling from the peak measuring
temperature, it contracts, as expected, down to a
certain temperature when it begins to expand oa
further cooling. thus exhibiting a hysteresis in its
thermal expansion behavior. Buessem [4, 5] was the
first to explain these experimental facts by invoking
micro~cracking on cooling and healing on heating:
On cooling a sample {rom a high temperature, it
contracts pormally until the microcracking becomes
severe enough to cause overall expansion masking the
normal contraction. On beating such an aluminum
titanate ceramic from room temperature, the pre-
exisung mxcrocracks heal (or recombine) causing an
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apparent contraction masking the true expansion.
When the shrinkage of the sample due to bealing of
microcracks becomes less than the normal expansion,
a net overall expansion is measured oa further heat-
ing. While this is 3 plausible explanstion and has
since been invoked to account for similar behavior in
other materials, not much direct (microscopic or
other) evidence has s¢ far been available for inter-
granuiar or transgranular {ractures on cooling as well
as healing of microcracks on heating, in such
materials. However, many single phase anisotropic
ceramics have been shown to exhibit similar linear
thermal expansion as aluminum Glanate and these
include magnesium dititanate {6, 7), pseudobrookites
{8), niobium pentoxide (9], titania {10}, alumina [11),
sodium zirconium phosphate family [12], among oth-
ers. many of which possess low (or near zero) overall
thermal expansion over a certain temperature range.

Though healing or recombination of pre-exisung
microcracks has been postulated to explain the ther-
mal expansion behavior on heating and the thermal
shock characteristics of non<ubic single phase cer-
amics [4, 6, 13-17), not much direct evidence for the
same has so far been obtained.

Acoustic emissions are transient elastic waves aris-
ing from the rapid release of energy within 3 matenal
due to any microdeformation process such as micro-
sracking, crysallographic phase transition etc. These
can be detected by piezoelectnic transducers mounted
on the sample while it is heated and cooled over the
desired temperature range.

Acoustic emission is & convenient tool to study
microcracking in ceramics [18-21) and has already
been used in the case of aluminum titanate {22, 23).
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sodium aorcomum phosphates [24), and niobia [2S
to detect microcracking due to anisotropic thermal
expansion dunng cooling.

It has been known that as the grain size decreases
in polycnystailine non-cubic ceramics. strength in-
creases sharply. and this behavior is associated with
the suppression of microcracking at small grain sizes.
The average grain size corresponding to microcrack-
wng 1s called the cnucal grain size, G,. The intial
explanauon of a cntical grain size from microcrack.
_ ing was put forward by Clarke (26] and extended by

others {7, 8, 10, 27-33]. In the theoretical models, the
equation for the critical grain size usually takes the
form

- S
EQT oz

where k is a function of the grain geometry, f is
the fracture surface energy. £ is the Young's
modulus, AT is the temperature change and Az,
is the maximum difference in the axial thermal
expansion cocficients. This umplies that microcrack-
ing in a ceramic may not occur for grain sizes less
than G,.

From the above, it is seen that microcracking due
to anisotropic thermal expanosioa of aon-cubic poly-
crystalline materials has been quite extensively inves-
tigated. On the other hand, microcracking in ceramics
due to phase transitions is studied oaly in the case of
some ferroelectrics [27] and more recently in super-
conducting YBa,Cu,0,_, [34). Ferroelectrics un-
dergo a phase transiuoa (e.g. cubic-tetragonal) at the
Curie temperature. In the case of lead titanate,
PbTi0,, the vanation of lattice parameters, tetra-
gonal distortion (¢/a). unit cell volume and linear
dimensional change of a ceramic are plotted in Fig. |
as a funcuon of temperature through the phase
change at the Curie point, 490°C [35. 36]). At room
temperature,. @ =0.)8%4 nm and c.a = 1.063 for
PbTIO;.

The large tetragonal distortion and the volatility of
PbO at the untenng iemperature makes it difficult to
produce dense sintered polycrystalline PbTiO,. How-
ever, introducton of 2-5% Nb enables the pro-
duction of dense. strong lead utanate ceramics {37).
A number of other additions have also been tried
{38—40]. Mawisuo and Sasaki [40) found that some
additions resulted in average gran size in the range
of 0.8-1.5 um whereas others gave average grain sizes
of 10-80 um_ They established that the poor mechan-
ical strength of lead titanate ceramics is due to the
wntergranular cracking arising from grain boundary
stresses set up by the anusotropic thermmal expansion
coefficients along the a and ¢ directions of the tetra-
gonal phase 1e. below the Cune temperature in
ceramics with grain size > -3 um. with complete
crumbling when gramn size =10 um Moechancally
strong lead utanate ceramics are interesung because
of its high Cune temperature and first order
ferroelectne ransition.

Ge H

In the present work, microcracking in Nb-doped
PbTi0, ceramics is studied dunng heating and cocl-
ing through the phase transiuon via the acousuc
emission method. An effort is made to delineate the
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role of the phase transinon and the gradual latuce
parameter changes with temperature below the
phase change, on the microcracking. Evidence for
recombination of microcracks on heaung is also
sought.

2 EXPERIMENTAL

2.1 Specimen preparation

Compositions of Pb,_,; (Ti,.,Nb,)O, with
x =002 and 0.05 were prepared from reagent
grade PbO, TiO; and Nb,O;. Tbe oxide powders
were mixed in a ball mill for 24bh using poly-
ethylene jar, calcined at 1100°C for one hour. The
calcined powders were ground and pressed into circu-
lar disks of 1° dia. and 0.27 thick. The disks were
sintered at 1180°C for 15 min in a covered platinum
crucible.

22. Characterization

The density was obtained from weight and dimen-
sions. The phase identification and lattice parameters
(from 200 sad 002 reflections) was determined by
X-ray diffraction using Cu X, radiation. The micro-
structure was observed (rom the scaming electron
micrographs (1S1-60) of fractured surfaces of sintered
samples. The linear thermal expansion of ceramic
rods (0.5 x 0.5 x 2 crp) was measured using 2 Harrop
dilatometer during heating to 600-800°C and cooliag
10 about 100°C, using heating and cooling rates of
about 4°C,/min.

2.3. Acoustic emission

The Nb-doped PbBTIO, ceramic rod. about
3 x § x 20cm, is attached with 3 high temperature
cement 10 2 30 cm long alumina rod. which served as
a waveguide. The other end of the alumina rod is
joined 1o a wransducer using a water soluble ultra-
sonic couplant. The sample is placed inside a tube
" furnace and a chromel-alumel thermocouple posi-
tioned near the sample monitors the temperature.
The furnace temperature was raised at the rate of
10°C/min up to the range of 425-800°C. The maxi-
mum temperature was maintained for 1S min (except
tn one experiment where the sample was held at 600
and 800°C for periods of 10, 100 and 1000 min),
before cooling at the rate of 5°C/min. Below 300°C,
the power to the furnace was turned off and a natural
cooling rate applies. The transducer employed has a
center (requency of S00kHz (in a range of
300-700 kHz). The electncal signal output from the
transducer is amplified. filtered and processed
through a train of instrumentation. consisting of an
amplifier discriminator. towalizer and rate meter mod-
ules, to obuain “total AE counts™ and “count rate
(counts;$°Q)" data. The discnminator tnggers a
pulse whenever the amplifier output exceeds a certain
adjustable threshold. The detasls of the system bere
are descnibed earlier (24, 34).

3, RESULTS AND DISCLSSION

3.1, Samples

The density of Pb,_,:(Ti,_,Nb,)O, ceramics is
6.66gcc for x =002 and 7.30gcc for x =005,
representing 84% and 92% of theoreucal density,
respectvely, which are comparable to those of
Ref. [37). The X-.ray diffraction pattern of
Pby o Tige Ny o O, is single phase tetragonal with
a=03886, c =04118am and c/a = 1.059, which
is dightly smaller than that of PbTIO, (c/a =
1.063). The Pbyy; Tiges Nby Oy sample was mosdy
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perovskitewith g = 0.3894, ¢ = 04106 nm and c,/a =
1 054 (which again is slightly smatler than that for the
2% Nb composition), while a trace of an unidentified
second phase was also present. Thus, the solubilicy
fimit of Nb in PbTiO, is between 2 and 5% [37]). The
scanning electron micrographs (Fig. 2) show the
average grain size to be 0.2-0.3um for the two
PbTiO, samples with 2 and 5% Nb. The small grain
size is vignificant, since the endency of PbTiO, to
crystallize as small c¢rystals during sintening is re.
ported to be one of the obstacles in producing dense,
strong PbTIO, ceramics [40). The unexpectedly good
strength of the present samples is no doubt due
to ther small grain size, below the value for
spoataneous crackiag {40, 27].

J.2. Dilatomeiry and acoustic emission

The thermal expaasion behavior of the 2% Nb-
doped PbTIO, ceramics (Fig. 3) on heating shows a
small expagsion upto about 400°C and then contracts
sharply upto the transition temperature (489°C) be-
fore it stars to expand aormally. On cooling from

about 600°C, it contracts down to the phase change

(469°C) and then begins to expand first steeply down
10 about 400°C, followed by gradual contraction
down to room temperature. The 5% Nb doped
PbTiO, ceramics essentially behaves in a similar
maaner, showing very little length change upto about
300°C, foBowed by a steep contraction up to the
transition point (450°C) and finally expanding in the
sormal manner, on heating. On cooling. the normal
contractioa is observed down to the transition points
(about 49%0° and 450°C), below which the sample
expands down to about 300°C, followed by slight
contraction at lower temperatures. The two minima,
in agreement with the results of Ref. [37)}, are at-
tnbuted 0 a non-equilibrium condition with two
compositions having slightly different Nb contents.
The sharp dimensional changes (expansion followed
by contraction) starting at the cubic-tetragonal phase
change down to room temperature is noteworthy. A
single sharp dielectric constant maximum was re-
ported at about 465°C in the x = 0.02 sample, while
two minima were observed in the x = 0.05 sample
{35}, in support of the thermal expansion data.

The acoustic emission data for these two samples
are also included in Fig. 3. On heating, no sigruficant
acoustk emission events are detected between room
temperature and 600°C for 2 sample with x = 0.02.
On the other hand, intense acoustic emission aclivity
was observed during cooling. For example, the
x =0.02 ample exhibited significant number of
acoustic emussion signals starting at 473°C on cooling
from 600-800°C (Fig. 4). The AE actuvity continues
down 10 &t least 200°C. The data for the x = 0.05
sample were essentially similar.

3.3. Origin of microcracks

During cooling, AE is detected at the transition
temperature, around 470°C (Fig. 4) and continues

down to at least 200°C (Fig. 5). It may be recalled
that the cubic a parameter suddenly undergoes a
sharp increase to become the ¢ axis and 2 decrease to
become the g axis of the tetragonal phase at the Cune
point. causing considerable internal stresses. These
internal stresses are partly relieved by the creauon of
ferroelecinc domaws (particularly of the 90° 1ype)
and partly by the imation of microcracks. Therefore,
the appearance of significant AE signals at about
470°C is attnbuted to the wmnjtiation of microcracks
due to the sudden lattice parameter changes at the
Curie point. The most intense AE is observed be-
tween 450° and about 250°C. This may be accounted
for by the following As the sample is cocled from the
transition tempenaiure to lower temperatures. an
anisotropic thermal expansion (¢ axis expansion and
the g axis contraction) takes place (Fig. 1). This is
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apparent (rom the dilatometric data aiso (Fig. 3. The fact that microcracking anses from anusotropic
Thus the AE behavior dunng cooling is attnibuted to  latuce  parameter changes with temperature 13
the dimeasional changes resulting from the vanation  confirmed by the two following expenments: In one.

of latice parameters with temperature. hardly any AE signals were detected between the
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maximum temperature of the experiment (from 500
to 800°C) and the Curie temperature (Fig. 5), clearly
indicating that no microcracking (and therefore no
AE activity) takes place on heating or cooling in the
cubic phase region, as expected [Figs ¥c.d) and §}. In
the second experiment, when the sample was heated
10 and cooled from 425°C, slightly below the cubic-
tetragonal transition temperature, much less AE ac-
tivity (about 100 counts) was detected, compared to
the samples heated and cooled from above 500°C
(about 500 counts) (Fig. 6), suggesiing that the
sudden lattice parameter changes at the Curnie tem-
perature really trigger the microcracking, which is
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enbanced by the anisotropic thermal expansion as the
sample is cooled below the transition temperature.
Tbe scanning electron micrograph of a sample which
had undergone several heating/cooling cycles through
the phase transition shows intergranular fractures
{Fig. 2(c)] which are absent in the same sampie before
such thermal cycling [Fig. 2(a)).

3.4. Recombination of microcracks
Only minor acoustic activity is observed as the
sample is heated through the phase transition (Fig. 7)

compared to the intense AE signals during cooling of
the same sample (Fig. 5). This may imply that crack
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Fig. 7. Acoustic emission on heating Pb, g Ti o ND, 0y ceramic from 200°C (0 successively higher
temperatures: (3) 300. (b) 600. (c) 700 and (d) 300°C.
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he:ufng is a gradual process and is therefore not
amenabdle for detection by AE methods.

However, AE data were collected on a sample of
PDyee Tiese Ny » O, ceramic as it was subjected to
heauing cooling cycles, in which it was heated to
successively higher temperatures ($00, 600, 700 and
$00°C) but cooled 1o 200°C between successive heat-
ings [Fig. %a)-(d)]. in order to study the effect of
maximum temperature experienced by the sample on
the extent of microcracking duning cooling. The
beating and cooling rates have been kept constant at
10 and $°C/min, respectively. It may be noticed that
the total oumber of counts (essentially all of them in
the temperature range {rom the transition point to
200°C) as well as the count rate were larger, the
higher the max'mum temperature to which the
sample has been heated and {rom which it has beea
cooled. For example, as the maximum temperature
experienced by the sampie increased from 500 to
800°C, the total AE counts increased from about 400
to over 10,000 and the count rate (per 5°C) increased
from less than 20 to over 1000. This expenment was
repeated in which the maximum temperature experi-
enced by the sample was successively lowered
(800-700 to 600-500°C) with cooling to 200°C be-
tween successive cycles. The AE data in this
case [Fig. S(e)-(b)] were nearly identical to those
obtained in the first experiment in which the succes-
sively higher maximum temperatures were employed
[Fig. 5a)<d)]. The relationship between the total
number of couats and the maximum temperature to
which the sample was exposed is essentially linear in
the temperature range of 500~700°C (Fig. 8). This
may be explained as follows: The number of AE
counts may be taken as the number of fresh micro-
cracks occurting in a sample. Healing or recombina-
ton of pre-existing microcracks may be assumed to
be a function of the temperature to which the sample
is heated. Therefore, the microcracks in more of the
grains may be healed by heating it to a bigher
temperature (and therefore offer themselves as poten-
tial sites for (resh microcracking) than when it is
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Fig. 3. Toa) AE counts on cooling Py e Tiy g Ny O,

ceramic to 200" C as a funcuon of maxumum temperature 10
whuch the sample was exposed.
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Fig. 9. Total AE counts oa cooling Pbyy Tiuq Nty g0,
ceramic to 200°C from 600 and 800°C, as s functios of
holding time at 600 and 800°C.

heated to a lower temperature. As a result, the
number of fresh microcracks occurring (and thus the
number of AE counts) increases with the temperature
to which the sample is beated. This explanation
is confirmed by the fact that the number of AE
counts decreased when the sample was cooled 1o
200°C successively from 800, 700, 600 and S00°C
[Fig. 5(e)—(h)]. It may be noted (Fig. 8) that the total
counts on cooling 3 sample from 800°C are oaly
slightly more than those when it is cooled from
700°C, which may mean that much of the recombina-
tion of microcracks is compieted by heating to 700°C.
Further, very few AE counts were obtained when
the sample was cooled from 425°C. which is below
the cubic-tetragonal transition temperature, com-
pared to samples cooled from above the transition
temperature (Figs. 6 and 8), as pointed out carlier.

The healing of microcracks bhas been shown above
to be a function of the temperature to which the
sampie has been heated (Fig. 8). In order to examine
the influence of holding (or annealing) time on the
recombination of microcracks. samples heid at 600
and 800°C for 10, 100 and 1000 min were cooled to
200°C, while AE data were obtained (Fig. 9). The
recombination of microcracks appears to be more
rapid in the first 100 min compared to jonger periods.
both at 600 and 800°C. Further, in the time span
studied. the rate of healing of microcracks was faster
at 600°C (nearly doubled between 10 and 1000 min).
In other words, the holding time was more important
at 600°C than at 800°C for the healing of microc-
racks. This also meaas that many of the microcracks
which can recombine do 30 as soon as the tempera-
ture reaches 800°C and not many more do so by
holding the sample at 800°C for long per.ds,
whereas the holding time does piay 8 mon. significant
tole at lower annealing temperatures suwwh as 600°C.

4 CONCLUSIONS

Microcracking in Py 4 Tiy o Nby 3 O, cerarc, aris-
ing from tetragonal distortion at the cubic—tets: gonal
phase transition (at about 469°C) and becoming
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enhanced by the anisotropic changes of the tetragonal
lattice parameters on cooling below the transition,
are detected by acoustic emission measurement. Ap-
pearance of significant AE activity starts at or near
the phase transituon and the AE count rate reaches 2
peak at 50-100°C below the transition temperature.
Very few AE signals are detected dunng heating
(indicaung that bealing of microcracks is a gradual
process, not amenable to detection by AE methods)
and_dunng beating or cooling of the sample in the
cubic phase regime. Only a smail aumber of AE
counts were detected when the sample was beated to
and cooled from 425°C, well below the transition
temperature, indicating the important role of the
sudden laiice distortion at the ferroelectric Curie
temperature as the prime trigger for the microcrack-
ing process. The AE activity continues as the sampie
is cooled below the Curie temperature duc to the
microcracking caused by the anisotropic thermal
expansion behavior of the tetragonal phase. The
extent of bealing increases with increasing tempera-
ture 1o which the sample is heated and coasequeatly
the number of fresh microcracking events (and the
AE counts) increase with increasing temperature ex-
perienced by the sample. The extent of recombination
of microcracks increases substaptially with hoiding
time of the sample at 600°C, whereas holding time
does oot play an imporant role for 3 sample heated
to 800°C.
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Morphotropic Phase Boundary in the Pb(Zr Ti, _ )O, System

By
M. FUKUHARA?), A. S. BHALLA, and R. E. NEWNHAM

The ionic polarizabilities in Pb(Zr,Ti, . )O, compositions are calculated by the Clausius-Mossotti-
Lorentz-Lorentz equation. The resultant gap of the polarizability appearing at the morphotropic phase
boundary (MPB) composition suggests the phase transition boundary to be due to the electrostatic
long-range dipole moment. Semiconducting and phonon softening of PZT near MPB compositions
may be arrived at from screening of the long-range dipole - dipole interaction by electrons.

Es werden dic ionaren Polarisierbarkeiten von Pb(Zr,Ti, - )0, mit Hille der Clausius-Mossotti-
Lorentz-Lorentz-Bezichung berechnet. Die resultierende Polarisierbarkeitslicke bei der Komposition
der morphotropen Phasengrenze (MPB) 1Bt vermuten, daB die Phasenibergangsgrenze durch das
langreichweitige clektrostatische Dipolmoment hervorgerufen ist. Nahe der MPB-Komposition ist
Halbieitung sowie ein Aufweichen der Phononmoden bei Abschirmung der langreichweitigen Dipol - Di-
pol-Wechselwirkung durch Elektronen moglich. ’

1. Introduction

Since Jaffe et al. {1. 2] found enhanced piezoelectric effects, such as maximum electromecha-
nical coupling coefficient and dielectric susceptibility, for compositions near the morpho-
tropic phase boundary®) (MPB) between the tetragonal and rhombohedral ferroelectric
phases in the Pb(Zr,Ti, _,JO, solid solution (PZT) system, PZT ceramics are now the main
materials in modern piczoelectric technology. For these compositions, there are fourteen
possible poling directions over a very wide temperature range, explaining why the piezoelec-
tric coefficients are largest near the MPB [3]. Once the phase boundary was considered as the
composition where these two phases were present in equal quantity {4}, Benguigui and cowor-
kers [5] have suggested the coexistence of the two phases in MPB over the region of 15 mol%,
but Isupov {6] has reported a possible existence of an extended region of the MPB compo-
sition. Subsequent investigations by Kakegawa et al. 7] and Multani et al. [8] have proved that
no coexistence of the t.;o phases occurs in any range of composition without compositional
fluctuation, using wet-dry combination and sol-gel techniques, respectively. Nakamura [9] has
also pointed out that the MPB is the phase boundary of the first-order transition tetragonal
and rhombohedral phases. However, even if the MPB is a monoboundary separating two
ferroelectric phases, there is still the question of why the MPB appears at a specified compo-
sition in the complete solid solution system. Our overall interest lies in an inquiry into the
origin of the MPB in terms of lattice dynamics. Previous work (10 to 13] has been carried out
on this subject using Raman techniques, but it is not completely clear yet, as far as we know.

') University Park. PA 16802, USA. :

) Present address: Toshiba Tungaloy, Research Department for Tool Development, 7-1, Tsukagoshi,
Saiwai-Ku, Kawasaki 210, Japan.

%) This is used to denote an abrupt structural change within a solid solution with variation in
composition [2]. That the boundary cannot be crossed by changing temperature isimportant in PZT.
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2. Appearance of MPB and Relief of Lattice Strain

In order to answer the question. the charactertistics of the MPB are reviewed as follows:
1. The boundary appears as a vertical line and does not depend on temperature [4. 14].
The temperature independence is nol common in other ferroelectric systems. In general,
the subsolidus boundaries in binary solid-solution regions show a half cllipse shape such
as the o-phase in Fe-Cr alloys. 2. The orthorhombic ferroelectric phase is not found among
the perovskite oxide systems in which the morphotropic boundaries occur. For this reason,
Newnham {3, 15] has suggested the instability or suppression of the orthorhombic phase
due to the symmetry hierarchy. 3. The morphotropic boundaries are relatively common in
Pb-based perovskites. more than in other perovskite phase diagrams {3). A Pb?* ion favors
pyramid bonding which is common in the tetragonal and rhombohedral perovskite, under
its lone-pair 6s’ electron configuration [16]. The bonding calls for an asymmetrical position
which is the result of the deformation of the Pb?* ion. Thus, the high permittivity in the
tetragonal side i1s a consequence of the high polarizability of the (Ti.Zr)-O chains
perpendicular to the spontaneous polarization along {001] directions (Fig. 4 in [16]). 4. The
dielectric constant, piezoelectric d strain coeflicients, and electromechanical coupling factor
k have their highest values just on the tetragonal side of the structural transition {17}, while
the piezoelectric g-constants maintain their high values into the thombohedral field [4]. 5.
The tetragonal distortion. (c/a) — 1. in tetragonal range shows a minimum value near the
MPB [2. 18] In order to make clear it, the strain §; in the direction of spontanecous
polarization atl room temperature was calculated in both tetragonal and rhombohedral
regions, using the general formula [14, 19]

5 = Q,P}. ' (1

where P; is the spontaneous polarization and Q,, the electrostrictive coeflicient. For this
<calculation, the latest data at 298 K by Haun et al. [20. 21] were used. These results are
shown in Fig. 1. The strain (3.0%) of PbTiO, decreases almost linearly with increasing
zirconate content to the MPB composition and reversely increases in the PbZrO,-rich
region over the composition. This suggests that the domains near the MPB are most easily

£H

k()

[
]
™
&

~
1
R

spontaneoys  stramn (%) ——e

-~
]

[

Q

Fig. 1. Compositional dependence of the strain
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aligned for poling due to the relief of the strain. Therefore. it is very difficult to explain the
appearance of the MPB based on the 15% strain limit according to the Hume-Rothery
rule which predicts structural stability limits based on ionic mismach considerations {22].
6. The local maxima of electric conductivity (107% to 107 (R cm)~" at the Curie point)
exist for the compositions close to the MPB [23]. These values and their positive temperalure
coefficient in conductivity indicate semiconducting character.

These six characteristics yield clues as to the reason why the morphotropic boundary
appears at x = 0.535 [24]. We first consider physical causes of the dielectric anomaly near
the MPB.

According to the Lyddane-Sachs-Teller (LST) relation [25)

wi  elx)

— 9
€t0) =

wi

if £10) — x. a characteristic of ferroelectricity. w; would be zero*). where £(0} is the static
dielectric constant, ¢(x) is the high-frequency limit of the dielectric function, and ¢y and
¢ are transverse and longitutional optic phonon frequencies. respectively. Hence. by analogy
we infer that a singularity in dielectric constant at the MPB may be related to the solt
modes with w; — 0. Indeed. Pinczuk [10]. Burns and Scott 11}, and Bauerle et al. (13] have
observed that the “solt™ wy mode frequency decreases with increasing zirconate content
in the tetragonal region and goes to zero at the MPB. However, no optical soft mode exists
in the rhombohedral phase: all (Ti, Zr)-O chains are spontaneously polarized due to the
formation of triangular Pb-O structures [16]. Therefore, these characteristics at either side
of the MPB indicate that the Pb?* ion in cubo-octahedral sites plays an important role for
the lattice softening and the polanzation which are respoansible for the appearance of the
MPB. The occurrence of the MPB might therefore be connected with relief of the Jattice
strain, especially shear strain.

3. lonic Polarizability Gap at MPB

Goldschmidt has established that. for a given structure, the possibility of substitution in
isomorphous oxides is limited to a certain range of ion sizes and polarizability *) [26], so
the chiel factor underlying the appearance of the MPB would be the influence of composition.
especially ratio of Zr to Ti, on the ionic polarizability. To our knowledge, however. there
is no system with phase transition boundary due to the polarizability. The eflects of the
ionic size and electronegativity will be negligible for the components close to the MPB.
Since, moreover, it is known that the PZT is a lerroelectric solid solution without vacancy
like K{Ta, Nb)O, [27], we can omit an oxygen vacancy effect. Thus, the ionic polarizability
z, contributing to the MPB composition is calculated by the Clausius-Mossotti-Lorentz-
Lorentz equation under extremely small short-range repulsive force {28],

-1 M

. 13
n+2 g

Jeo, g + 2

Nox g, -1 M
¢

*} Burns and Scott {12] have reported that displacive ferroelectrics such as Pb,_.La,Ti,_,,0,
1x < 0.24)do not behave according to the accepted LST theory. However, it is probably out of question
for this study because of A site occupation of La against Zr of B site in perovskite ABO, compound i l].

%) Polarizability describes the lability of these electrons when induced [rom their normal positions.
w hile the polanzation describes the position of the outer electrons with reference to the atomic nucles.
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where Avogadro's number Ny = NM/o = 6.023 x 10?3, ¢, is the relative dielectric constant.
to the dielectric constant of vacuum. n the refractive index. provided that the local Mosotti
field applies to the Pb(Zr, Ti)O, crystal. In fact, the O?~ ions in ferroelectric perovskite-
structure crystal do not necessarily have cubic symmetry and the local field factors turn out
1o be unusually large [29).%) However, the crystal symmetry of the compositions near the
MPB seems 10 be close to the cubic environment and the quadrupole and octupole
polarizabilities of ions will be smali [31, 32), since the soft mode in ferroelectric transition
is actually characterized by a negative contribution by the long-range dipole-dipole
interaction {13}, Thus. we write the molar polarizability of PZT in the form
g - | N

= — (- + 2. + %), 4
g+ 2 3

where 2,. and 1x,. are the electronic polarizabilities of the positive and negaltive ions,
.cspectively. At optical frequencies, we arrive at the approximate formula
nt -1 N
5 = (% + 2.-), (5)
nt+2 3
because of 1, = 0. Thus, we can obtain x; by subtraction of (5) from (4) [34].

Here we use the ceramic dielectric constant data at 4.2 K [20] and single-crystal refractive
index data at room temperature. It is expected that the low temperature dielectric data
freeze out the thermally activated contributions such as domain wall and defect effects to
the dielectric properties [20}. The refractive indices of the solid solution Pb{Zr, Ti}O, may
not differ so much from intermediate values of PbTiO, (n = 2.6)[35] and PbZrO, (n = 2.2)
[36] crystals, so these indices are interpolated with linear allocation of these values for
PbTiO, and PbZrO, {37). The numbers of each ion per unit cell (m?) are 1'5ab? and
13501 ~ 3cos? 8 + 2cos* 6)'? (8 is the rhombohedral angle) for tetragonal and
rhombohedral regions, respectively. In the rhombohedral case, we 1ake a covalency of
alternating (Ti-Zr1O, and PbO, dipoles which align with the [111] direction (Fig. 5 in [16])
into consideration and ignored the effect of the (Zr, Ti)-O chains, because the (Zr, Ti)~-O
chains retain only minor significance for the ferroelectricity as a result of the reduced titanium
content [16). The unit cell volumes of the solution Pb(Zr,Ti, _,)O; are calculated using
room temperature lattice parameters of pure homogeneous polycrystalline samples from
sol-gel derived powders (7). since the parameters are almost constant in the temperature
region {rom 4.2 K to room temperature [38].

Jonic polarizabilities for Pb(Zr,Ti, _ )0, solid solution are also presented in Fig. 1, where
a gap of the polarizability appears near the MPB composition (x = 0.535). This gap suggests
that appearance of the MPB arises from the difference of large-range dipole moments
between the tetragonal and rhorbohedral ferroelectric crystals. If 50, the MPB in PZT
would be the first case of the phase transition boundary due to polarizability.

4, Strain Relief and Band Crossing

As mentioned in review [6]. the PZT ceramics near the MPB behave as semiconductor and
show an increase of conductivity. This variation is quite analogous to the composition-
induced semiconductor-insulator (S-1) transition in ferroelectric (BaTiO,), _,(R;0;),

*) The detailed calculation must use the general quantum-mechanical formula for a localized system,
taking the occupied and available excited orbuals into consideration [30].
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{R: Sm. Gd. and Ho, 0.0015 < y < 0.003) [39]. The conduction in the PZT is by a band
transport mechanism. by a charge transfer process such as occurs in lithium-doped NiQ {40,
or by an exchange process through the anions. Although the question of whether a
conduction band exists in PZT cannot be answered at the present time. it probably results
from a change in band overlap with a structure change. If two bands either cross or uncross as
a function of an external variable such as pressure. then the S-1 transition will occur {41},
Amin et ab [42] have reported that the tetragonal-rhombohedral phase transition can be
induced in the morphotropic PZT compositions by the application of a relatively small
hydrostatic pressure, because the ferroelectric propetties are related to a hydrostatic stress
on the ions in the B position of the perovskite ABO, compound {43]; the position of the MPB
moves towards PbZrQ, and PbTiO, compositions with increasing compressive and tensile
hydrostatic pressure, respectively [{42]. Therefore, there is a possibility that the two bands
cross due to the relief of strain in phase transition from tetragonal to rhombohedral on the
MPB composition. There are several materials such as Ca {44}, Yb (45], and CdS (46] in
which a band uncrossing does occur with increasing pressure.

On the other hand, the tetragonal-rhombohedral phase transition is directly connected
with the softening of the lowest wy phonon, as described above. Thus, the PZT near the
MPB composition has two contradictory characteristics, semiconduction and softening of
osr phonon. For this reason. the effect of screening of the long-range dipole-dipole interaction
by the electrons might be dominant over that of the short-range, by the positive Coulomb
forces., and of the “chemical” effects by introducing either impurities or oxygen vacancies [47].

Judging from these discussions, the coupling of the electronic system to lattice distortions
would be sufficiently strong and the relevant phonon mode would be sufficiently “soft™. In
order to explain simultancously both behaviors of the dielectric permittivity and the
conductivity in the composition ncar MPB on the basis of quantum mechanics, the lowest
Hartree-Fock state for the transition must involve a combination of a lattice distortion and
an oscillatory electronic polarization. The detailed study will be addressed in the next paper.
1In addition, assuming from these discussions, it will be difficult to get single PZT crystals
with MPB composiuon, as pointed out by lkeda and Fushimi [48]).
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Theory of tetragonal twin structures in ferroelectric perovskites with a first-order phase transition
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A three-dimensional Landau-Ginzburg model has been constructed to describe the tetragonal twin
structures resulting from a first-order 0,-C,, proper ferroelectric phase transition in perovskites. The
model takes into account the nonlinear and nonlocal characteristics of the polarization {order parame-
ter) as well as the electromechanical coupling. Quasi-one-dimensional (Q1D) analytic solutions for the
space profiles of the order parameter are obtained for a 180" twin and for a charge-neutral 90" twin with
a special choice of parameters. Without the presence of interfacial defects, such as dislocations, the Q1D
solutions require the support of inhomogeneous mechanical constraints. Elastic deformation and dimen-
sional changes associated with the twin structures, and their implications on the piezoelectric effect in

fervoelectric ceramics, are also addressed.

L INTRODUCTION

Many important ferroelectric materials, such as
PbTiO;, BaTiO,, (Pb,_ 1, )TiO; [PZT], etc., have
perovskite structure (ABx,).'! The prototype phase is
cubic with symmetry group O,, which transforms to a
ferroelectric tetragonal (C,,) or rhombohedral (C,,)
structure upon cooling. In certain materials there are
several low-temperature ferroelectric phases, so that the
stable structure of a material depends on the given tem-
perature range.

These thermally induced structural phase transitions
are usually displacive, and there are several low-
temperature variants associated with each phase transi-
tion. For instance, there are six and eight variants in the
tetragonal and rhombohedral phases, respectively, upon
transforming from cubic. These variants are energetical-
ly equivalent; therefore, twinning between these variants
is a common phenomenon under natural conditions. For
single crystals with free boundary conditions, twinning
may be eliminated through (clectric or mechanical) field-
induced domain switching between these low-
temperature variants. However, twinning cannot be el-
iminated for a confined system, such as grains in a ceram-
ic, because unit-cell distortions are usually associated
with these ferroelectric transitions, domain switching
could generate large elastic energy. Although, for some
materials, a single phase may be achieved under a very
large electric field, twinning will reappear when the exter-
nal field is removed in order to release some of the elastic
strain sc as to minimize the total system energy. For oth-
er materials, twinning cannot be driven out by the elec-
tric field before the solid is shattered.

The existence of these twinning structures often
changes the mechanical and electrical properties of a fer-
roelectric material substantially. There are considerable
experimental studies being carried out in this regard®’
and some phenomenological theories were also
developed.*~* However, in order to understand the
physical process associated with the twinning

“

—

phenomenon, one has to go down to the microscopic lev-
el to see how the lattices move in forming a twin struc-
ture and how they interact with each other. To this end,
it is essential to know the structure of a twin boundary,
including its stable space profile, energy density, and as-
sociated elastic distortions. In this paper, we will calcu-
late these physical properties for a ferroelectric twin
boundary by using a Landau-Ginzburg type of continu-
um theory. The problem we are dealing with is a first-
order cubic to tetragonal proper ferroelectric transition,
which appears in systems such as BaTiO,, PbTiO;, and
some PZT compositions.

There are six tetragonal variants upon transforming
from cubic; they can form three different kinds of twin-
ning structures: (1) 180° twins, for which the polariza-
tions in the two domains have the same magnitude but in
opposite directions, (2} 90° twin with a charge-neutral
domain wall, for which the polarizations in the two
domains are (almost) perpendicular to each other with
head to tail configuration, and (3) 90° twin with a charged
domain wall, for which the polarizations in the two
domains are perpendicular to each other and with either
head-to-head or tail-to-tail configurations. It has been
verified that the third kind of twin structure is unstable
and will transform into the second kind with a zigzag
twin boundary.’

Several authors®~'? have attempted to model the struc-
ture of ferroelectric domain walls by using the Landau-
Ginzburg theory; however, those models are either one
dimensional or three dimensional with gradient terms in
the free-energy expansion not obeying the symmetry re-
quirement. Moreover, the focusing point was on the first
kind (180°) of twins only. It has beenr pointed out that a
one-dimensional model is not adequate for describing a
three-dimensional solid." A  quasi-one-dimensional
(Q1D) solution can be obtained only under certain con-
straints when unit-cell distortions are involved. We have
taken all of these points into account in our three-
dimensional model described in this paper, which can
give a full description of both the first and the second

5 © 1991 The American Physical Society
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kind of domain walls mentioned above. Analytic expres-
sions of the order-parameter profiles for a 180° twin and a
90" twin were derived, although special parameters were
chosen in order to get the 90° twin solution. The bound-
ary conditions and the associated shape change were also
addressed in our model. The expansion coefficients in the
free-energy equation (2.1) can be determined experimen-
tally, which enables one to apply the present model to a
real system.'?

This paper is divided into six sections. We introduce
the theoretical model in Sec. II. Sections III-V are the
solutions for the tetragonal phase with 2 homogeneous
structure, 180" twin, and 90° twin, respectively. Section
VI contains the summary and conclusions.

£

I1. THEORETICAL MODEL

The order parameter for describing the 0,-C,, proper
ferroclectric phase transition is the polarization vector P.
The free-energy density, which is invariant under O,
symmetry, can be written as

F(P;, P, 1y )=FL(P,)+Fy(ny)

+F,(P,, )+ Fg(P,;) . @.1

We should emphasize here that P is the material measure
of polarization which ensures the invariant nature of the
free energy.!> The first term in Eq. (2.1) is the Landau-
Devonshire free energy:

F (P)=a,(P}+P3+P})+a,,(P}+Pi+PiP+a,(PIP}+PiP} +P2PY)+a) (P +P§+PS)

+a,,,[P} (P} +PY)+P3(P}+PY)+PY(P +P)]+a,,,PIPIPY,

2.2)

where a,, is negative for describing a first-order transition. The second term in Eq. (2.1) is the elastic energy of the sys-
tem,

Cu
Fylny)= T“ﬁl+"I§z+71§3)+Clz("lnmz+"h1’733+’7u"ln)+2C«(ﬂfz+ﬂf3+'7§3) . 2.3)

N =Huy  +up, ) (k,1=1,2,3) is the linear elastic strain tensor which serves as a secondary order parameter here, 4,
is the component of elastic displacement, C;; are the second-order elastic constants. The third term in Eq. (2.1)

represents the coupling between the primary and the secondary order parameters:
Fc(Pnﬂu)="‘In(’lnpf+"th§+7133P§)_le[ﬂn”’g+P§)+’7u(P§+P§)+"h;(P%+P§)]

—29u(NP\Py+ 03P Py + 1Py P5) ,

q;; are the electrostrictive constants. The fourth term in
Eq. (2.1) is the gradient energy of the iowest-order com-
patible with the cubic symmetry, which has the invariant
form

Fg(P, ;)=1g\\(P},+P},+P};)
+812(Py Py + Py Py 3+ P, 1Py )

+g—2‘i[(Pl,2+Pz.1 PH(P 3 +Py

+(Py;+P;, 0. (2.9)
All the expansion coefficients in Egs. (2.2)-(2.5) are as-
sumed to be independent of temperature except a, in Eq.
{2.2), which signifies that the transition is proper fer-
roelectric.

For convenience we define the following new constants:

&,.=c,+2¢,,, (2.6a)
eu =C“ —Clz ’ (2.6b)
du=9ut2,, (2.7a)
=919, - (2.76)

(2.4)

[

They are the bulk and shear elastic constants and elec-
trostrictive constants, respectively.

1. STATIC EQUILIBRIUM CONDITIONS
AND THE HOMOGENEOUS SOLUTIONS

The static equilibrium conditions can be derived from
the total energy expansion by using variational method,
which gives rise to the Euler equations for the primary
and secondary order parameters:

a [aF | _8F __ .. ._
axl aP‘_‘j l aP. —o (‘I.’ 1,213) N (3,1)
(Ol:—a— _a.I.; =() (i'j=l’2,3). (3.2)

o™
]
dx; | an;

The Cauchy stress tensor a}f‘ includes contributions from
the pure elastic response and the electrostrictive effect.

In order to avoid the complication of defects, we only
consider the case for which no dislocations and disclina-
tions are generated in the structural phase transition,
which means that the following compatibility relations'
must also be satisfied:

eikl‘]lnnnlu.hn:o (i,j.k.l.m,n’l,2.3), 3.3)
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where €, is the permutation symbol (or Levi-Civita den-
sity).

For a homogeneous system, all physical quantities are
uniform in space, hence, Eq. (3.3) becomes trivial and
Eqgs. (3.1) and (3.2) reduce to the following simple equa-
tions:

oF
ap, 0, (3.4)
o}f*=const=0. (3.5

We have set the constant in Eq. (3.5) to zero, assuming
that the system being studied is free of external stresses.

Equations (3.4) and (3.5) can be easily solved, there are
four different temperature ranges which we will discuss
separately. It is customary to assume that a, depends
linearly on temperature, i.c., @;=ay(T —T,), where a; is
positive definite, then the solutions for the homogeneous
system are the following.

(i) For T > T, where

P,=0, 7,=0 (i,j=1,2,3), (3.6)

only the cubic phase exists.
(i) For T,>T>T,, where T.=To+ay}, /4au,,,
there are two solutions:

(a) P,=0, ;=0 (i,j=1,2,3) 1.7
and
(b) P=(%P,,0,0),(0,1P,,0),(0,0,£Py) (3.8)
with
—aj, +la}, 230,02 |'?
P,= 1 iay 19111 , 3.9)
3ayy,
Pé u , 29y
nw=——\l=—+-=—1, (3.10)
'3 en ezz
Po{qn Qn
M= ia" s 3.11)
3 en ezz
7,;=0 (i¥j). (3.12)

Here 7, and 7, are the normal strain components in the
directions parallel and perpendicular to the tetragonal
axis in each of the three tetragonal states, respectively.
Solution (a) represents a thermodynamically stable cu-
bic phase and (b) indicates that an additional tetragonal
metastable phase also exists in this temperature region.
This metastable phase can be stabilized to become the
ferroelectric phase with further cooling. T, is the phase-
transition temperature at which the free energies of the

cubic and tetragonal phases are equal.

(iii) For T, 2T > T, solutions (a) and (b) in (ii) exist,
but in this temperature region the tetragonal phase be-
comes thermodynamically stable and the cubic phase be-
comes metastable.

{iv) For T <T,, only the tetragonal phase exists {solu-
tions (b) in (ii)].

IV, 180° TWIN SOLUTION

Twinning exists because of the coexistence of several
energetically degenerate variants in the low-temperature
phase. The domain wall represents a transition region be-
tween two tetragonal variants, where the lattice structure
is distorted, so that the formation of domain walls intro-
duces inhomogeneity to the system. The 180° twins
represent one kind of inhomogeneous structure, which
consists of two variants whose polarizations are 180" out
of phase. The tetragonal axes of these two domains are
the same. A continuous space profile of a 180" twin can
be obtained by solving Egs. (3.1)-(3.3) under specified
boundary conditions. Taking, for example, the two vari-
ants (0,0,1P,) to form a [100] 180" twin, the boundary
conditions are

lim Pylx,)=1P; , 4.1
xl—o [ )

lin; oiMx,)=0 for ij=11,22,33, @“.2)
x'—o [ ]

o%(x,)=0 for ij=23,13,12. 4.3)

Here Eq. (4.1) states that the polarization component
P,(x,) should match one of the two values corresponding
to the two variants far from the domain wall; Egs. (4.2)
and (4.3) represent, respectively, that the system is free
from mechanical stresses in the homogeneous region
(Ix,]— ) and there are no shear stresses in the entire
system.

We assume a Q1D solution exists and make the follow-
ing ansatz for the primary and secondary order parame-
ters,

P=(0,0,P4(x,)), 4.4)
Ny =X} . 4.5)

Substituting Egs. (4.4) and (4.5) into Eqs. (3.1)-(3.3) gen-
erates a second-order nonlinear differential equation for
Pix,)

2a) P, +4a)\P}+6a,,,P}—g, P, =0 4.6)
with '
Cu Ci
al =a,— 'E‘;"Iu"h*‘ q"—z-:_,'hz 7|, @7
2
aﬁ=a,,—%— . (4.8)

Equation (4.6) has a kink solution'® which satisfies the
boundary condition (4.1)




Pysinhix, /€ 40)
Px= o ) 4.9)
[A +sinh (X]/glw)]

where sinh(y) is the hyperbolic sine function and

Vi

= . (4.10a)
S0 Pyl6a,, Pi+2a;) "

3a,, Pi+at)

bt 11l Ml | L4 (4.10b)

(2a|"P%+arl) )

The elastic strain field associated with the 180° twin solu-
tion can be derived from Eqgs. (3.2) and (3.3) together with
the Q1D solution (4.9),

=1, 112
= (4.110)
Pz
"“="‘_:3—l.2. 1+4 "sinl:’(x, 7
m:=0, @4.11d)
My=0, (4.11¢)
723=0. @110

The kink solution (4.9) gives the continuous space profile
of polarization for a 180° twin in the tetragonal phase. A
planar domain wall which bridges the (0,0, —P,) and
(0,0, Py) states is located at x; =0 in our coordinate sys-
tem. Note that the strain components Egs.
(4.112)-(4.11f) were derived under the assumption that
the twin structure is free of defects, i.e., the distortion
caused by the presence of a domain wall is purely displa-
cive, no atoms are lost or gained in forming the twin. It
can be seen from Egs. (4.11a)-(4.11f) that all the strain
components of a twin structure are the same as those for
a single domain tetragonal system except 7, [Eq.
{4.11¢)). In other words, the distortion caused by the
QID domain wall is only in the x, direction. The dis-
placement u with respect to the cubic structure can be
easily integrated from Eqgs. (4.11a)-(4.11d),

n,x,+Au
u= |nx, 4.12)
Mxs
with
- 912 2 1
Au—“‘—c_—Pogtuﬁlafcunh ‘g_tanh(X|/§|‘o) » (4-13)
1" .
d:; \2
&= [3+ 2L 4.14)
ay Py

Since the electrostrictive constant q,, is usually negative,
there is an expansion in the x, dimension associated with
]

17 n
Enp= |28 | 7 |Bp 13py 20 ail’
et ag 20 o am 4a,,,
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the 180" wall, with the amount of

AL, = -—z%ig,g.warcmh @.15)
1

1
£
It was proved'! that the dimensional changes are corre-
lated under the elastic compatibility constraints, Eq.
(3.3). Therefore, in order to sustain the displacive change
in the x, direction without affecting the other two dimen-

sions, we need to apply inhomogeneous stresses on the ia-
teral surfaces; these required stresses are

(82 /C\y )91, P}

o= . 4.16)
B 14 A lsinh(x, /€ 90)

—{(C,,/C P?
tor = lan 12/Cnla2 1Py @.17

I+ 4 "sinhz(x, /guo) )

It is interesting to compare the 180° twin solution here
with the antiphase solution obtained in Ref. 16. Al-
though the forms representing the coupling between the
order parameter and the elastic strain were taken to be
identical (determined by the cubic symmetry) in the two
cases, the underlying physics is different. For the anti-
phase solution, the rotation axes of the octahedra are the
same in the two domains divided by an antiphase bound-
ary, which implies that the tetragonal axis must be per-
pendicular to the antiphase boundary plane; but, for the
180° ferroelectric twin discussed here, charge neutrality is
a prerequisite to ensure a stable static configuration,
which means that the polarization vectors and, hence, the
tetragonal axes of the two domains are parallel to the
twin boundary plane. As a consequence of this
difference, the normal-surface stresses required in the two
lateral directions for supporting the Q1D solutions be-
come distinct for the 180" ferroelectric twin but are the
same for the antiphase solution. Another obvious
difference between the two cases is the functional form of
the order-parameter profile: a ¢*-type kink (second-order
phase transition) in Ref. 16 but a ¢°type kink (first-order
phase transition) in this paper. In addition, since the
coupling constants ¢,, and ¢,; (B, and B, in Ref. 16)
have opposite sign, the antiphase boundary induces
shrinkage but the 180° twin boundary causes expansion in
the dimension along the twin (antiphase) boundary nor-
mal.

There is a certain amount of energy stored in the 180°
domain wall. We define the energy density per unit area
for a single domain wall to be E |y, which is a function of
temperature only and is given by

Eve=[ :-(F—Fo)dx, . 4.18)

Here F, is the energy density of a homogeneous system at
a given temperature. The integration of Eq. (4.18) can be
carried out by substituting the solutions (4.9)-(4.11)
into Eq. (2.1). After some algebra, a closed form can be
obtained,

Py
(2P} +a /a7 |

+

4.19)

arcsinh
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FIG. 1. 180 twin solution. (a) Illustration of polarization
and unit-cell distortion in a [80° twin structure represented by a
continuum solution. (b) Space profile of normalized polariza-
tion P/Py (curve 1) and normalized inhomogeneous com-
ponents of strain —(C,,/q,;P3)n,;—7,), and stresses
lC"/euang)a}‘}' and (qu-lCu/Cu)qu]"PE’a}‘i' {curve
2).

For T<T, E,s is positive definite (see arguments
below), so that a twin structure has higher energy com-
pared to a single domain structure. As mentioned above,
external constraints are needed to stabilize base twin
solution; these are often provided by surface stresses or
intergranular interaction in a polycrystal (or ceramic)
system. It should be pointed out that defects play a very
important role in stabilizing the twin structures in a real
system, but it is beyond the scope of this paper.

In Fig. 1(b) are plots of polarization, strain, and stress
profiles in dimensionless form, each physical quantity has
been rescaled with a different scaling factor. The polar-
ization and unit-cell distortion represented by the solu-
tions are illustrated in Fig. 1(a).

a a;;;—la
F,,=a,(P,’+P})+a,,(P}+P3)2+—.‘l’—(P,’—P,’)1+a.,,(p}+P3)’+—-‘—'—’————~

Gs ,  Gs,
+-—2—P,,,+TP,‘,+F,,(17,‘,)+F,(P,.P,,m,) (k,I=r,s5,x3),
where
G,=(g,,+8,,+284,)72, (5.2a)
G,=(g,,—g;) "2, (5.2b)

Fy(ny) and F.(P,,P,,m;,) are the elastic and coupling
energies (Eqs. (2.3) and (2.4)], respectively, in the new
coordinate system.

The boundary conditions as s — + @ are, for the polar-
ization and strain components, respectively,

. PO
,E?‘P, = ——‘/5 , (5.3a)
Py
’_IITSP, =% ‘V—-i' , (5.3b)
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V. 90° TWIN SOLUTION

The other type of stable twin structure in the tetrago-
nal phase besides the 180" twin is the 90° twin, which con-
sists of two domains whose tetragonal axes (or polariza-
tions) are (almost) perpendicular to each other. Since the
twin structure with charged twin boundary (with polar-
izations head-to-head or tail-to-taill has additional
Coulomb energy, only the twin structure with charge
neutral boundary (head-to-tail configuration) is a stable
configuration for the 90° twin.

We consider a twin structure of the two following vari-
ants: P;=(P,,0,0) and P,=(0,P,,0), with the twin
boundary oriented in [110]. It is convenient to work in a
new coordinate system (s,7,x) which is a 45" rotation of
the x;-x, plane around x,. The two coordinate systems,
the structure and the polarization configurations, are
shown in Fig. 2. We choose a system with its dimension
along the s coordinate much larger than the other dimen-
sions in order to set up the boundary conditions
(Ly~ow>>L,,L,), and assume that the space profile of
the polarization vector of the system is quasi-one-
dimensional, i.e., it depends on the space variable s only.
Our goal is to seek solution of the kind
P=[P,(s),P,(5),0] for the 90° twin structure, which
satisfies the boundary conditions

lim P=(P,,0,0)

==

and

lim P=(0,P,,0) .

§—t+eo

In order to use this Q1D nature to our advantage, we
will convert all quantities into the new coordinate system,
the polarization becomes P=[P,(s), P,(5),0], and the free
energy of this 90° twin can be written as

T (P~ PINPI—P})

{5.1)

—

’ng‘n,='£§x“n, (5.3¢)

=(q+n)/2, (5.3d)

ligx Ny =2(n—m,)72 . (5.3e)
j——I®

In addition, there should be no mechanical coanstraints in
the single domain states (s — + ) and no shear stress in
the x, direction. These arguments lead to the mechani-
cal boundary conditions

lig: oiMs)=0 (i,j=r,s,x,), (5.4
§—I®
03=0,;=0. (5.5)

The compatibility relations (3.3) give three nontrivial
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X, (1003

FIG. 2. (001) cross section of a 90" twin crystal with a twin
boundary at s =0. The orientation of the new and old axes are
shown in the figure, and the directions of the polarizations in
the two domains are also indicated.

constraints for the twin solution. They are, in the new
coordinate system,

N =0, (5.6a)
73,55 =0 ’ (5.6b}
Ns =0 . (5.6¢)

These equations (5.6a)-(5.6¢) together with the boundary
conditions (5.3) and (5.5), can determine four of the six
independent strain components; they are

T’,3=7’,3=0 ’ (5.7a)
N,=3im+n). (5.7b)
7’33= 7“ . (5.7C)

These four components are constants in space since the
quantities 7, and 7, are functions of temperature only.
The other two of the six independent strain components
are inhomogeneous and strongly coupled to the primary
order parameter. From Eq. (3.2) and the boundary con-
ditions (5.4), we have

N, =(33/Cp)P,P, , (5.8)
"n=%“7l+"h)
1
"E;l(‘hl‘*"hz)[}’g"(?f*‘?’z)]
—qu(P}-P)}, (5.9a)
where
n=£‘"—;-ci+cu . (5.9b)

By using these strain solutions and the definitions of Ui
aad 7,, we can explicitly write the equilibrium conditions
(3.1) in the rotated coordinate system:

FS

G P, =2a\P, +4a} P} +4a},\P,P}
+%“1m+am”’f+( 15a,,,—a,),)P;P}
+H15a,y,—a, )P, P} ,

G.P, . =2a/P,+4a} P} +4a}\P,P}
+ayy +a,,)P) +(15a),,—ay,)P} P}

(5.10a)

+H15a,,,—a,,)P, P}, (5.10b)
where
2 2
191 1@
= —_ | ———t
S X RN YN
(g1 +qi2 Mgy +a12+qu) |,
iC. Py, (511a)
: ! 36" 6622
(qutguantqin—qd) |, .
ac. P}, (5.1id)
a;  Qntaitgu?
a‘{|=a"+—;ll——qi%g—qi- : (5.11¢)
23
a (g1 +91n—9u)
°;|=a||+‘4—u"‘—_—q" :g L ) (5.11d)
53
a (g, +¢,,)*—q2
afi=ay=—Z - fu :(’_f q“—zae” . (G.11e)
= 2

In general, Egs. (5.10a) and (5.10b) have to be solved nu-
merically. All the coefficients may be determined from
dielectric, elcctrostrictive, and elastic measurements, and
from phonon dispersion curves for a given system. We
will show this numerical procedure elsewhere.!?

Putting the quantitative individual characters of each
specific system aside in the following, we will abstract the
common features of a 90° twin solution by choosing some
of the parameters to special values. For instance, if

ali=0, (5.12)
15ay,=ay;, (5.13)

then we can obtain analytic solutions for P, and P, from
Eqgs. (5.10a) and (5.10b),

P, =%2p° , (5.148)
1 sinh(s /&)
P=— , (5.14b)
V2" % B +sinh¥(s /£4))' 2
where
e
= |7 (5.15a)
b0 Py | 6ay,Po+aj,
_ SawPita, (5.15b)
4a,,,P(2,+a;|
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The two inhomogeneous strain components, Egs. (5.8)
and (5.9), now become

sinh(s /£4)
—(2., /28 1P , (5.16a)
Nn=(82/2Cy O[B +sinh¥(s /£g)]!
N =_%(71||+7’1)
2
~— gy +9n =) : '
aC,, 9uT9279u 14 B ~'sinh¥(s /&4)
(5.16b)

Equation (5.16a) describes the shape change (or bending)
caused by the 90° twinning and Eq. (5.16b) indicates a di-
mensional change in the s direction with the total amount
of

£soP?
AL3=-‘“2_C:(¢I||+112_9“)
12
X5 n(VB+vVB-1. (517
J
r r n
Eov= G, i aj Py IPie an ai,
” | 2ayy; 4 °" 2ay, 16a,,,

For a static configuration, Egp >0, which may not be
obvious from Eq. (5.19) but can be proved to be true for
more general cases. According to d=nition we can write
the energy density of the 90° domain wall as

Eq= [ [F(P,P,j)—F,(Py)lds
=2f " (F(P)=F,(Py)lds .

Here Eqgs. (5.10a) and (S5.10b) have been used, F (P;) is
the Landau energy which has 8 minimum value F;(P;)
for T<T,,i.e., F (P;)>F;(Pg) for P,# P, therefore the
integral in Eq. (5.20) is a positive value, hence, Eqy >0.
The same argument also applies to E 4 obtained in Sec.
IV.

Figure 3(a) illustrates the 90" ferroelectric twin struc-
ture and the associated elastic distortion. In the twin
boundary region, not only the rotation of polarization
vector occurs, the magnitude of the polarization also
changes in space as shown in Fig. 3(b). For the special
choice of parameters, Egs. (5.12) and (5.13), the magni-
tude of polarization is

(B /2)+sinh(s /&g) '
B +sinh(s /&y

(5.20)

|P|=Po

<Py, (521

which is less or equal to the polarization in the single-
phase region. For other choices of the parameters, or in
real system, Eq. (5.21) may not be true.

Note the mathematical forms of Eqs. (4.15) and (5.17) are
interconvertible. The two position-dependent normal
strain components, which are required to support the
Q1D solution, are given by

PZ
a:?:'_o-[zcu(qll +41,)H(C +C )94 ]

4AC,,
X 1 , (5.18a)
1+ B ~'sinh’(s /&g)
P
o= 4—C,'—[—C“(q" —qu)H(C +2C )9,
-
1 (5.18b)

X .
1+ B ~lsinh¥(s /&40)

Similar to Eqgs. (3.18) and (3.19), the energy density stored
in this 90° domain wall can be obtained from the analytic
solution, (5.14a) and (5.14b),

Py
(2P3+a:,/2am)'n )

—aj |arcsinh (5.19)

V1. SUMMARY AND CONCLUSIONS

Based on Landau-Ginzburg theory, a continuum model
has been developed for the twin structure in tetragonal

(o)

()

Polarization

FIG. 3. 90° twin solution. (a) INlustration of the polarization
variation and unit-cell distortion. (b) Space profiles of the nor-
malized polarization components Py, P,, and the magnitude P,
the parameters bave been set to satisfy Egs. (5.12) and (5.13).
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ferroelectric perovskites, which is a three-dimensional ¢°
model with the primary order parameter chosen to be the
material measure of polarization. Under the assumption
of a coherent interface, the model can describe the O, -
C,, first-order proper ferroelectric phase transition and
gives rise to the space profiles of a 180° twin and a 90°
twin with charge-neutral twin boundary.

The ferroelectric phase transitions are often accom-
panied by unit-cell distortions (in certain cases the distor-
tions could be very large); therefore, a proper ferroclec-
tric is usually an improper ferroelastic. The second-order
improper ferroelastic phase transition has been addressed
in Ref. 16; that model can also describe a second-order
ferroelectric phase transition with proper physical con-
straints, such as the orientational relationship between
tetragonal axes of domains and the twin boundary. For
the same reason, the ferroelectric * model developed in
this paper may also be generalized to describe other im-
proper ferroelastic systems.

It is interesting to see that the coupling of the order pa-
rameter to strain has different effects in the case of
second-order and first-order phase transitions.'""!” The
transition temperature is the same for the former, but will
be shifted for the latter resulting from this coupling and
the imposed boundary conditions.

Due to the nonlocal coupling of the polarization, the
domain walls acquire finite width. In addition, as shown
in Fig. 3(a), the crystallographic symmetry is lower in the
90° domain-wall region. At the domain-wall center, the
structure is quasiorthorhombic, which implies that the
90° domain walls are natural nucleation sites for the
tetragonal-orthorhombic transition if the orthorhombic
phase happens to be the next low-temperature thermo-
dynamically stable phase.

We have also proved in Sec. V that both 180° and 90°
domain walls contain positive energy, so that the ex-
istence of a stable QiD (win structure must be supported
by either inhomogeneous {internal or external) stress dis-
tribution or by defects. In a ceramic system the stresses
are provided by intergranular coupling. This implies that
the stress concentration at the grain boundaries is inho-

mogeneous.

An important application of any ferroelectric material
is based on its piezoelectric effect. Strictly speaking, the
macroscopic piczoelectric effect comes from two different
origins: For a single domain single crystal, the induced
strain is due to the direct coupling of the polarization to
the unitcell distortion, which, in our case, is proportion-
al to the square of polarization. Therefore, the intrinsic
piezoelectric constants are proportional to the product of
the electrostrictive constants and the components of
spontancous polarization. For a multidomain system,
such as a ceramic, there are additional contributions
from the motion of 90° domain walls, which can be un-
derstood from Fig. 3a). We can clearly sec a shape
change associated with the misalignment of polarization
vectors in the two domains. A lattice movement of an
entire domain in the direction parallel to the twin bound-
ary plane can be generated by the motion of a 90° domain
wall along its normal direction. We define this additional
piczoelectric effect as the “orientational effect,” it is ex-
trinsic in nature. The strength of this effect is determined
by the degree of unit-cell distortion (relative to the cubic
structure) and the maximum distance which a domain
wall can move without breaking the atomic coherency.
Except in a single domain single crystal, these two effects
exist simultaneously and interact with each other. In or-
der to analyze this complicated process, one must know
the detailed structure in the domain-wall region, which is
one of the achievements of the present work. We will
show in a forthcoming paper'? how to determine those
expansion coeflicients from experiments so as to quantify
the atomic displacements in a ferroelectric twin structure
for a specific system.
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The extrinsic nature of nonlinear behavior observed in lead zirconate

titanate ferroelectric ceramic
Shaoping Li, Wenwu Cao, and L. E. Cross

Maierials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvunia 16802
(Received 3 December 1990; accepted for publication 19 February 1991)

The nonlinear electric and electromechanical responses of lead zirconate titanate

Pb(Zr,Ti, _ ,)O; ceramics to an external ac electric field have been measured under different
driving levels. The onset of measurable nonlinearity is observed to be accompanied by

the appearance of hysteresis loops. This lossy nature suggests that the nonlinearities in a
ferroelectric ceramic are generated by the domain-wall motion. In addition, aging
experiments and the bias field dependence of the threshold field (onset of nonlineanity) all
indicate the extrinsic nature of the nonlinear behavior of ferroelectric ceramics. A
phenomenological theory of Arlt, Dederichs, and Herbiet [Ferroelectrics 74, 34 (1987)) has
been extended to include the nonlinear contributions. With only 90° wall vibration

being considered, the theory leads to some basic understanding of the experimental results.

I. INTRODUCTION

The study of the nonlinear behavior of piezoceramic
materials is very important because ferroelectric ceramics
are now widely used to make transducers, resonators, ac-
tuators, motors, sonars, etc. One of the limitations for
practical use of these ceramic products is their nonlinear
behavior, which occurs at higher driving levels. In order to
optimize the performance of these ceramic devices, it is
essential to understand the origin of the nonlinear proper-
ties in ferroelectric ceramics. Recent developments in the
fabrication of ferroeleciric thin films open up the possibil-
ity of utilizing these nonlinear properties, because now the
nonlinear response can be observed under voltage as small
as a few fractions of a volt. In fact, some applications of the
nonlinear properties have already been made, for example,
convolvers and correlators for microwave acoustic
devices,' frequency mixers and frequency doublers.
Therefore, the study of nonlinear effects in ferroelectric
ceramics is not only scientifically interesting, but also tech-
nically important.

The physical origin of most phenomena observed in a
ferroelectric ceramic is, in general, quite complex. For in-
stance, the piezoelectric effect consists of two parts, the
intrinsic® and the extrinsic piezoeffects.*® The intrinsic ef-
fect refers to the homogeneous (unit cell) deformation
caused by the electric field, and the extrinsic effect repre-
sents the elastic deformation caused by the motions of non-
180° domain walls (partially domain switching) and the
interphase interfaces.’” It is believed that the piezoelectric
effect of a ferroelectric ceramic comes mainly from extrin-
sic contributions at a relatively low to moderate dnving
level. Studies on barium titanate, BaTiO;, and Jead zir-
conate titanate (PZT), Pb(Zr,Ti, _,)0,® show that the
extrinsic effect contributes 60%-70% of the piezomoduli
observed experimentaily. Microstructural analyses™'° re
veal that a large number of 90" domain walls are present in
ferroekectric ceramics, which strongly affect their clectro-
mechanical behavior.'"'?

A number of researchers have looked at the nonlinear-
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ities of ferroelectrics.!>'* However, most of the studies
were focused on the intrinsic effect. The extrinsic effect 1s
very complicated, because it involves interactions of sev-
eral length scales, i.e., the interactions between ions, do-
mains, and even different phases (such as in PZT). There-
fore, it is very difficult to develop a detailed microscopic
theory to account for the extrinsic effect. Arlt, Dederichs,
and Herbiet™® have proposed a formal phenomenological
theory dealing with linear electromechanical properties re-
lated to 90° domain-wall motion, which might be a possible
route to avoid some of the unnecessary complications. In
this paper we will try to address the nonlinear effects re-
sulting from a 90" domain-wall motion by using a similar
idea. More importantly, we will present some experimental
results which can provide evidence for the extrinsic nature
of the nonlinearities in ceramics. It has been found that
these nonlinearities are mainly from the nonlinear motion
of non-180° domain walls.

1l. EXPERIMENTS

A series of experiments were carried out on both soft
and hard PZT systems. The instruments employed include
an optical interferrometer,'® HP4192 LF impedance ana-
lyzer, HP3586 spectrum analyzer, multifrequency LCR
meter (HP4275A), a modified Sawyer-Tower circuit, and
a strain gauge (Kyoan KRF-02(Cl-11).

The piezoelectric constants dy;, dyy, and d,s of soft
PZT were measured versus ac field strength at a frequency
of 200 Hz. The resuits are shown in Fig. 1. Figure 2 shows
the field dependence of ac dielectric constants €,; and €;, of
soft PZT at 200 Hz. One can clearly see in Figs. 1 and 2
that these quantities depend strongly on the field strength.
In addition, it is observed that the losses (both mechanical
and electric) also increase with field strength as shown in
the insert of Fig. 2 (hysteresis loop). The appearance of a
hysteresis loop accompanying the onset of nonlinearity
suggests that the source of these nonlinearities mignt come
from the nonlinear response of the domain walls to exter-
nal field, because domain-wall motion is known to be a

© 1991 American Institute of Physics 7219
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FIG. 1. Electric-ficld dependence of piczoelectric coefficients for dy,, dy,,
and ‘".

strong lossy process.'”'® Observing Figs. 1 and 2, we find
there is a relatively flat region in each of the curves, which
implies that linear relations (d;; ande;; are independent of
applied field) between the applied electric field and the
induced strain or polarization hold for small values of the
field strength. We have defined a threshold field E, at
which Ad/d(Ae/€) > 2.5%~5%; the range of the percent-
ages are based upon the uncertainties of the experiments.
E, signifies the onset of measurable nonlinearity. In gen-
eral, the thresnold field E, is influenced by temperature,
composiiion, frequency of the applied field, dc bias field,
and time. E, is a relative measure and may differ for dif-
ferent physical quantities. As an example, we show in Fig.
3 the change of the threshold field for €,; with respect to
temperature and dc bias field for a soft PZT sample. E,
increases with bias dc field. This is because the bias field
shifts the working point of the poled ceramic toward a
more saturated region on the P-E hysteresis loop. Looking
at the microstructure, the domains are in better alignment
under the bias field, and the domain walls become more
difficult to move, which will reduce the extrinsic contribu-
tion. Hence the overall dielectric and piezoelectric con-
stants become smaller; at the same time, the loss and non-
linearity are also substantially reduced. It is believed that
the nonlinearity from the intrinsic contribution is very
small. Therefore, when the domain-wall motion is
“pinned” by tl.e bias field, E, becomes much larger; i.e., the
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F1G. 2. Electric-field dependence of dielectric coefficients ¢,;, and ¢€,,. The
two inserts are the P-£ relations at low and high electric fields, respec-
tively.
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FIG. 3. The threshold field of the diclectric constant ¢,, for a poled soft
PZT ceramic as a function of positive dc bias field and temperature. The
frequency of the applied field is 200 Hz

onset of measurable nonlinearity requires much larger field
strength. Similarly, lowering temperature can also “freeze”
the domain-wall motion, because the potential well of the
low-temperature phase becomes deeper so that the energy
barrier for domain switching becomes higher. Therefore, E,
will decrease with temperature as shown in Fig. 3. The clue
for the extrinsic nature of nonlinearities observed in PZT
ceramics is the drastic increase of dielectric loss accompa-
nying the onset of nonlinearity as shown in Fig. 4. It is also
shown in Fig. 4 that the loss decreases with frequency,
reflecting the delayed response of the domain-wall motion
to the high-frequency electric field.

In order to further the understanding of this matter,
we have analyzed the spectrum of the response signals in
both electric and electrochemical measurements, which are
shown in Figs. 5(a) and 5(b). In Fig. 5(a) the electric
field is parallel to the poling direction. When E > E, the
output signal contains both odd and even harmonics, and a
small asymmetric hysteresis loop was observed (note, that
the maximum electric field strength is 0.57E, where E_ is
the coercive field of the ceramic used in the experiments).
In Fig. 5(b) the electric field is perpendicular to the poling
direction. For E> E, only odd harmonics were observed,
and the small hysteresis loop observed is symmetric. An

01 1 10 100 1000 10000

A.C. ELECTRIC FIELD (V/cm)

FIG. 4. Dependence of diclectric loss tan & on the amplitude of the
external ac field at different frequencies.
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TABLE I The magnitude of output voltage for the second and third-
harmanic components under different ac electric-field strength. E, is the
coercive field.

The ac electric
field

0.008E, 0.1E. 0.39E. O.57E, 0.64E,

The magnitude of no higher harmonics 3.8 29 2.4 1.9
V,-¥,; (dB) detected

The magnitude of no higher harmonics 2.5 23 22 24
V,-¥, (dB) detected

important finding from the spectral analyses was the cor-
respondence between the nonlinearity and dielectric loss
(the area of the hysteresis loop), which is given in Table I
and Fig. 6. At very low electric field, the system is practi-
cally linear and no loss was observed. When the field
strength increases, the magnitudes of the second and third
harmonics increase, and the area of the hysteresis loop
(loss) is also enlarged. As a comparison, we have also
included the hysteresis loop for field strength close to E, in
Fig. 6. One can see that for £ > E, the hysteresis loop
again becomes symmetric. This observation enables us to
identify that the origin of the nonlinearity is truly extrinsic,
i.e., due to the nonlinear response of domain wall.

Figure 7 shows the x-ray-diffraction (XRD) profiles of
(002) and (200) peaks for plate PZT samples of different
orientations. It can be seen from Fig. 7(a) that when the
normal direction of the plateiet is perpendicular to the
poling direction, the (200) peak is much higher than the
(002) peak. Conversely, for samples with the normal di-
rection of the platelet parallel to the poling direction [Fig.
7(b), the (002) peak is much higher than (200) peak.

Amplitude (48}

PO PO WU U Y

Amplitude (dB)

-
Frequency {kHz)

F1G. 5. Spectral analyses of the output voltage of dielectric (or piezo-
electric) responses. (a) Electric field paralle! to the poling direction. The
amplitude of the ac fleld is 0.57E,. (b) Electric field perpendicular to the
poling direction. The amplitude of the ac field is 0.7E,
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F1G. 6. The asymmetric P-£ hysteresis loops at different field level for »
poled soft PZT sample. The loss (area of the loop) increases with the
applied ficld, and the loop becomes more asymmetric for £<E.

Figure 7{(c) is for an unpoled sample. Since there is no
preferred orientation, the intensity of (200) peak is about
twice as that of (002) peak. Structurally speaking, all of
the tetragonal variants are equivalent. For a poled ceramic,
only the relative volume ratio of the variants [P,,0,0] and
[0,0,P,] is different in the directions parallel and perpen-

T
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002
200
1Y)
200
002 te)
o AsprdF U ST G { A
. YY) a
3 8 4 6

FIG. 7. XRD (002) and (200) peaks for unpoled and poied soft PZT
ceramic. (a) X-ray intensity profile of a poled ceramic plate sample with
its normal direction perpendicular to the poling direction. (b) X-ray
intensity profile of a poled ceramic plate sample with its normal direction

parallel to the poling direction. (c) X-ray intensity profile of an unpoled
ceramic sample.
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FIG. 8. The threshold field of the peizoelectric coefficients d; for both
poled soft and hard PZT ceramics as a function of aging time.

dicular to the poling direction, which can only affect the
extrinsic process. However, as shown in Figs. 1 and 2, the
physical quantities observed in the directions paraliel and
perpendicular to the poling direction are quite different.
They differ not only in the magnitude, but also the onset of
nonlinearities (E,). This fact provides another piece of ev-
idence for the nonintrinsic origin of the nonlinearities in
ceramics, because E, would be the same in the two direc-
tions if the nonlinear effect is intrinsic.

It is known that the aging eflect of ferroelectric ceram-
ics is related to the reduction of non-180" domain-wall mo-
bility. The aging experiments shown in Fig. 8 provide fur-
ther proof for the extrinsic nature of the nonlinearities
found in ferroelectric ceramics. The increase of E, (reduc-
tion of nonlinearity) with time can be understood as hav-
ing the same physical origin as that of the aging effect, i.c.,
the decrease of domain-wall mobility. In addition, the fact
that a stronger time dependence of the threshold field oc-
curs in hard PZT rather than in soft PZT is also consistent
with the aging phenomena observed in these ceramics.

From the above experimental results, we conclude that
the nonlinear phenomena observed in ferroelectric ceram-
ics (PZT, for example) is mainly caused by the nonlinear
motion of non-180" domain walls, or is extrinsic in nature.

ll. PHENOMENOLOGICAL THEORY

Arlt and co-workers*S have developed a phenomeno-
logical theory to calculate the contributions of 90° domain-
wall vibrations for a linear system. The basic element is a
twin plate shown in Fig. 9. The changes in the dielectric
and piezoelectric quantities induced by the domain-wall
displacement Al can be described in terms of Al and the
Euler angles ©, @, and V. For example, the change of the
electric dipole moment of this basic element can be ex-
pressed as

6P =Al APf(©.9,¥), (1
where

J1={(cos O sin ® sin ¥ — cos ¥ cos D),

J1= — (cos ¥ sin ® + cos © cos P sin ¥),

fi=—sinV¥sin O,
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FIG. 9. A basic element of 90" twin in tetragonal ferroelectric ceramics.
The relative orientation of unprimed and primed coordinate systems is
characterized by the Euler angles (O, ®, ¥). The z-axis is the poling
direction, s is the normal direction of the twin boundary.

P, is the spontaneous polarization, and A is the area of the
vibrating domain wall per unit volume. Similarly, the in-
duced strain is given by

51,=81ASoF; (a=1-6), (2)
in which

Fy=2(sin © cos ¥ cos P sin ¢
— cos © sin O sin? ® sin ¥),

Fy= —2(sin © cos ¥ cos ¥ sin ¢
+ cos © sin @ cos? ® sin ¥),

Fy=2cos ©sin Osin ¥,

F¢=(cos © cos ¥ sin ® + cos? O sin ¥ cos ¢
— sin? @ sin ¥ cos ®),

Fs=cos © cos ¥ cos ® — cos? @ sin ¥ sin ®
+ sin® © sin ¥ sin P,

Fe=(sin © cos ¥ sin? ® + 2 sin © cos O sin ¥
X cos  sin ® — sin © cos ¥ cos? P),

S, is the spontaneous strain representing the unit-cell dis-
tortion in the tetragonal phase. It has been shown'*? ex-
perimentally that the 90° domain-wall motion is highly
nonlinear. Therefore, the potential energy of a displaced
domain wall may be expanded as a polynomial function of
the domain-wall displacement Al:

C C C
u=uo+—2—‘AP+T’AP+7’Ar‘

+ higher-orderterms, (3)

where U, is the rest energy of a domain boundary, which is
assumed to be independent of domain-wall motion. The
presence of the cubic term in Eq. (3) describes the asym-
metric feature of the domain-wall motion in a poled ce-
ramic. Following Fousek and Brezina", the differential
equation for the forced vibration of a 90° domain wall in a
poled ceramic may be expressed as foilows:
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. . au oWg Wy 4
AmAl+AbAl+Aé—A7—-—(m+ 3A1)' (4)
where m represents the effective mass of the domain wall,
b is the damping constant, and Wg(6P,) and W, (8U,)
are the induced electric and mechanical energies, respec-
tively. The physical origins of the restoring force, damping,
and effective mass have been discussed by several
groups.2?"?® Hence, we will not give further details here.

1f we only consider the first three terms of 3U/0Al Eq.
(4) becomes

Am Al + Ab Al + AC, Al + AC, AP + AC, AP

Wg Wy ,
‘(au“‘au)' “)

Under certain conditions, one can get approximate solu-
tions for Eq. (4’). For example, assume that the nonlinear
terms are small, i.e.,

C, ABC, ARG, AP

We may use a perturbation method?® to derive an approx-
imate solution for A/ and, hence, to get the expressions for
éP; and &7),.

In the following we will analyze only the domain-wall
movement under an ac electric field E = Ej exp(jwt). The
frequency w of the applied field is usually much smaller
than the resonance frequency of the domain wall, wy
= JC;/m, which is in the gigahertz range.?' For example,
the ac electric field used in our experiments is only 200 Hz.
If we divide Eq. (4') by C), then for a system with strong
damping we can neglect the first term on the left hand side,
which has the coefficient of (0?/w3). The remaining first-
order differential equation is the same as that for a relax-
ation system. The approximate solution for Al up to the
third order is given by

C,(AP)?
C (1 + 2jor)
APy 2
_C1(1+3jm)( ’-C.(l+2jw~r))’

Al=AP —

(5)
AP (

3
g T pre L9 15a). )

im1

Here, 7 = b/C, is the relaxation time.

The total induced polarization AP, and strain Ay, by
the 90° domain-wall motion in a poled tetragonal ferroelec-
tric ceramic may be derived as follows: First, substitute the
solution (5) into Egs. (1) and (2). Then, assume an an-
gular distribution function Z(©) for the twin boundary
orientation and integrate those quantities over the entire
range of Euler angles. The final results may be written in
the following form:

B%a= (Adoy + AQusENE, + AGau EiEE, ™M
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AP;=(A8¢; + AT 4 EL)E; + AHyymEEiE,,
(iyk=123;a,8,y=1-6), (8)

where E; are the components of electric field, and the cor-
responding coefficients are given below.
If we define the Euler angle integration

24 s r
f dﬂ=f dé f av f deé, (9
0 0 0

the induced linear piezoelectric and dielectric coefficients
Ad,, and A€, respectively can be written as the following
integrals:

Ady= f SoPoK (0)fiFZ(©)d1, (10)
Aey= f PiK()ff2(©)d, (11)
where
A d
K(w)= g(rdr (12)

o 2C,(1 +jowt)’

Here, we have assumed a distribution function g(+) for the
relaxation time.>® The integrations with respect to ¢ and
¥ can be carried out immediately, which give rise to the
nonzero independent components of these tensor coeffi-
cients:

0 0 0 0 Ady O

Ady Ady Ady O 0 0O
Afu 0 0

Aey= 0 Aeyy 0 (14)
0 0 Afn

As indicated in Egs. (7) and (8), the domain-wall motion
also contributes to the nonlinear coefficients, including the
electrostrictive constants AQ,,, and the nonlinear dielectric
constants Al ;. These quantities are given by the following
integrals:

8Qke= f SoPAK" (@)fWf F.2Z(@)d, (15)

AT = f PK(0)f/fZ(©)d0, (16)
where

, - CAg(r)dr ’

“"”“L 3G +jen (13 Jar) " (7

Similarly, we can derive the expressions for the higher-
order piezoelectric and dielectric constants AG 4 and
AH ;) respectively:

8Gauy= [ Sk @FSSSZ@O, ,  (18)
AHuin= [ BK @SSO0, (19)
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where

K _J”’ Ag(r)
(0)= o 4C(1 +jwr)*(1 + Yowr)
o G, d
NG+ Zar) 2) T

Similarly, one can derive the induced strain and polariza-
tion by the domain-wall movement under a stress field.?’

(20)

{V. DISCUSSIONS AND SUMMARY

When T, = 0, Egs. (7) and (8) give the induced strain
A7, and polarization AP, induced by the 90° domain-wall
motion, respectively, in a poled ferroelectric ceramic. If the
electric field E is in the same direction as that of the rem-
anent polarization, Eqs. (7) and (8) become

Any=AdyE + AQyE! + AGy,EY, 2n
APy=AcyE + ATy, B + AHy,,,E . (22)

However, when the field E is perpendicular to the rema-
nent polarization, Egs.(7) and (8) reduce to

Ang=A8dsE + AG 5B, (23)
AP|=A€||E+ AH“”E’. (24)

Equations (21)-(24) reveal that the nonlinearities are dif-
ferent for the two situations. The fact that there is no sec-
ond harmonic when the electric field is perpendicular to
the polarization [Eqs. (23) and (24)] agrees with the ex-
periment results shown in Fig. 5. It needs to be pointed out
that the model here cannot explain why the field strength
has a much stronger effect on the magnitude of the second
(even) harmonic than that of the third (odd) harmonic
(see Table 1), which might indicate that the extrinsic con-
tribution not only comes from 90° domain-wall motion, but
also from other sources, such as oscillating interphase in-
terfaces and localized phase transitions.

To summarize, we have measured the nonlinear behav-
ior of several PZT ceramic systems. Several important re-
sults were obtained, which include the following.

(1) The increase of nonlinear effects is accompanied
by an increase in loss.

(2) Nonlinear effects can be reduced by applying a dc
bias field or decreasing the temperature.

(3) Nonlinearity is found to decrease with time, and
this aging effect is much stronger in hard PZT than in soft
PZT.

From these results, we conclude that the nonlinear ef-
fects found in ferroelectric ceramic is extrinsic in nature.
Even though the extrinsic nonlinear effects could be orders
of magnitude larger than the intrinsic nonlinearities, prac-
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tical applications of these nonlinear properties might be
limited by the loss generated from the domain-wall motion.

The extension of the phenomenological theory of Arlt
and co-workers by including higher-order terms in the en-
ergy function [Eq.(3)] shows a certain degree of success
for describing the nonlinear ferroelectric ceramic system.
Nevertheless, there are still some experimental results
which could not be explained by the model. This implies
that the actual extrinsic process is more complicated than
just the motion of 90° domain walls. At least for PZT
systems with compositions close to the morphotropic phase
boundary (the one we have used in the experiments), os-
cillating interphase and/or a localized transition between
the tetragonal and rhombohedral phases definitely contrib-
ute substantially to the extrinsic process.
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ELECTROMECHANICAL NONLINEARITY OF FERROELECTRIC
CERAMICS AND RELATED NON-180°9 DOMAIN WALL MOTIONS
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Materials Research Laboratory,
The Pennsylvania State University, University Park, PA 16802

ABSTRACT

Using an optical interferometer and other experimental techniques, the mechanical and
dielectric response of lead zirconate titanate Pb(ZrxTi;.x)O3 ceramics to an a.c. electric
field have been investigated directly. The experimental results demonstrate the importance
of the domain wall motion in generating the electromechanical nonlinearities in ferroelectric
ceramics. A phenomenological theory has been extended to describe the extrinsic
contributions to the piezoelectric, elastic and dielectric properties. These effects can be
attributed to both the linear and nonlinear vibrations of non-180% domain walls in
ferroelectric ceramics. The proposed theory shows qualitative agreement with the

experimental results.




I. INTRODUCTION

Electromechanical nonlinearity in ferroelectric ceramics is an important problem in
modem ultrasonic engineering. Ferroelectric ceramics are widely used as transducers,
resonators, actuators, motors, and capacitors which represent a very large segment of the
electroceramic’s market. One of the limitations of ferroelectric ransducers for practical use
is the nonlinear effect which occur at high driving level [1-6] in fact ferroelectric ceramics
are the swongest known nonlinear piezoelectric materialst”l. In recent years, techniques for
fabricating ferroelectric thin films have made great progress, which open up the possibility
of utilizing the nonlinearities of ferroelectric ceramics in conjunction with integrated
circuits, because significant nonlinear phenomena can be observed in thin films even under
a few hundred milivolts. In practical applicatons, the nonlinearity of ferroelectric ceramics
are used to influence the performance of microwave acoustic devices such as convolvers
and correlators(”9]- The so-called “smart ceramics”{19] incorporating sensors and actuators
also exploit the nonlinear properties of ferroelectric ceramics. In short, on certain
occasions, one wants to avoid the nonlinearities, while on other occasions one wants to
benefit from them. Therefore, from a technological point of view, it is important to study
the nonlinear electromechanical properties in ferroelectric ceramics so as to optimize the
choice of piezoceramics for making transducers, actuators, resonators, ultrasonic motors
and other acoustic devices, as well as to develop new types of nonlinear electronic devices
such as frequency mixers and doublers, and piezoelectric thin film devices.

The piezoelectric effects in ferroelectric ceramics are caused by two mechanisms:
(1) The intrinsic piezoelectric effect (11-12) which is associated with the deformation of

each unit cell of the ferroelectric material under an electric field.




(2) The extrinsic piezoelectric effect (13-15] thar, for example in lead zirconate titanate
(PZT) system, refers to the motion of non-/80¢ domain walls and the movement of the
interphase phase boundary between the teragonal and rhombohedral phase regions(!6].
Itis believed that the piezoelectric effect in polycrystalline ferroelectrics is caused not only
by the ionic displacement in connection with the change of the polarization magnitude, but
also by the movements of domain walls and interphase boundaries. Studies on materials
such as BaTiOy and PZT (171 have shown that as much as 60% - 70% of the piezoelectric
moduli values may originate from the extrinsic contributions. In fact, the performance of
many transducers, actuators and capacitors are based on the control of domain structures
under the applied electric field. Microstructural investigations [13-20] have also shown that
the poled ferroelectric ceramics contain a large number of

non-180° domain boundaries which strongly affect their electromechanical behavior (21-
271, These domain structures give rise to complex linear and nonlinear behavior which is
very sensitive to the quality of the sample, its defect concentration as well as the external
boundary conditions.

Even though the investigation on the elecromechanical nonlinearity in ferroelectrics
has been carried on for the last three decades, most of the studies (28-30] are based on
thermodynamic theory only, without considering the dynamics of domain walls. Very litte
work(3132) has been done to describe the behavior of electromechanical nonlinearity in
terms of domain wall motion, even though domain wall motion plays a dominant role over
a wide range of external field levels, and the frequency response of domain wall modons
spans a range from almost zero hertz to the microwave regime. Moreover, a number of
ambiguities remain in this area due to the lack of sufficient information about the
relationship between electromechanical coefficients and the motions of non-180° domain
walls and the movement of interphase boundaries.

The objective of this paper is to evaluate the linear and nonlinear elastic, dielectric, and

piezoelectric coefficients arising from the domain wail motons, and to form a tentative




model based on the observed linear and nonlinear effects so as to gain some physical
insight into the relationship between domain wall motions and nonlinear electromechanical
properties in ferroelectric ceramics. In sections II and [T, we present a general description
of the electromechanical properties arising from the non-180° domain wall motons in the
ferroelectric ceramic. In section IV, we show some experimental results which characterize
the dynamic electromechanical response of the PZT frroelectric ceramics. Some of the

experimental results strongly support our approach to the problem.

II THEORETICAL
2.1. Domain and Interphase Structures

In a Pb(ZrTi;.x)Os system with composition near the morphotropic phase
boundary (MPB), the tetragonal and rhombohedral phases coexist. Therefore, besides the
1809 domain wall , there are 7059, 109.5% and 909 domain walls. Also interphase
boundaries between the two phases exist. Here, we do not discuss the case for /809
domain walls. The /809 domain wall motion does not significantly affect the piezoelectric
and electromechanical properties because the spontaneous deformations of the antiparallel
domain are the same. In order to investigate systematically the relationship between linear
piezoelectric effect and the non-180¢ domain wall motions in ferroelectric ceramics, Arlt
et.al.[13.14] first presented a phenomenological model for the vibrating 90%-domain walls
to describe the linear piezoelectric behavior of ferroelectric ceramics under electric fields
and mechanical stresses. We have generalized this model to describe the nonlinear effects

resulting from the vibrating 90%-domain walls (33,

Here, we will try to model non-180° domain wall motions for the cases of !
rhombohedral phase and interphase conversion between the teragonal and rhombohedral
regions, respectively. As we know, the symmetry of the ferroelectric phase Gy is fully

determined by the symmetry of the parent phase G,. In other words, the spontaneous




polarization has the equal probability to lie in all the equivalent directions prescribed by the
prototypic from which the ferroelectric is derived. From phenomenological theory [12),
we can find eight energetically equivalent variants in rhombohedral ferroelectric stable

states of PZT system as following:

I.(P; P P3) Ir.(P; Py -P3) IHI(-P; Py P3) IV(P; -P; P3)
V(-Py P -P3) VIL(P; -P; -P3) VII(-P;-P; P3) VI (-P; -P; -P3) 68

where P;2 = P2 =Py =Pp /3. Py isthe spontaneous polarization. Accordingly, the

spontaneous strain under zero stress condition can be written as :

S11 =822 =833 = (Q[1+2Q;2) P3/3 (2

$12Q4a PPy $12=Q4PoP3, 512=Q4q P iP5

Obviously, the normal components of s;; are the same for all of the orientation states, and
the shear components of the spontaneous strain tensor in the corresponding states of Eq.(1)

have the following forms:

Qu4a 2 Qua 2

(VI Syy= Sy3= S3‘=TP° . IVI) Sy 3=-S,3 =-331=-—3—~P0
2 2
mw1)512=-823=s3l=%eipo : IV(V)SlZ: 523::-831:93&?0 (3)

According to the crystallographic relatons, these eight low temperature variants will form
1809, 709 and 1109 twin swructures. For instance, the polarization vectors in a twin

structure between states (/) and (VI) form a angle 6,




8 ({111},{1-1-1]) =cos-! ( -3L ) ~110°

The twin boundary is then called //0° domain wall. We choose primed and unprimed
coordinate systems for a basic piezoelectric element as shown in Fig.1, which contains a
single 1109 domain wall and separates the polarization states (/) and (VI). In the primed
system, domain wall is located in z’= 0 plane (24l. Al is the displacement of the d;main
wall and A is the area of the vibrating domain wall per unit volume. A displacement Al
of the domain wall gives rise to a change in the electric dipole moment 6P; in the volume

AlA (34.35],

— 1
2
' e 4
5P ﬁAlAPOLI)] o)

The Al also induces a change in the elastc dipole moment,
—_— 001
dU'=Al A §,]001 (5)
110
where, S 0= 9314- P(z)

P, and S, are the spontaneous polarization and strain, respectively, in the rhombohedral

phase. Finally, in the unprimed coordinate system, we can get:

and,

SUij= Al ASO Fij(e.‘b.‘l’) (7)

where fi= [ cos®(cos'V~sin¥)~cosOsin®(sin'W+cos'¥) ] , f= [sin $(cos 'V~
sin'¥) + cosOcosP(sin'¥+cos'V)] , f3 = sin@(cos'¥ + sin'¥); and




F11=25in8sin®[cos Ycos®(cos ¥~sin'¥) — sin® cosO(cos V+sin¥)),

F23= -25in@cos @[sin®(cos ‘F~sin‘F)+ cosGcosdP(cos V+sin'¥)] ,

F33= 2cos85inO(sin¥W+ cos'¥),

F 3= sin®(cos P+sinW¥)[cos? O-sin2 O] + cosOcosP(cos ¥ +sin'¥),

F3= cosOfsin®(cos F-sin'¥)+cosPcosO(cos F+sin'¥)]~sin Bcos Pcos P+sin V] ,
F 3= sin®(cos'‘P~sin'¥F).

Next, let us discuss the case of interphase conversion in the ferroelectric ceramic. It
is known (15] that the tetragonal (T') and rhombohedral (R ) ferroelectric phases coexist in
PZT system of compositons near the MPB. According to SEM, SAED and TEM
investigation of the domain structure in PZT ceramics with composition near the MPB,
there exists an alternating T and R phase layers, which is similar to the 909 domain
structure in the tetragonal distorted ceramics. Based on experimental results, Lucuta
proposed!(19-20] a succession model of ferroelectric domains T;RT;RT, due to the
coexistence of a R domain between the rwo different orientedl’ domains as shown in
Fig.2. In the case of the occurrence of a rhombohedral phase berween the 909 domains,
the polarization directon in an alternating sequence is: [001] --- [111] --- {010] ---[111] ---
(001] corresponding to a repetitive domain succession T;RT,;RT; ... The interphase
boundary conversion will induce changes in the electric and elastc dipole moments.
Considering the polarization along [111] directionina R domain converts into the
polarization along [001] direction ina T domain, the induced electric and elastic dipole

moments in the primed coordinate system will be:

5P' = AlAP, (8)

1 ]
Wl L W= -




and,
Uy iy

dU' = Al A UgjlUqgausrs o
U31U32Us;3
Qua 2
where, u;3 =uy3=Ug3 =y =u3; = U3, = T"Poi
Q1 Q12 2 -20Q11+ Q12 L2
Uy =Ugy= ——5——PFp ; u33=———="P

Note: here we assume that the magnitude of the spontaneous polarization in the
rhombohedral phase is equal to that in the teragonal phase, and all the coefficients Q.
Q;2, and Qyq are the same in both phases.  Finally, in the (x, y, z) coordinate system, the

changes of electric and elastic dipole moments can be written as:

8P, = (R[8P] i (18U = (R} [8U" ] [Ry;) (10)

cos¥ sin¢ O 1 0 0 cos® sind O

(Rj;]1=| -sin¥cos¥ O 0 cosO sin® || -sin®cos® O
0 0 1 0 -sin®cos® 0 0 1 J

2.2 The Model

Generally speaking, the domain wall motion may be accomplished by a succession of steps
starting at initiating nuclei (3637], but in the case of the non-1809 domain wall sidewise
motions, this may not be exactly true [38). The entire ceramic specimen is a complex
clectromechanical system, each individual domain wall in different grains has different
orientations and different boundary conditions. The movements of the domain walls are
not independent, there are strong interactions between them. The microscopic process for
individual domain wall modon is rather complicated and not well understood. However, if
we are only interested in the macroscopic effect resulting from the collective moton of

domain walls, the microscopic details of each individual domain may be neglected.
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Fig.1.(a) A basic element of 2 twin stucture in a rhombohedral ferroelectric ceramic.




Fig.1.(b) The unprimed and primed coordinate systems. The relative orientation is

characterized by the Eulerian angles (8, ¥, 6).
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Fig.2. (a) Packing model of T-R twin-related domains along (011) habit plane explains the
coexistence of T and R ferroelectric phases in PZT at MPB (After Lucuta 1989 Ref.(20)),




Fig.2.(b) The basic element of interphase boundary in PZT system at MPB
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Fig.3. Schematic plot of the nergy potential for non-180° domain wall motion in PZT

ceramics.




In the present analysis, we assume that the average displacement of domain wall in
a certain direction is quasi-one dimensional , i.e., the wall plane moving as a whole without
blending and stacking effects. Fig.3. shows the variation of the wall energy as a functon
of wall position in a ceramic sample. The height of the potential barrier (P +®,) is the
minimum energy required for the wall to relocate from depoling state to poled state. @, is
the amount of the elastic energy which can be relieved during the domain wall switchin-g
back to depoling state. d,, is the height of potential barrier for a non-/80¢ domain wall
going across one lattice distance.

In a depolarized ceramic sample, all domain walls are randomly orientated, and the
distribution of domain walls possess the symmetry of e/mm. Obviously, domain walls
are located at the minima of the potendal energy (z =0 ).

When an external ac field is applied, the domain wall will oscillate. However, as
long as the magnitude of the domain wall vibration is not very large, the macroscopic
potential energy for domain wail motions is symmetric with respect to z axis, i.e:

U(4z) = U(-4z). The situation is different for a poled ceramic. During poling process,
domain walls will overcome certain energy barrier, and move in the new equilibrium
position. As shown in Fig.(3), the new positions are metastable states (2 =g, or z = -g).
After the field is removed, the distribution of orientation of the domain walls becomes
conical in the poled samples. The potental for domain wall motion is no more symmetric
in the poled state, i.e. U( 4z-a ) # U( Az+a).

It also has been shown (39,40} experimentally that the domain wall motion in poled
ceramic is highly nonlinear. Therefore, the potential energy for the domain wall motion

may be expanded as a polynomial function of the domain wall displacement:

2C, 3C; 4
U=U,+ CAl +—3—A1 +-74—Al + higher- order terms  (11)




where U, is the rest energy of a domain boundary, which is assumed to be independent of
the domain wall motion. The presence of the third power term describes the asymmetric
feature of the domain wall motion in a ferroelectric ceramic. The odd terms will be zero if
domain wall vibrations take place around the center of potential energy of the domain wall.
Therefore, the differential equation of the forced vibration of a non-1809 domain wall in
a ferroelectric ceramic may be expressed as follows [13.14.381 ;

. . aUu aWE dWy
AmAl+AbAl-o-aAl (aAl aAl)

(12)

where m represents the effective mass of the domain wall. b is the damping constant.
The third term is the restoring force. Wg and Wy are the energies of the induced average

electric and elastic dipoles <6P; > and <8U;;> by the electric field and swess ,

respectively, which may be written as

W jw jw
(aTWE "a—'a My= (2 <8P, >E;¢’ "+Z <8UJ'>TJ°J a3

In general, we have @) # ;. The physical origins of the restoring force, damping effects
and effective mass have been discussed separately by several scientists 36- 451, If we
consider only the first three terms of the restoring force, Eq.(12) becomes

dWg oWy .

AmAI +AbAl + 2A C, A1+AC2A1 +AC; Al (-;—— T_) (127

This equation implies that the nature of the extrinsic nonlinear properties in ferroelectric

ceramics resides in the interrelationship between the amplitude of the non-1809 domain wall

vibradon and the stiffness of the materials. The condition
cC, Al >> CzAlz. C3A13

10




allows one to employ a perturbation method [44] for approximately solving Eq.(12") in
order to obtain the induced polarization 6P; and strain 8U;; accompanying domain wall
motions. The detailed approximated solution can be seen in Ref.{33]. According to
Fousek and Brezinal38], the resonant frequency of domain walls is much higher than the
frequencies used in our experiments, which are less than 1 MHz. Thus, the inertda term can
be neglected. This means that such the damping is sufficiently strong that Eq.(12') can be

simplified to a relaxation equation.

III. LINEAR AND NONLINEAR COEFFICIENTS

We now consider the linear and nonlinear dielectric, piezoelectric, and elastic
properties associated with the 1100 domain wall moton in ferroelectric ceramics. The
average induced polarization and strain can be calculated by averaging &U;; and 6P; over
all domain wall orientations in the sample (13.181. AP; = <6P; > and AU;; = <6U;;> may
be expressed as:

AP; = [Agik + Arijx Ej ] Ex + [Adim + ACiim T1 ] Tm +2 4Q; ETh
+ AOHijp Ej Ex Ep + AGjju EjEx T + ...
AU =[Ad'y + AQ';j Ei JE; +(ASia + ASympTm] To + 2A€'km ExTm
+ AG'jju E;E;Ex + AWin E; EjTa+..
where i,j,k,p=1,2,3and L,nm=1,2,34,56 (14)

In this expressions, 4P; is the total induced average polarization, 4U; is the average

strain component in Voigt notation. T, is the stress, and Ej is the electric field.

The values of Ady = <6du > are the extrinsic piezoelectric constants of a ceramic

sample:

2 2 n
Adyy = f d¢f d\VI {'%So Po K(wy) fx F1 Z(©) d© (15)
] [} [}

11
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where: Fi=F), F2=F2), F3=F33, F4=Fy3, Fs=F3, Fg=F|; and,

Ag(tyde
2C; (1+jaxyt)

K(ay) =

Note: 4dy depends on @, the frequency of the applied elastic field, and Ad’y; depends
on , the frequency of the applied electric field. g(7) is the relaxation time distribution
(13.14] assuming there exist more than one relaxation time. Z(©) is the distribution function
of domain wall orientations obtained during the poling process. All quantities having the A
symbol are caused by //09 domain wall vibrations only. The values of Asi, = <85z >

and Agy = <Og; > are the extrinsic elastic, and dielectric parameters of the ceramic:
2n
Asy, f do f dy S o K(w,)F, F, Z(©)d® (16)

2n
ae,, f dq,f dwf L p? R )£, Z(O)O

where 40 _-_<5Q.-j1 > (electrostrictive coefficients) and Ar; = <6r,~,-k > (nonlinear

dielectric coefficients) can be expressed as follows:




13

2R R x
AQijl’I d¢[ d‘vf 132~SoP3K'(w[.a>z) fi f; F) Z(©) d® (17

]

2x 2% n
AQij =f d¢] dwf %S, P K'(0) £ f;Fi 2(O) d®
° ] ]

Where:
K'(w ) = 2CAg(r)de 2 :
. 4GP+ o)1+ ayt)
A
K (0,0) = . 2C g(t)c.“ '
[4C13(1+jlep+ 0, ] )( 14 @y 7) ( 14 ©,7)
and,

n 2n n
Arjx =j d¢j d\yf -2P3 K'(o, ) fi fj fx Z(©)de 18)
) 0 °

Here, we should point out that the contributions of domain wall motion to the

electrostrictive coefficients 4Qy; and the nonlinear dielectric coefficients Ar;j have the
same physical origin as those of the electro-optical coefficients and elasto-optical

coefficients. In fact, in hot pressed transparent PLZT ceramics the changes of the remnant

polarization give rise to changes in the birefringence An [47-501 because of the non-1800

domain reversal induced by an external field.

The electroacoustic coefficients Aegym =<8eum> (the coefficients of the nonlinear

piczoclectrié effect ) describe the change in the velocity of elastic waves, and are given by:

» = '_
Ac’ufﬁ d¢f dwf—é—l’os?, Z® K w,) f, _F Fpd8 (19)
[} ]
]

x = '.
Aenm=f d¢f dwf %Posﬁ Z(8) Klw, w,) f, F F,d®
9 [
[




In some materials [7), the extrinsic contribution to the electroacoustic effect (change in
velocity of sound under an applied electric field) may be two orders of magnitude larger

than the intrinsic contribution. The third order elastic coefficients ASj, = <8Sim, > are:

= = -
AS lmn:"f d@f d‘l’f 'Sg () K(m?.) FlFandG (20)
0 0 0

There are twenty one non-vanishing coefficients. The expressions for the higher order
nonlinear piezoelectric coefficients AGju = <6G;ju > and dielectric coefficients AHjx, =

<OH;jip > are given by the following integrals:

2n n 7
AG'ijx1 =f d¢f d\vf 3-1550 Po® K'(@,) £ ; fi Fi Z(©) d®
0 [} 0

2r 2n n
AGijkl =j d@j d\]lj -3-1550 P03 K"(OJI,CI)J_) f; fJ fy F1 Z(©) é9 2n
° o o

Where:
= 2 ! '

K @y=| | 2¢} A g _ GAg® |,

44 1 (1 2i D(143j60, DX+, [ 43S 14300, D1+ )|

= 21440510 A o : -2 34 1) A e . -2
K"(w,09) = 2G 4G 1 Agition” G 4G Ag@U+on” |,

(1+2jo; T)(1+j 2wy +an JT)(1+jwy T) (1+)[2w1+w; JT)(1+jwy 1)

and,

y2 n T
[AHijkplaj d¢j dw] é P3 K*(w, ) £ fj fi f, UO)dO (22)

[} [} [ ]

Note that all the quandties are frequency dependent. When electric and elastic field are
applied simultancously with different frequencies, one finds the direct and reverse effects

have different magnitude, for example, if W # Wy, Ady (W) = Ady (wy), therefore,

14
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we have used a prime on some of the constants in AU; to indicate their frequency
dependence. In general, the contributions from 70.59, 109.59 and 909 twin structures can
be all written in the form of Eq.(14) - Eq.(22) except the integration coefficients would be
different in each case.
IfT;= 0, Eq.(14) becomes:
AP;

Agjy Ex+ Ari jx Ej Ex+AHijk p EiEc Ep
AU}

Ady; Ex + AQ; «1 E;i Ex +AG;jx1 Ei Ej Ex
ijk, p=1,2,3 (23)

The electric field induced longitudinal strain and polarization arising from the domain wall

motion are:
AU = Adsy Eg + AQa33 E} +AGs333 EJ

3
APy = Agy3 Eg + Aryaz E3 + AHya3 Eg (24)
Similarly, the shear strain and related polarization under an applied a.c. electric field are

described by:

AUs = Adis Eg +AGins E}
APy = Aeyy Eg + AHyy E§ (25)

There are no second harmonic and higher even harmonic components in shear vibratons.
Therefore, it is expected that the dependence of 44,5 and Ag;; on tie alternating clecTic
field strength should have different characteristics than those of Ady3, Ads;, and A€s;,
Strictly speaking, under external forces the difference in free energy for the two
domains of a twin ist5]:
Ag = At)ijCij+ APy E; +§'A5iju Cij ok1+§- Ax;; Ei Ex+AdijkEiou (26)
where, the first two terms are the differences of the spontaneous strain and
polarization of the two domains, representing the primary ferroic effect. The
remaining three terms in Ag arise from external force induced differences in

elastic compliance, dielectric susceptibility, and piezoelectric coefficients, which
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represent  the secondary ferroic behavior . In this paper, only the primary ferroic
effect is discussed.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
4.1. EXPERIMENTAL PROCEDURE

Several compositions of the PZT solid solution system were selected for this study.
The ceramic Pb(ZrTi;.x)O3 specimens with x= .90, .70, .60, .54, .52, .50, .40, .30, and
.15 were prepared by using the sol-gel derived powders. The processing procedure was
the same as that described in Ref.{52]. The well sintered ceramic samples were poled at an
electric field of 30-65 kV/cm in the temperature range of 1000 C- -1309C. These poled
samples were first checked with a commercial Berlincourt d33 meter. Values of the
piezoelectric coefficients are listed in Table 1. In addition, some ceramic samples, PZT-
501A and PZT-<40! which were made by commercial powders form the Ultrasonic
Powders Inc, South Plainfield, NJ . And also several of the hard and soft PZT
specimens, PZT-5A, PZT-8 and PZT- 4 used in this study are commercial products from

Vemitron piezoelectric division, Bedford, OH.

Permittivity- temperature runs were made in a computer-controlled environmental
chamber ( Delta Design Model 2300) using liquid nitrogen as a cooling agent. Both heating
and cooling rates are about 5°C/min. Data were recorded with a digital multimeter
controlled by a desk top computer system ( Model 9816, Hewlett Packard Inc.). The
dielectric response was measured by using a modified Sawyer-Tower circuit and a

precision capacitance meter ( HP 4275A Multi-Frequency LCR Meter).

The piezoelectric coefficients were measured by both optical interferometry and
iterative methods(33-34l, The longitudinal, transverse, and shear strains were measured
using a laser interfernmeter and a strain gauge. The resonance-antiresonance method is

widely used for measuring piezoelectric coefficients in weak electric fields at which the
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TABLE L Piezoelectric coefficients for Pb(Zr,Ti).x)O3 ceramics made by sol-gel derived

powders. The measurements was made by the commercial Berlincourt meter.

Zr/Ti. 90/10 70/30 60/40 54/46 52/48 S0/50 40/60 30/70 15/85

Density 744 755 760 762 1.7 74 76 7159 13
(103 kg/m3)

dss 7 85-100 100-120 170-200 250-270 100-120 90-100 S0-60 ?
(1012 myvy




vibrating system remains linear. However, when the amplitude of the applied field
becomes very large, the resonance-antiresonance method is no longer suitable due to the
occurrence of nonlinearity. Therefore, interferometry technique was used for measurements
under large alternating electric fields. The advantages of the interferometry, apart from its
directness, are the simplicity in computational expressions. In addition, the measurefnents
can be carried out under both resonance and non-resonance conditions and are not Limited
by the amplitude of the external fields. Moreover, a wide range of sample shapes and sizes
can be tolerated. In the strain gauge technique, the strain gauge (Kyowa KRF-02-C1-11)
was attached to the surface of a thin rectangular sample using a polymeric cement (Kyowa
PC-6). The off-set voltage was amplified through a strain amplifier (Model No.
DPMG613B, Kyowa). The HP4192 A LF impedance analyzer was used when employing
the resonance technique which has been standardized by JEEE(S3]. In measuring the
nonlinear parameters, a sinusoidal driving field was used for convenience of interpretation.
Resistive tuneable low-pass active-filters were used (Package Date 730/740 Series,
Frequency Devices, Inc.) in the measurement system. Samples were made as thin as
possible in order to achieve high field with low voltage. For larger displacements, Eq.(2)
of Ref.[54] is no longer valid, and the cosine term in Eq.(3) of Ref.[54] must be expanded
using the Fourier-Bessel expansion. It is important to realize that the nonlinear output
signals may be caused by either the nonlinearity of materials or by the distortion of the
input signal in the detecting system. There are two ways to avoid the detecting system
producing nonlinear output signals. (1) Using quartz as the pre-calibration sample we can
subtract the nonlinear contribution of th+ detecting system. (2) By keeping the thickness of
the samples d~wn so that we can get su.:iciently large strains while limiting the maximum

displacement of the sample to values less than 140 A.
4.2. RESULTS AND DISCUSSIONS

A Nonlinear Piezoelectric and Dielectric Coefficients
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Fig.4. shows the piezoelectric constants dy, and the dielectric constants ¢; plotted as
a function of applied a.c. field strength. When the magnitude of the applied electric field is
below the threshold field £¢, dy and &; remain constant. But beyond the threshold field
(E > Ep) dp and g;increase with the amplitude of the a.c. electric field. E; signifies the
onset of measurable nonlinearity, which is not always clearly defined. We use Ad/d (Aefe)
> 2.5% - 4 % as the criteria according to different experimental conditions. Generally, £,
depends on frequency, temperature and material properties. For instance, for PZT-50/4
with F= 200 Hz and T =250C, the threshold field for the piezoelectric coefficient dsj is
approximately 300 V/cm. Analogously, when the applied field exceeds a certain value,
dielectric losses also increase drastically with the amplitude of a.c. electric field33], but the
threshold fields for the loss seem to be smaller than those for the dielectric and piezoelectric
coefficients. By using an oscilloscope to follow the polarization (P ) and strain (S ) under
a.c electric field (£ ) at a given frequency, it was found that the P and S vs E curves are
straight lines for small oscillation amplitudes, but the average slope of the hysteresis
increases rapidly when the amplitude of the a.c. field exceeds certain values, as shown in
the insertion of Fig.4. Since non 180%-domain wall motion is inherently a lossy process
(55-57], the strong correlation between loss and nonlinearity suggests that electromechanical
nonlinearity in ferroelectric ceramics originates mainly from the motion of non-180°0
domain walls. Spectrum analyses were made to identify the higher harmonic components
in the responses of polarization and strain, it is found 3] that when the direction of a.c.
field is perpendicular to the poling direction of the sample, only odd harmonics exist and
the shape of the hysteresis loops (both for strain and polarization vs. a.c. electric field) is
always symmetric. On the other hand, when the applied electric field £ is parallel to the
poling direction, both odd and even harmonics exist under large driving field. The shape of
hysteresis loop is no longer symmetric. This may be understood from Eqgs.(24) and (295).

Assuming E,. = Egpcosax , from Eq.(23), the longitudinal strain is:
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AU; = Ad33 Esc + Ay EZ + AGi33 E3 27
=Yoo + Y1 &% Y, ei02e Y, 2 + Y, e-2ict4 Y3 ey Y 5 g3k 4

where
2 3
Yo =A1’333§29' P Yi(w) = Y, (-w)= (Ady3 Ep + 3503133 Ey )

2 3
Y2 (@) = Y2 (-0) = 4r33; %’- s Y3 (@)= Ya(-) =_AGn:3 Eg

The term (Y, e /7% + Y ¢ /n4*) represents the component of the nth harmonic oscillation.
Based on Eq.(27), we would like to elaborate a few points:
1.The third order term increases the amplitude of the fundamental frequency by an amount

of

3G 3y Eq

____;__
2. The second order harmonic term creates an additional negative bias field which
displaces the center of vibration of the domain wail.
3. Both the second and the third harmonic vibratons of non-180° domain walls contribute
to the induced longitudinal strain. This implies that the hysteresis loops of both P vs E,
and S vs E should be asymmetric when the a.c. field is beyond certain level.

The situation is somewhat different for the shear strain. From Eq.(23), we have

AUs = Adjs Eoc + AGinis Ede (28)
=Yoo+ Y 694 Y, i@+ Yyedid+ Y yedi®@s |

where:

34G,,15Eo

Y,=0; Y, (@=Y,(-w)= AdsE; +
4

3
AG,;sE
Yz((ﬂ)zY_z(-m)=O : Y3(m)=Y_3(-0))= 1115 %0

There is no second harmonic in the shear strain, which is in agreement with the

experimental results . Fig.5 shows the reladve dielectric permittivity £;; and €73 as well
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Fig.4. (a). a.c. electric field dependence of piezoelectric coefficients for ds;, ds3, and dys.
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as their loss tangents as a function of temperature from -2008C to S0°C under large
a.c. electric fields. Fig.6 shows the dielectric permittivity &3 and its loss versus
temperature at different a.c. electric field swength. Clearly, the values of & and €33 as
well as their losses are quite different at high temperatures, these differences become
smaller as temperature decreases. This reveals that part of the difference between &;; and
€33 may come from the domain boundary vibrations which will be frozen out at very low
temperatures. [n Ref.[33], it has been shown that the threshold fields of the piezoelectric
coefficients increase with aging time, which is another strong implication that the threshold
field is closely related to non-1800 domain wall motion, because the reduction of the non-
1800 domain wall mobility is responsible for the aging phenomena in ferroelectric
ceramicsi38), Itisalso found(33! that the threshold field strengths of the dielectric and
piezoelectric coefficients decrease with increasing the magnitude of an applied positive
d.c.bias field which provides the pinning to the wall motion. The nonlinearity also
decreases with temperature due to the fact that the domain wall becomes less mobile at
lower temperatures.

Fig.7 shows the distribution of threshold fields for the piezoelectric coefficients of
PZT system with different compositions and dopants. A pronounced minimum value for
the threshold field is found at the MPB composition , which reveals that the domain walls
have the highest mobility for compositon at the MPB. In second order approximation,
the extrinsic contributions to the piezoelectric coefficient is given in Eq.(23):

dgr = Adgr + AQi k1 E;i + AGijx1 EEj (29a)
Assuming the nonlinearity is purely exminsic the measured piezoelectric constants di;
may be written as:
et = diim + Adk1 + AQi k1 Ei + AGijx1 EiE (29b)
Based on the definition of threshold field swength for dy; described earlier, we

have:
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F:»—s'(dss(m)'#-Adssx - Q3 E
I (dss(in)"-Ads:) IE. d33(in) + Ad33

2 3% (29¢)

This means that the threshold field E; is inversely proportional to the ratio of the
elecrrostrictive coefficient and the piezoelectric coefficient. From Eq.(15) and Eq.(17), it

is found that Ads; / AQ333 is proportional to (C;)2 /(Py C2). In Ref.[41] the restoring

force constant was estimated to be greater than the square of the spontaneous strain C; >
(S0}, and also, C; > C; Therefore, Ad33/AQj3;3; can be estimated to be proportional to
the spontaneous polarizadon. Thus from Eq.(29%) one may conclude that the threshold
field E; should also increase with the spontaneous polarization. The experimental data in
Fig.7 qualitatively shows this tendency. In addition, the threshold fields E; for PZT-8
and PZT4 are substantially higher than that of PZT-5 due to the influence of dopants on
the domain wall mobility.
B Electromechanical Nonlinearity Under Resonant
Frequency
Some ultrasonic devices are operated at their resonance frequencies. Due to the presence of
nonlinearity the performance of these devices will be altered when being driven at high field
levels. In this section, we report some of the nonlinear effects under resonant conditions
for a PZT-50/A ceramic . Fig.8 shows that the complex admittance circles at different
driving levels. The outer circle (curve/ ) is measured at small-signal conditions, a field level
of 1 Vicm. The system appears to be a typical linear piezoelectric resonator with very low
loss. All the data points fall onto a perfect circle. The inner circle (curve //) was measured
at a field level of 100 V/cm. One can see that the data points obviously deviate from the
small circle showing the presence of nonlinearity.

This is expected from the measurements on piezoelectric effects because the
relationship between d3; and the field strength no longer remains linear under large field,

which invalidates the linear assumption made in the measurement technique. Both the
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magnitudes of dj;[II] (-180x10-12V/m) and dj,'[lI]/d;3;(1]] (0.064) which were
measured at high driving levels and non-resonant frequencies using an interferometer are
larger than those measured at low driving levels, dj;/I] (-176x10-12V/m) and
d3;(1]/d3[1] (0.018). This strongly implies that the nonlinear increase of piezoelectric
coefficients causes nonlinear effects at the resonance frequency. We suggest that this
nonlinear change of piezoelectric coefficients is originated from the domain wall motion
because the increase of (d3;"/d;3;) indicates that the increase of the macroscopic-losses
mainly come from domain motions [33l. When the applied field exceeds a certain level,

the nonlinear domain wall motons start to contribute to the piezoelectric effect, and the
coupling between the vibratons of domain wall and extensional mode causes the
nonlinear effects at the resonance frequency. The field dependence of the piezoelectric
coefficients will cause the extremum frequencies of the admittance to shift as shown in
Fig.9. Fig.9 (a) is the amplitude of the admittance of a PZT - 50IA plate, which was
measured with a spectrum analyzer. The resonant frequency f,, shifts towards lower
frequencies with increasing applied a.c. voltage, but the anti-resonance frequencies f, do
not shift significantly as reported by Uchino et,al.lé]

Interestingly, however, when measuring the absolute value of admittance |Y | of a bar
sample with an impedance analyzer, we found that both f, and f; shift noticeably to
lower frequencies at higher driving level, as shown in Fig.9(b), which may imply that the
nonlinearity affects certain vibration modes more severely than to the others. Meanwhile ,
the experimental results could be affected by the measurement techniques.

Fig.10 and Fig.11 show the dielectric losses and dielectric constants as a function of
frequency, respectively, under different field levels near an isolated resonance. It can be
seen that the resonance pe.ks of both the dielectric loss and the dielectric constant move
toward lower frequencies with increasing driving level. The dielectric loss in the vicinity
of the resonant frequency also becomes larger for the case of higher driving level as shown

in Fig.10. It should be noted that when large electric field is applied, nonlinear effects
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accur at all frequencies, hence the dielectric loss, dielectric constant and piezoelectric
coefficients become larger in all frequency range. Away from the resonance, the motions of
non-1800 domain walls are the cause for the changes in the dielectric, elastic, and
piezoelectric coefficients. At the resonant frequency, changes of these coefficients will
cause the shifts of the resonance and anti-resonance frequencies, f» and f, . In addition,
the mechanical quality factor Q,, and the electromechanical coupling factors K; will also be
affected.

From Ref.[28], in the second order approximation, the shift of the resonant

frequency for extensional vibraton of an electromechanically excited bar can be written as:

supoJASEP 9sf | WPgEQE
on2sf, 32 [SE Pa2

where w?, is the resonant frequency of the extensional mode for a linear system. The

frequency of the P; maximum is also shifted by the electric field,

S _-.-I(_ETIL)Z +3_élr1L‘ “’f____Ez Q& (31)

\ 5§3 4 2&:}-33 a?

where @f, is the small-signal resonance frequency. Q is the mechanical quality factor and
a is the thickness of the sample. Eqs.(30) and (31) are for single domain single crystal
system. For ceramics, there exist additional shifts of the resonant frequencies by domain

wall modon. From Eqgs.(15)-(21) they can be expressed as:

2
AP = _’ 34As ) 9AG 113 \ P (d31iny + Ady )" E? QF
lgﬂz (Su(m) +Asn) 32 ’ (S”(m).'. AS“)3 aZ

(32)
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and

Awf =~ __[Ar_333.}2__+__m3_3AH \ of E? Q? (33)

€33(in) + AE33 4 ’ 2(e33(in)*+A833) al

Here &;jiin) . digin) and Samein) are intrinsic properties. The total shift of these resonance
frequencies are the sum of the intrinsic and extrinsic contributions. The above analyses
give rise to the relationship between the shifts of the maximum frequency and the damping
constant (or losses), restoring force constants, as well as spontaneous polarization and

strain. These relations may be used to qualitatively explain the experimental results.

V. SUMMARY

We have measured the dielectric, piezoelectric properties in several compositons of
PZT system at both high and low field levels. The experimental resvlts show that the
domain wall vibrations contribute significantly to the electromechanical nonlinearity in
ferroelectric ceramics. The main results are summarized as follows:
(1) A phenomenological model has been extended to evaluate the macroscopic nonlinear
parameters associated with non-180° domain wall vibrations in ferroelectric ceramics. The
theoredcal descripdons qualitatively agree with some of the experimental results.
(2) The piezoelectric and dielectric coefficients and losses in the nonlinear regime are much
larger than those in the linear regime. The threshold fields of the dielectric and
piezoelectric coefficients are strongly affected by the bias field, temperature and
compositions.
(3) Both f» and f,, of the admittance are shifted by the electric field due to the nonlinearity
arizing from non-1809 domain wall motion. It has been suggested previously 311 that the
nonlinear effects in the resonance frequency region are originated from the collective
resonance of domain walls. This opinion is questionable because the resonance frequency

of ceramic samples depends upon the sample size and is usually much lower than the
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domain wall resonance frequency. However, since the resonance frequency of domain
walls is still a disputed topic, further investigation is required. We believe that the nonlinear
effects contain both intrinsic and extrinsic contributions, and in a2 multidomain crystals
such as ferroelectric ceramics, the extrinsic contributions play the dominant role in

generating these nonlinearities.
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The inhomogeneous distnbutions of internal shear stress and electrical field induced by external shear stress or applied electric
field around a Griffith's type 111 crack tip 1n ferroelectric ceramics have been analyzed. For a lincar system. the stress and the
electric displacement intensity factors. K, and K,v. respectively. can be expressed in simple analytic forms which account for

both electric and mechanical contributions.

The performance of piezoceramics is aliered by the
presence of cracks, cuts. narrow cavities and similar
flaws which may propagate under certain conditions
causing eventual destruction of a body as a whole.
Today, the problem of mechanical reliability of fer-
roelectric ceramics becomes increasingly important
as the materials are used in more and more sophis-
ticated areas. An updated review about the fracture
problem in ferroelectric ceramics was given by Frei-
man {]. More recent studies {1-3] show that the
mechanical behavior of poled PZT ceramics is greatly
affected by the external force induced inhomoge-
neous distribution of internal stress. and the type of
cracks. There exist both electric field and mechanical
stress concentration near crack tips. which induces
crack propagation and incompatible elastic defor-
mation in ferroelectric ceramics. In usual non-fer-
roelectric brittle ceramics. the stress intensity factor
K,(J=1. 11  1I1) is related to the stress o by [4-6]

K,=coY Ja. (1)

where a is he crack length, Y is the shape factor of
a specimen. For ferroelectric ceramics the expression
of eq. (1) needs to be modified due to the piezoe-
lectric effect. Parton et al. [7], have given a general
description of the electroelastic plane problem for a
piezoelectnic medium containing a rectilinear crack.
and analyzed in detail the Griffith’s type [ crack. In
this Letter. we discuss the influence of Griffith'sype

111 crack on electric and mechanical properties in
piezoceramics. Relatively simple expressions of the
stress and electrical displacement intensity factors
Ky; and K,y have been derived. which can be used
to evaluate the mechanical behavior of piezo-
ceramics.

The results derived here may be very helpful in
some specific applications. such as transducers with
thickness shear vibration mode. mismatch and in-
compatible deformation between ferroelectric ce-
ramics and substrates under external shearing force
in multilayer devices. composite devices and elec-
tronic packages.

If a ceramic sample is poled along the x; axis. its
mechanical. dielectric and piezoclectric properties
are described by five elastic moduli. two dielectric
and three piezoelectric coefficients. In Voigt nota-
tion. the constitutive equations may be written as
[7.8]

o =chisu+chisn+chisn—eEy . (2a)
o =chsy+chsn +ehisy—ey £y (2b)
a3y =351 +522) +cy5ys —eyEs. (20)
03y =2c54s3—esEs . (2d)
o3=2chs—esEy . (2e)
o ={cfi =chi)sie . (2f)
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D|=(||E|+28|5Su. (28)
Dz=f||Ez+2e|5323. (Zh)
Dy=¢€3,Ey +ey, (s, +5) +ensy ., (21)

where s, =} (8u,/dx,+ du,/dx,) is the elastic strain
component; ¥, (f=1, 2, 3) is the elastic displacement
field, E,=d¢/dx, is the electric field strength (the de-
polarization field is not included ), and ¢ is the elec-
tric potential. ey,, €y, and e,s are the piezoelectric
coefficients, c§,, ¢k, &, ¢§; and c5, are the elastic
moduli at constant electric field, €,, and ¢;, are the
dielectric permittivities at constant strain.

For a system under longitudinal shear stress (see
fig. 1), the so-called antiplane problem, we have the
following conditions [5,6]:

u =u;=0, (3a)
uy=uy(x,, x3), (3b)
=0 (x,x;). (3¢c)

X2

$
P77

(4
’ [ahbll L o2 TP,

EEL R TS

RV

Fig. 1. The Griffith’s type 111 crack in a piezoelectric ceramic. x;
is the poling direction. Shear stress is applied at x,= +L/2 sur-
face 1n x, axis direction. The electric field 1s applied along the
direction of the x; axis.
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Egs. (3a)-(3c) imply that we have a two-dimen-
sional problem and

Su=sn=5=5:=0, Ey=0. (4)

Substituting egs. (4) into egs. (2) gives

033 =255 —€sE;, (5a)
=253 -esE,, (5b)
D, =€, E, +2e,55)3, (5¢)
D, =¢€,,E,+2e,55,;. (5d)

Considering a system under both mechanical stress
and electric field, the Euler and Maxwell equations
have the following forms [5-7]:

903,/ dx; + 303,/ dx, =0, (6a)
oD,/dx, + 8D,/ dx; =0. (6b)
Substituting egs. (5) into eqs. (6) gives

CuVius+es7p=0, (7a)
esPPuy—€, Pp=0. (7)

Generally speaking, the determinant of eqs. (7a) and
(7b) is non-zero, i.c.

Cesa €5
€5 —€

4= #0.

One can easily verify this from the data in table 1
which lists the parameters for the most widely used
piezoceramics PZT 65/35, and PZT-4. Therefore,
from eqs. (7) one has

V‘u,) _ (0)

( Vz¢ = 0 . (8)
We choose the x,=0 to be the reference plane for

electric potential [¢(x,=0)=0]. Therefore, the two-

The elastic. dielectric and piezoelectric coefficients for PZT 65/35 from ref. [10] and PZT-4 from ref. {11]

Piezoelectric ceramic PZT 65/35

Piezoelectric ceramic PZT4

cf =1.594x10" N/m?
et =7.385% 10" N/m?
¢$=1.261 % 10" N/m?
8 =389%10°N/m?

cs =4.276% 10" N/m?

e, ==-6.127C/m?
&3=10.7) C/m?
es=8.387 C/m?

€, =5.66X%10-*F/m
€y=2.243X10-"F/m

cE=13.9%10"N/m?
% =6.78X 10 N/m?

e, =-52C/m?
o= 15.1 C/m‘

¢t =17.43%10"°N/m? €,s=127C/m?
c5=11.5x 10" N/m? ¢, =6.45x10-*F/m
cL=256x10"N/m? €y=5.62x10""F/m

¢t =3.06x10"°N/m?
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dimensional problem (on .x; =0 plane) contains one
mirror symmetry line (x, axis) and the inversion
symmetry, thus we only need to study this problem
in the first quadrant of the x;=0 plane (x,>0;
Xx;>0), as illustrated in fig. 2. On the x, axis we have
two boundary conditions for x, > a:

u;=0, whenix,|>a; (9a)
@=0. when|x |>a. (9b)

In addition, the contour of the crack is free of me-
chanical load and the crack may be considered as a
vacuum or air-filled cavity. Since the value €/¢, ts
very small (¢, is vacuum permittivity; ¢, is ferroe-
lectric ceramics permittivity ), the following bound-
ary conditions also hold on the x, axis {7.8]:

(10a)
(10b)

The strain and the applied electric field strength at
xa=L/2 are S and E,, respectively. Hence, the
boundary conditions at x,=L/2 are

—09/3x21 qars2=Eo.
03/ 0X2 ) qars2=2S.

0y;=0. when|x,|<a;

D,=0, when|x,|<a.

(11a)
(11b)

As shown in fig. 1, L is the sample dimension in x.
direction and 2a is the width of the cut in x, direc-
tion with L>» 2a.

The Laplace equation (8) can be solved by using
Fourier transformation technique {6 ]. The solutions
for the displacement u, and the electric potential ¢,
which satisfy the boundary conditions of egs. (10)
with arbitrary larger L, are

1)(2
CENO0.0000000

R

S Y NYIYF

Fig. 2. The x,=0 plane which is a cross section of fig. |. The x,
axis 1s a mirror symmetry line.
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E RIS

uy(x,, x1)=2S[x2 + j.«l(:) e "% cos(&x,) dé] .
0

(12a)

-

ot x)= - Eo v+ 2 [ B(&) e-sn costen ag].
o

(12b)

From eqs. (12) and (10), the unknown functions
A(&) and B(&) can be determined by the Daul in-
tegral equations:

x

2 faa, B costeny a2=1.
0

0sx, <a; (13a)

[ 1@, B@ cos@x) aE=0. x>a.  (130)
0

The solutions of eqs. (13a) and (13b) are
A& =B(&)=(na/2)§" T (ad) (14)

where J, (a€) is the first-order Bessel function.

Finally, in order to evaluate the stress and the elec-
trical displacement intensity factors, Ky, and Ky, we
derive the distributions of stress and electric field in
the vicinity of a crack tip along the x, axis,

alZ(-‘I'0)=0- I.\’.ISa;
d'z"‘".. Ix)>a. (15a)
xy-a-
D;(x..O):O. I.\‘,]Sa.
&l qisa. (15b)
xi-a?
Here,
d, =25 S—esEp, (16a)
d1=t|.E°+2e|,S'. (!6b)

d, and d, are the total siress and electric displace-
ment at x,=L/2, respectively. Obviously, from egs.
(15) both stress and electric displacement fields di-
verge at the crack tip and decrease toward asymp-
totic values d, for |x,| > a. According to the defi-

221




Volume {0, number 6

nitions of the siress and the electnic displacement
intensity factors (6.7}, we have

K= lim /2n(x,=a) 015(x,,0)=/nad,, (17a)

Kw = lim /2r(x, —a) Dy(x,.0)=/nad,. (17b)

Eqs. (17a) and (17b) are analogous to the fracture
conditions known for anisotropic matenals [5,12],
however, here the coefficients d; and 4, contain both
mechanical and electric contributions, reflecting the
characienstic of piezoeleciric materials. It is inter-
esting to note that these two contributions can either
be additive or cancel each other in one of the two
intensity factors, depending on the relative direction
between the applied electric field and the external
mechanical load. In other words, the applied electric
field (mechanical stress) can either weaken or en-
hance the stress (electric displacement) concentra-
tion in a piezoelectric material. The overall strength
of a material is characterized by the critical values of
the two intensity factors. K§;,; and K§yv. However, the
additive nature of the two contributions in at least
one of the intensity factors does not imply that a pi-
ezoelectric matenal is weaker than a non-piezoelec-
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tric material. which also depends on the magnitude
of K§,; and Kjy.

This research was supported by the Office of Na-
val Research under Grant No. N0OOO14-89-J-1689.

References

[1]S.W. Freiman, Ferroelectrics 102 (1990) 381.

{2} F. Kroupa. K. Nejezchleb, J. Rataj and 1. Saxl, Ferroelectrics
100 (1990) 281.

[3] B.-C. Shin and H.-G. Kim. Ferroclectrics 100 (1990) 209.

{4] A.G. Evans, Intemn. J. Fracture 16 (1980) 485;
G. Sines, J. Am. Ceram. Soc 59 (1976) 370.

[S}G.P. Cherepanov, in: Mechanics of brittie fracture
(McGraw-Hill, New York, 1979).

[6] 1.N. Seddon and M. Lowengrub, in: Crack problems in the
classical theory of elasticity (Wiley, New York, 1969).

[7] V.Z. Parton and B.A. Kudryavisev, in: Electromagneto-
elasticity piezoelectnic and efectrically conductive solids, chs.
2 and 4; translated from Russian by E.G. Strel’chenko
{Gordon and Breach, New York, 1988).

[8]J. Grindly, in: An introduction to the phenomenological
theory of ferroelectricity (Pergamon Press, Oxford, {970).

[9] I.N. Seddon, in: Fourier transforms (McGraw-Hill, New
York. 1959).

[10] PJ. Chen, Acta Mech. 47 (1983) 95.
[11) E.G. Smazhevskaya and N.V. Feldman, in: Piezoelectric

ceramics ( Soviet Radio, Moscow, 1970), in Russian.




PHENOMENOLOGICAL STUDIES




APPENDIX

17




Stress induced shift of the Curie point in epitaxial PbTiO; thin films
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A 50°C shift in Curie temperature has been observed for c-axis oriented PbTiO; thin films
using x-ray diffraction. An analysis of the electrostrictive strain based on the

Devonshire thermodynamic formalism showed that the shift in the Curie point for these films
can be plausibly explained by an effective two-dimensional compressive stress of =400

MPa. The single-domain, single-crystal dielectric susceptibility (7;;) and piezoelectric
coefficient (dyy) were calculated and found to be relatively unaffected, at room

temperature, by a compressive stress of this magnitude.

Kushida and Takeuchi' have reported excellent piezo-
electric properties for highly c-axis oriented PbTiO, thin
films prepared by seeded lateral overgrowth onto Pt elec-
trodes recessed onto a single-crystal SrTiO; substrate.
However, x-ray diffraction measurements>’ showed that
the cubic-tetragonal phase transition occurred, for some
films, at a temperature nearly 50 °C higher than that ex-
pected for PbTiOQ, single crystals (T.=490°C).* Further-
more, at room temperature, these films were found to be
elongated along the ¢ axis, with a ¢/a axial ratio of 1.076,
about 1.2% larger than for pure PbTiO,;.

Consideration of the Devonshire thermodynamic
formalism>® for ferroelectric perovskites reveals that a
two-dimensional stress can be very effective in displacing
the Curie temperature. Based on the x-ray data, it is there-
fore tempting to speculate that the large shift in the Curie
point observed for the epitaxial PbTiO, films is the result of
a two-dimensional compressive stress oriented orthogonal

J

to the ¢ axis. Indeed, simple calculations suggest that lat-
tice and thermal expansion mismatch with the substrate
can conceivably result in a large net compressive stress
( > 1 GPa). Unfortunately, the contributions to stress re-
laxation mechanisms from lattice and microstructural im-
perfections, the film/substrate interface, etc., are unknown,
so that it is very difficult to predict with certainty the mag-
nitude of the prevailing stress.

Alternatively, the coefficients of a modified Devonshire
energy function for PbTiO, have been recently determined’
and shown® to satisfactorily predict the shift of the Curie
point with hydrostatic stress. In this letter, we use the
thermodynamic theory, along with the most recent x-ray
results,’ to show directly that the shift of the Curie point in
oriented ferroelectric thin films can be plausibly explained
in terms of a two-dimensional stress effect.

The appropriate free-energy function for PbTiO; is

Gi=a\(P, + P+ P}) + a\ (A + Py + F}) + a(PiPi+ FiP + PiPD) + a,uy (P + Py + P) + aya| P{(P; + P))
+ Py(P} + P) + PP} + P})) + iy ( PAPAPY) — 151y ( X7 4 X3 4 X3) — 51( X)X, + X X3 + XX )
— §5ua( X} 4+ X2+ X2) — QX P+ X,P5 + X3P}) — QulX1(P} + P} + Xy (P} + P) + Xy(P + P

— Qu(X PPy + XsP\Py + X P Ps)

where P; and X; are the polarization and stress, respec-
tively; a, a;, and a,; are the dielectric stiffness and higher
order stiffness coefficients at constant stress; s;; are the elas-
tic compliances at constant polarization; and Q, are the
cubic electrostrictive constants in polarization notation.
The dielectric stifiness constant, a,, is given a linear tem-
perature dependence based on the Curie-Weiss law

a,=(T - 6)/2eC )

where C is the Curie constant and 8 the Curie-Weiss tem-
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(1)

perature. All other coefficients are assumed to be indepen-
dent of temperature and stress, and have the values given
previously.’*

In the reduced notation, the tensile stresses are de-
noted by X, X ;, X; and the shear stresses by X,, X, X,
For a two-dimensional stress H, we assign X, =X,=H and
Xy=X,=X;=X¢=0. Following the appropriate sign
convention® based on Eq. (1), a compressive stress is im-
plied when H is negative.

Equation (1) has two solutions of interest for PbTiO,,
corresponding (o the prototypic cubic (Pm3m) and ferro-
electric tetragonal (Pdmm) states. These are
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F1G. 1. Calculated shift of the Curie temperature for PbTiO, subjected 0
two-dimensiona! (2-D) compressive stress oriented orthogonal to the ¢
axis and hydrostatic (3-D) compressive siress.

P%=P§=P§=0 (Pm3m),
R=P=0,P#0 (P4mm). (3)

The spontaneous polarization (P,= P;) is determined from
the first partial derivative stability condition

5G,/5Py=0 X 4)
or

Pi={—ay + [a}, = 3ay (@) — 20N 1} 3ayy. )

If the polarization dependence of the free energy is to re-
main unchanged under a constant stress H, a shift AT of
the transition temperature is required to equate the ener-
gies of the cubic and tetragonal states. From Egs. (2) and
(5)

AT=460CQ|2H. (6)

The shift in the Curie point under a hydrostatic stress o
may be similarly derived®

AT=2€oC(Q|| + 20:1,)0. N

As shown in Fig. 1, since the electrostrictive constant Qy,
is negative and the sum (Qy; + 20,;) is positive,’ a two-
dimensional compressive stress orthogonal to the ¢ axis
will shift the Curie point to higher temperatures, while a
hydrostatic stress will shift it to lower temperatures. Note

that a two-dimensional stress is a factor of
0.06 T ———T—T
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FI1G. 2. Measured strain components, X, snd x,, vs lemperature for a
c-axis oriented PbTiO, thin film.
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FIG. 3. Measured strain components, x, and x,, for 8 c-axis orieated
PbTiO, thin film vs the calculated square of the polarization.

20,1/ (@11 + 20y;) = 1.4 times more effective at displacing
the Curie point than a hydrostatic stress of equal magni-
tude. If AT = + 50 °C as determined from the x-ray mea-
surements, from Eq. (6) we predict a two-dimensional
compressive stress of 350 MPa.

To verify whether such a stress is reasonable, we recall
that the strains along the g and ¢ axes can be determined
from the lattice constants using

x=(a,—a)/a; and

where g, and ¢, are the tetragonal cell constants and g, is
the equivalent cubic cell constant taken here as (alc,)'”>.
Using Eq. (8) and the x-ray data,’ the strain components
x; and x; were calculated over the temperature range of 25
to 540 °C. The results are shown in Fig. 2. From Eq. (1),
however, the strain matrix is also given by

6G\/6X ;= ~ x; 9
or for the tetragonal state

x=0uPi + (s +5)H, x3=0,P} + 25,H. (10)

Consequently, plots of the measured strain components
against P}, calculated from Eq. (5), should yield straight
lines with slopes equal to the assumed electrostrictive con-
stants and intercepts proportional to the assumed stress.
Since the constants (,;, $;;» and s, are not used in the
calculation of either P} or H [Egs. (5) and (6)), and since
no special relationship between @), and @), has been as-
sumed, it can be readily verified whether an analysis based
on Eq. (1) is appropriate.

As shown in Fig. 3, a linear relationship between the
measured strain components and the calculated polariza-
tion squared was in fact obtained. Using Eq. (10), the
values of @, O;5, and A were determined from the plot
using the known values of s5,, and s,; and are compared to

xy=(¢,—a,)/a;, (8)

TABLE 1. Results of the stress analysis based on Eq. (10).

Quantity Assumed value Derived value
0,(m*/CY) 0.089 0.081
Qulm*/c) - 0026 -~ 0039

H (MPa) -3%0 - 45

*Average of the two intercept values.
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FI1G. 4. Calculated room temperature diclectric susceptibility (n;) and
piezoclectric coefficient (dy,) of PbTiO, vs two-dimensional compressive
stress.

the assumed values in Table 1. The good qualitative agree-
ment of the expected values with those derived from Fig. 3
suggests that the shift of the Curie point in these films is
consistent with an effective two-dimensional compressive
stress of approximately 400 MPa.

Considering now the effect of compressive stress on the
film properties, appropriate second partial derivatives of
Eq. (1) give the reciprocal dielectric susceptibilities (y;;)
and the piezoelectric constants (b;)

8'G/6PpP=y; and &8'G/8PSX;= —b; (11)

sean Annl Phyve Lett Vol 59 No 20 11 November 1991

The dielectric susceptibilities (7,;) and piezoelectric charge
coeflicients (d;;) may then be obtained from

n,=4,/4 and (12)

where 4; is the cofactor and A is the determinant of the y,;
matrix. The effect of a two-dimensional compressive stress
on the room temperature values of 7,3 and ds; is shown in
Fig. 4. The results confirm that although a stress of 400
MPa can lead to a substantial shift in the Curie point for
the c-axis oriented films, no significant change in the di-
electric or piezoelectric properties at room temperature is
expected. .

The authors thank Mr. K. R. Udayakumar for useful
discussions.
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X-ray and phenomenological study of lanthanum-modified lead zirconate-
titanates in the vicinity of the relaxor phase transition region
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X-ray diffraction analyses of chemically derived Pb, _ ,La,(Zrg¢sTig1s) - /405 powders were
combined with a phenomenological theory to investigate the corresponding single-crystal
thermodynamic properties of compositions approaching the relaxor ferroelectric

phase transition region (x=0-0.04). The temperature dependence of the electrostrictive
strain component, x,, could be described by the Landau-Ginsburg-Devonshire
phenomenological theory taking T, = 357 °C independent of La content (x). The single-
domain, singlecrystal elastic Gibbs free-energy density was calculated as a function of
temperature and composition. The calculated results were discussed in relation to a

simple superparaelectric model of relaxor behavior involving the temperature stabilization of

noninteracting polar microregions.

I. INTRODUCTION

Ferroelectrics showing relaxor phase transition behav-
ior are of considerable theoretical as well as practical in-
terest. These materials find a variety of applications in ce-
ramic form, particularly as electrostrictive actuators and
capacitor dielectrics. The best studied class of relaxor fer-
roelectrics are compounds and solid solutions of oxides
crystallizing with the sin.le perovskite structure. Al-
though the mechanisms underlying relaxor behavior in the
perovskite-based systems are not yet clear, frustration of
the normal ferroelectric transition appears to arise in gen-
eral due to nanostructural lattice imperfections which lo-
cally lower, but do not destroy entirely, the transiational
symmetry. Smolenski' first proposed the widely held view
that the origin of the symmetry lowering lies in chemical
microheterogeneity, which in tum results in a broad dis-
tribution of local Curie temperatures. Alternatively, from a
series of transmission electron microscope (TEM) stud-
ies,? it now appears that for the complex 4(B,B;)0, per-
ovskite compounds, the origin lies in the coherence length
of the long range B-site ordering. Other structural features
involving defect dipoles, inhomogeneous order, and incom-
mensurate phase transitions may also play a role in relaxor
behavior.! »

Cross* has pointed out that the development of a stable
ferroelectric polarization within s postulated microregion
of a relaxor crystal requires that the energy barrier sepa-
rating symmetry equivalent polarization orientation states
be sufficient to stabilize the region sgainst thermal agita-
tion. Since ferroelectricity is a cooperative phenomenon, all
energies scale with volume. Consequently, by analogy with
ferromagnetism, superparaelectric behavior may result if
the microregions cannot develop sufficient volume stabili-
2ation or electrocrystalline anisotropy energy with respect

to other degrees of freedom. Although the superparacle.
tric model accounts for many of the observed properties of
relaxor ferroelectrics, such as the frequency dependence of
the permittivity and dielectric aging,>* few quantitative es-
timates have been reported regarding the microregion size
and/or composition dependence of the energy barriers sep-
arating equivalent polarization orientation states for actual
relaxor crystals.

The Landau-Ginsburg-Devonshire (LGD) free-en-
ergy formalism provides a realistic macroscopic thermody-
namic description of the single-domain, single-crystal elas.
todielectric properties of normal (proper) ferroelectric
materials.” In the absence of suitable quality single-crystal
samples, high-temperature cell parameter measurements
have proved invaluable in the development of the phenom-
enological thermodynamic theories for several perovskite
ferroelectrics and their solid solutions.*® These measure-
ments establish the temperature dependence of the sponta-
neous elastic strain, which is related through the electros-
trictive strain  equations to the spontaneous
polarization.’®!! The spontaneous polarization is the mac-
roscopic order parameter for the paraelectric-ferroelectric
(PE-FE) phase transition, and its temperature dependence
can be used to determine the higher-order dielectric stiff-
ness coefficients needed to evaluate the elastic Gibdb's free-
energy density function.

Previous investigations have utilized this approach ex-
tensively in phenomenological studies of the
PbZs,Tiy . ,0y (PZT) solid solution system.'*" In the
present work, we extend the x-ray measurements to the
relaxor Pb,_,Ls,(Z5,Tiy_,) - 240" (PLZT) system
and consider the compositional series where y=0.65 (aiso
denoted as X/65/35). As judged from the published phase
diagram'? (Fig. 1), compositions in this series begin to
exhibit significant relaxor ferroelectric character only for

*'Permanent address: Materials Research Laboratory, Pennsylvania State University, University Park, PA 16801
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x>0.04. In this study, we examine compositions with
x<0.04, and show that they are amenabie to treatment
using the simple LGD formalism. This allows for the eval-
uation of the single-domain, single-crystal elastic Gibb's
free-energy density as a function of temperature and com-
position in the vicinity of the relaxor phase transition re-
gion. The results are discussed in relstion to an idealized
superparaelectric model of relaxor behavior.

. EXPERIMENTAL PROCEDURE

PLZT powder samples were prepared from lead ace-
tate trihydrate, lanthanum isopropoxide, zirconium n-bu-
toxide, and titanium isopropoxide according to a modifi-
cation of a procedure described earlier.'® All manipulations
of the starting chemicals and reaction mixtures were car-
ried out in a glove box under dry nitrogen. Initially, 1:8
(m/m) solutions of the lead compound and of the com-
bined alkoxides in 2-methoxyethanol (2-MOE) were pre-
pared. The Pb solution was dehydrated by boiling and the
combined alkoxide was refluxed ( =1 h in each case) prior
to mixing at approximately 100 °C. The mixed solution was
then refluxed until a constant boiling temperature of 124 °C
(the boiling point of pure 2-MOE) was attained. At this
stage, the H,O content of the solution, as measured by
Karl Fiscner utration, iad Scci reduced to < S ppm. The
refluxed solution was then conceatrated, cooled, filtered
through s 0.5-um filter, and adjusted in concentration to
0.6 M. Prior to hydrolysis, 6 mol % Pb in excess of the
formula amount was introduced as a dehydrated solution
of lead acetate in 2-MOE. The resulting solution was
chilled to — 25 °C and excess water for hydrolysis ( > 4:]
mol H,O/mol alkoxide) was added as s 1:2 (vol/vol) so-
lution in 2-MOE. The hydrolyzed solution was gelled by
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hesting in sealed vials to 80 °C. The gels were then air dried
for 2 days at 90 °C, ground in an agate mortar and pestle,
and calcined to a maximum temperature of 1100°C for 1 h
with intermediate holds on heating at 250°C (30 min),
500°C (2 h), and 800°C (6 h).

The nominal compositions of the resulting powders
were determined from x-ray fluorescence and inductively
coupled plasma atomic emission spectroscopy. The resid-
ual carbon content was determined from combustion anal-
ysis. Particle size and morphology were examined using
scanning electron microscopy (SEM). The PE-FE phase
transition character was evaluated by differential scanning
calorimetry (DSC) performed at a heating rate of 10°C/
min under flowing N,. X-ray diffraction measurements
were carried out on a carefully aligned automated diffrac-
tometer employing Cu Ka radiation. The temperature sta-
bility of the sample hot stage was =0.1 °C over the mea-
surement range ( — 50-300°C). All analyses of the x-ray
data were performed using commercially available soft-
ware.
Sample homogeneity was assessed from x-ray line
broadening measurements. Semiquantitative estimates of
the root mean squared (rms) lattice strain and effective
crystallite size were obtained based on a modified Warren-
Averbach analysis'’ of the (100) and (200) x-ray line pro-
files using the (100) and (201) reflections of quartz as an
external reference standard. The profiles were obtained as
step scans using a step size of 0.005" 20 and count times of
2-10 s to ensure = 10 000 counts on the peak maxima. The
profiles were corrected for background and Ka, prior to
analysis.

The rhombohedral angle (a) was determined as a
function of temperature by refinement over four pairs of
reflections. The step size (in degrees 26) and count time
for each pair of reflections were as follows: (111)/(11-1),
000572 s; (220)/7(20-2), 0.01/5 s; (222)/(22-2),
0.02°/10 s; (420)/(40-2), 0.02°/15 s. Accurate assignment
of the peak positions was facilitated by fitting with a Mar-
quardt least-squares routine that properly accounted for
the Ka splitting. In this routine, the only fixed parameter
was the peak width, which was held constant at the room-
temperature value. This procedure generally permitted the
cell constants to be refined with an sbsolute angular preci-
sion of better than 0.025° 20 although, especially for the
higher La content samples, the relatively broad, low inten-
sity (420)/(40-2) peaks occasionally had to be omitted
from the analysis.

1. RESULTS AND DISCUSSION
A. Materials characterization

As shown in Fig. 2, the alkoxy-derived PLZT powders
were well crystallized and showed sharp diffraction peaks
for the rhombohedral perovskite phase. No secondary
phases were detected by x-ray diffraction. Residual carbon
from the metalorganic precursors was found to be less than
200 ppm. The final concentration of the volatile Pb com-
ponent agreed with the expected values to within a few
percent. The DSC analyses showed only s flat, featureless
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baseline in the temperature range of 25450 °C, consistent
with the expectation of second-order phase transition be-
havior based on previous studies ‘of rhombohedral PZT
compositions.'*

The results of the Warren-Averbach crystallite size/
rms lattice strain analysis are shown in Table I. Within the
error of the analysis, the effective crystallite size was a
constant 53 am, in good qualitative agreement with the
primary particle size determined from direct observation
by scanning electron microscopy. The rms strains were
also nearly constant, but perhaps increased somewhat as
the relaxor phase transition region was closely approached.
Although the absolute magnitudes of lsttice strains de-
duced from x-ray line broadening measurements must be
interpreted with care, it is interesting to note that the val-
ues 30 obtained are comparable o the electrostrictive shear
strain component x,. In the unmodified PZT system, a
nonzero value of the rms strain has been associated with

composition fluctuations.'*® Table I also shows, however,

that the electrostrictive shear strain component, which is
related to the rhombohedral angie (a) by*'

Xo= (90 - a)/90 §))

decreased markedly with the addition of even small
amounts of La. In fact, at room temperature, the relative
change of x, with La content (Axy/Ax = —0.023) was
nearly an order of magnitude larger than the change with
Zr content (Ax,/Ay = — 0.0025) observed for unmod-
ified PZT compositions across the rhombobedral phase
field.? Since the shear strain is directly related to the spon-

TABLE 1. Rhombobedral angle (a), spontaneous struin (x,), efective

crystallite size (Do), and rms latnoe stran  ((A)'?) for
P, La,(ZeeyTions)y - 0Oy M 27°C.
a Dg (&)

z (degrems) 2 (nm) 2 efTor range
0.00 $9.654 0.00351 316+1.7 000129 0.00123-0.00138
0.01 19.93 0.00339 3536217 000118 000112-0.00128
0 $9.708 000324 S4.1218 000120 0.00511-0.00131
0.04 9.7964 000262 510418 000i48 0.00142-0.0015S
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FIG. 3. Spontancous elastic strain data for Py, _.La,

(ngurb“h ./‘o, (R3m phl“, The solid lines represent the best &
10 the electrostrictive strain equations taking & composition independent
value of T, = Ty 357°C.

taneous polarization, we might reasonably speculate that
small composition variations have a more pronounced of-
fect on the ferroelectric properties of the La-modified ma-
terials as compared with pure PZT. At higher tempen-
tures, this effect may become even more important, since
measurements on a sample with x=0.04 showed that the
rms strain began to exceed the electrostrictive strain above
=250°C.

8. Temperature gopondonco of spontaneous strain

The temperature dependence of the electrostrictive
strain component x, in the region of R3Im phase stability is
shown for x=0.00, 0.02, and 0.04 in Fig. 3. The terminus
of esch curve represents the temperature above which the
cell parameters could no longer be refined with the desired
precision, not the temperature of transition to cubic sym-
metry. Were s phase change to occur, the large values of
the strain prevailing at these temperatures would dictate
that it occur by a first-order ot aearly first-order transition.
Since no latent hest change was detected in this range by
DSC, it was concluded that the rhombohedral-cubic phase
change occurred by a second-order transition at tempers-
tures higher than those to which a well-defined rhombohe-
dral shear remained evident under interrogation by z-ray
wavelength probing radiation.

To investigate this possibility further, the temperature
dependence of the spontaneous strain was modeled using
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the Landau-Ginsburg-Devonshire (LGD) free-energy formalism. Using reduced tensor notation, an appropriate expres-
sion for the elastic Gibbs free-energy density of a ferroelectric of rhombohedral symmetry derived from a cubic prototype

of symmetry Pm3m is:"’

Gy=3xo( T — To) P} + §P} + LPh + B + v6 + $PI63 — b1y (X7 + X3 + XD) - 53(X, X,
+ XXy + XoX,) = b (X3 + X3+ X3) — (@) + 2000 (X, + X3 + X3) P~ Qu( X,
+ X3+ X)P = (Ryy + 2R )X + Xy + X3)0F — Ru( Xy + Xs + X,)65, 2)

where P, is a vector component of spontaneous polariza-
tion; 8, is s component of the oxygen octahedral tilt angle;
X, is a tensor component of elastic stress; yo. &, £ are
related to the diclectric stiffness and higher-order stiffness
coefficients at constant stress; 8, v are related to the octa-
bedral torsion coefficients; & is related 1o the coupling co-
efficients between polarization and tilt angle; s,; are the
elastic compliances at constant polarization; Q,; are the
cubic electrostriction constants in pelanzation notation;
and R, are the rotostrictive coefficients coupling tilt angle
and stress.

Considering initially only the phase of R3Im symmetry
(6, = 0), from the first partial derivative stability condi-
tion

6G,/6Py=0, {3

the spontaneous polarization for a second-order transition
(Ty = T,) at constant and zero stress is

Pl={~{+ - 9(T-TIE1H3E (4

with yo = 1/(2€,C), where Cis the Curie constant and € is
the permittivity of free space. Rearranging to eliminate the
explicit dependence on C and simplifying gives

Pl=A{l - [1 - B(T - T)]'?} (5)

with A= — {C/3¢C and B = 9£C/{2¢,({C)%]. The spon-
taneous strain (X', =m0) is given by the sppropriate partial
derivative of Eq. (2)

~ 8G/6X ymx = QP . (6)
Combining with Eq. (5) yields

xemA' {1~ {1 - B(T - T)1'?), &)
Where 4° = AQ..

Note that the polarization enters in Eq. (6) as the
Square and so the strain does not depend on the sign of P.
Furthermore, fluctuations of the polarization among the
Symmetry equivalent orientation states are unimportant
provided the time spent by the polar vector along the
(111) is long compared to the time spent between states.
The strain determined from Eq. (1) therefore reflects the
lime and space averaged value associated with the net po-
larization along the symmetry equivalent (111) orienta-
lions for & corresponding bypothetical single crystal of av-
tTage composition (x).

Equation (7) was used to fit the spontaneous strain
data in Fig. J using a Marquardt nonlinear regression anal-

I J. Agpl. Phys. Vor 70, No. 3, 1 August 1099

1

ysis with 4°, B, and T, as adjustable constants. Taking
T, from the radio frequency dielectric measurements (Fig.
1), values of A4’ and B could not be found to adequately
describe the data for the x=0.02 and 0.04 compositions.
Convergence could be achieved for these compositions by
aliowing 4', B, and 7T to vary simultaneously, although for
the x=0.04 sample, the value of T, so obtained had no
obvious physical significance and the values of 4’ and B
became unacceptable (i.e., B became very large and
A’ =0). The refractive index results of Burns and Dacol,?
and the x-ray scattering data of Darlington,® have shown
that the onset of local polarization is independent of x for
x=0.07-0.095 and occurs at a temperature T,
= 350-360 'C (following the notation® hereinafter termed
T,) of the unmodified PZT end member. Rapid conver-
gence to the fits shown by the solid lines in Fig. 3 that also
yielded reasonable values of 4’ and B was attained using a
composition independent value of 7, = T4 = 357°C. The
excellent fit to the data in Fig. 3 suggests that the onset of
Jocal polarization for the lower La compositions (x<0.04)
also occurs near 360 °C, and that the relaxor behavior ob-
served for the higher La contents is premonitory from the
introduction of even small amounts of La. The values of
the fitting constants, 4’ and B, are given in Table I1.

Considering now the phase of R3¢ symmetry
{6y5+0), the spontaneous strain becomes

—6G|/6X‘=XQSM+R“O;. (8)

For the PZT system, R, is negative,’ and so the rotostric-
tive contribution to the strain lowers the value relative to0
electrostriction alone. Apparently, this is also the case for
the PLZT compositions studied here. In Fig. 4, the solid
lines represent an extrapolation to low temperatures of the
electrostrictive strain for the R3m phase sccording 1o Eq.
(7), while the dashed lines are smoothed fits to the exper-
imental data over the complete measurement range. The
points of departure of the data from the calculated lines for
electrostriction alone are roughly in agreement with the

TABLE 1. Constants used 1o evaluate Eq. (2).

SC( x 10')  C( x 10

x A(X10°Y B x10°Y) (UmC/C)  (Im°C/CY)
0.00 -39 2944 oes - 421
om -173 nn 1.64 4.10
0.0¢ -253 9.92 391 299
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R3m-R3c phase tnnsmon temperatures determined from
acoustic measurewents'® (indicated by the arrows). This
result supports the choice of 7, = T, used in fitting the
electrostrictive strain data for the R3m phase.

IV. PHENOMENOLOGICAL ANALYSIS

From the spontaneous strain measurements described
above, the spontaneous polarization and single-domain,
single-crystal elastic Gibbs free-energy density can be eval-
uated as a function of composition and temperature up to
T, It has been demonstrated?® that Curie~-Weiss behavior
is obeyed above T, for a relaxor PLZT 8/65/35 composi-
tion, and this is an inherent consequence of the LGD for-
malism when 7= T, Equation (2), as applied here, can
therefore be used to investigate the macroscopic elastodi-
electric properties for a hypothetical crystal of average
composition (x) undergoing a second-order transition to a
Devonshire ferroelectric at T, Recognizing that this does
not in sctuality occur, the deviation from Devonshire be.
havior is discussed on the basis of an idealized superpara-
electric model.*

A, Spontaneous polarization

The spontaneous polarization was determined from the
x-ray strain measurements and Eq. (6), and is shown for a
representative sample with x=0.02 in Fig. 5. The electros-
trictive constant Q,, in Eq. (6) was taken to be 0.06
m*/C%, a typical value for the rthombohedral PZT-based
perovskites.?® The solid line shows the extrapolation of the
measured values to T, using Eq. (5) and the constants
from Table I, assuming normal Devonshire behavior. The
remanent polarization determined by Hunlm‘" from
hysteresis loops measured on ceramic samples is also
shown in Fig. $ for comparison. At low temperatures the
two messurements are in good agreement, but begin to
differ substantially above =75 °C where the remanent po-
larization starts to collapse. As discussed earlier, the po-

R S1. A 4 Aaet 1OAe

larization enters in Eq. (6) as the square, and so the dif-
ferences in the two curves primarily reflect the difference
between the reversible macropolarization (7) and local
(rms) polarization ((P)'?). Since the spontaneous polar-
ization is the macroscopic order parameter in Eq. (2), the
calculations are expected to approximate the macroscopic
clastodielectric properties only at low temperatures where
thermally activated processes are frozen out.

8. Free-energy density

Uader conditions of constant and zero stress, and ne-
glecting the cell doubling transformation, the elastic Gibbs
free-energy density from Eq. (2) becomes

POLARIZATION (C/ad)

o 100 200 300 400
TEWPERATURE (°C)

FI1G. 5. Polarizatics plottad against temperature for Pb, . Ls,
(2134sTi023)1 - 240> The data points were determined from spontaneous
strain messurements. The solid line represents an extrapolanon o T,
based on the phenomenological theory. The curve labeled P, is taken from
the remanent polarisstion data of Raef. 27.
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G =3xo(T = T)P} + (P + §P3. 9

Multiplying Eq. (9) by the Curie constant C, the relative
stabilities of the rhombohedral and cubic states can be ex-
amined without knowing C explicitly.

G\C= (372, (T - T) P} + LCP} + £CP5. (10)

Using Eqgs. (5) and (7). the constants {C and §{C were
determined from A4°, B, and Qg and are given in Table 1L
The calculated G,C product is piotted against temperature
for various compositions (x) in Fig. 6. As seen in the
figure, G,C shows a strong composition dependence that is
maintained to temperatures very near T4 Note that
at room tempersture, the La dependence of
G,C (6G\C/6x) found bere for PLZT is more than five
times stronger than the Zr dependence (5G,C/6y) ob-
served for the adjacent rhombohedral PZT compositions in
the range of 0/75/23-0/55/45.1

The curves of Fig. 6 suggest that increasing the La
content at a given temperature strongly decresses the mag-
nitude of the free-energy density and so should quickly
lead to & phase of cubic symmetry as G,C - 0. Taking the
isothermal G,C products for the R3m phase to be approx-
imately linear functions of composition,’* the La content
required to induce the transition was estimated below 75 °C
where, judging from Fig. 5, the reversible macropolariza-
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tion (P) approaches the local (rms) polarization
({P)"?). The calculations indicated that the structure be-
comes truly cubic at a La content near 13 mol %, in very
good sgreement with the experimental measurements'’
(Fig. 1). Consequently, application of the simple LGD
formalism, with T, m T, appears to give physically mean-
ingful results for these compositions at low temperatures.
At higher temperatures, where the remanent polarization
collapses and thermal Ructuations of the order parameter
may become important, the macroscopic properties are no
longer expected to obey Eq. (2). Instead, as discussed be-
tow, the effects of size and composition on the stability of
a postulated single-domain polar microregion are investi-
gated in the context of a superpanaclectric model.

C. Superparaelectric model

In this model, it is assumed that small deviations from
the average composition (x) can localize the polarization
to regions on a size scale where thermal fluctuations of the
orientation of the polar vector between different permissi-
ble variants become possible.* Here we inquire as to the
stability against thermal agitation of an isolated region in
relation to its size, composition, and temperature. These
calculations estimate only how the volume stabilization en-
ergy of a postulated microregion with symmetry equivalent
polarization orientation states compares with the thermal
energy. Surface effects, elastic boundary constraints, and
interactions between regions are not considered.

The energy barrier H separating symmetry equivalent
polarization orientation states is given by

H= - nVG,, 11

where ¥ is the volume per unit cell ( =0.064 am?), n is the
number of unit cells in a postulated microregion, and the
free-energy density G; may be determined as a function of
temperature and composition from Eq. (9) taking C
= 2.0 X 10°°C.%* Plots of — H sgainst temperature will
therefore have the same shapes as the free-energy density
curves of Fig. 6. From Eq. (11) it is obvious that for a
given composition, the smaller the value of n, the lower the
temperature required to attain stability against thermal ag-
itation. Howevet, since the free energies are strong func-
tions of composition, it is also clear from Fig. 6 that re-
gions most deficient in La will, at any temperature, be the
more stable at a given size. This is consistent with the
original observation of Burns and Dacol®

To investigate the purely compositional effects further,
we find for various postulated microregion sizes n the tem-
perature stabilization difference AT for which the energy
barriers H for two compositions x and x’ become equal to
some specified value. The results are plotted for H
= k,T in Fig. 7. At macroscopic sizes, AT -0, so that an
equally stable ferroelectric polarization is expected for all
x. As the microregion size is decreased, AT incresses,
eventually increasing exponentially as the size is reduced
below 1000 unit cells Given V = 0.064 am’, this result
implies that, in the lower limit, composition effects become
important for microregions with equivalent spherical di--
ameters <5 nm.
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FIG. 7. AT plotted against the log of the postulated microregion size A.
AT is the temapersture stabilization difference for which the energy bar.
ners H for two compoaitions x and x° become equal to k7. The desig-
nations 20 and 4-0 refer 1o the AT associsted with the compositions
2=0.02 and 0.04 relative to x=0.00.

For noninteracting microregions, however, the polar-
ization flipping frequency is given by

v vy exp( — H/k'T). (12)

where v, is characteristic of a softened lattice mode
(= 10" Hz). Choosing H = 18k,T, the depolarization
frequency v becomes about 15 kHz, which is sufficieat to
influence the dielectric properties for typical measuring
fields at 10 kHz. Repeating the calculations of Fig. 7 using
18k,T as the stability criterion, the microregion size at
which composition effects become important is thea pre-
dicted to be 1S nm. This prediction is consistent with direct
TEM observations? that place the size of the polar mi-
croregions in PLZT 9/65/35 ceramics near 10 nm below
0°C. Moreover, for the powder samples used in this study,
composition variations on this scale are not unreasonable
given that the effective crystallite size was found to be
substantiaily larger (5060 nm). The scale on which com-
position effects become important relative to size effects
alone may be an important factor distinguishing solid so-
lutions with diffuse transitions (broad but not frequency
dispersive) from those with relaxor (broad and frequency
dispersive) phase transition behavior.

V. CONCLUSIONS

X-ray diffraction analyses of chemically derived
PY, _ La,(ZrogsTioys) 1 - 260y (PLZT) powders were
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combined with a phenomenological theory to investigy,,
the corresponding single-crystal thermodynamic Propenie;
of compositions approaching the relaxor phase transizion
region (x=0-0.04). The results were consistent with y),,
existence of a local (rms) polarization up to = 360°C i,
dependent of composition (x). The predictions of the Dhe.
nomenological theory regarding the polarization and rej,.
tive phase stabilities were in good agreement with
experimental measurements at low temperatures. A,
higher temperatures, where thermal fluctuations of the po.
lar vector among the symmetry permitted variants may
become important, the calculations were consistent wir,
the notion of compositionally delineated polar microre.
gions in the size range of 5-15 nm.
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