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ABSTRACT

Tis report documnts work carried out In the Materials Research Laboratory of Tire

Pennsylvania State University on the third and final year of tire programn ol "Piezoelectric

and Elcctrostrictivc Materials for Transducers Applications- sponsored by tire Office of Naval

Research (ONRJ under grand No. N00014-89-J-1689. Tis marks tine ternination of a vcry long

and highly productive sequece of contracts and grants focusing on the developmnent of new

miaterials for ieizoelectric arid Electrostrictive transducer applications carricd through under

core ONR funidiiig. For turrately mnrnry elements of [lie work wil~l be continuing on a new

University Research Initiative (UI) program under QNR sponsorship.

I lirliglils of- the past year's activities Include: An increased emphasis upon [lie

flextensiorral (inoonie) type actuators. modeling both the Internal stress distribution as a

function of geometry, and Lte very Interesting resonant mode structure of tire composites; A

niore refined focuIs upo1 [lie performance of piezoelectric ceramic transducers, particularly

under high drive levels is developing with concern for the extrinsic domain and phase

boundary contributions to response. Measurement and modelling are being used to explore [tie

nonlinearity arid Lite frequency response and to exarrine [lie phase partitioning at thre

rliornbolicdral :tetragonal irorpliotropic phlase bow 'lary in [tre PZT system. Phenomena

limiting lifetimie Inn polarization arid pihase switching Actuators arc being explored to sep~arate

surface and volumei efcicts arid those due to grain size and flaw population differences. New

wvork has becii iitiated to examrine Acoustic Emiissioni as a technique. iii comibiriatior i vthr

Liarkhauserr current pulse airalysis. to separate irnd evaluate doniain switching and

irrcrocracking Ini Iolari7artioii switching systerms.

Fromn wvoik on this prograili it has now becorme ciear that Lite relaxor fen-ocectrics are

In fact close analogues of Lte mraginetic shpin glasses. so that [lie sp~in glass fontnalisni can be

used to explain thre very wide range of dielectric. ela~tic and electrostrictive properties. The

reirairig outstanding funidamiental problemi is that of [lie detailed interrelationship between

tire known nano- heterogeneity in [lie structure and chenmistry and the nanopolar regions

which contribute tire electrical response.

Of very high p~ractical interest Is Lte manner In which Lite relaxor earn be field biased

into extremely Strong piezoelcctric response. Work is going forward to examine this response

fii detail and to explore the possibility that such 'super-responses' can be induced by chemical

(solid solution) means.

Processig studies have focused upon new lowver temperature consolidations for

relaxors. arid uponi new compllositionis for high temperature piezoelectric ceramrics.

lit parallel with tire ONR Transducer P'rogramr [lie Laboratory has extensive DARPA

sponsored research on ferroelectric thin films. Since [he films structures frequently involve

materials like [lie PZT. PMN :PT. PLT and P=Z fanmilies of compositions and do explore

piezoelectric effects and applications, a small group of the most relevant papers form tIhis

program are appended to [lie report.
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CERAMIC-METAL COMPOSITE ACTUATOR

Q.C. Xu, A. Dolan, J. Tressler,
S. Yoshikawa, and R. E. Newnhain

Materials Research Laboratory
The Pennsylvania State University

University Park, PA 16802

ABSTRACT 1.1

The main objective of this work was to
develop a new type of actuator. It consists of ame
piezoelectric ceramic disk or multilayer stack and two T.
metal end plates with a crescent-shaped cavity on the
inner surface. The plates are used as mechanical ma ---*

transformers for converting and amplifying the lateral
displacement of the ceramic into a large axial motion lApw L ,e gesm of eampeLa.
in the plates. Both d31 and d33 contribute to the axial
displacement. Sizeable strains were obtained with both actuator. The ceramic element can either be a
PZT-metal and PMN-metal actuators. Displacement piezoelectric ceramic or an electrostrictive ceramic
amplification principle, fabrication, and measurement with single layer or multilayer. Low driving voltages
results are presented. can be used for the multilayer ceramic element. The

electrostrictive ceramic is expected to reduceINTRODUCTION hysteresis as well as exhibit a nonlinear relationship
In recent years, piezoelectric and between the voltage and the displacement.

electrostrictive ceramics have been used in many The "Moonie" metal plates are used as
actuator applications. The two most common types of displacement magnifiers. The relationship between the
actuator are a multilayer ceramic actuator with internal displacement of the metals and the geometry of the
electrodes and a cantilevered bimorph actuator[ 1. A metals and the ceramic is explained below. For
frame structure for displacement amplifier in impact simplicity. consider airved beam with small
printer head has also been developed using curvature bonded to a ceramic bar (Figure 2).
piezoelectric multilayer actuators (2.. According to elastic theory [5). the bending moment M

This paper describes a new type of ceramic- under an electroactive force from the ceramic is as eq.
metal composite actuator which is based on the (1):
concept of a flextensional transducer( 3 . The ceramic 2 22 2 2
is excited in an extensional mode and the metal plates -TJb, -a) -4a b 2nb)]

in a flexure mode. The metal plates are used as a M - (1)
mechanical transformer for transforming the high . 2
mechanical impedance of the ceramic to the low 4 b b-a b 2 2inan 2

mechanical impedance of the load. Therefore, a large r a b r
effective piezoelectric coefficient, d33, exceeding
4000 pC/N as well as a hydrosiatic piezoetect f --:
coefficient db. exceeding 800 pC/N can be obtained
from a single PZT disk-metal (brass) composite). M M

PRINCIPLE
The extensional mode of the piezoelectric . ru,,

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 1 shows
the basic configuration of the ceramic-metal composite m 1- Sapfile md r di, ,e mewplf&.



The electroactive force will be transmitted to and the displacement conversion rz:.:o is:

the Moonic metal. The stress in the metal is:

ESYA(2) 8 4 LO Y.h. (7)

A,
where d = piezoelectric strain coefficient of Equations (3) and (6) explain uow the normal

the ceramic, displacement U of the metal is related to the transverse

E3 a electric field in the ceramic, piezoelectric or electrostrictive effect of the ceramic.

yC a Young's modulus of the ceramic, The total displacement is the sum of the displacement
Ac,Am a cross sectional area of the described above and the displacement due to

ceramic and metal, respectively, longitudinal effects.

and r-a-b. The lowest resonant frequency of the actuator
is a flextensional mode which is determined mainly by

The normal displacement of the metal the stiffness of the ceramic in a planar mode and the
produced by the piezoelectric effect of the ceramic is: 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.
2 3 dYd V (3) -he equivalent mass is

2 Y,.1 4 by* 2U =~~ ~ 2 2i ~=

hm a thickness of the metal 2phhU (a dX 2 2 2

Ym a Young's modulus of the metal Md = - M . dcYh h

V a applied voltage 1 8c 2  2 2 2 2

lm a moment of inertia of the metal 2 L e Y.-

Mm - pmVm =pm bhmL
d U Pi  3 dYcdc-

331 h"- = (4) When the hbc/m ratio is high and km << kc.

the resonant frequency of the lowest flextensional

For the electrostrctive effect: mode is:

"2 1 - f -

T Qu EA. .1k
QTo= yA, (5 2x (M. + M J(k6 + k.) 4 l+(2xf ) 2M~kc'

Q - f-Mv -oei2ie 2  ....
the ceramic - -[l 2fj - 22 21 (8)

* = permittivity L 60Yjh.

The displacement of the metal by h The Me is mi-eh !ager thin th real mass of the metal.
lectrostrictive effect is ten: Here kc=stiffness of ceramic

2 kmastiffness of metal plate

U= 3 d -Q(6) - fcr--esonant frequency of planar
4 h~hY.O mode of the Ceramic itself.

The transverse displacement st the end of the - - fc =

ceramic bar is: 2x

S dv L
SFrom equation (8) the lowest flextensional frequencyh, fft is proportional to



SAMPLE PREPARATION EXPERIMENT RESULTS

The composite actuators were made from The displacement of the composite actuator in
electroded PZTSA or PMN-PT ceramic disks (I I mm the low frequency range was measured with a Linear
in diameter and I mm thick) and brass end caps (from Voltage Differential Transducer (LVDT) having a
11 mm to 13 mm in diameter with thicknesses ranging resolution of approximately 0.05 jm. The direct
from 0.2 to 3 mm). Shallow cavities from 6 mnn to 8.5 piezoelectric coefficient d33 was measured at a
mm in diameter and about 150 pm center depth were frequency of 100 Hz using a Berlincourt d33 meter.
machined into the inner surface of each brass cap. The The displacement-frequency dependence was measured
ceramic disk and the end caps were bonded around the with a double beam laser interferometer. Resonant
circumfercnce, taking care not to fill the cavity or short frequencies were obtained with a Hewlett-Packard
circuit the ceramic electrodes. Three kinds of bonding Spectrum Analyzer (HP-3585A) or Network Analyzer
materials have been utilized: (HP-3577A).

L Silver foil (25 urn thickness) and L Displacement Measurement
silver naste bondine. Figure 4 shows the displacements versus
This composite was heated to 600"C under electric field curves for composite actuators driven by

stress to solidify the bond. After cooling, the actuator PZT and PMN ceramics. Displacements for the
was encapsulated using Spurr's epoxy resin, followed uncapped ceramics are shown for comparison. PMN
by curing at 70C for 12 hours. Electrodes were does not need to be poled because it utilizes the
attached to the brass end caps and the PZT ceramic electrostrictive effect rather than piezoelectricity.
was poled at 2.5 MV/m for 15 minutes in an oil bath Dimensions of the PMN composite sample in Figure 4
held at 120'C. are as follows: d=13 mm, dp=l I mm. h=150 pm, dc=6h m, hp= I mm. and hm=0.4 mm. The dimensions of

2 Pb-Sn-Ag Solder Bonding. the PZT composite-I sample are: d=dp= I I mm, h-50
pm, dc"7 mm, hp-I mm, and hm=0.5 mm. Both of the

The PMN-PT or poled PZT and the brass end uncapped PZT and PMAN ceramics have the same size,
caps with the Pb-Sn-Ag solder ring (thickness 50 pim) d a I mm and hp= I mm. The experimental results
were heated to 190"C under pressure.After cooling. the show that the composites produce a strain
composite was encapsulated using epoxy resin. amplification of about 10 times. A displacement of

- - - -about 10 pn can be obtained under a field of I kV/mm.
3. Eooxv Resin Bonding. . . By loading these actuators with weights, it is capable

of exerting forces in excess of 2 kgf. -
The brass end caps and the ceramic were As shown in Equation 3 and Equation 6. the

bonded by Emerson & Caming- p-iy-resia around the displacement amplification is dependent on the
rim at room temperature. thickness of metal hm and cavity diameter dc. The

sample PZT compositc-2 with dimensions d=dp= I I
An electrostrictive actuator was made from a mm, hp=l mm, h=200 pm, hm=0.3 mm, and dc8.5

multilayer ceramic stack and a brass beam and bonded
to the Moonie inner surface with an epoxy (Figure3 ). _ .
This composite demonstrates that a sizeable 0% isF3.p~d
displacement can be produced under low driving
voltage using a multilayer ceramic stack. 1

A II

Dectre Feld (Vhnm)
Figure 4. Displacements messured fw mposte

S... hactualors driven by M and FMN
l., N. 3 au, . d at . ,m.pit.ceraila a Displacement for the uncapped

adumi Wih metW~yered wod part, eeamlA are shows for eomparbs.



mm exhibits sizeable displacements - as large as 20 .. Tiiickness Degendence
tm with a force capability of 0.15 kgf (see Figure 5).

__ 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. (8),
the effective d33 is proportional to 1/hm and the lowest

gresonant frequency is proportional to 4Wm. 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.

a0 t 100
.2 4000.

NoL od 90
S . 57 Sbm2 3000- r21 -80

7oo ft-"" r

0 2 4 4 a to ?o

Electric Field ( 100 V/ram) 0060
Figure S. Displacement vs. field curves under

different exerty forces for the £
sample PTT composite-0 1000 4

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 ISOV. .20
Notice that this experimental result is obtained with
only one metal end-cap on the ceramic stack. If the Brass Thicness (0)
convex or concave metal end-caps are placed on both Figure 7. Resonance frequency tr and d33 effldlea
sides of the ceramic stack, more than 30 pm ploUed as a function of he thickness of ibt
displacement will be obtained under the applied bran ndaps.
voltage of ISOv. Displacements for the uncapped
multilayer ceramic in the same direction are shown for
comparison. The lowest flextensional resonant Piezoelectric effects are largest near the
frequency for the composite is 6.4 kHz. center of the transducer where the fiexural motion is

largesL The effective values measured as a function of
ASOdv,,.v position with a Berlincourt meter are shown in Figure

8. Plots are shown for two brass thicknesses of 0.4 and--
-'q . .... a* --",.O mm. Ample-working areas of several-mm 2  -

obtained with the actuators. ..

A 
U.4an

o. 3.0,
Was OwunOIMamp

-wd (iun)
cllu, 6. Delcmeu vuh Iam is pled votp Figure . Positional dependence of the d3

go It mwulaer atame. Uda c uOO- eoefciet fo two actuators. with
*4.atr uMs ,4 ettrU1ve eaermc stoc bras thickness of M4 m- and 3.0 m.

sad a e mr, in asp.



3 Resonant Freguency-Tempsratur 5. CrM
Detpendence

Keeping a field of I kV/mm on the composite

The lowest flextensional frequency of the PZT- sample with epoxy bonding for two hours, no

brass composite with Pb-Sn-Ag solder bond and without displacement change was observed by LVDT

epoxy encapsulation decreases with temperature ai measurement (see Figure 11) after one hour.

shown in Figure 9. This is probably due to the high
stress in the PZT ceramic arising from thermal stresses 30 -

set up by the meta).

020
-SO -25 0 25 ;0 1:00 'i25-1O*I-l

5 a I.2 tv

Figure 9. Rusmaso Frequeaq v&. Temperaaf

0 1
4. 0 2 4 6 S 10 12

EEectic Reld (a 0V )

Figure 10 shows the effective piezoelectric

d33 coefficient of the composite increases with
electrode area of PZT. This means that all the PZT is Fiure 11. Creep under field IKV/mm.

contributing uniformly to the displacement.

-300 CONCLUSIONS

A new type of actuator has been constructed
from piezoelectric PZT ceramics bonded to metal end

32o0 ca,;. Shallow spaces under the end caps produce
substantial increases in strain by combining the d33
and d31 contributions of the ceramic. Even larger
displacements were obtained using PMN

-o electrostrictive ceramics.

The displacement is inversely proportional to the
30 metal thicknes.

SThe lowest resonant frequency is proportional to

o 10 the square root of the metal thickness.
Ma EIon a The displacement is proportional to the area of the

oxnad . a~ ofr o ?r 0W e 6M )driving ceramic.
The creep under I kV/mm is very small after one

how'.

Figure 10. Effective 433 w. eletrode area of the cersmic.
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).



Figure 12. Illustration of Stacked Composite.
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ABSTRACT

Dielectric measurements in the temperature range of -20 0C to 160 0C

have been performed on lanthanum doped lead zirconate titanate ceramic

samples with rough ground, polished and chemically etched surfaces,

respectively. It is found that the observed dielectric constants, dielectric loss,

polarization and pyroelectric coefficient are the smallest in the ground samples

and the laigest in the etched samples. The difference is more pronounced near

the permittivity maximum temperature Tniax. The measured dielectric constant

was found to depend on sample thickness in the ground and polished samples

but not in samples with etched surfaces. The results are explained in terms of a

simple surface layer model. A nonferroelectric layer is produced during

lapping, which has dielectric constant of the order of 100 and the capacitance of

this layer in the investigated temperature range is 0.2 - 0.7 j.F/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.
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I. INTRODUCTION

Surface layers have special effects on many physical properties of

ferroelectric materials, such as dielectric constant, dielectric loss 1'2 , pyroelectric

current3, remnant polarization, domain switching time, coercive field4 and

optical properties. 5 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 deposition have made the

practical application of ferroelectric thin film possible, the most promising

applications include non-volatile memory and electro-optical devices.6 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 material. Therefore, the surface layer behavior has

a critical influence to the properties of the ferroelectric thin film. It has been

realized that in order to 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 performance 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. Therefore we choose to study a ceramic system,

the results could also be instructive for a thin film system.

The study of surface layer can be traced back in the 1950's. Kanzig 7

found that in very small BaTiO 3 particles a discrepancy exists in the symmetries

of a surface layer (about 100 A in thickness) and the bulk. From X-Ray and
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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 BaTiO 3 crystals above Curie temperature and

provided some evidence to support the space charge layer model. Merz 4

demonstrated that the switching 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 loss1 ,2, optical absorption coefficient9 and refractive

index. 5 ,10 The thickness dependence of dielectric constant and loss were first

studied by Scllosser and Drougard l , their experiments showed that the

measured dielectric constant from a thin sample of BaTiO 3 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 oC. Thickness

dependence of dielectric constant was also found in many other ferroelectric

crystals, including TGSI1 , Pb 5Ge3O1 1
2, KDP and Rochelle salt12 . The electric

impedance of the surface layer is much higher than that of the interior of the

bulk. An interesting 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 to the presence of

intense space charge field near the ferroelectric-electrode interface, which

modifies the lerroelectric behavior. 13 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

3



these layers may have different structure and contribute differently to material

properties. Previous studies on the thickness dependence of dielectric constant

and loss did not incorporate the effect of different surface conditions. Although

Schlosser and Drougardl did use samples with both etched and polished

surfaces, the difference in their experimental results from these two surfaces

was not explained. Jyomura et al14 have studied the influence of the surface

layers produced by iiechanical lapping (grinding and polishing) on the physical

properties in (Pbo.8Bao.jSro.j)(Zro. 8 Tio.2)0 3 ceramics. Their results show that

after 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 im 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 smaller than that of

the bulk material. They also found a 2-dimensional tensile stress in the order of

5-15Kbar inside this surface layer. Unfortunately, none of the above mentioned

investigators have studied the thickness dependence of dielectric properties in

a ceramic system.

In order to gain a better understanding of the nature of these surface layers

it is necessary to evaluate the contributions from different type of surfaces. In

this paper we present some experimental results which quantify the

contributions of three types of surfaces: ground, polished and chemically

etched. The effects 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 material being studied is Lanthanum doped lead zirconate

titanate(PLZT), a relaxor ferroelectric ceramic. The reason for chosen PLZT
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ceramic as our subject material is because its excellent electro-optical property

which has found many practical applications.1 5,16

II. EXPERIMENTIMENTAL PROCEDURE

2.1 Surface Preparation

Ceramic PLZT specimens were fabricated from mixed oxides by hot

pressing technique as described by Yao et al.17 The compositions are

represented by the formula Pbl-xLax(ZryTiz)-x/403. Conventionally, this

formula is simplified to a form 100x/100y/100z representing the mole ratio

La/Zr/Ti. For instance, Pbo.9 2Lao.O8(Zro.65TiO.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

5ti, 5pun and 101im, respectively. At room temperature, 7/68/32 is

rhombohedral, 8/65/35 and 8.4/65/35 are also mainly rhombohedral but very

close to the morphotropic phase boundary (a structural phase boundary

between tetragonal and rhombohedral phases) composition.

The samples used in the experiments were cut into platelets with their

thickness ranging from 451im to 2000iin and areas of about 2-20 mm 2. Three

types of surface were prepared by tle following methods: a) Grinding with 3pRm

silicon nitride abrasive. b) Polishing with 1pm diamond paste after grinding. c)

Etching in H3PO 4 acid for 2 minutes at 1400C 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 600oC for 1 hour to release the mechanical stress

generated during polishing and grinding in the surface layer. Gold electrodes

were either sputtered or evaporated onto the surfaces of these samples.
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2.2 Measurements

The dielectric properties were measured using a computerized system

produced by Hewlett-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, arid 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 temperature control, which can regulate temperature from -150 oC to

200 oC by using liquid nitrogen as coolant. Temperatures were measured with

a Fluke 8502A digital multinieter via a platinum resistance thermometer

mounted directly or) the ground electrode of the sample holder. The rate of

temperature change is fixed at 3 oC/min for all the runs. In order to avoid aging

effect, the starting temperature is set at 160 oC and the finishing temperature is

-160 oC in all the dielectric measurements.

Ill. RESULTS AND DISCUSSIONS

In order to separate different contributions, the study was carried out in two

steps: first, 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 chrnically 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 surface
conditions. The results for etched, polished and ground surfaces are
represented by thick, thin and dashed lines respectively.
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temperature(Tmiax - 140'C), the specimen with etched surface gives the highest

dielectric constant, and the one with ground surf ace(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 tile dielectric constants are almost the same for all three surface conditions.

This anomaluus behavior suggests that a surface layer might be produced by

the lapping process, which has different dielectric characteristic. This surface

layer is about 0.1ltn to 21,tm thick 14, which is two to three orders of m. lituc

smaller than the thickness of the specimen (200pm). Therefore, tile capacitance

(o 1i/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 little to 11ie observed total capacitance Cm, Cn -- Cs Cb
Cs + C

Cb, when Cs >> Cb, where Cs and Cb are the capacitance of tIh' .. rfa,.e layer

and the bulk respectively. However, .vhen the dielectric constant Kb becomes

very large near Tijiax, Cb (- I(b) becomes comparable to Cs, hence according

to the formula for two capacitances in series, the total capacitance Cin would

reflect strong contributions from Cs. The dielectric losses also show some

differences among these three surfaces (Fig.1). Above 110 °C the. :e the

same, but below Tmax the specimen with 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

discussud further below.

Fig.2 is the temperature depen, I,-nce of the dielectric constant and the loss

tangent for PLZT 8/65 /35 (Tmax is - 900 C) with both etched and ground

surfaces at three different frequencies. The two set of measurements have

been conducted on the same sample, i.e., after the measurements were done
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Figure 2 Dielectric constant and loss tangent vs temperature for PLZT 8/65/35 hotpressed specimen of ground and etched surfaces respectively at three
different frequencies.
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with the ground surface, the same sample was etched to remove tile lapped

surface layer then do the dielectric measurements again.

Polishing and grinding 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 the "Jecimen, 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 ;,nnealed before lapping to remove the bulk stresses

produced during material procp!;sing 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 process. Dielectric measurements were carried out on all of these

different heat treated samples. Typical results are shown in Fig.3a which is for

PLZT 7/68/32. We can see It lat 1:, - dielectric cons'int 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 0 C) but becomes smaller for temperatures below 40 °C after post-

annealing for samples with polished surfaces. The loss tangent is also

changed by the post-annealing for the polished samlpV", it becomes larger for

temperatures below Tiiax but smaller for temperature above Tmnax. Fig (3b) lists

the results before 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 pyroelecrtric cuefficient, respectivel 'fore and after post-
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Figure 4 Polarization and pyroeiectric coefficient vs temperature for polished PLZT7/68/32 hot pressed ceramic samples with and without post-annealing,
respectively.
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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 samples 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 surlace 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 Cs. This is indeed the case observed in our

experiments.

In order to quantify 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 0C for 1 hour after

polishing to relieve the surface stress, hence the effects observed on these

samples are mainly due to the non-ferroelec&ric 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 with decreasing sample thickness, which is consistent
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with some reported results on other ferroelectric single crystals 1 2. Our results

show that the thickness effect is not very obvious until the sample thickness is

below 200Lm. The dielectric maximum reduces about 30% when the sample

thickness decreases from 618 11m to 9911m. We have performed the thickness

dependent testing 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 1C) 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 gm 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 pLm), 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 to Tmax

the dielectric constant of the bulk interior becomes very large, which in turn

makes the capacitance of the interior 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 eliminated even for sample as thin as 41 liml Although the etched

surface is rougher than the polished surface, a better result could be achieved

with those etched 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 factor for temperatures above Tnax, which may be due to the

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

3.3 Model for Ferroelectric Surface Layer

A simple theoretical treatment to the problem is to consider the lapped

surface layer to be a homogeneous dielectric layer which has different dielectric

nature than the interior. Each sample being measured is a sandwich with the

PLZT ceramic in between two such surface layers. The total capacitance CT of

this sandwich structure is

1/CT=1/Cb+2/Cs (1)

where Cb, Cs are the capacitances of the bulk interior and the surface layer,

respectively. We have shown that the dielectric constants do not depend on

sample thickness for those samples with etched surface, therefore results on

these etched samples are taken to be the bulk values in our calculations. CT is

the measured value for a sample with lapped surfaces. The surface capacitance

Cs calculated 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 temperature range, -20 0C - 160 °C, the surface 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/cm2  (2a)

CsP= (1.796* 10-3 T +0.40979) gIF/cm 2  (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 Trma - 900 C for the

surface capacitance! This result provides a strong support for the non-

ferroelectric nature of the surface layer even below Tnax. It has been reported

that a surface capacitance of -0.5 pr.F/cm 2 exists for polished single crystal

barium titanate and strontium titanate,1 ,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 quite accurate to treat them as plane capacitors, from Eq.(1) we

have

1/K,,,= 1/Kb+(2ds/d) (1/Ks). (3)

Where Kin, Kb and Ks are the measured, bulk and surface layer dielectric

constants respectively, d and ds are the sample thickness and the surface layer

thickness. The plot of 1<11-1 versus d-1 for PLZT 8.4/65/35 with polished surface is

shown in Fig.7 at three different frequencies, where Km is the dielectric constant

at Tjax (note in relaxor materials Tmax and Km are both function of frequency).

The straight lines are obtained from least squares fitting. There are different

intercepts (Kb-1) for different frequencies which are due to the dielectric
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TABLE 1

f I/Kin 2ds/Ks Ks Kb Kb

(kl-lz) (intercept) (rnm) (cal.) (cal.) (etched)

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 materials. The fitted parameters are listed in Table 1 for aim

three frequencies. In addition, the bulk dielectric constants calculated from these

intercepts 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 ds = 0.15 p.m for f -

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 Tinax.

The loss tangent can also be separated into contributions from the bulk,

(tan6)b, and from the surface layers, (tan6)s, respectively. Based on the surface

layer model, the total measured dielectric loss (tan 5 )m may be represented by 14

(tan)6 -(tanS)b= [(tan5)s-(tan6)b / (1 +C2/2Cb) (4)

Below Tiliax the bulk is in ferroelectric state, (tan6)b is ge due iie

contribution from hysteretic domain processes. Since the surface layer is in

non-ferroelectric state, (tan8)b is usually larger than (tan8)s, hence (tan5)s-

(tan)b is negative. From equation (3) one concludes that (tI.1511 is smaller
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than (tanS)b, which explains why the ground and polished samples appear to

have lower dielectric loss than the etched samples at temperatures below Tmax

(see Figs.1 arid 2).

The post-processing heat treatment results are consistent with that of

Jyomura el al, 14 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

pyroelectric coefficient, 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

investigators 1 8, 19,20.

IV. SUMMARY AND CONCLUSIONS

In summary, 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 gim. Our results show

that the dielectric 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 temperature in the investigated temperature range ( -20 0C - 160 0

C ) from 0.2 pjF/cm 2 to 0.7 pF/cm2 . Since the surface layer and the bulk interior

are capacitance in series, the large surface capacitor can show its effects only

when the interior capacitance becomes comparable, i.e., when the sample is

very thin ( < 200 him ) or at temperatures close to Txam. 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.

21



One of the most encouraging results is that the surface effects can almost

be eliminated through chemical etching 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 effects 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 vie have

reported here are obtained under weak electric field, it is conceivable that the

effects 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 iii etched 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
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ABSTRACT

Electric fatigue 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 fatigue 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

distribution causing microcracking in the ceramic.



L INTRODUCTION

Many applications of ferroelectric materials, such as making piezoelectric, elect'o-

optical and elecrostrictive 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(Pr) or saturated polarization(P m) and

often accompanied by an increase of the coercive field(Ec).

In 1953, Mcquarrie['] 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 maximum 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,

N2, H2, or He gases, and the deteriorated hyteresis loop could restore its original shape

under AC cycling in 02, or dry air.

Fatigue experiments were also carried out on other ferroelectrics in the 1960's.

Taylor 4] studied fatigue phenomena in 24 compositions of niobium-doped

Pb(Zr,Sn,Ti)03 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 aain wave. A more detailed study of fatigue was

carried out by Stewart and Cosentino on La or Bi doped PZT ceramics(5], they showed that

the polarization decreased rapidly and was reduced to half of its original value after 5x106

switching cycles. They concluded that the patterns of electric field, the types of electrodes,
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and the ambient conditions had no significant effects on the fatigue behavior. Stewart and

Cosentino(51 also reported an interesting result: when a fatigued sample was heated above

the paraelecuic-ferroelecu'ic phase transition tempcrature Tc, the fatigued properties could

be restored. Contrary to Stewart and Cosentino, Fraser and Maldonado61 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(7] 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

configuration[ 1118] ; 2) injection of charge carriers into the ferroelectrics which provide

pinning for domain wall movement[91 ;3) structural inhomogeneity which produces traps

for the domain walls, which can reduce the domain wall mobility( 101; 4) the appearance of

rmicrocracing caused by the large change of strain during switching[7]t[I ].

Despite the fact that the fatigue effect is the key factor which prevents some potential

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 explanations 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 titanate(PLZT) ceramic system. The reason for choosing PLZT ceramic system is

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

3



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

applications in non-volatile memory, electro-opncal, and elcuostrictive 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.

I. 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

PbO.93Lao.07(ZrO.68Ti0.32)0.98250 3. Conventionally, 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 51,±m. At

room temperature 7/68/32 is in rhombohedral phase. Samples were first cut into platelets

with the areas of about 10 mm2 and thicknesses in the range of 150-300p.m, then annealed

at 600 oC for 1 hour to release the mechanical stress generated during cutting, grinding and

polishing processes.

Three different surface conditions were prepared: a) ground by 3.m abrasive, b)

polished by 1gm diamond paste, c) etched in H3PO4 acid for 2 minutes at 1400C. 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

conventional procedure, then they are further cleaned ultrasonically in solvent, and finally

the samples are heated in a furnace for 1 hour at 500-6000C. Gold electrodes were

sputtered onto the sample surfaces.

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

Pm, coercive field Ec, and the dielectric constant e 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
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temp== 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 oC/min.

III. RESULTS AND DISCUSSION

3.1 Fatigue 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 Pr 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 Pr. 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 Ec and Pr, i.e., while the polarization decreases,

the coercive field Ec inc-,ases, which is consistent with the results obtained by other

researchers. 4 ( 611 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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Fig. 1 (a) The changes of relative remnant polarization Pr with switching cycles, and (b)

the changes of the relative coercive field Ec with switching cycles, at a frequency of

10 Hz for the conventionally cleaned PLZT 7/68/32 specimens.
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Fig.2 (a) and (b) are the typical hysteresis loops after 103 and 3*106 switching cycles

respectively for a conventionally cleaned PLZT 7/68/32 sample with ground

surfaces at a frequency of 10 Hz.
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Fig.3 Temperature dependence of the dielectric constant for a conventionally cleaned

sample with polished surfaces. (a) Fatigued sample; (b) fatiqued sample after heat

treatment at 300 oC for 3 hours. (c) fatiqued sample after heat treatment at 600 oC

for I hour. (d) a 15 pm thick layer was ground off from each side of the sample.

(e) results from a virgin non-fatigued sample.
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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 at a

frequency of 100 H.7. 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 x10 8 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

fatigue behavior in ferroelectrics. We can conclude from these experimental results that the

fatigue 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 p±m 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 electric 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-

electrode interface as shown in Fig.6, which can be eliminated with an improved cleaning

F-ocedure described in this paper. This finding is very encouraging for many prospective

applications of ferroelectrics.
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Fig.4. (a)The relative polarization, and (b) the relative coercive field versus

switching cycles for a specimen cleaned by improved procedure at a frequency of

100 Hz.
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Fig.5 Typical hysteresis loops of a sample cleaned by improved procedure at a frequency

of 100 Hz. (a) after 103 switching cycles, (b) after 2 - 108 cycles.
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Fig.6 Comparison of the fatigue behavior in a contaminated sample and a clean sample.
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3.3 Fatigue Originated from Surface Contamination.

A. Deterioration of the ferroelect-ic-elecwode interface under high AC fi"ld.

In fatgue 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 contact. 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 I 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

c) sample 3 was washed by water and acetone, then heat treated in a furnace at 500 OC

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 Ec increased slightly. (In the etched samples Ec shows slight increase at the

beginning and then becomes stable). Pr of sample 2 fatigued to 85% of its initial value after

108 switching cycles and Ec increased about 18%. Sample I was the worst among the three

samples, its Pr reduced to 309 of the initial value, and Ec increased 50% after only 2 x106

cycles. Since the thre samples only differ in surface treatments, these discrepancies in

fatigue 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 tI'e 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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Fig.7 Tccontamination effects on the fatigue behavior. Sample I was contaminated by

solvent and skin grease; sample 2 was contaminated by solvent; sample 3 was

cleaned by improved procedure.
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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)

electochemical 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 elecnochemical reaction,

resulting a partial 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 contamination.

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 I kHz, the results are shown in Fig.3 curve (a). The maximum temperature in the

measurement was 190 OC 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 treatment at 300 °C for 3
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hours, only partial recovery was achieved. The sample then experienced further heat

treatment at 600 OC for I hour, further improvements were observed as shown in curve (c)

of Fig.3, but the dielectric constant still 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 initiated fatigue, the sample was then ground off a 15 Am thick layer from each

surface and re-electroded using sputtering technique. The measured results 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. e., the remnant polarization Pr and the coercive field Ec,

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 ]S5]( 81 The fatigue caused by domain pinning usually can be recovered by

heating the samples to paraelectric phase.[51 [81 In our experiments, total recovery did not

occur even after the fatigued sample has been heated to as high as 600 oC which is 470 oC

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 initiated by surface contamination. Scanning

Electron Microscopy was performed on a fatigued sample(Fig.8 a) and non-fatigued

sample(Fig.8 b) with ground surfaces. The samples were etched using H3PO4 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 between
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Fig.8 SEM photograph taken from a fatigued sample after about a 1 gm surface layer

being removed by etching.
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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 fatigued 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.[1 4] 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 mnicrocracking could be produced by these stress

concentrations, which initiates the fatigue 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

transparent. 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 I.

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

contamination in hot pressed PLZT 7/68/32 ceramics is though microcracking at the
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Table I Cmparison 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 Polarzaton Coercive Field
(11c/cm 2) (kI/cm)

Before fatigue 27.0 5.0
After fatigue 6.0 6.8

After 190 oC heating 11.5 8.0

After 3000C heating 19.2 10.4

After 600 oC heating 22.4 7.3

After removal of 15g±m 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 fatigued 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 5g.m. 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 meth.d 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 polarization 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.[5] [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.t15]

22



ACKNOWLEDGEMENT

The authors wish to thank Shanghai Institute of Ceramics in China for providing

PLZT Samples. This work is supported by the Office of Naval Research under Grant No

N00014-89-J- 1689.

REFERENCES

1. Malcolm McQuarrie, J. Appl. Phys., 24, 1334 (1953).

2. W. J. Merz and J. R. Anderson, Bell Lab. Record, 33, 335(1955).

3. J. R. Aderson, G. W. Brady, W. J. Merz and J. P. Remeika, J. Appl. Phys., 26, 1387

(1955).

4. G. W. Taylor, J. Appl. Phys., 38, 4697(1967).

5 W. C. Stewart and L. S. Cosentino, Ferroelectrics, 1, 149(1970).

6. D. B. Fraser and J. R. Maldonado, J. Appl. Phys., 41, 2172(1970).

7. K. Carl, Ferroelectrics, 9, 23(1975).

8. Ennio Fatuzzio and W. J. Merz, "Ferroelectricity", North-Holland Publishing

Company, INC New York, 1967, pp102-104.

9. Richard Williams, J. Phys. Chem. Solids, 26, 399(1965).

10. A. Yu. Kudzin and T. V. Panchenko, Soy. Phys. Sol. State, 14, 1599(1972).

11. W. R. Salaneck, Ferroelectrics, 4, 97(1972).

12. Carl J. Tautscher, "Contamination Effects on Electronic Products", Marcel

Dekker, INC., New York. Basel. Hong Kong, 4-5(1991).

13. K. L. Mittal, "Treatise on Clean Surface Technology" Vol 1, Plenum Press,

New York and London, 182(1987).

14. W. Y. Pan, Q. M. Zhang, Q.Y. Jiang And L. E. Cross, Ferroelectrics, 88,

1(1988).

23



APPENDIX 10



Title: Fatigue Effects in High Strain Actuators

Authors: L Eric Cross
Qiyue Jianig
Materials Research Laboratory
The Pennsylvania State University
University Park. PA 16802



ABSTRACT

In all ceramic piezoelectric and electrostrictive actuator materials, the basic
mechanism coupling electric and elastic properties Is electrostriction i.e. the strain
Xlj is related to the components of the Polarization PkPI by the relation:

xj = Qki4jPIA

where the Qlldj are electrostriction constants in polarization notation. For the
different piezoelectric and electrostrictive ceramics, Pk and PI 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 Qklij 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 (PLZ) 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:

(I) That initial fatigue which occurs in the composition 7: 68: 32 at -105 cycles is
due to Improper electroding procedures.

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

(11) 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 cycle

(iv) In large grain samples, a different failure mechanism occurs due to the
development of micro-cracks which evolve into macro-cracks rupturing the
sample.



Different compositions of PLZF 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 nsulating crystalline dielectric
materials It is customary to use the phenomenological equations involving the
piezoelectric and electrostrlctve deformations induced by electric fields in the form

NJ = sikJXWd + dmVE + gzjEEn (1)

where xjj are components of the Induces strain
X components of the applied electric field
EmEn components of the applied electric field
s jkl the elastic compliance tensor
dmij the piezoelectric tensor
gmnyJ the electrostriction tensor.

In simple linear dielectrics, alternative forms may be written transposing stress
and strain, polarization and field 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 gmnlJ are strong functions
of both field and temperature. In such materials systems It is simpler to describe the
elasto-dielectric behaviour using

xij = sijklXld - bmljPm - QmnijPmPn (2)

where Pm. Pn are components of electric polarization
bmij the piezoelectric tensor now in polarization notation
Qmnj the electrostriction tensor again in polarizauon form.

In both equations (1) and (2) the Einstein summation convention is assumed. For
(2) however, the coefficients 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 fields below dielectric breakdown are such that even in very high permitUvity
ferroelectrlc or paraelectric dielectrics the constants b and Q do not permit the
induction of strains much above 3 -10- 4 . 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 piezoelectric and electrostrictive ceramics it Is then natural to
look for materials In which Ps the spontaneous polarization can be controlled.

In earlier studies (1)(21 two different types of phase switching actuators were
demonstrated.

Systems which could be switched by electric field from antiferroelectric
(P=O) to strongi) erroelectric (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 = Ps) which induced strains up to 0.5%.

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

It is 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 P12T
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 zirconla to titania. and x is the model fraction of
Lanthanum substituted into the solid solution. 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 field relation is 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 to
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 (fig. 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 applied 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 switching field applied between the 1:2 pair polarization was degraded following
the curve in figure 3b. The field was then transferred to the 3:4 pair, now clearly if
degradation is a volume effect the 3:4 field 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 effecL 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 suspicion Is that the problem is at the dielectric: electrode interface.
Roughening the surface to promote adhesion, polishing or even chemically etching
modified but did not radically improve fatigue (fig. 2). A treatment which did however
eliminate fatigue up to more than 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 - I 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 I

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.{CI K. K.. Ec(kv/cm) Pf (uc/cm) x,(10') z,(lO-) II/z,

A/67/33 I.-U 550J 2.6 21 0.31 2-5 0.1

816513' 106 11350 46M 3.6 20 0.32 2.3 0.32
8/63/37 1Il 1 V.3 450) 4.7 21 0.76 1.9 0.32
7165/35 14 Iflx( 3(M 4.5 23.4 I 3.1 0.7
7/62.5/37." 10 I3(X) 29U0 5 27.2 1.2 3.7 0.64
"/6wl4 1;2 1-1w) 301V 6.3 26.2 1.2 3.8 0.4
7/58/42 10 173U 26W0 8 22 3.3 3.2 0.J9
7/!6/. 19U 17:01) 2 -"V) 10 22 0.94 2.3 0.4
6/62/18 396 19UWX 21U 5 31 1.45 4.1 0.58
61601' ;LM la 0 23 5.6 29.5 1.35 4.7 0.57
6WR1.Z 7.13 29 1.32 3.7 0.53
5/61)/40 ,4) 19J 1600 6.52 32 0.79 4.2 0.53
51M 5/41 V 6.41 34 114 4.5 0.59

/6/1.4 85 32. 3 1.6 5.4 0.56
4/57143" 7.47 35.2 1.26 3.0 0.6
4/5/45 t0 29.3 1.21 2.9 0.55

6 MPI €or.pvoinsn i,: Trnvsvetse urain induced at 15 kvlcm. s,; Lontiludinal strain induced at 15 kv/cm.
x,: Ttuns-mosc ,rmen, simauin. T-: Temp. of diclcctric maximum. K_: Maximum diekctgic constant. K,.:
Oiclcolic con5lani at V.'C.
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Fig. 1 Identification on the PLZT composition phase diagram of the
compositions with properties summarized In Table I. Dots on the diagram
indicate the compositions studied.
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Fig. 2 Early faugue data for a hot pressed transparent 7/68/32 PLZT composition
using sputtered gold electrodes deposited upon polished, etched or ground
surfaces after conventional cleaning with organic solvents and distilled
water.



That the degradation effect is associated with a surface impedance Is suggested by
weak field dielectric studies. Using an 8.4/65/35 composition 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 to decrease
figure 6: Just the effect to be expected if there is a capacitive series impedance. If
however the electrode is applied Immediately after appropriate heat treatment, there
is no change in apparent peak permittivity down to less than half the thickness of the
conventionally prepared sample (fig. 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 sinterlng -97-98% theoretical density.
yielding the normal opaque ceramic body. Switching studies compared to the hot
pressed body now show degradation begins at 104 - 105 cycles and is 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 pmneter. Again It appears that severe fatigue is induced by 105
-106 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 saturaUon 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 mirrors. 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
against 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 i.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 Is 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 PIZr' and pure lead magnesium nilobate
(PMN) -'ould be adequately square hysteretic. For the PLZr, polarization and strain
curves taken at -132"C are shown in figure 11. Clearly strains up to -2 -5. 0-3 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 2.10 - 3.

In both the PIZI' 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) Modification of hysteresis and polarization with field cycling for
fields in the 3:4 direction. Note that for 3:4 degradation again starts
as if for a virgin sample.

(d) Returning field to either 1:2 or 3:4 electrode pairs after fatigue the
sample remains in the fatigued state.
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FIg. 4 Hysteresis behaviour showing the effects of different surface treatments on
a hot pressed transparent 7:68:32 PLZr 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 associated with electrodes applied to conventionally
prepared PLZT surfaces.
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Fig. 5 Comparison of fatigue life for a PLZ 7:68:32 composition with etched and
heat treated surfaces and with conventionally prepared surfaces.
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Fig. 6 Weak field dielectric permittivity as a function of temperature in
8 4/65/35 PLZT with polished and conventionally cleaned surfaces as a
function of sample thickness. Note that at 100 pm thickness there Is
severe degradation of the apparent peak permittivity due to series
capacitive Impedance.
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Fig. 7 Weak field permittivity of a similar 8.4:65:35 PLZT composition with

etched heat treated surfaces. Note that there is no evidence of a series
Impedance at the surface for samples down to 41 pm thick.
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Fig. 8 Comparison of the fatigue behaviour between hot pressed theoretically
dense 7:68:32 and a conventionally sintered 7/65/35 composition Curves
were taken using the same electrode treatments. Damage in the 7/65/35
compositions could not be rejuvenated by re-electroding and appeared a
volume phenomenon.
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same electrode treatment it falls catastrophically by cracking after only
:106 cycles.



(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 optically 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 inmedlately 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 failure
does not appear to be directly keyed to strain performance.

Initial low temperature studies have shown that hystereUc (dial-a-displacement)
actuators can be developed to work at temperatures -- 140*C. Fatigue at i0 7 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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Fig. 11 Low temperature polarization and strain cycles in a 9-5/65/35 PLZT.
Frequency 10 Hz, Temperature - 132"C, Cycling fleld 30 KV/cm.
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Fig. 12 Low temperature polarization and strain curves in pure Lead magnesium
niobate (PMN).
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Fig. 13 Fatigue in the 9.5/65/35 PLT under high field cycling under a frequency
o 160 Hz at -140C.
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Fig. 14 Fatigue in pure PMv'N under highcyclic field of 100 Hz applied at - 140"C.
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ACOUSTIC EMISSION IN FERROELECTRIC LEAD
TITANATE CERAMICS: ORIGIN AND RECOMBINATION

OF MICROCRACKS

V. SRIANTH aMd L C S(JBBARAOt
Matenals Resecarch Laboratory. The Pennsylvania State University. Uiversity Park. PA 168M2 LISA

(Rftewed it Fehvwy 1991)

A ac-Lead utanate doped with iobium forms solid solutions of the type Pbl -,(Ti,-, ,NbA wher
x .02 and 0.05. The ferroelectric Curie temperature of these soli solutions is around 465*C, compared

to 490C for PbTiO, at the cubic-tetrngonal phaset change. The lattice distortions at and below the Curie
temperature generate internal stresses. leading to aucrocacking. The micrcacking in Iead tianate
ceramics is detected by acoustic emission methods as a function of heating to a&d cooling from arious
temperatures upto U00C. From this study it is concluded that microcacking is primarily triggered by
the sudden lattice parameter changes at the Curie temperature on cooling and that it is enhanced by the
aluotropic thermal expansion below the transition. The healing of miecrcrcks is a gradual Vr and
empes ireco detection by the acoustic emission methods. An indication of the uecombination of
mwxocAs on heating has been obtained by the total number of acoustic enussion counts in samples
cooled from various temperatures and also from fixed temperatures after differes periods.

11. DNrMODUCTION apparent contraction masking the tue expansion.
Sinle has ceami maerils ay xhiit icr- *Wh. en the shrinkage of the sample due to heagling of
Singe phse cramc maerias ma exibitmicr- mcrocracks becomes less than the normal expansion.

cracking on cooling from high temperaturies either a net overall expansion is measured on further heat.
due to anisocropic axial thermal expansion (if they ing. While this is a plausible explanation and has
have non-cubic crystal structure) (1. 21 or due to since been invoked to account for stimilar behavior in
phase transitions. A material waith anisotropic other materials, not much direct (microscopic or
thermal expansion behavior undergoes contraction other) evidence has so far been available for inter-
(or expansion) by varying extents in different crystal- granula .r or transgranular firactures on cooling as well
lographic directions during cooling. setting up in- ashaln of microcracks on beatng, in such
ternal stresses, which may Lead to intergranular or materials. However, many single phase anisotropic
tranigranular ruptures if the internal stresses exceed ceamc hav been shown to exhibit timilar linear
the fracture stress of the material. Aluminum ti thermal expansion as aluminum tatanate and these
tante. which possesses anisoitropic axial thermal include magnesium diuitanate f6, 73 pseudobrookites
expansion was the first ceramic material in which an (81. niobium pentoxide (9), tiania (10, alumina [11).
unusual liEar thermal expansion behavior is re" sodium zimrcoium phosphate family 112). among oth-
ported 131. On heating a sintered ceramic aluminum em. many of which possess; low (or near zero) overall
titanate. it contracts upto a certain temperature and thrmal expansion over a certain temperatuis range.
then expands. On cooling from the peak measuring Though healing or recombination of prie-existing
temperatuma it contracts, as expected, down to a mucrocracks has been postulated to explain the ther-
certain temperature when it begins to expand on mal expansion behavior on heating and the thermal
further cooling. thus exhibiting a hysteresis in its shc characteristics of non-cubic single phase cer-
thermal expansion behavior. Buessem 14. SI was th amc (4.,13-14 not much direct evidence for the
first to explain these experimental facts by invoking same has so far been obtained.
micro-cracking on cooling and healing on beating: Acoustic emissions ame transient elastic waves anis-
On cooling a sample from a highs temnperature, It ing from the rapid release of energy within a material
contracts normally until the microcracking becomes due to any microdeformation proet such as micro-
severe enough to cause overall expansion masking the -Tacking. crystallographic phase transition etc. These
normal contraction. On beating such an aluminum can be detected by pwzoelectnc transducers mounted
titanate armic from room temperaturie. th pe on the sample while it is heated and cooled over the
existng mecrocracks heal (or recombine) cauising anr desie temperature range.

______________________________ Acoustic emission is a convenient tool to study
tpemaaw addresc Tate Relearch 0e"Wlpnwt &W iscriocrcking tn ceramics [18-21) and has already

Desig Center. I Mangaldas Road. Pune 411001. India. been used in the case of aluminum titanate [22. 231.
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sodium nrconum phosphates [24). and niobia [2S) In the present wbork. microcracking in Nb-doped
to detect microcracking due to anisotropic thermal PbTiO ceramics is studied dunng hcating and coo-
expansion during cooling. ing through the phase transition via the acoustic

It has been known that as the grain size decreases emission method. An effort is made to delineate the
in polycrstalline non-cubic ceramics, strength in-
creases sharply. and this behavior is associated with 4.15 -

the suppression of microcracking at small grain sizes. (a)
The average grain size corresponding to microcrack- 4 0oI

ing is called the critical grain size, G.. The initial 4.10

explanation of a critical grain size from nucrocrack. 04
ing was put forward by Clarke (26] and extended by 4.OS - Tetragonal '0.

others [7. 8. 10.27-33). In the theoretical models, the a
equation for the critical grain sie usually takes the C 4.0o0 (02)
form E,

.3.95GC - k(-f • :,P(I) ,.
m a T3 .:0 - , .. .- ° ° 4

where k is a function of the grain geometry. f is A-spacil8
the fracture surface energy, E is the Young's I 1 1 1 _
modulus. dT is the temperature change and &Ax o0 200 300 400 500 600
is the mammum difference in the axial thermal Temperature (*C)
expansion coefficients. This iPli ihal imicrocnae-
ing in a ceramic may not occur for grain sizes less .0 (b)
than G..

From the above, it is seen that microcracking due 1.06
to anisotropic thermal expansion of non-cubic poly- Ca 1.04
crystalline materials has been quite extensively inves-
tigated. On the other hand. microcracking in ceramics
due to phase transitions is studied only in the case of 1.02

some ferroelectrics (271 and more recently in super-
conducting YBaCuO,., (34]. Fcrroelectrics un- .00t I I ]
dergo a phase transition (e.g. cubic-tetragonal) at the 0 '00 200 300 400 SOO 600

Curie temperature. In the case of lead titanate, Temperature (OC)
PbTiO). the variation of lattice parameters. tetra- 62 s
gonal distortion (c/a). unit cell volume and linear -. (c)
dimensional change of a ceramic are plotted in Fig. 1 62.6
as a function of temperature through the phase
change at the Curie point. 490-C [35. 361. At room )62.
temperature. a - 0.3894 aum and c'a - 1.063 for %
PbTiO,.

The large tetragonal distortion and the volatility of 62.2
PbO at the sntenring temperature makes it difficult to I

produce dense sintered polycrystalline PbTiO,. How- 0 100 200 300 400 500 600
ever. introduction of 2-5% Nb enables the pro- Temperature (-C)
duction of dense. strong lead Utanate ceramics [37.
A number of other additions have also been tried 10
(38-401. Matsuo and Sasalu (401 found that some
additions resulted in average gram sze in the range 0

of 0.8-1.5,m whereas others gave average grain sizes 0
of 10-40 pm. They established that the poor mechan-
ical strength of Lead titanate ceramics is due to the -20
mtergranular cracking arising from grain boundary - 30
stresses set up by the anisotropic thermal expansion
coefficicnts alool the a and c directions of the tetra- -,0_ _____

gonal phase i.e. below the Cure temperature in -200 0 200 400 600
ceramics rith grain se > 1-3 pm. with complete Temperature (*C)
crumbling %te grain size -_ 1Ojm- Mechanicaily Fig. I. Vanation o( (a) lattice parameters, (b) tetralonal
strong lead titanate ceramics ae interesting because distortion (c a L (c) unit cell volume and (d) linear dimen-
of its tugh Curie temperature and first order snal ch,,g (a 1) of & cernmc as a runcuon of tempera-
ferroelectric transition. tnm for PbTiO, (Ref. (35).
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role of the phase transition and ihe gradual lattice 3. RESULTS AND DISCLSSIO%,
parameter changes with temperature below the
phase change. on the microcracking. Eidence for .1. Smpes
recombination of microcracks on heating is also The density of Pb,.,:(Ti,Nb,)O, ceramics is
sought. 6.66 &cc for x -0.02 and 7.30 Scc for x -0.05.

representing 841', and 92% of theoretical density.
L E.PERIMLNTAL respectively, which are comparable to those of

1 Specim pa raRet [371. The X-ray diffraction pattem of
PbLgq7i,,qNboaaO is single phase tetragonal with

Compositions of Pb. 2 (Ti1 .,Nb,)0 3  with a-0.3886. c 0.4118 am and c/a - 1.059, which
.r - 0.02 and 0.05 wre prepared from reagent is slightly smaller than that of PbTiO) (cla -
grade PhO, TiO and NhO,. The oxide powders 1.063). The Pb0. ,s O" sample was mostly
were mixed in a hall mill for 24h using poly-
ethylene jar, calcined at I I00T for one hour. Tbe
calned powders were ground and pressed into circu- .
lar disks of IV dia. and 01' thick. The disks were i
sintered at II 801C for IS nin in a covered platinum
crucible.

22. Characteri'aion .,

The density was obtained from weight and dimen- t.
sions. The phase identificazon and lattuce parameters • •1,

(from 200 a&d 002 reflections) was determined by -
X-ray diffraction using Cu K, radiation. The micro- 11P

structure was observed from the scanning electron
micrograpbs (I-60) of fractured surfaces or sintered
samples. The linear thermal expansion of ceramic
rods (0.5 x 0.5 x 2 cm) was measured using a Harrop a T ___2

dilatometer during heating to 600-OOC and cooling , - rI .I.
to about 100C, using heating and cooling rates of
about 4°C,'min.

2.J. Acoustic emisson
The Nb-doped PbTiO, ceramic rod. about f . .3 x 5 x 20 an. is attached with a high temperature '.,

cement to a 30 cm long alumina rod. which ser'ed as I. . , "
a waveguide. The other end of the alumina rod is

joined to a transducer using a water soluble ultra-
sonic couplant. The sample is placed inside a tube
furnace and a chromel-aiwnel Etrmnocouple posi-
tioned near the sample monriors 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 IS man (except
in one experiment where the sample was held at 600
and S0WC for periods of 10. 100 and 1000 an).
before cooling at the rate of 51C,'min. Below 300TC.
the power to the furnace was turned off and a natural
cooling rate applies. The transducer employed has a J
center frequency of 500 kHz (in a range of
300-700 kHz). The electrcal signal output from the
transducer is amplified. filtered and processed 4b .

through a train of instrumentation. consisting of an
amplifier discriminator. totalizer and rate meter mod- .

ules. to obtain -total AE counts- and -count rate te
(countsl SC)" data. The discriminator tnggers a
pulse whenever the amplifier output exceeds cerumn o(fa} bT..Nb..O ad (b) Pb.,,,r% Ob.0
adjustable threshold. The details of the system hern (c) Sam u (ak but after ae- cycfle of beat-
ar descrbed earlier (24.34]. g. cooling for acouasti "Dm umAurman.
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perovskite th a - 0.3894, c -. 0.4106 nm and Ca - down to at least 200C (Fig. 51. It may be recalled
I 054 (which again is slightly smaller than that for the that the cubic a parameter suddenly undergoes a
2,, Nb composition), while a trace of an unidentfied sharp increase to become the c axis and a decrease to
second phase was also present. Thus, the solubility become the a axis of the tetragonal phase at the Curie
limit of Nb in PbTiO, is between 2 and P% [37]. The point. causing considerable internal stresses. These
scanning electron micrographs (Fig. 2) show the internal stresses art partly relieved by the creation of
average Sain size to be 0.2-0.3pm for the two ferroelectric domams (particularly of the 90' type)
PbTiO samples with 2 and 5% Nb. The small grain and partly by the iniation of microcracks. Therefore,
size is significant, since the sndency of PbTiOj to the appearance of significant AE signals at about
crystallize as small crystals dunng sintenng is re- 470'C is attributd to the initation of microcracks
ported to be one of the obstacles in producing dense. due to the sudden lattice parameter changes at the
strong PbiO3 ceramics (401, The unexpectedly good Curie point. The most intense AE is observed be-
strength of the present samples is no doubt due tween 450 ° and about 250*C. This may be accounted
to their small grain size, below the value for for by the following: As the sample is cooled from the
spontaeous cracking (40.27). transition temperature to lower tempr-atures. an

anisotropic thermal expansion (c axis expansion and
3.2. Ddastietry and acoustic emrosion the a axis contraction) takes place (Fig. 1). This is

The thermal expansion behavior of the 2% Nb-
doped PbTiO ceramics (Fig. 3) on heating shows a 1000
small expansion upto about 400°C and then contracts (a)
sharply up(o the transition temperature (489°C) be-
fore it starts to expand normally. On cooling from a

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

(4690C) and then begins to expand first steeply down o0 -
to about 400C, followed by gradual contraction a
down to room temperature. The 5% Nb doped o
PbTiO, cramics essentially behaves in a similar
manner, showing very little length change upto about
300C, folowed by a steep contraction up to the 0
transition point (450*C) and finally exp~ading in the 425 44S 465 46S
normal manner, on heating. On cooling, the normal Temperature (0C)
contracto is observed down to the transition points
(about 490 and 450WC). below which the sample 1000 (b)-
expands down to about 300*C. followed by slight
contractio, at lower temperatures. The two minima.
in agreement with the results of Ref. 137. are at- C
uibuted to a non-equilibrium condition with two S
compositions having slightly different Nb contents.
The sharp dimensional changes (expansion followed

0
by contaction) starting at the cubic-tetragonal phase
change down to room temperature is noteworthy. A
single sharp dielectric constant maximum was re-
ported at about 46P'C in the x - 0.02 sample. while 42S 45 46S 4S

two minima were observed in the x -0.05 sample Temperature (OC)
"" [3YA in support of the thermal expansion data.

The acomuc emission data for these two samples 1000
are also incduded in Fig. 3. On heating, no significant
acoustic emission events are detected between room
temperature and 6001C for a sample with x -0.02. C
On the other hand. intense acoustic emission activity Z -

was observed during cooling. For example, the
x -0.02 ample exhibited significant number of !
acoustic emission signals starting at 4731C on cooling -
from 60.-t00:C (Fig. 4). The AE activity continues
down to at teast 200C. The data for the x -0.05
sample were essentially similar. 42S 445 445 48s

3.3. OrWW of mcrocracks Temperature (*C)
ig. 4. Acoustic efsumon on cooling PtN.TriNb:OlDuna# cooling AE is detected at the transition ceramic from (a) 300. (b) 700 and IC) 600C. The tempera.

tempmtur,. around 470'C (Fig. 4) and continues tlre 5D-425 C a show" on an expeded scae.
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apparent from the dilatometric data also (Fig. 3). The fact that microcracking arises from awsotropic

Thus the AE behavior dunng cooling is attributed to lattice parameter changes waith temperature is

the dimensional changes resulting from the variation confirmed by the t%%o ollovitg typeriments: In one.

of laittce parameters with temperature. hardly any AE signals were detected bet-wen the

400 20 12.000 2o0

(a) SO0"C 10,000 800"C- 1000

°0 200 - 6 O ,0 u t000 -- 00

o 
4000 -

400

200 ; - 10 0 60 o
Z C

2000 - 200

0 X 1 0100 300 SO 700 900 too 300 500 700 900

Temperature (4C) Temperature (OC)

5000 300 10000 1200

400-(b) 600-C (t) 700-C '10
4000 000 100

3000 200 . 6000 600
0 - 600 S

20 4000 4 0
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2000 1 0

1:oo 2000 200

C 0 a
tOO 300 SO0 700 900 100 300 500 700 900
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10.000 1200 000 400

(c) 700C 1 (g) 600C*000 1- 000 4000 --300 0
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20 0 100 300 500 700 900
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0 -20 C

4000 -00 aJoe 1 00
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0 0 0 0

200 300 40000 So0 700 00 90000 300 500 700 00

Temperature (OC) Temperature ("C)

FiS. Acousticruuton. dunncooting to .oWC o" Pb,. %. , MO mic from sucew iy hieer

w.ermtum: (a) IO. ib) 600. Ic) 700. and (d) 00 C and also from succmvey lower wmPeaIuM (C)

800. (1) 700. (i) 600 aid Ih) 500 C.
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S00 20 S00 20
(a) (b)

400 -00

300 %n c300

° 10. u 0
C - £200 € 200 2

eo 0 0 e

I3O 00 j
200 300 400 Soo 200 300 400 So0

Temperature (*C) Temperature (OC)
Fig. 6. Acoustic emission on cooling Pt ,Ti *.,NMO3 ceramic from (a) 42. and (b) .00C_

maximum temperature of the experiment (from 500 enhanced by the anisotropic thermal expansion as the
to SOOC) and the Curie temperature (Fig. 5). clearly sample is cooled below the transition temperatue.
indicating that no microcracking (and therefore no Tbe scanning electron micrograph of a sample which
AE activity) takes place on beating or cooling in the bad undergone several heating/cooling cycles through
cubic phase region, as expected [Figs 3(c.d) and n]. In the phase trniton shows intergranuar f-cnrs
the second experiment, when the sample was heated [Fig. 2(c)) which are absent in the same sample before
to and cooled from 425'C, slightly below the cubic- such thermal cycling [Fig. 2(a).
tetragonal transition temperature. much less AE ac-
tivity (about 100 counts) was detected, compared to
the samples heated and cooled from above WOC Only minor acoustic activity is observed as the
(about 500 counts) (Fig. 6). suggesting that the sample is heated through the phase transition (Fig 7)
sudden lattice parameter changes at the Curie tem- compared to the intense AE signals during cooing o"
perature rally rigger the microcracking. which is the same sample (Fig. 5). This may imply that crack

100 -  (a) 0°0 (b)

g 0 SO040 SO S
IS i .- 7S

C C

/0

o 2

200 300 400 Soo 20 300 400 5o0 Soo
Temperature (*C) Temperature (*C)

O () IO 6 100 (d)

- m

oS

1025 - 25

0I I I0
200 300 400 So0 Soo 700 200 300 400 S00 Goo 700 Soo

Temperature (OC) Temperature (oC)

F'S. 7. Acomatic: waunion on batimg TtNearaic from 30C toe s vwdy hWOWe
temperatures. (a) 500. tb) 60D. (c) 7W aid Md WC.
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heating is a gridual process and is therefore not 16.000
amenable for detection by AE methods. 1.0 o

However, AE data were collected on a sample of 1.0 0
Pb0,T4.wNb.cO, ceramic as it was subjected to i1.0
heating~cooling cycles. in which it was heated to z
successively higher temperatures (500. 600. 700 and U 10.000
800-C) but cooled to 200'C between successi~e heat- i
tngp [Fig. 5(a)-(d)I. in order to study the effect of AF,?- 0

maximum temperature experienced by the sample on 60:0
the extent of microcracking during cooling. The 40 ___0______________

heating and cooling rates have been kept constant at 400 20 40 Go go 10010

10 and SVC;min. respectively. It may be noticed that Holding time (min)
the total number of counts (essentially all of them in Fi.9ToaAEcm onoog bvNb0
the temperature range from the transition point to Ceai to 2W0C fram 600 and 800. as a function of
200QC as well as the count rate were larger, the holding am at 600 and 60C
higher the mai'anum temperature to which the
sample has been heated and from p hich it has been
cooled. For example. as the maximum temperature heated to a low"r temperature. As a result, the
experienced by the sample increased from 500 to number of fresh microcracks occurring (and thus the
8004C. the tota AE counts increased from about 400 number of AE counts) increases with the temperature
to over 10,000 and the count rate (per SC increased to which the sample is heated. This explanation
from less than 20 to over 1000. This experiment was is confirmed by the fact that the number of AE
repeated in which the maximum temperature expeni- counts decreased when the sample was cooled to
enced by the sample was susi vely lowered 200*C successively from 800. 700, 600 and SOWt
(800-700 to 600.6S00t) with cooling to 200C be- (Fig. 5(ec)I). It may be noted (Fig. 8) that the total
tween successive cycles. The AE data in this counts on cooling asample from WC are oly
case [Fig. S(e)-(h)] were nearly identical to thoue slightly mome than those when it is cooled from
obtained in the first experiment in which the succes- 700C. which may mean that much of the recombina-
sively higher maximum temperatures were employed tion of microcracks is completed by heating to 700'C.
[Fig. 5(a)-d)). The relationship between the tota Further, very few AE Counts were obtained wbea
number of counts and the maximum temperature to the sample was Cooled from 425*C. which is below
which the sample was exposed is essentially linear in the cubic-retragona transition temperature, coin-
the temperature range of 500.-7W0C (Fig. 8). This pared to samples cooled from above the transition
may be explained as follows: The number of AE temperature (Figs. 6 and 8). as pointed out earlier.
counts may be taken as the number of fresh micro- The healing of microcracks has been shown above
cracks occurring in a sample. Healing or recombina- to be a function of the temperature to which the
tion of pre-existing microcracks may be assumed to sample has been heated (Fig. 8). In order to examine
be a function of the temperature to which the sample the influencie of holding (or annealing) time on the
is heated. Therefore. the microcracks in more of the recombination of microcracks. samples held at 600
prains may be heale by heating it to a higher and 800C for 10. 100 and 1000 min were cooled to
temperature (and therefore offer themselves as poten- 200-C. while AE data were obtained (Fig. 9). The
tial sites for fresh microcracking) than when it is recombination of microcracks appears to be more

rapid in the firs 100 min compared to longer periods.
both at 600 and SVCt. Further, in the time span

12.000 - * SOO-400-700-400 *C studied, the rate of healing of icrocracks was faster
a 900-700-600-S00 *C at 600*C (nearly doubled between 10 and 1000 min).

10.000o In other words. the holdng tim was more important
at 600C than at SOOtC for the healing of microc-

6 000- racks. This also umns that many of the microcracks
0 which can recombine do so as soon as the tempera-
4U 60007 ture reaches SOWt and not many more do so by

3 4000- holding the sample at SOWt for lorig we. ds&
1- whereas the holding time does play a mom. ignificant

2000- role at lower annealing temperatures such as 600;C.

400 So0 600 700 G00 g00 4L CONCLUSIONS
Temperature (*C)

Fig. 1. Tou A counts on coolingPr.~,o MacocrackingianPbLw Ta6 NbamO1 crz c. afm-
cea o3-Ca uco (mimmtmeaure to n& from tetragonal distortion at the cu bc-eu- gonal

which the saspi, was exposed. phase transition (at about 469 C) and becoining
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Morphotropic Phase Boundary in the Pb(Zr Ti1 .)03 System

By

M. FUKUHARA I). A. S. BHALLA. and R. E. NEWNHAM

The ionic polarizabilities in Pb(ZrTil - ,)0 3 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 die ionaren Polarisierbarkeiten von Pb(Zr,Til.,)O3 mit Hilfe der Clausius-Mossotti-
Lorentz.Lorentz-Beziehung berechnet. Die resultierende Polarisierbarkeitslicke bei der Komposition
der morphotropen Phasengrenze (MPBJ lit vermuien, daB die Phasendbergangsgrenze durch das
langreichweitige elektrostatische Dipolmoment hervorgerufen ist. Nahe der MPB-Komposition ist
Haibleitung sowie in Aufweichen der Phononmoden bei Abschirmung der langreichweitigen Dipol - Di-
pol.Wechselwirkung dutch Elekironen m6glich.

1. Introduction

Since Jaffe et al. [1, 21 found enhanced piezoelectric effects, such as maximum electromecha-
nical coupling coefficient and dielectric susceptibility. for compositions near the morpho-
tropic phase boundary3 ) (MPB) between the tetragonal and rhombohedral ferroelectric
phases in the Pb(ZrTi, -J03 solid solution (PZT) system. PZT ceramics are now the main
materials in modern piezoelectric 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 [41, 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. [81 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 M PB in terms of lattice dynamics. Previous work [110 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.
2) Present address: Toshiba Tungaloy. Research Department for Tool Development. 7-1. Tsukagoshi.

Saiwai-Ku, Kawasaki 210, Japan.
1) This is used to denote an abrupt structural change within a solid solution with variation in

composition 12). That the boundary cannot be crossed by changing temperature is important in PZT.
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2. Appearance of NIPB and Relief of Lattice Strain

In order to answ~er the question, the charactertistics of the NIPB are reviewed as follows:
1. The boundary appears as a vertical line and does not depend on temperature 14. 14].
The temperature independence is not common in other ferroelectric systems. In general.
the subsolidus boundaries in binary solid-solution regions show a half ellipse 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 perovskitcs. 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 2 electron configuration 116]. 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 is a consequence of the high polarizability of the (Ti. Zr)-O chains
perpendicular to the spontaneous polarization along (0011 directions (Fig. 4 in [16]). 4. The
dielectric constant. piezoelectric d strain coefficients, and electromechanical coupling factor
k have their highest values just on the tetragonai side of the structural transition [17], while
the piezoelectric g-constants maintain their high values into the rhombohedrai field (4]. 5.
The tetragonal distortion. (cial - I. in tetragonal range shows a minimum value near the
MPB 12. 18]. In order to make clear it, the strain S, in the direction of spontaneous
polarization at room temperature was calculated in both tetragonal and rhombohedral
regions. using the general formula [14, 19]

S, = Qi'J, (l)

where P, is the spontaneous polarization and Q,, the electrostrictive coefficient. 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 3 decreases almost linearly with increasing
zirconate content to the MPB composition and reversely increases in the PbZrO3-rich
region over the composition. This suggests that the domains near the MPB are most easily

43 34
1 30

., Fig. 1. Compositional dependence of the strain
Z in the direction of sportaneous polarization
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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 NIPB based on the 15*,o strain limit according to the Hume-Rother"
rule which predicts structural stability limits based on ionic mismach considerations [221.
6. The local maxima of electric conductivity 110 - 6 to l0 - 6 ll cm)-' at the Curie point)
exist for the compositions close to the M PB (231. These values and their positive tempera:ure
coefficient in conductivity indicate semiconducting character.

These six characteristics yield clues as to the reason why the morphotropic boundary
appears at x = 0.535 124]. We first consider physical causes of the dielectric anomaly near
the MPB.

According to the Lyddane-Sachs-Teller (LST) relation [251

L CIO)

if CI0) - x . a characteristic of ferroelectricity. ewi would be zero"). where e(0) is the static
dielectric constant, c(x:) is the high-frequency limit of the dielectric function, and C'T and
c.L are transverseand longitutional optic phonon frequencies. respectively. Hence. by analogy
%e infer that a singularity in dielectric constant at the MPB may be related to the soft
modes with U)T -0 . Indeed. Pinczuk [101. Burns and Scott [11]. and Bauerle et al. [131 have
observed that the "soft- wr 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 [161. Therefore, these characteristics at either side
of the NIPB indicate that the Pb2 * ion in cubo-octahedral sites plays an important role for
the lattice softening and the polarization which are responsible for the appearance of the
Nf PB. The occurrence of the MPB might therefore be connected with relief of the lattice
strain, especially shear strain.

3. Ionic 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") (261, so
the chief factor underlying the appearance of the M PB would be the influence ofcomposition.
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 effects 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 ferroelectric solid solution without vacancy
like K(Ta. Nb)0 3 [271, we can omit an oxygen vacancy effect. Thus, the ionic polarizability
7, contributing to the MPB composition is calculated by the Clausius-Mossotti-Lorentz-
Lorentz equation under extremely small short-range repulsive force [281,

Nox t, - I .%f n2 - I Xf
-- -= -13)

3Ro , + 2 Q n2 + 2 Q

I Burns and Scott 1121 have reported that displacive ferroelectrics such as Pbi _,La,Ti , _ .,O,
iv < 0.24i 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 3 compound (11l.

1) Polarizability describes the lability of these electrons when induced from their normal positions.
Ahile the polarization describes the position of the outer electrons with reference to the atomic nuclei.

4j phuc.a tat 1!2 2
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where Avogadro's number No = NMIQ = 6.023 x 102", t, is the relative dielectric constant.

to the dielectric constant of vacuum. n the refractive index, provided that the local Mosolti
field applies to the Pb(Zr. Ti)0 3 crystal. In fact, the 02- ions in ferroelectric perovskite-
structure crystal do not necessarily have cubic symmetry and the local field factors turn out
to be unusually large [291.6) However, the crystal symmetry of the compositions near the
MPB seems to be close to the cubic environment and the quadrupole and octupole
polarizabilities of ions will be small [31. 32]., since the soft mode in ferroelectric transition
is actually characterized by a negative contribution by the long-range dipole-dipole
interaction 1331. Thus, we write the molar polarizability of PZT in the form

I,- N(4
= - e + 2',- + 4),)t, + 2 3to

where 2,. and 2,- are the electronic polarizabilities of the positive and negative ions,
,cspectively. At optical frequencies, we arrive at the approximate formula

n 2 - I N (5)
n2 + 2 3-)

because of 2 = 0. Thus, we can obtain .7, by subtraction of (5) from (4) [341.
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 effect- to
the dielectric properties [20]. The refractive indices of the solid solution Pb(Zr, Ti)0 3 may
not differ so much from intermediate values of PbTiO3 (n - 2.6)[351 and PbZrO (n = 2.21
136] crystals, so these indices are interpolated with linear allocation of these values for
PbTiO3 and PbZrO 3 (37]. The numbers of each ion per unit cell (M3) are l,'5ab2 and
i 3.5a3(l - 3 cos' 0 + 2 cos' 0) V2 (8 is the rhombohedral angle) for tetragonal and
rhombohedral regions, respectively. In the rhombohedral case, we take a covalency of
alternating (Ti-Zr)03 and PbO3 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(ZrTi,-,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 from 4.2 K to room temperature (38].

Ionic polarizabilities for Pb(Zr,Ti, _,O, 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 rhor-bohedral ferroelectric crystals. If so, 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 M PB behave as semiconductor and
show an increase of conductivity. This variation is quite analogous to the composition-
induced semiconductor-insulator (S-I) transition in ferroelectric (BaTiO3)1_,(R20 3 ),

') The detailed calculation must use the general quantum-mechanical formula for a localized system.
taking the occupied and a%aitable excited orbitals into consideration [301.
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iR: Sm. Gd. and Ho. 0.0015 < y < 0.003) [391. The conduction in the PZT is by a band
transport mechanism. by a charge transfer process such as occurs in lithium-doped NiO 1401.
or by an exchange process through the anions. Although the question of whcther 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-I transition will occur [41).
Amin et al. (421 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 properties are related to a hydrostatic stress
on the ions in the B position of the perovskite ABO 3 compound (431; the position of the MPB
moves towards PbZrO3 and PbTiO 3 compositions with increasing compressive and tensile
hydrostatic pressure, respectively [421. Therefore, there is a possibility that the two bands
cross due to the relief of strain in phase transition from ,etragonal to rhombohedral on the
MPB composition. There are several materials such as Ca [44], Yb 1451, and CdS [461 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 ca phonon, as described above. Thus, the PZT near the
NI PB composition has two contradictory characteristics. semiconduction and softening of
OJT 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 [471.

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 simultaneously both behaviors of the dielectric permittivity and the
conductivity in the composition near 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.
In addition, assuming from these discussions, it will be difficult to get single PZT crystals
with MPB composition, as pointed out by Ikeda 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 O-C, proper ferroelectric phawe 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 (QID) 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 QID
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

ferroelectric ceramics, are also addressed.

L INTRODUCTION phenomenon, one has to go down to the microscopic lev-
el to see how the lattices move in forming a twin struc-

Many important ferroelectric materials, such as ture and how they interact with each other. To this end.
PbTiO 3, BaTiO 3, (Pb, _  r1 )TiO3 [PZT], etc., have it is essential to know the structure of a twin boundary,
perovskite structure (ABXj).' The prototype phase is including its stable space profile, energy density, and as-
cubic with symmetry group 0

, which transforms to a sociated elastic distortions. In this paper, we will calcu-
ferroelectric tetragonal (C4.) or rhombohedral (C 3 ) late these physical properties for a ferroelectric twin
structure upon cooling. In certain materials there are boundary by using a Landau-Ginzburg type of continu-
several low-temperature ferroelectric phases, so that the um theory. The problem we are dealing with is a first-
stable structure of a material depends on the given tem- order cubic to tetragonal proper ferroclectric transition,
perature range. which appears in systems such as BaTiO 3, PbTiO 3, and

These thermally induced structural phase transitions some PZT compositions.
are usually displacive, and there are several low- There are six tetragonal variants upon transforming
temperature variants associated with each phase transi- from cubic; they can form three different kinds of twin-
tion. For instance, there are six and eight variants in the ning structures: (1) 180 twins, for which the polariza-
tetragonal and rhombohedral phases, respectively, upon tions in the two domains have the same magnitude but in
transforming from cubic. These variants are energetical- opposite directions, (2) 90" twin with a charge-neutral
ly equivalent; therefore, twinning between these variants domain wall, for which the polarizations in the two
is a common phenomenon under natural conditions. For domains are (almost) perpendicular to each other with
single crystals with free boundary conditions, twinning head to tail configuration, and (3) 90" twin with a charged
may be eliminated through (electric or mechanical) field- domain wall, for which the polarizations in the two
induced domain switching between these low- domains are perpendicular to each other and with either
temperature variants. However, twinning cannot be el- head-to-head or tail-to-tail configurations. It has been
iminated for a confined system, such as grains in a ceram- verified that the third kind of twin structure is unstable
ic, because unit-cell distortions are usually associated and will transform into the second kind with a zigzag
with these ferroelectric transitions, domain switching twin boundary. 7

could generate large elastic energy. Although, for some Several authors$- 10 have attempted to model the struc-
materials, a single phase may be achieved under a very ture of ferroelectric domain walls by using the Landau-
large electric field, twinning will reappear when the exter- Ginzburg theory; however, those models are either one
nal field is removed in order to release some of the elastic dimensional or three dimensional with gradient terms in
strain sc as to minimize the total system energy. For oth- the free-energy expansion not obeying the symmetry re-
er materials, twinning cannot be driven out by the elec- quirement. Moreover, the focusing point was on the first
tric field before the solid is shattered. kind (180) of twins only. It has been pointed out that a

The existence of these twinning structures often one-dimensional model is not adequate for describing a
changes the mechanical and electrical properties of a fer- three-dimensional solid." A quasi-one-dimensional
roelectric material substantially. There are considerable (QID) solution can be obtained only under certain con-
experimental studies being carried out in this regard 2

,
3  straints when unit-cell distortions are involved. We have

and some phenomenological theories were also taken all of these points into account in our three-
developed. 4 - 6 However, in order to understand the dimensional model described in this paper, which can
physical process associated with the twinning give a full description of both the first and the second

44 5 1991 The American Physical Society
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kind of domain walls mentioned above. Analytic expres- II. THEORETICAL MODEL
sions of the order-parameter profiles for a 180" twin and a The order parameter for describing the Oh-C 4 , proper
90 twin were derived, although special parameters were
chosen in order to get the 90r twin solution. The bound- ferroelectric ph e transition is the polarization vector P.
ary conditions and the associated shape change were also The free-energy density, which is invariant under 04
addressed in our model. The expansion coefficients in the symmetry, can be written as
free-energy equation (2. 1) can be determined experimen- F(Pi,P j,71k)=F.(P)+Fei(1k,)
tally, which enables one to apply the present model to a

real system.' 2  +F.(P,,'1A9)+FG(P~j) (2.1)
This paper is divided into six sections. We introduce

the theoretical model in Sec. I. Sections Ill-V are the We should emphasize here that P is the material measure
solutions for the tetragonal phase with a homogeneous of polarization which ensures the invariant nature of the
structure, 180" twin, and 90 twin, respectively. Section free energy. 13 The first term in Eq. (2.1) is the Landau-
VI contains the summary and conclusions. Devonshire free energy:

FL(P, )a,(P' +P'+Pj)+a,,(Pf +P'+P +a 12(P'P'+P'P' +P'P')+al,,(P6+p6 +p6)p4p p)p4p p) p p ) p2p,2

+a212 3 1 3 3 , (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,

_C11 2 2 +72 +1
Feil )___(771+71722+733)+C 2 (il7l2 +7 733+777733)+2C4(71+277+112). (2.3)

71ki = {(uk, + ul ) (k,l = 1,2,3) is the linear elastic strain tensor which serves as a secondary order parameter here, uk
is the component of elastic displacement, Cj are the second-order elastic constants. The third term in Eq. (2.1)
represents the coupling between the primary and the secondary order parameters:

F11p(711 t)=2 p2 l2 +p p2 2+p2)]
F-c h P +(P i, 71k q 1 7 2 P + 73 P - q 121 771 2 3 72 ('" + ') + 7 1 2 h

-2q"(j, 2 PP 2 +113 PP 3 +7123P2 P3 ), (2.4)

q0 are the electrostrictive constants. The fourth term in They are the bulk and shear elastic constants and elec-
Eq. (2.1) is the gradient energy of the ,owest-order com- trostrictive constants, respectively.
patible with the cubic symmetry, which has the invariant
form m. STATIC EQUILIBRIUM CONDITIONS

FG(Pj.j )--g,(P., +P 2 +P. 3 ) AND THE HOMOGENEOUS SOLUTIONS

+g, 2 (P.IP2 ,2 +PlPl3 3 +P2 .2P 3 ,3 ) The static equilibrium conditions can be derived from
the total energy expansion by using variational method,

+_.!._[(pI,2 +p2.1 )2 +(p, 3+p31)2 which gives rise to the Euler equations for the primary
2 'and secondary order parameters:

a -- =0 ij= 1, 2,3) , 3.1
(.) ax1  jj I-P, p

All the expansion coefficients in Eqs. (2.2)-(2.5) are as- - -a 1 3
sumed to be independent of temperature except a, in Eq. m x. ni - (= 1, 2,3) . (3.2)
(2.2), which signifies that the transition is proper fer- I
roelectric. The Cauchy stress tensor a" includes contributions from

For convenience we define the following new constants: the pure elastic response and the electrostrictive effect.

ell -C, +2C , (2.6a) In order to avoid the complication of defects, we only
consider the case for which no dislocations and disclina-

t.2 C,-C,2 , (2.6b) tions are generated in the structural phase transition,
which means that the following compatibility relations' 4

#u =qlt +2ql2 ,(2.7a) must also be satisfied:

qn-q -q, 2 (2.7b) EklEs,,,h.k, 0 (i,j,k,l,m,n ,2,3), (3.3)
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where elkt is the permutation symbol (or Levi-Civita den- cubic and tetragonal phases are equal.
sity). (iii) For T, > T > To, solutions (a) and (b) in (ii) exist,

For a homogeneous system, all physical quantities are but in this temperature region the tetragonal phase be-
uniform in space, hence, Eq. (3.3) becomes trivial and comes thermodynamically stable and the cubic phase be-
Eqs. (3.1) and (3.2) reduce to the following simple equa- comes metastable.
tions: (iv) For T < To, only the tetragonal phase exists [solu-

aF 0tions (b) in (ii)].

c7 const=O . (3.5) IV. 180 TWIN SOLUTION

We have set the constant in Eq. (3.5) to zero, assuming Twinning exists because of the coexistence of several
that the system being studied is free of external stresses. energetically degenerate variants in the low-temperature

Equations (3.4) and (3.5) can be easily solved, there are phase. The domain wall represents a transition region be-
four different temperature ranges which we will discuss tween two tetragonal variants, where the lattice structure
separately. It is customary to assume that a, depends is distorted, so that the formation of domain walls intro-
linearly on temperature, i.e., aI = ao(T - TO), where a0 is duces inhomogeneity to the system. The 180 twins

positive definite, then the solutions for the homogeneous represent one kind of inhomogeneous structure, which

system are the following, consists of two variants whose polarizations are 180" out

(i) For T > T, where of phase. The tetragonal axes of these two domains are
the same. A continuous space profile of a I 80 twin can

al be obtained by solving Eqs. (3.1)-(3.3) under specified
3aTa,= + boundary conditions. Taking, for example, the two vari-

ants (0,0,±P0 ) to form a [100] 180" twin, the boundary
q11 22 conditions are

6el 32 M P3(Xl)=±P o , (4.1)Pa=O, 7;1 =O (i,j=1,2,3), (3.6) X, to

lim o' (xl)=O for ij=11,22,33, (4.2)
only the cubic phase exists. "4-9±t

(ii) For T,>T>T,, where T,=To+a'l,/4aoai,, oa't (x )0 for ij=23,13,12 . (4.3)
there are two solutions:

Here Eq. (4.1) states that the polarization component
(a) P, =0, ,7, =0 (i,j =,2,3) (3.7) P3(x, ) should match one of the two values corresponding

to the two variants far from the domain wall; Eqs. (4.2)
and and (4.3) represent, respectively, that the system is free

(b) P=(±P0 ,0,O),(0,±P,O),(0,O,±P0 ) (3.8) from mechanical stresses in the homogeneous region
(Ix , I -co ) and there are no shear stresses in the entire

with system.

0 -a +(a, 2 -3a)a,11/2 '/2  We assume a Q ID solution exists and make the follow-
- , (3.9) ing ansatz for the primary and secondary order parame-

3a, Jters,
P), [* 122!. P---(O,O,P3(X1)) ( 4.4)
0/=]-i,'  (3.10) ,:q,)(.)

[ } Substituting Eqs. (4.4) and (4.5) into Eqs. (3.1,-(3.3) gen-
P 2 -11 I(22 erates a second-order nonlinear differential equation forh=3- 1 t 22 ' 31) P(x,)

7i,=0 (i*j). (3.12) 2atP3 +4alP3+6a,,,P'-g,,P3 t,=0 (4.6)

with

Here -q and % are the normal strain components in the
directions parallel and perpendicular to the tetragonal at =al-I e--2q 2 711, (4.7)
axis in each of the three tetragonal states, respectively. I1li

Solution (a) represents a thermodynamically stable cu-
bic phase and Mb) indicates that an additional tetragonal q12
metastable phase also exists in this temperature region. al all-- (4.8)
This metastable phase can be stabilized to become the
ferroelectric phase with further cooling. Tc is the phase- Equation (4.6) has a kink solution'5 which satisfies the
transition temperature at which the free energies of the boundary condition (4. 1)
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Posinh(x/gso() the 180" wall, with the amount of
PA(xt) = A +sinh 2(x, /g, )],/2 , A = -2 q (4.9))t

where sinh(y) is the hyperbolic sine function and C11  I

A/9 I I It was proved" that the dimensional changes are corre-
91o= Po(6ajjIPo+2a+)'+2 (4.1Oa) lated under the elastic compatibility constraints, Eq.

(3.3). Therefore, in order to sustain the displacive change
(3aIP2+a) in the x 1 direction without affecting the other two dimen-

A (2aIP2+a +t) (4.1Ob) sions, we need to apply inhomogeneous stresses on the ia-
teral surfaces; these required stresses are

The elastic strain field associated with the 180 twin solu-
tion can be derived from Eqs. (3.2) and (3.3) together with ta= (,(4/C..6 2P'

the Q I D solution (4.9), 1+A -'sinh 2(x/Ig(4o)

2 111 (4.1 la) fix (q -(C 2/C,)qu]P° (4.17)

7133 711 
(4,11 b) 1 + A - sinh2(x (4.17)

2 It is interesting to compare the 180" twin solution here
q12 PO (4.1 Ic) with the antiphase solution obtained in Ref. 16. Al-

771171 Cn, 1+A-Isinh2(x,/gUo) though the forms representing the coupling between the

71120, (4. ld) order parameter and the elastic strain were taken to be
identical (determined by the cubic symmetry) in the two

13*= 0, (4.1 le) cases, the underlying physics is different. For the anti-
phase solution, the rotation axes of the octahedra are the

7/23-0. (4.11) same in the two domains divided by an antiphase bound-

The kink solution (4.9) gives the continuous space profile ary, which implies that the tetragonal axis must be per-

of polarization for a 180 twin in the tetragonal phase. A pendicular to the antiphase boundary plane; but, for the

planar domain wall which bridges the (0,0, -P 0 ) and 180' ferroelectric twin discussed here, charge neutrality is
a prerequisite to ensure a stable static configuration,

(0,0,Pt ) states is located at x -0 in our coordinate sys- which means that the polarization vectors and, hence, the
temn. Note that the strain components Eqs. tetragonal axes of the two domains are parallel to the
(4.11la)-(4. 111) were derived under the assumption that twin boundary plane. As a consequence of this

the twin structure is free of defects, i.e., the distortion din thnrmlae stresequire in tht
causd b th prsene o a omai wal i puelydisla- difference, the normal-surface stresses required in the two

caused by the presence of a domain wall is purely displa. lateral directions for supporting the QID solutions be-
cive, no atoms are lost or gained in forming the twin. It come distinct for the 1 80 ferroelectric twin but are the
can be seen from Eqs. 14.l1a)-(4.1 that all the strain same for the antiphase solution. Another obvious
components of a twin structure are the same as those for difference between the two cases is the functional form of
a single domain tetragonal system except 21,, [Eq. the order-parameter profile: a '-type kink (second-order

(4.11c)]. In other words, the distortion caused by the phase transition) in Ref. 16 but a '-type kink (first-order

QID domain wall is only in the x, direction. The dis- phase transition) in t e r. aditio sin c the

placement u with respect to the cubic structure can be phase transition) in this paper. In addition, since the
easiy itegrtedfromEqs (4. la-KI d),coupling constants qIn and qI2 (BI and B 2 inl Ref. 16)

easily integrated from Eqs. (4.1 la)-(4.l Id), have opposite sign, the antiphase boundary induces

1 x 1 + Au shrinkage but the 180" twin boundary causes expansion in
the dimension along the twin (antiphase) boundary nor-

u X24.12) mal.

iv/IX3  There is a certain amount of energy stored in the 180
domain wall. We define the energy density per unit area

with for a single domain wall to be Eg, which is a function of

J&I91 p temperature only and is given by
Au=-~~-P_, ac Ltanh(xI/ w)l (4.13) E,,f'..(FFo)dx, (4.18)

1 a~ 1/2 Here F0 is the energy density of a homogeneous system at
3+ -4.14)

II °P a given temperature. The integration of Eq. (4. 18) can be
carried out by substituting the solutions (4.9)-(4.11)

Since the electrostrictive constant q12 is usually negative, into Eq. (2.1). After some algebra, a closed form can be
there is an expansion in the x 1 dimension associated with obtained,

i

E~'l ain 3P 'Po a+ l _ -n-a" arcsinh12gata,)/ (4.19)
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(a) :V. 90 TWIN SOLUTION

l1l||llil I ' t 0 ]i [ The other type of stable twin structure in the tetrago-l II1 I I I I t ItIttil nal phase besides the 180 twin is the 90' twin, which con-Isists of two domains whose tetragonal axes (or polariza-

1.5 4tions) are (almost) perpendicular to each other. Since the
.j (b3 twin structure with charged twin boundary (with polar-

2) izations head-to-head or tail-to-tail) has additional
" . Coulomb energy, only the twin structure with chargeneutral boundary (head-to-tail configuration) is a stable

*, A-1.25 configuration for the 90" twin.
L -4 - -' o 0 I 3 4 We consider a twin structure of the two following vari-

x /1M  ants: P1=(Po,0,0) and P2 =(0,P0 ,0), with the twin
boundary oriented in [110]. It is convenient to work in a

FIG. 1. 180" twin solution. (a) Illustration of polarization new coordinate system (s,r,x 3 ) which is a 45' rotation of
and unit-cell distortion in a 180 twin structure represented by a the x I-X 2 plane around x 3 . The two coordinate systems,continuum solution. (b) Space profile of normalized polariza- the structure and the polarization configurations, are
tion P/PO (curve 1) and normalized inhomogeneous com- shown in Fig. 2. We choose a system with its dimension
ponents of strain -(Cnt /q, 2P)( nnu-i7j), and stresses along the s coordinate much larger than the other dimen-
(C"1 /euq, 2P1)u' and [q,-(C212 C, 2 J 12 0 oM (Curve sions in order to set up the boundary conditions
2). (L, -o >>L,,L 3 ), and assume thit the space profile of

the polarization vector of the system is quasi-one-
dimensional, i.e., it depends on the space variable s only.

For T<T,, Ej, is positive definite (see arguments Our goal is to seek solution of the kind
below), so that a twin structure has higher energy com- P=[P,(s),P2(s),0] for the 90 twin structure, which
pared to a single domain structure. As mentioned above, satisfies the boundary conditions
external constraints are needed to stabilize base twin lim P=(Po, 0 ,0)
solution; these are often provided by surface stresses or s--
intergranular interaction in a polycrystal (or ceramic) and
system. It should be pointed out that defects play a very
important role in stabilizing the twin structures in a real lim P=(0,Po, 0 )
system, but it is beyond the scope of this paper. S_+"

In Fig. I(b) are plots of polarization, strain, and stress
profiles in dimensionless form, each physical quantity has In order to use this QID nature to our advantage, we
been rescaled with a different scaling factor. The polar- will convert all quantities into the new coordinate system,ization and unit-cell distortion represented by the solu- the polarization becomes P=[P,(s),P,(s),]. and the free
tions are illustrated in Fig. I(a). energy of this 90 twin can be written as

F9(r =an(P + P, ) +at ,(P, +P + !- (P2_P,2)2+a.,(P,'+P,2)+ an12-3annl (p4_p4)(p2_p2)

4 4
G. G,

+2 ' 2 P -s+ + ,+Fe,(Ilkl)+Fc(P,P,,qil ) (k,1=rs,x 3 ) I

where lim 17.= iim I). (5.3c)
G 1(g,1 +g 1 2 +2g44)/2, (5.2a) =011+%V2, (5.3d)

,ia(.2b) li,, =±(/tj-7)/2 . (5.3e)
F.J(', 1k and Fc(P,,P,,.kq) are the elastic and coupling
energies [Eqs. (2.3) and (2.4)], respectively, in the new In addition, there should be no mechanical constraints in
coordinate system. the single domain states (s -.-- o ) and no shear stress inThe boundary conditions as s-- oo are, for the polar- the x 3 direction. These arguments lead to the mechani-
ization and strain components, respectively, cal boundary conditions

Po lii a4(s)=0 (i,j=r,s,x3) , (5.4)

o' 3 %3 0 •(5.5)
lim P, = (53a Pot

lim P,=± o (5.3b) The
2The compatibility relations (3.3) give three nontrivial
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rC~iOl G0 P., 2aP,+4a$,P+4a'P P,'

xZto0o + !(al, +a,+2 )P+(1Ia,,1 -a,( 2)PP,

-ll5ajj!-att1I)P, , (5.10Oa)

GP,. =2arP, +4a, P, 1 +4a',P,2

+{(all I+a12)Pl +(I 5a11 -a2)P,'P

+L( 15ar !- a j12)P P  , (5.10b)
gX [1001

whre

FIG. 2. (001) cross section of a 90r twin crystal with a twin 1
boundary at s =0. The orientation of the new and old axes are as, =a q--I

shown in the figure, and the directions of the polarizations in 3 6- t.
the two domains are also indicated. (q,,+q1 2 )(q11+q 2 +q) p2

4C:.0 (5.11 a)

I _ q2
constraints for the twin solution. They are, in the new a=a1- -- 2-

coordinate system, 3 tl 6
71,'M, =0 , (5.6a) (qll +q12 )(ql +ql2 -q,"4) P2

7 /33.s - --0 , (5 .6 b ) 4 C ,, 0o (5 .1 ib )

71MM =0 (5.0c) a12 (qlt +q1 2 +q4)
2  (5.c)7/,,. =0.(5.6c '=tl~l4 8(C '(51 c

These equations (5.6a)-(5.6c) together with the boundary
conditions (5.3) and (5.5), can determine four of the six a'=a a 12  (q +q, 2 -q (5.lid)
independent strain components; they are + 8C.

7,3=71,30, (5.7a) a12  (q, +qJ2 )2 _- q S 42a" =. (5.1 le)

77,,: =(1 + 77d (5.7b) 4 84,

7133=71i (5.7c) In general, Eqs. (5.10a) and (5.10b) have to be solved nu-
merically. All the coefficients may be determined from

These four components are constants in space since the dielectric, elcctrostrictive, and elastic measurements, and

quantities 71, and i/l are functions of temperature only. from phonon dispersion curves for a given system. We
will show this numerical procedure elsewhere. 12The other two of the six independent strain components Putting the quantitative individual characters of each

are inhomogeneous and strongly coupled to the primary Ptigteqatttv niiulcaatr fec

order parameter. From Eq. (3.2) and the boundary con. specific system aside in the following, we will abstract the
diiorner para . Fm he (common features of a 90" twin solution by choosing some
ditions (5.4), we have of the parameters to special values. For instance, if

71,, =( 22 1 C 2 2.)P,P,, (5.8) a1=0 (5.12)

,5a =a ,(5.13)

12 then we can obtain analytic solutions for P, and P, from
- TC1 (qt, +q 12 )[P -(P0 +P,)] Eqs. (5.10a) and (5.10b),

P, -- "L PO, (5.14a)
_ q,,(p 2_ p )j (5.9) V _sn~ g

Pr = -Po [B+sinh2 (s/qo)]1 2 ' (5.14b)
where where

C. 1 +C12 + 4 59) where1/
"= 2 +C,.(.b1 [ Gn ],,

4 .o= Po I6alnPo+a1! (5.15a)

By using these strain solutions and the definitions of 17, 6alIp2+a,
and %, we can explicitly write the equilibrium conditions B = (5.15b)
(3. 1) in the rotated coordinate system: 4a 11 P2 +a ,
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The two inhomogeneous strain components, Eqs. (5.8) Note the mathematical forms of Eqs. (4.15) and (5.17) are
and (5.9), now become interconvertible. The two position-dependent normal

sinh(s Ig) strain components, which are required to support the
(4, ,-i2 22 ) [B +sinlh 2(s/g)]t/2 

, (5.16a) QID solution, are given by
0/ =.[B/ +snh( Ig)) /7t .

r, -- [ 2C44(qII +q12) + (C +

-4C(
q I I + q 12 -q44) 1+B-sinh 2(s/o) x (5.18a)

1 + B -'sinh(s Igo) '

(5.16b)

Equation (5. 16a) describes the shape change (or bending) o3' _ [_C44(qjj q")+(Ctt+2C44)qj2]
caused by the 90' twinning and Eq. (5.16b) indicates a di- 4C
mensional change in the s direction with the total amount
of x (5.18b)l +B -sinh2 (s/ 9)

AL = ---- (q, +q1 2 -q44) Similar to Eqs. (3.18) and (3.19), the energy density stored

XiB 11n in this 90" domain wall can be obtained from the analytic
B I ln(V + V-- 1) (5.17) solution, (5.14a) and (5.14b),

Egm= I 3p 2 16 a' Jarcsinh + (5.19)

For a static configuration, EW > 0, which may not be VI. SUMMARY AND CONCLUSIONS
obvious from Eq. (5.19) but can be proved to be true for
more general cases. According to d.-nition we can wrnte Based on Landau-Gnzburg theory, a continuum model
the energy density of the 90' domain wall as has been developed for the twin structure in tetragonal

Ew f__ F(Pi, P~j,J )F(PO)]ds ________________

=2f -- FL(P;)-FL(Po)]ds (5.20) (o)

Here Eqs. (5.lOa) and (5.lOb) have been used, FL(P,) is
the Landau energy which has a minimum value FL(PO)
for T < T,, i.e., FL(Pj)> FL(P0) for P, =P0 , therefore the
integral in Eq. (5.20) is a positive value, hence, E. > 0.
The same argument also applies to EIVr obtained in Sec.
IV . 15

Figure 3(a) illustrates the 90" ferroelectric twin struc- (b)
ture and the associated elastic distortion. In the twin
boundary region, not only the rotation of polarization LO P
vector occurs, the magnitude of the polarization also
changes in space as shown in Fig. 3(b). For the special C -
choice of parameters, Eqs. (5.12) and (5.13), the magni- P. P, -,.25
tude of polarization is 0- P

PI =P 0  B+sinh(s/Io) <P0 (5.21) s/19
FIG. 3. 90 twin solution. (a) Illustration of the polarization

which is less or equal to the polarization in the single- variation and unit-cell distortion. (b) Space profiles of the nor-
phase region. 7-or other choices of the parameters, or in malized polarization components P1, P2, and the magnitude P,
real system, Eq. (5.21) may not be true. the parameters have been set to satisfy Eqs. (5.12) and (5.13).
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ferroelectric perovskites, which is a three-dimensional 6' mogeneous.
model with the primary order parameter chosen to be the An important application of any ferroelectric material
material measure of polarization. Under the assumption is based on its piezoelectric effect. Strictly speaking, the
of a coherent interface, the model can describe the O h-  macroscopic piezoelectric effect comes from two different
C4 . first-order proper ferroelectric phase transition and origins: For a single domain single crystal, the induced
gives rise to the space profiles of a 180 twin and a 90 strain is due to the direct coupling of the polarization to
twin with charge-neutral twin boundary. the unit-cell distortion, which, in our case, is proportion-

The ferroelectric phase transitions are often accom- al to the square of polarization. Therefore, the intrinsic
panied by unit-cell distortions (in certain cases the distor- piezoelectric constants are proportional to th product of
tions could be very large); therefore, a proper ferroelec- the electrostrictive constants and the components of
tric is usually an improper ferroelastic. The second-order spontaneous polarization. For a multidomain system,
improper ferroelastic phase transition has been addressed such as a ceramic, there are additional contributions
in Ref. 16; that model can also describe a second-order from the motion of 90" domain walls, which can be un-
ferroelectric phase transition with proper physical con- derstood from Fig. 3(a). We can clearly see a shape
straints, such as the orientational relationship between change associated with the misalignment of polarization
tetragonal axes of domains and the twin boundary. For vectors in the two domains. A lattice movement of an
the same reason, the ferroelectric 46 model developed in entire domain in the direction parallel to the twin bound-
this paper may also be generalized to describe other ira- ary plane can be generated by the motion of a 90" domain
proper ferroelastic systems. wall along its normal direction. We define this additional

It is interesting to see that the coupling of the order pa- piezoelectric effect as the "orientational effect," it is ex-
rameter to strain has different effects in the case of trinsic in nature. The strength of this effect is determined
second-order and first-order phase transitions. 11.17 The by the degree of unit-cell distortion (relative to the cubic
transition temperature is the same for the former, but will structure) and the maximum distance which a domain
be shifted for the latter resulting from this coupling and wall can move without breaking the atomic coherency.
the imposed boundary conditions. Except in a single domain single crystal, these two effects

Due to the nonlocal coupling of the polarization, the exist simultaneously and interact with each other. In or-
domain walls acquire finite width. In addition, as shown der to analyze this complicated process, one must know
in Fig. 3(a), the crystallographic symmetry is lower in the the detailed structure in the domain-wall region, which is
90" domain-wall region. At the domain-wall center, the one of the achievements of the present work. We will
structure is quasiorthorhombic, which implies that the show in a forthcoming paper12 how to determine those
90" domain walls are natural nucleation sites for the expansion coefficients from experiments so as to quantify
tetragonal-orthorhombic transition if the orthorhombic the atomic displacements in a ferroelectric twin structure
phase happens to be the next low-temperature thermo- for a specific system.
dynamically stable phase.

We have also proved in Sec. V that both 18(r and W ACKNOWLEDGMENTS
domain walls contain positive energy, so that the ex-
istence of a stable QID twin structure must be supported We are indebted to Professor G. R. Barsch for suggest-
by either inhomogeneous (internal or external) stress dis- ing the approach to this project and for providing close
tribution or by defects. In a ceramic system the stresses guidance during the initial phases of this work. This
are provided by intergranular coupling. This implies that research was supported by the Office of Naval Research
the stress concentration at the grain boundaries is inho- under Grant No. N00014-89-J-1689.

IM. E. Lines and A. M. Glass, Principles and Applications of 91. I. Ivanchik, Fiz. Tverd. Tela (Leningrad) 3, 3731 (1961) [Soy.
Ferroelectrics and Related Materials (Clarendon, Oxford, Phys. Solid State 3, 2705 (1962)].
1979). '0 L. N. Bulaevskii, Fiz. Tverd. Tela (Leningrad) 5, 3183 (1963)

2E. K. W. Goo, R. K. Mishra, and G. Thomas, J. App!. Phys. [Soy. Phys. Solid State S, 2329 (1964)].
52. 2939 (1981). 11 W. Cao, G. R. Barsch, and J. A. Krumhansl, Phys. Rev. B 42,

3P. G. Lucuta and V. Teodoresu, Appl. Phys. A 37, 237 (1985). 6396(1990).
4Von Cieminski, C. Kleint, H. Beige, and R. Hoche, Ferroelec- 12W. Co (unpublished).

trics 109, 95 (1990). 1JG. R. Barsch, B. N. N. Achar, and L. E. Cross, Ferroelectrics
SL. Pardo, J. Mendida, A. Gonzalez, and J. De. Frutos, Fer- 35, 187 (1981).

roelectrics 94, 189 (1990). 14 E. A. N. Love, A Treatise on the Mathematical Theory of Elas-
0G. Arit, Ferroelectrics 76, 451 (1987). tidty (Dover, New York, 1944). p. 49.

1C. A. Randall, D. J. Barber, and R. W. Whatmore, J. Mater. 1 5F. Falk, Z. Phys. B 51, 177 (1983).
Sci. 22,925 (1987). 16W. Cao and G. R. Barsch, Phys. Rev. B 41, 4334 (1990).

IV. A. Zhirnov, Zh. Eksp. Teor. Fiz. 35, 1175 (1958) [Sov. Phys. 1J. Lajzerowicz, Ferroelectrics 35, 219 (1981).
JETP 35, 822 (1959)].



APPENDIX 14



The extrinsic nature of nonlinear behavior observed in lead zirconate
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The nonlinear electric and electromechanical responses of Icad zirconate titanate
Pb(ZrTil - ,)03 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 nonlinearity) all
indicate the extrinsic nature of the nonlinear behavior of ferroelectric ceramics. A
phenomenological theory of Arlt, Dederichs, and Herbiet (Ferroelectrics 74, 34 (1987)1 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.

1. INTRODUCTION ities of ferroelectrics." - 5 However, most of the studies
were focused on the intrinsic effect. The extrinsic effect is

The study of the nonlinear behavior of piezoceramic very complicated, because it involves interactions of sev.
materials is very important because ferroelectric ceramics eral length scales, i.e., the interactions between ions, do-
are now widely used to make transducers, resonators, ac- mains, and even different phases (such as in PZT). There-
tuators, motors, sonars, etc. One of the limitations for fore, it is very difficult to develop a detailed microscopic
practical use of these ceramic products is their nonlinear theory to account for the extrinsic effect. Arlt, Dederichs,
behavior, which occurs at higher driving levels. In order to and Herbiet5'6 have proposed a formal phenomenological
optimize the performance of these ceramic devices, it is theory dealing with linear electromechanical properties re-
essential to understand the origin of the nonlinear proper- lated to 90' domain-wall motion, which might be a possible
ties in ferroelectric ceramics. Recent developments in the route to avoid some of the unnecessary complications. In
fabrication of ferroelem;ric thin films open up the possibil- this paper we will try to address the nonlinear effects re-
ity of utilizing these nonlinear properties, because now the suiting from a 90 domain-wall motion by using a similar
nonlinear response can be observed under voltage as small idea. More importantly, we will present some experimental
as a few fractions of a volt. In fact, some applications of the results which can provide evidence for the extrinsic nature
nonlinear properties have already been made, for example, of the nonlineanities in ceramics. It has been found that
convolvers and correlators for microwave acoustic these nonlinearities are mainly from the nonlinear motion
devices,1- 3 frequency mixers and frequency doublers. of non-l80' domain walls.
Therefore, the study of nonlinear effects in ferroelectric
ceramics is not only scientifically interesting, but also tech- 11. EXPERIMENTS
nically important.

The physical origin of most phenomena observed in a A series of experiments were carried out on both soft
ferroelectric ceramic is, in general, quite complex. For in- and hard PZT systems. The instruments employed include
stance, the piezoelectric effect consists of two parts, the an optical interferrometer, 16 HP4192 LF impedance ana-
intrinsic4 and the extrinsic piezoeffects. 5 '6 The intrinsic ef- lyzer, HP3586 spectrum analyzer, multifrequency LCR
fect refers to the homogeneous (unit cell) deformation meter (HP4275A), a modified Sawyer-Tower circuit, and
caused by the electric field, and the extrinsic effect repre- a strain gauge (Kyoan KRF-02(CI-I 1).
sents the elastic deformation caused by the motions of non. The piezoelectric constants d33, d3j, and ds of soft
ISO" domain walls (partially domain switching) and the PZT were measured versus ac field strength at a frequency
interphise interfaces.7 It is believed that the piezoelectric of 200 Hz. The results are shown in Fig. 1. Figure 2 shows
effect of a ferroelectric ceramic comes mainly from extrin- the field dependence of ac dielectric constants ell and E33 of
sic contributions at a relatively low to moderate driving soft PZT at 200 Hz. One can clearly see in Figs. I and 2
level. Studies on barium titanate, BaTiO, and lead zir- that these quantities depend strongly on the field strength.
conate titanate (PZT), Pb(ZzTil - )O," show that the In addition, it is observed that the losses (both mechanical
extrinsic effect contributes 609a0-70% of the piezomoduli and electric) also increase with field strength as shown in
observed expe'rimentally. Microstructural analyses910 re- the insert of Fig. 2 (hysteresis loop). The appearance of a
veal that a large number of 90' domain walls are present in hysteresis loop accompanying the onset of nonlinearity
ferrotekctric ceramics, which strongly affect their electro- suggests that the source of these nonlinearities mignt come
mechanical behavior. 11.12 from the nonlinear response of the domain walls to exter-

A number of researchers have looked at the nonlinear- nal field, because domain-wall motion is known to be a
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FIG. 3. The threshold field of the dielectric constant e , for a poled soft
PZT ceramic as a function of positive dc bias field and temperature. The

strong lossy process.'17 ,' Observing Figs. I and 2, we find frequency of the applied field is 200 Hz.

there is a relatively flat region in each of the curves, which
implies that linear relations (dj andeij are independent of onset of measurable nonlinearity requires much larger field
applied field) between the applied electric field and the strength. Similarly, lowering temperature can also "freeze"
induced strain or polarization hold for small values of the the domain-wall motion, because the potential well of the
field strength. We have defined a threshold field E, at low-temperature phase becomes deeper so that the energy
which Ad/d(Ae/e) > 2.5%-5%; the range of the percent- barrier for domain switching becomes higher. Therefore, E,
ages are based upon the uncertainties of the experiments, will decrease with temperature as shown in Fig. 3. The clue
E, signifies the onset of measurable nonlinearity. In gen- for the extrinsic nature of nonlinearities observed in PZT
eral, the threshold field E, is influenced by temperature, ceramics is the drastic increase of dielectric loss accompa-
composiL'on, frequency of the applied field, dc bias field, nying the onset of nonlinearity as shown in Fig. 4. It is also
and time. E, is a relative measure and may differ for dif- shown in Fig. 4 that the loss decreases with frequency,
ferent physical quantities. As an example, we show in Fig. reflecting the delayed response of the domain-wall motion
3 the change of the threshold field for E3 3 with respect to to the high-frequency electric field.
temperature and dc bias field for a soft PZT sample. E, In order to further the understanding of this matter,
increases with bias dc field. This is because the bias field we have analyzed the spectrum of the response signals in
shifts the working point of the poled ceramic toward a both electric and electrochemical measurements, which are
more saturated region on the P-E hysteresis loop. Looking shown in Figs. 5(a) and 5(b). In Fig. 5(a) the electric
at the microstructure, the domains are in better alignment field is parallel to the poling direction. When E > E, the
under the bias field, and the domain walls become more output signal contains both odd and even harmonics, and a
difficult to move, which will reduce the extrinsic contribu- small asymmetric hysteresis loop was observed (note, that
tion. Hence the overall dielectric and piezoelectric con- the maximum electric field strength is 0.57E, where E, is
stants become smaller; at the same time, the loss and non- the coercive field of the ceramic used in the experiments).
linearity are also substantially reduced. It is believed that In Fig. 5(b) the electric field is perpendicular to the poling
the nonlinearity from the intrinsic contribution is very direction. For E> E, only odd harmonics were observed,
small. Therefore, when the domain-wall motion is and the small hysteresis loop observed is symmetric. An
"pinned" by tl.e bias field, E, becomes much larger; i.e., the
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0i 2400 OFTI- 0 11400 Hz
0.05 0 f-4=0 0Hz
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0 500 1000 1500 0.00

I(v/cm) 0.1 1 10 100 1000 10000

A.C. ELECTIUC FIELD (V/cm)
FIG. 2. Electric-field dependence of dielectric coelkients e,, and e,,. The
two imemU are the P-E relatim at low and high electric fields, respec- FIG. 4. Dependence of dielectric loss tan 6 on the amplitude of the
tdvely. esternal ac field at differeat frequencies.
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TABLE I. The magnitude of output voltage for the second and third-
harmonic components under different ac electric-field strength. E, is the
coercive field.

The ac electric 0.00SE O.IE, 0.39E, 0.57E, 0.64E,
field

The magnitude of no higher harmonics 3.8 2.9 2.4 1.9
V,-V, (dB) detected

The magnitude of no higher harmonics 2.5 2.3 2.2 2.4
Y1-Y (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 > E, the hysteresis loop
again becomes symmetric. This observation enables us to
identify that the origin of the nonlinearity is truly extrinsic, FIG. 6. The asymmetric P-E hysteresis loops at different field level for a

i.e., due to the nonlinear response of domain wall. poled soft PZT sample. The loss (area of the loop) increases with the
Figure 7 shows the x-ray-diffraction (XRD) profiles of applied field, and the loop becomes more asymmetric for E< E,

(002) and (200) peaks for plate PZT samples of different
orientations. It can be seen from Fig. 7(a) that when the Figure 7(c) is for an unpoled sample. Since there is no
normal direction of the platelet is perpendicular to the preferred orientation, the intensity or (200) peak is about
poling direction, the (200) peak is much higher than the twice as that of (002) peak. Structurally speaking, all of
(002) peak. Conversely, for samples with the normal di- the tetragonal variants are equivalent. For a poled ceramic,
rection of the platelet parallel to the poling direction [Fig. only the relative volume ratio of the variants (P0,0,0j and
7(b), the (002) peak is much higher than (200) peak. (0,0,P01 is different in the directions parallel and perpen-

-10 (a

-30

CL-50
E

-70

.002O 5 10
Frequency (kHz)

(b)

*-50. 0

.-100 43 44 2e 45 46

Frequency lkHz) FIG. 7. XRD (002) and (200) peaks for unpole and poled sont MZ
ceramic. (a) X-ray intensity profile of a poled ceramic plate sample with

FIG, 5. Spectral analyses of the output voltage of dielectric (or piezo- its normal direction perpendicular to the poling direction. (b) X-ray
electric) responses. (a) Electric field parallel to the poling direction. The intensity profile of a poled ceramic plate sample with its normal direction
amplitude of the sc field is 0.57E, (b) Electric field peipendicular to the parallel to the poling direction. (c) X-ray intensity profile of an unpoied
poling directon. The amplitude o" the ac field is 0.7E ceramic sample.
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FIG. 9. A basic element or 90 twin in tetragonal ferroeectric ceramics.
FIG. 8. The threshold field of the peizoelectric coefficients dj3 for both The relative orientation of unprimed and primed coordinate systems is
poled soft and hard PZT ceramics as a function of aging time. characterized by the Euler angles (I, *. f). The z-axis is the poling

direction, a is the normal direction of the twin boundary.

dicular to the poling direction, which can only affect the
extrinsic process. However, as shown in Figs. I and 2, the
physical quantities observed in the directions parallel and P is the spontaneous polarization, and A is the area of the
perpendicular to the poling direction are quite different. ting domain wall per unit volume. Similarly, the in-
They differ not only in the magnitude, but also the onset of duced strain is given by
nonlinearities (E,). This fact provides another piece of ev- 8rj8=AlASoF. (a= 1-6), (2)
idence for the nonintrinsic origin of the nonlinearities in
ceramics, because E, would be the same in the two direc- in which
tions if the nonlinear effect is intrinsic. F, =2(sin ( cos 'P cos 4) sin 4)

It is known that the aging effect of ferroelectric ceram-
ics is related to the reduction of non-I 80" domain-wall mo- - cos 9 sin 0 sin2 ) sin ),
bility. The aging experiments shown in Fig. 8 provide fur-
ther proof for the extrinsic nature of the nonlinearities F2 = - 2(sin 0 cos 'P cos 4) sin 4
found in ferroelectric ceramics. The increase of E, (reduc- + cos e sin 9 cos2 4) sin t ),
tion of nonlinearity) with time can be understood as hav-
ing the same physical origin as that of the aging effect, i.e., F3 = 2cos E) sin ( sin %V,

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 - sin 2 0 sin 11 cos 0),
with the aging phenomena observed in these ceramics.

From the above experimental results, we conclude that Fs=cos 0 cos W cos 4) - cos2 0 sin 'P sin 4b

the nonlinear phenomena observed in ferroelectric ceram- + sin2 E) sin %P sin 0,
ics (PZT, for example) is mainly caused by the nonlinear
motion of non- 180' domain walls, or is extrinsic in nature. F6= (sin E cos TI sin 2 4) + 2 sin e cos 3 sin q,

X cos ) sin 0 - sin E cos 4F cos2 )),
III. PHENOMENOLOGICAL THEORY

So is the spontaneous strain representing the unit-cell dis-
Arlt and co-workers5 '6 have developed a phenomeno- tortion in the tetragonal phase. It has been shown 19

.
2
0 ex-

logical theory to calculate the contributions of 90 domain- perimenlally that the 90 domain-wall motion is highly
wall vibrations for a linear system. The basic element is a nonlinear. Therefore, the potential energy of a displaced
twin plate shown in Fig. 9. The changes in the dielectric domain wall may be expanded as a polynomial function of
and piezoelectric quantities induced by the domain-wall the domain-wall displacement A:
displacement A/ can be described in terms of Al and the
Euler angles E, 0, and %P. For example, the change of the U= U0 + CT C2  C
electric dipole moment of this basic element can be ex- 2 3 4

pressed as + higher-orderterms, (3)

6Pj-A-AP 1 (0,4),), (1) where U0 is the rest energy of a domain boundary, which is

where assumed to be independent of domain-wall motion. The
presence of the cubic term in Eq. (3) describes the asym-

= (cos e sin 4) sin 'P - cos 'P cos 4b), metric feature of the domain-wall motion in a poled ce-
'P - (cos * sin 4 + cos 0 cos 4) sin ramic. Following Fousek and Brezina t , the differential

equation for the forced vibration of a 90" domain wall in a

3 = - sin ' sin 0, poled ceramic may be expressed as follows:
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au /awE aw AP= eij+,Ar,,',Elgj+ Hi;,.E,.Am,&,! +IA, +4)jE
Am +- ( a a / dA/ (4)(ijk= 1.2,3;a,6,y= 1-6), (8)

where m represents the effective mass of the domain wall, where Ek are the components of electric field, and the cor-
b is the damping constant, and WE(BP ,) and WM(bUj) responding coefficients are given below.
are the induced electric and mechanical energies, respec- If we define the Euler angle integration
tively. The physical origins of the restoring force, damping,
and effective mass have been discussed by severalr dfl= f" do f" - dO, (9)
groups.22- Hence, we will not give further details here. J Jo o Jo

if we only consider the first three terms of aU/aMl, Eq. the induced linear piezoelectric and dielectric coefficients
(4) becomes Ad,. and Aeo respectively can be written as the following

Am Al + Ab Al + AC, 41 + AC2 A1 + AC3 A integrals:

Ad -' f SoPoK(w)fkFZ(O)dn, (10)

N+ "M8A) (4) II Ac,--- f PoKCw)/'j(e)dn, 0I1)

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

C, A)C2 A2 C, A o 2C,(I +cr)
We may use a perturbation method2 6 to derive an approx- Here, we have assumed a distribution function g(-) for theimate solution for A/and, hence, to get the expressions for relaxation time.5'6 The integrations with respect to -0 and
6P i and bee t' can be carried out immediately, which give rise to the

In the following we will analyze only the domain-wall nonzero independent components of these tensor coeffi-

movement under an ac electric field E = F0 exp(jot). The cients:

frequency w of the applied field is usually much smaller 0 0 0 0 Ad,3  0
than the resonance frequency of the domain wall, o Ad.= 0 0 0 Adti 0 0 (13)

. r/i'_m, which is in the gigahertz range. 2' For example, M3[ Ad3, Ad 0 0 0
the ac electric field used in our experiments is only 200 Hz. 33 I
If we divide Eq. (4') by C1, then for a system with strong AE11  0 0 1
damping we can neglect the first term on the left hand side, [ t
which has the coefficient of (a 2 /Wo). The remaining first- A&EA= 0 Act 0 (14)
order differential equation is the same as that for a relax- 1 0 0 AE331
ation system. The approximate solution for A/ up to the As indicated in Eqs. (7) and (8), the domain-wall motion
third order is given by also contributes to the nonlinear coefficients, including the

C2 (AP)2  electrostrictive constants AQij and the nonlinear dielectric
A=P C ) constants Arijk. These quantities are given by the following

C, (I + 2jr') integrals:

C,(l+3jAr) CC( l+2j )' 4Qk.= J SoPoK'()fjFFiZ(e)dfl, (15)
(5)

3 &r,,= f P0K'(w)ffjZ(e)dn, (16)AP= 2 ct( Po f -. 6
=2C(+I+ f ) () where

Here, = = b/C, is the relaxation time. Cgg( r)dr
The total induced polarization APj and strain A77a by (M = J0 4C1(0 +jwr) 2 (i + 2jar) " (7)

the 90 domain-wall motion in a poled tetragonal ferroelec-

tric ceramic may be derived as follows: First, substitute the Similarly, we can derive the expressions for the higher-
solution (5) into Eqs. (I) and (2). Then, assume an an- order piezoelectric and dielectric constants &Gd, j and
gular distribution function Z(e) for the twin boundary &Hjjm respectively:
orientation and integrate those quantities over the entire
range of Euler angles. The final results may be written in &G0,,j

=  SoPK'((j)Fjjftf'Z(G)dl, , (18)
the following form:

A% = ( Ad. + A Q.E) Ek + AG..AJEkEPEP (7) AHi,. = f PoK"( )ffJ/ ,Z(O)d), (19)
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where tical applications of these nonlinear properties might be
Ag~r)limited by the loss generated from the domain-wall motion.

K' Mgr The extension of the phenomenological theory of' Anlt
Jo 4C1(1 +jw-r)'(l + 3jar) and co-workers by including higher-order terms in the en-

ergy function [Eq.(3)] shows a certain degree of success
x C dr. (20) for describing the nonlinear ferroelectric ceramic system.

\C,(I +~ 2fta)) 2 Nevertheless, there are still some experimental results
Similarly, one can derive the induced strain and polariza- which could not be explained by the model. This implies
tion by the domain-wall movement under a stress field.27 that the actual extrinsic process is more complicated than

just the motion of 90' domain walls. At least for PZT
IV. DISCUSSIONS AND SUMMARY systems with compositions close to the morphotropic phase

WhenT. 0,Eqs (7 an (8)giv th inuce stain boundary (the one we have used in the experiments), os-
Whn ,, , q. 7 and (8)argiveonthe induced strh 9'o ainl cillating interphws and/or a localized transition between

motion, respectively, in a poled ferroelectric ceramic. If the the sutanallyn tomherinsi proces.fntlycnrb

electric field E is in the same direction as that of the rem- utsbtailytohexrnicpcs.
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ELECTROMECHANICAL NONLINEARITY OF FERROELECTRIC
CERAMICS AND RELATED NON-1800 DOMAIN WALL MOTIONS

Shaoping Li, Wenwu Cao, R.E. Newnham and L. E. Cross

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 rtianate Pb(ZrxTil.x)03 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-1800 domain walls in

ferroelectric ceramics. The proposed theory shows qualitative agreement with the

experimental results.



2

L 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 transducers for practical use

is the nonlinear effect which occur at high driving level 161, in fact ferroelectric ceramics

are the strongest known nonlinear piezoelectric materialsMl. 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 applications, the nonlinearity of ferroelecnic ceramics

are used to influence the performance of microwave acoustic devices such as convolvers

and correlators 7-91• The so-called "smart ceramics"(ol 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 piezoelectic effects in ferroelectric ceramics are caused by two mechanisms:

(1) The intrinsic piezoelectric effect [11-121 which is associated with the deformation of

each unit cell of the ferroelectric material under an electric field.
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(2) The extrinsic piezoelectric effect [13.151 that, for example in lead zirconate titanate

(PZT) sysm, refers to the motion of non-1800 domain walls and the movement of the

interphase phase boundary between the tetragonal and rhombohedral phase regions[161.

It is 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 BaTiO3 and PZT [171 have shown that as much as 60% - 70% of the piezoelectic

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 (18-20] 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 electromechanical nonlinearity in ferroelectrics

has been carried on for the last three decades, most of the studies (28-301 are based on

thermodynamic theory only, without considering the dynamics of domain walls. Very little

work[3 -2] 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 motions

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- 1800 domain

walls and the movement of interphase boundaries.

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

piezoelecuic coefficients arising from the domain wall motions, and to form a tentative
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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 ferroelecmric ceramics. In sections II and III, we present a general description

of the electromechanical properties arising from the non- 1800 domain wall motions in the

ferroelectric ceramic. In section IV, we show some experimental results which characterize

the dynamic electromechanical response of the PZT frroelecu'ic ceramics. Some of the

experimental results strongly support our approach to the problem.

II THEORETICAL

2.1. Domain and Interphase Structures

In a Pb(ZrxTil.x)O3 system with composition near the morphotropic phase

boundary (MPB), the tetragonal and rhombohedral phases coexist. Therefore, besides the

1800 domain wall, there ae 7030, 109-50 and 900 domain walls. Also interphase

boundaries between the two phases exist. Here, we do not discuss the case for 1800

domain walls. The 1800 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-1800 domain wall motions in ferroelectric ceramics, Arlt

et.al. 13.14l first presented a phenomenological model for the vibrating 900-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 900-domain walls [331.

Here, we will try to model non-1800 domain wall motions for the cases of

rhombohedral phase and interphase conversion between the tetragonal and rhombohedral

regions, respectively. As we know, the symmetry of the ferroelectric phase GI is fully

determined by the symmetry of the parent phase G.. In other words, the spontaneous
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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 [121,

we can find eight energetically equivalent variants in rhombohedral ferroelectric stable

states of PZT system as following:

. (PI, P2.Pj) If- (PI. P2. -P3 ) II.(- PI. P2.P3 ) iV.(PI.- P2.P3 )

V.(- PI. P2. P3 ) VI. ( P,.- P2.-P3) VII.(- P1 -P2, P3 ) VIII. (- PI, -P2, -P3) (1)

where P12 P22 = P 3 2 = p02 /3. P0 is the spontaneous polarization. Accordingly, the

spontaneous strain under zero stress condition can be written as:

2
Sti -S22= S33 = (Q11+2Q12 ) P2/3 (2)

s12 'Q 44 PIP 2 , s12=Q44 P2P 3 , s12=Q44 PIP 3

Obviously, the normal components of sa 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:

I(VIII)S)2= S23= Q44 2 Q44 2

(Vl2I2-- 3I 12 -' 23 = 3l=--Po

-Q42= -Q44  2

MT(V)S12=-S23=S31 P0 ;IV(V)S 1 2=S 23 =S 3 1--'-"P0  (3)

According to the crystallographic relations, these eight low temperature variants will form

1800, 700 and 1100 twin structures. For instance, the polarization vectors in a twin

structure between states (1) and (VI) form a angle 9,
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e(111141-1-11) Cos-' ( -3L)-no0

The twin boundary is then called 1100 domain wall. We choose primed and unprimed

coordinate systems for a basic piezoelectric element as shown in Fig. 1, which contains a

single 1100 domain wall and separates the polarization states (I) and (VI). In the primed

system, domain wall is located in z'= 0 plane 1241. 41 is the displacement of the domain

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 &Pj in the volume

AIA (34.351,

8P'=- Al A P0 (4)

The A1 also induces a change in the elastic dipole moment,

- Fooil
U' =A A So0 001 (5)

where, 2we.So= -'Po

P0 and S, are the spontaneous polarization and strain, respectively, in the rhombohedral

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

8Pj = Al AP0 fi (e,o,) (6)

and,
Wj = Al AS O Fi j (e,¢l),T) (7)

where fl= I cos0(cos'-sin)-cosesin(sinF+cos) ] ,f2= [sin '7(cosW-
sin f) + cosecosO(sin f'+cos I'1, fj = sine(cos' W+ sin 49; and
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F1 I =2sinetrinO[cos Wcos(cos 'F-sin 'F) - sin0 cos 8(cos WVsin 'F)),

F = -2sin&os(sinO(cos 'F-sin 't9+ cos ecosO(cos 'F+sin '191,

Fjy= 2cos sine1(sin 'F+ cos T) ,

F1 3 = sin 0(cos 'F+sin 'f)[cos2e-sin2 9] + cos cos(cos F +sin 'F),

F23 = cos e[sin0(cos 'F-sin 4)+cos4cose(cos 'F+sin ')J-sin 2 CosO[cos 'F+sin 'f],

F1 2= sin9(cos-sin V*).

Next, let us discuss the case of interphase conversion in the ferroelectric ceramic. It

is known [151 that the tetragonal (T) and rhombohedral (R ) ferroelectric phases coexist in

PZT system of compositions 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 900 domain

structure in the tetragonal distorted ceramics. Based on experimental results, Lucuta

proposed[19. 201 a succession model of ferroelectric domains TIRT 2RTI, due to the

coexistence of a R domain between the two different orientedT domains as shown in

Fig.2. In the case of the occurrence of a rhombohedral phase between the 900 domains,

the polarization direction in an alternating sequence is: [001] --- [111] --- [0101 ---[ 111]

[0011 corresponding to a repetitive domain succession TIRT2RTI ... The interphase

boundary conversion will induce changes in the electric and elastic dipole moments.

Considering the polarization along [1111 direction in aR domain converts into the

polarization along [001] direction in a T domain, the induced electric and elastic dipole

moments in the primed coordinate system will be:

I

SP'= AlAo A " (8)

-2
3
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and,
- [u11 u1 2 u1 3]

8U'= Al A /I I22Uu3 (9)

.U 3 iU3 2 U3 3J

where. ,U12 -- u 13 =U23  = u31  =3 U32 -= (;
(Qtt-Qi) p2 . 3=2(QtI+Qt2) p2

U I1I = U22 =  3 P 'U3 3 P

Note: here we assume that the magnitude of the spontaneous polarization in the

rhombohedral phase is equal to that in the tetragonal phase, and all the coefficients Q11.

Q12, and Q44 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:

SPi = [fRi 8Pi] ; [8Uij] , []Rj ] [8U'j[Rijl (10)

cosT sin' 0 1 0 0 cosc sinD 01

[Rij -sin cosT 0 0 cose sine -sin0 cosD 0

0 0 1 0 -sine cose 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 (36.37, but in the case of the non-1800 domain wall sidewise

motions, this may not be exactly true [381. The entire ceramic specimen is a complex

electromechanical 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 motion is rather complicated and not well understood. However, if

we are only interested in the macroscopic effect resulting from the collective motion of

domain walls, the microscopic details of each individual domain may be neglected.



z
I GI

yjy

xx

Fig.1.(a) A basic element of a twin stucture in a rhoinbohedral fenroetectric ceramnic.



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

characterized by the Euleriazi angles (0, y, 0 )



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 MPE (After Lucuta 1989 ReQ.20))X



x0

Fig.2.(b) The basic element of interphase boundary in PT system at MPB
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Fig.3. Schematic plot of the nergy potential for non-1800 domain wall motion in PZT

ceramics.
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In the present analysis, we assume that the average displacement of domain wall in

a certain divction 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 function

of wall position in a ceramic sample. The height of the potential barrier (01+02) is the

minimum energy required for the wall to relocate from depoling state to poled state. 02 is

the amount of the elastic energy which can be relieved during the domain wall switching

back to depoling state. Ow is the height of potential barrier for a non-1800 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 olmm. Obviously, domain walls

are located at the minima of the potential 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 wall motions is symmetric with respect to z axis, i.e:

U(,z) = 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 (z = a, or z = -a).

After the field is removed, the distribution of orientation of the domain walls becomes

conical in the poled samples. The potential for domain wall motion is no more symmetic

in the poled state, i.e. U( .z-a) * U( Az+a).

It also has been shown (39.40l 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:

2 C 2  3 C 3  4
U = U0 + CAI +-AI +-Al +higher-orderterms (11)
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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-1800 domain wall in

a ferroelectric ceramic may be expressed as follows (13.1438]•

aU a)WE aWM
Amai + Abl+ = -(;f+ - ) (12)

where m represents the effective mass of the domain wall. b is the damping constant.

The third term is the restoring force. WE and WM are the energies of the induced average

electric and elastic dipoles < 6Pi > and < 3Uij> by the electric field and stress

respectively, which may be written as

odWE a3WM ewt

"WE--,- (W <8P>Ee Z <SUj >Tj ej WZ') (13)

In general, we have ow * a. The physical origins of the restoring force, damping effects

and effective mass have been discussed separately by several scientists (36- 45]. If we

consider only the first three terms of the restoring force, Eq.(12) becomes

2 3 DWE aWM
AM+AbI+2AC1 A'+AC 2 A' +AC 3 AI = -(- -+---) (12')

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

ceramics resides in the interrelationship between the amplitude of the non-1800 domain wall

vibration and the stiffness of the materials. The condition

CIA >> C2A1 , C3,A3
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allows one to employ a perturbation method 14] for approximately solving Eq.(12') in

order to obtain the induced polarization 6Pj and strain 6Uij accompanying domain wall

motions. The detailed approximated solution can be seen in Ref.33]. According to

Fousek and Brezina[381 , the resonant frequency of domain walls is much higher than the

frequencies used in our experiments, which are less than I MHz. Thus, the inertia 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 motion in ferroelectric ceramics. The

average induced polarization and strain can be calculated by averaging &hi and 3Pi over

all domain wall orientations in the sample [13.141. APi = <6Pi >,and AUij = <SUij > may

be expressed as:

APi = [Aei k + Arijk Ej ] Ek + [Adim + Aeilm Ti Tm+ 2 AQiji EjTj

+ AHijkp Ej EkEp + AG jk Ej EkT +...

AU, =[Ad'ki + AQ'ii E, ]Ej +[ASn + ASnmTm] Tn + 2Ae'lkm EkTm
+ AG'iji EEj Ek + AWijnl Ei Ej Tn +...

where i, j, k, p = 1, 2, 3 and 1, n, m = 1, 2,3,4,5,6 (14)

In this expressions, APi is the total induced average polarization, Ut is the average

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

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

sample:

a dki --- d o 2 dVj X So Po K(Caj) fk F1 Z( ) d e (15)
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where: FI=F1 , F2=F22, Fj=F33, F4=FU, F5 =F1 3, F6=F2. and,

K(WJ A g(t) d
2C (1+jcoit)

Note: ddk, depends on co2, the frequency of the applied elastic field, and M'k, depends

on col, the frequency of the applied electric field. g('r) is the relaxation time distribution

(13.141 assuming there exist more than one relaxation time. Z(8) is the disnibution function

of domain wall orientations obtained during the poling process. All quantities having the d

symbol are caused by 1100 domain wall vibrations only. The values of ds, = <5lI >

and Aca = <&-k > are the extrinsic elastic, and dielectric parameters of the ceramic:

2sx= dO f d~( "S2K(co 2 )FjFn Z(9)d8 (16)
C J

ik' 0d~ d-~(lfifkzee
0 0a

where dQijl =<5Qil > (electrostricrive coefficients) and drik = <brj > (nonlinear

dielectric coefficients) can be expressed as follows:
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AQj= d dV -ZSo p2 K'(co, o>2) fi fj F, Z(8) dO (17)

AQ' ij I=f df dqf x -- So P82 K 0) 1 ) fj fj F1 Z(8) d9

Where:

K,(.o1 ) = 2C2 A g(@) drJio) 2C~(~T
[4C,]3( 1+2j W)(l+j WIZ )2

K'(), (02 ) 2 C2 A g(t) d
=a [4C,]3(1+j[CO2+ 01],t )( I+j ¢ol't) 1 +j (1)2't)

and,

Arijk= d dVf -2Po3 K'(o1 ) fi fj fk Z(8) dO (18)

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

electrostrictive coefficients dQij and the nonlinear dielectric coefficients Arijk have the

same physical origin as those of the electro-optical coefficients and elasto-optical

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

polarization give rise to changes in the birefringence An [47-54] because of the non- 1800

domain reversal induced by an external field.

The electroacoustic coefficients Aekh.m =<6ekjm> (the coefficients of the nonlinear

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

Ae'kIm- = f Poo Z(e) K co 2) fFiFmdO (19)

~C' Isfd 3M14f POS2

Aek I m=. do fdV O S - K2F dfoJ 00 Z(O) K (coil (0 2 ) f kimd
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In some materials (71, 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 inainsic contribution. The third order elastic coefficients AS,,,,, = <Sj,,, > are:

AS imn f d f dy fso Z(9) K(o)2 ) FFmFndE (20)

There are twenty one non-vanishing coefficients. The expressions for the higher order

nonlinear piezoelectric coefficients AGij = <6Gjjk > and dielectric coefficients AHij =

<6Hijo > are given by the following integrals:

AG'ijkt = 2 X dfj dV -'SO PO3 K"(w, ) fi fj fkFlZ(e)d9

AGijkI = 2  do2 dgv f So Po3 K"(c(a,.).) fi fj fkF1Z(8) d8 (21)

Where:00
K" (cl 4 f 2 AT 3C4r C3 A g'(,r)&

J [4'C ] (+2jawf)(1+3jwO -)(G+jojT) 3  [ 43 C ](1+3jCtzf)(l+jo t) 3 f

K,'[4C'() A g'()(l +jlT) -2 C3 [ 43C4  A g'(-)(l+jw, r)-2

(1 +2jATt)(1+j[2'ol+r ]x)(l+j"1 r) ( )+j[2o d+". ])(t+j"r)

and,

[ AHij.kp 2X d,2 d f9 P.4 K"(.,i ) fi 4 fk fp Z(e) d8 (22)

Note that all the quantities are frequency dependent. When electric and elastic field are

applied simultaneously with different frequencies, one finds the direct and reverse effects

have different magnitude, for example, if o) * t, Adki (wj) * Ad. (ca2), therefore,
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we have used a prime on some of the constants in AUi to indicate their frequency

dependence. In general, the contributions from 70.50, 109.50 and 900 twin structures can

be all written in the form of Eq.(14) - Eq.(22) except the integration coefficients would be

different in each case.

If T,= 0, Eq.(14) becomes:

APi = Azt k Et+ Art j k Ej Ek+AHij k p Ei EkE

AUI = Adk 1 Ek + AQ1 k I EI Ek +AGi j k I Ei Ej Ek

i, j, k, p=1,2, 3 (23)

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

motion are:
AU3 = Ad 33 F0 + AQ333 E2 +AG3333 E_

A?3 = AE33 E0 + Ar33 3 NO + AH 3333 Eo (24)

Similarly, the shear strain and related polarization under an applied a.c. electric field are

described by:
AUs = Ad15 EO + AGII1 5 E
API = Aell Eo + AH 1 111 F (25)

There are no second harmonic and higher even harmonic components in shear vibrations.

Therefore, it is expected that the dependence of Ad. and AEII on te altcrnazing c.c"ic

field strength should have different characteristics than those of Ad33, Ad. 1 , and Ae33.

Strictly speaking, under external forces the difference in free energy for the two

domains of a twin is[511:

Ag =AZ(s)ijO'ij +"AP(s)i Ei "'ASijkl (ij a yk1 Ck ' Aij Ei Ek+ AdjkEiakl (26)
2 2

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(Zr1Tii.,)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 Re.[52]. The well sinrered ceramic samples were poled at an

electric field of 30-65 kVlcm in the temperature range of 1000 C- -1300 C. 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-

S01A and PZT-401 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-SA, PZT-8 and PZT- 4 used in this study are commercial products from

Vernitron 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 heaing

and cooling rates are about 5°C/rmin. 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[53.5 41. 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(ZrTil-.)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 50/50 40/60 30/70 15/85

Density 7.44 7.55 7.60 7.62 7.7 7.4 7.6 7.59 7.3
(103 kgl 3 )

d33 ? 85-100 100-120 170-200 250-270 100-120 90-100 50-60 ?
(10-12 m/V)
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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 measureaents

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-CI-Il)

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.

DPM613B, Kyowa). The HP4192 A LF impedance analyzer was used when employing

the resonance technique which has been standardized by !EEE531. 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 tr, detecting system. (2) By keeping the thickness of

the samples dwn 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 dki and the dielectic constants eii plotted as

a function of applied a.c. field strength. When the magnitude of the applied electric field is

below the threshold field Et, dud and era remain constant. But beyond the threshold field

(E > Et ) dk and eii increase with the amplitude of the a.c. electric field. Et signifies the

onset of measurable nonlinearity, which is not always clearly defined. We use idwd (AL/e)

> 2.5% - 4 % as the criteria according to different experimental conditions. Generally, E,

depends on frequency, temperature and material properties. For instance, for PZT-501A

with F= 200 Hz and T =250 C, the threshold field for the piezoelectric coefficient d3 3 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 field 331, 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 (E) 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 0-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-1800

domain walls. Spectrum analyses were made to identify the higher harmonic components

in the responses of polarization and strain, it is found (331 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 E 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 Eqs.(24) and (25).

Assuming E, = E0 cosex, from Eq.(23), the longitudinal strain is:
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AU 3 = Ad33 E . + &'333 E2 + AG 3333 E (27)
=Yo + Y, tin+ Y,1 e'jO+Y 2 e2jI + Y-2 e-2jo+ Y3 e3j$x+Y- 3 e

3jox +...

where

Yo =Ar333  ; Y_(0)) = Y.(.o)= (Ad33EO + 3AG 3 33 3 E)
4

22 
4 3

2 4

The term (Y. e in" + Y., e -in" ) 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
3

3AG 333 
E

4

2. The second order harmonic term creates an additional negative bias field which

displaces the center of vibration of the domain wall.

3. Both the second and the third harmonic vibrations of non-1800 domain walls contribute

to the induced longitudinal swain. 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

AU5 = Ad 1s Es+ AGIIIS E3c (28)

=Y0 + YI eij'4 Y.1 e-
ju + Y3 e

3j"a + Y.3 e'3jOI +...

where:
3

Yof0 ; Y(c)=Y. 1(-.o)= Ad 15 Eo +3- AG 11 IsEg

4
3AG 1 115 E 3

Y2 (Co)) Y-2 (-C) = 0 ; Y3 () = Y-3 (-o) =

4

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

experimental results. Fig.5 shows the relative dielectric permittivity ell and .3 as well
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as their loss tangents as a function of temperature from -2000 C to 50oC under large

a.c. electric fields. Fig.6 shows the dielectic permimvity 433 and its loss versus

temperature at different a.c. electric field strength. Clearly, the values of el and e33 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 ell and

E33 may come from the domain boundary vibrations which will be frozen out at very low

temperatures. In 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

cerarnics158l. It is also found[331 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 piezoelecuic 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 composition at the MPB. In second order approximation,

the extrinsic contributions to the piezoelectric coefficient is given in Eq.(23):

di I= Adk I + AQ k I Ei + AG j k I Ei Ej (29a)

Assuming the nonlinearity is purely extrinsic the measured piezoelectric constants aki

may be written as:

di I = dk 1(in) + Adk I + AQi k I Ei + AGi j k I Ei Ej (29b)

Based on the definition of threshold field strength for dkl described earlier, we

have:
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33 - (d il+ Ad33  - AQ 33 3 Et > 3% (29c)
(d33(iW) + Ad33) F. d33(im) + Ad33

This means that the threshold field Et is inversely proportional to the ratio of the

electrostrictive coefficient and the piezoelectric coefficient. From Eq.(15) and Eq.(17), it

is found that Ad33 I AQ33j is proportional to (C,) 2 I(Po C2 ). In Ref.[41] the restoring

force constant was estimated to be greater than the square of the spontaneous strain Ci>

(So)2 , and also, C1 > C2 .Therefore, A 33 1AQ 333 can be estimated to be proportional to

the spontaneous polarization. Thus from Eq.(29c) 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-SOIA 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 I Vlcm. 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 1H) was measured

at a field level of 100 Vlcm. 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 d3l and the field strength no longer remains linear under large field,

which invalidates the linear assumption made in the measurement technique. Both the



380
F=4000 Hz - 0.15

0

E~z300/c 3.1 2 C,,

188-88

00

U 0.60w
I- w

0 / - - /-0.0325

w ~ ~ ~ 4 m0 Iwo ----

I0 1 1

150 208 266 324 382 440
TEMPERATURE (OC)

Fig.6. Temperature dependence of C.1. arnd its ran86 Of PZT-501A at different

magnitudes of a.c. fields



E 1.2 * 1.2

a. ' E1 .0 - - .0 ,.
0 PZT-8 -

4 2
N 0.8 pZT_40 0.80

. 0.6 ).6

o x
uj 0.4 0.

I.- 00 I

z PZLT 0 P10 0.2-- 0.2
CL 0.25 0.45 0.65 0.85U,

MOLE FRACTION PbTiO 3 IN PbZrO 3 : PbTiO 3

Fig.7. Dependence of the threshold field strength and the spontaneous polarization on :he

Ti Z, ratio for PZT ceramics.



8

0
4--

1o

- 4

0

z
0-

-. 2 .54 1.28
CONDUCTANCE G(IO- 3/OHM)

Fig.8. Complex admittance plot of PZT-5OIA bar measured with two different applied field

strengths, El = I V/cm and E2 = 100 V/cm.



22

magnitudes of dj 1111 (-180xlO-12VIm) and d3 1'[HJ1d3j[IJ] (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, d~jlIJ (-176xlO'12 V/m) and

d31 '[111d 3 1[l] (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 7d31) indicates that the increase of the macroscopic-losses

mainly come from domain motions [33). When the applied field exceeds a certain level,

the nonlinear domain wall motions start to contribute to the piezoelectric effect, and the

coupling between the vibrations 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 - 501A plate, which was

measured with a spectrum analyzer. The resonant frequencyfm shifts towards lower

frequencies with increasing applied a.c. voltage, but the anti-resonance frequenciesf, do

not shift significantly as reported by Uchino eLal.(61

Interestingly, however, when measuring the absolute value of admittance IY I of a bar

sample with an impedance analyzer, we found that bothf, andf, 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 pecs 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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occur 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-180 0 domain wals 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, andf,,. In addition,

the mechanical quality factor Q,. and the electromechanical coupling factors Kt will also be

affected.

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

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

9O2sfj= 9Ss 111  " (d, E2Q2 (30)
9 92 SE 3 [SE1]2a

where o&o, is the resonant frequency of the extensional mode for a linear system. The

frequency of the P3 maximum is also shifted by the electric field,

~T

ET3 3  4 2 T a2

where of, is the small-signal resonance frequency. Q is the mechanical quality factor and

a is the thickness of the sample. Eqs.(30) and (3 1) are for single domain single crystal

system. For ceramics, there exist additional shifts of the resonant frequencies by domain

wall motion. From Eqs.(15)-(21) they can be expressed as:

I - 31ASI 111]2  9AG I I I p (d3I(in) + Ad3l )2 E2 Q2  (32)

19n2 (S11(in) +AS11) 32 1 (SII(in)+ AS1 1) 3 a2
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and

(,&r33? AH333 E Q1(33)
e33(m) + AE33 4 I 2(e33()+AE33) a2

Here ci(i,) , d4'.), and S,,i,1 ) 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 compositions of

PZT system at both high and low field levels. The experimental results 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- 1800 domain wall vibrations in ferroelectric ceramics. The

theoretical descriptions 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) Bothf. andf, of the admittance are shifted by the electric field due to the nonlinearity

ari3ing from non-1800 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

wails is still a disputed topic, further investigation is required. We believe that the nonlinear

effects contain both intrinsic and extrinsic contributions, and in a multidomain crystals

such as ferroelectric ceramics, the extrinsic contributions play the dominant role in

generating these nonlinearities.
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The inhomogeneous distrbutions of internal shear stress and electncal field induced by external shear stress or applied electric
field around a Griffith's type Ill crack tip in ferroelectric ceramics have been analyzed. For a linear system. the stress and the
electric displacement intensity factors. Kill and Kv. respectively, can be expressed in simple analytic forms which accouni for
both electric and mechanical contributions.

The performance of piezoceramics is altered by the Ill crack on electric and mechanical properties in
presence of cracks, cuts. narrow cavities and similar piezoceramics. Relatively simple expressions of the
flaws which may propagate under certain conditions stress and electrical displacement intensity factors
causing eventual destruction of a body as a whole. Kill and Kiv have been derived, which can be used
Today, the problem of mechanical reliability of fer- to evaluate the mechanical behavior of piezo-
roelectric ceramics becomes increasingly important ceramics.
as the materials are used in more and more sophis- The results derived here may be very helpful in
ticated areas. An updated review about the fracture some specific applications, such as transducers with
problem in ferroelectric ceramics was given by Frei- thickness shear vibration mode. mismatch and in-
man [I . More recent studies 11-3) show that the compatible deformation between ferroelectric ce-
mechanical behavior of poled PZT ceramics is greatly ramics and substrates under external shearing force
affected by the external force induced inhomoge- in multilayer devices, composite devices and elec-
neous distribution of internal stress. and the type of tronic packages.
cracks. There exist both electric field and mechanical If a ceramic sample is poled along the x3 axis. its
stress concentration near crack tips. which induces mechanical, dielectric and piezoelectric properties
crack propagation and incompatible elastic defor- are described by five elastic moduli. two dielectric
marion in ferroelectric ceramics. In usual non-fer- and three piezoelectric coefficients. In Voigt nota-
roelectric brittle ceramics, the stress intensity factor tion. the constitutive equations may be written as
K(J= I. II. Ill) is related to the stress a by [4-61 [7.81

all
I
. C lrl sl +C12.22 + c 1s33 -e3,E E. ( 2a )

where a is ,he crack length, Y is the shape factor of -, E S E E
a specimen. For ferroelectric ceramics the expression 1.. 2  +cszi +ci - e3  E3 . (2b)

ofeq. (I) needs to be modified due to the piezoe- o 3 =C4 3(33+S 2 33)+c3 s -e 3E3. (2c)
lectric effect. Parton et al. [ 7 ], have given a general ICE
description of the electroelastic plane problem for a 23 = 44

piezoelectric medium containing a rectilinear crack, 13 = 2c,slE -e, El . (2e)
and analyzed in detail the Griffith's type I crack. In
this Letter. we discuss the influence of Griffiths type 1,. = 1i (E -)51. (2f)

0167-5771/90/S 03.50 0 1990 - Elsevier Science Publishers B.V. 4 Nonh-Holland) 2 9
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D, =,1 E1E +2e,S 3 . (2g) Eqs. (3a)-(3c) imply that we have a two-dimen-

D2 =i IE2 +2e 5S2 3 . (2h) sional problem and

D3 =( 33 E3 +e31 (S II+S22 ) +e33S33 , (2i) S1 =S22 ="S332 =312 =0 , E3 =0.- (4)

where s,= j(8u,/8x,+ 8u,/8x,) is the elastic strain Substituting eqs. (4) into eqs. (2) gives

component; ui, (j= 1, 2, 3) is the elastic displacement 623 = 2CES 2 3 _-el 5E2,(a

field, E, = 4,/ax, is the electric field strength (the de- 0g 2~ 3E sESb
polarization field is not included), and p is the elec- 0324S3e5j(b
tric potential, e~l, e33 and els are the piezoelectric D, =e1 ,E1 +2e 5SS13 , (Sc)

cefcetc 1 , c~. 3 , cE33 and c"E are the elastic D t E 2iS3(d
moduli at constant electric field, ej I and f33 are the D2 1 E+es 3 .(d
dielectric permittivities at constant strain. Considering a system under both mechanical stress

For a system under longitudinal shear stress (see and electric field, the Euler and Maxwell equations
ig. I ), the so-called ant iplane problem, we have the have the following forms [5-71:

following conditions [5,6: aa32/aX 2 + &31 /aX 1 =0, (6a)
U, u2 =0 . (3a) aD, /8x, + D2/ ax2 =0 . (6b)

U3 U3 (XI -X 2 ) (3b) Substituting eqs. (5) into eqs. (6) gives

O(3c)XIX20 C441 2 U3 +el s Pqi= 0 (7a)

els ~u3-it F2,=O(7b)

X2 Generally speaking, the determinant of eqs. (7a) and
S (7b) is non-zero, i.e.

e=Is -ii
One can easily verify this from the data in table I
which lists the parameters for the most widely used

X3 I 1 1 2 piezoceramics PZT 65/ 35, and PZT-4. Therefore,
--------- --- from eqs. (7) one has

Fig. 1. The Griffith's type Ill crack in a piezoelectric ceramic. X3  ( 0.Fq)~(). 8
is the poling direction. Shear stress is applied at x2 = t L/2 sur-
face in x3 axis direction. The electric field is applied along th We choose the x,=0 to be the reference plane for
direction of the .v, axis. electric potential I O(x2=O0) =0 1. Therefore, the two-

Table I

The elast ic, d ielectric and piezoelectric coefficients for PZT 6 5/35 from ref. I110 1 and PZT-4 from ref. I I1I

Piezoeleviric ceramic PZT 65/35 Piezoelectric ermic PZT-4

cf, = 1.594x l01l N/rn2  *j, -6.127 C/rn2  f,-= 13.9 x 101"N/m I ej= -5.2 C/rn2

c'11 = 7.38 X 10 10 N/rnI en-= 10.71 C/rn 2  cf, -6.78 x 10"' N/rn I e3,= 15.1 C/.2
ct, 1.261 x 10" N/rn2  r,=g.387C/m2  E, = 17.43x 10"*N/m 2  e~sm 12.7 C/rn2

cL =3.89 x 10'0N/m3 i,j - .66x 10-'F/m ,., = I 1.5x 10'0N/ml e,,1 -6.45x 10-9F/n
c"' -4.276x 10"' N/rn t,,. 2.243x 10' F/rn clE =2.56x IWO N/ml f31=S.62 X 10-' F/rn

cL= -3.06x 10'0 N/rn2
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dimensional problem (on x3 =0 plane) contains one 2
mirror symmetry line (x, axis) and the inversion U3(Xl,x 2)=2S x-,+ -f.( ) e-:"cos(,4i)d
symmetry, thus we only need to study this problem L
in the first quadrant of the X3=0 plane (x1 >0; (12a)
X2 > 0), as illustrated in fig. 2. On the x, axis we have
two boundary conditions for x, >a:90,X)=E 2+ fB( e--csx.cl]

U3 =0. whenlxjl>a; (9a) 0

4?=O. whenjx~l>a. (9b)(1b

In addition, the contour of the crack is free of me- From and (1) cand be detrmne, b the Danon uctin-

chanical load and the crack may be considered as a A()adB cnbeetridbyheDui-

vacuum or air-filled cavity. Since the value toe is teigral equations:

very small (to is vacuum permittivity; t1 is ferroe- 27f A ,B41csr)c
lectric ceramics permittivity), the following bound- [a () ()1cs4 1  ~
ary conditions also hold on the x, axis [ 7,81: 0

a 32 =0, whenlx~jla; (10a) 0:5x, -a; (13a)

D, =0, when Ix I a. (l0b) fJLA( ),B(4)]cos(cex)d4=0, x,>a. (13b)

The strain and the applied electric field strength at 0
x,= L12 are S and E0, respectively. Hence, the Thsouinofe.(13)ad(3bar
boundary conditions at X2 = L/2 areThsouinofe.(I3)ad(3bar

au r a.,1,,/2 = 2S. ( I lb) where J, (a ) is the first-order Bessel function.

As sownin ig. . Lis he smpl diensin i r, Finally, in order to evaluate the stress and the elec-

Asreshown ind fi.a. is the sampleodimensin in drc trical displacement intensity factors. Kill and Kiv. we

dition and 2a.i h it ftecti 1 drc derive the distributions of stress and electric field in

The Laplace equation (8) can be solved by using the vicinity of a crack tip along the x, axis.

Fourier transformation technique [ 61].The solutions 632(X1 . 0) =0. jx1 I 5 a;
for the displacement U3 and the electric potential V.
which satisfy the boundary conditions of eqs. (10) d, Ix, I Ix,lI>a. 15a)
with arbitrary larger L, are ",a

X2 d1.r I Ix, I>a. 15b)

Here,

d, =2c F4S-el5Eo, (16a)

a ,d, =tEE+2e,,S - ( 16b)

I d, and d2 are the total stress and electric displace-

s 0 4W N ment at X2 = L/2, respectively. Obviously. from eqs.
( 15) both stress and electric displacement fields di-

Fig. 2. The .r,=O plane which is a cross section of fig. 1. The x2  verge at the crack tip and decrease toward asymp-
axis is a mirror symme"r line. totic values d, for I x, I ;s a. According to the defi-
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nitions of the stress and the electric displacement tric material. which also depends on the magnitude
intensity factors [6.71, we have of Kc11 and K'v.

Kill = lim V2n(x, -a) ,23(x,,O) = x'a d,, (1 7a) This research was supported by the Office of Na-
x-a

val Research under Grant No. N000 14-89-- 1689.

X -d
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Stress induced shift of the Curie point in epitaxial PbTiO3 thin films
George A. Rossetti, Jr. and L. Eric Cross
Materials Research Laboratory, Pennsylvania State University. University Park, Pennsylvania 16802

Keiko Kushida
Central Research Laboratory, Hitachi Ltd.. Kokubunij Tokyo 185. Japan

(Received 14 June 1991; accepted for publication 23 August 1991)

A 50 "C shift in Curie temperature has been observed for c-axis oriented PbTiO 3 thin films
using x-ray diffraction. An analysis of the electrostric:ive 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 (.j3) and piezoelectric
coefficient (d13) 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- to the c axis. Indeed, simple calculations suggest that lat-
electric properties for highly c-axis oriented PbTiO 3 thin tice and thermal expansion mismatch with the substrate
films prepared by seeded lateral overgrowth onto Pt elec- can conceivably result in a large net compressive stress
trodes recessed onto a single-crystal SrTiO 3 substrate. ( > I GPa). Unfortunately, the contributions to stress re-
However, x-ray diffraction measurements23 showed that laxation mechanisms from lattice and microstructural im-
the cubic-tetragonal phase transition occurred, for some perfections, the film/substrate interface, etc., are unknown,
films, at a temperature nearly 50 "C higher than that ex- so that it is very difficult to predict with certainty the nag-
pected for PbTiO 3 single crystals (T,=490 C). 4 Further- s o th e diffilt tress.

more, at room temperature, these films were found to be nitude of the prevailing stress.

elongated along the c axis, with a c/a axial ratio of 1.076, Alternatively, the coefficients of a modified Devonshire
about 1.2% larger than for pure PbTiO3. energy function for PbTiO3 have been recently determined7

Consideration of the Devonshire thermodynamic and shown5 to satisfactorily predict the shift of the Curie
formalism" for ferroelectric perovskites reveals that a point with hydrostatic stress. In this letter, we use the
two-dimensional stress can be very effective in displacing thermodynamic theory, along with the most recent x-ray
the Curie temperature. Based on the x-ray data, it is there- results,3 to show directly that the shift of the Curie point in
fore tempting to speculate that the large shift in the Curie oriented ferroelectric thin films can be plausibly explained
point observed for the epitaxial PbTiO 3 films is the result of in terms of a two-dimensional stress effect.
a two-dimensional compressive stress oriented orthogonal The appropriate free-energy function for PbTiO is

+ ~P~,( +Pj, + (P, +P,)) + a 23 ( P -2,,(x1 + x + x) - , (X1X2 + X2X3 +X 3 X,)

- j 4X + X'+ X'6) - QI,,(XIP +X 2P +X 3 P) - Q212 X,(P +P ) +X(P, + P ) +X 3 (Pl,+ P2)

- Q"(X,P2 P3 + XSPP 3 + X6 ,PP) (I)

I"

where P and Xj are the polarization and stress, respec- perature. All other coefficients are assumed to be indepen-
tively; a, a,. and a, are the dielectric stiffness and higher dent of temperature and stress, and have the values given
order stiffness coefficients at constant stress; si are the elas- previously.7.5

tic compliances at constant polarization; and Q,/are the In the reduced notation, the tensile stresses are de-
cubic electrostrictive constants in polarization notation. noted by X1, X , X3 and the shear stresses by X4, X5, X6.
The dielectric stiffness constant, a, is given a linear tem- For a two-dimensional stress H, we assign X, =X 2 =H and
perature dependence based on the Curie-Weiss law X 3=X4=X5=X6=O. Following the appropriate sign

convention" based on Eq. (I). a compressive stress is im-

aI=(T- e)f2eOC (2) plied when H is negative.
Equation (I) has two solutions of interest for PbTiO3,

corresponding to the prototypic cubic (Pm3m) and ferro-
where C is the Curie constant and 0 the Curie-Weiss tern- electric tetragonal (P4mm) states. These are

.... -IM., , I,,,me f"'I 1 I Nrv mY 1991 0003-6951/911452524-03502.00 @ 1991 Anmian Insitute of Physics 2524
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FIG. I. Calculated shift or the Curie temperature for PbTiO, subjected to FIG. 3. Measured strain components. x, and x3, for a c-atis oriented
two-dimensional (2-D) compressive stress oriented orthogonal to the c PbTiO, thin film vs the calculated square of the polarization.
axis and hydrostatic (3-D) compresive sum.

2QI21(Q -I + 2Q12 )= 1.4 times more effective at displacing
P'lP22='= - (Pm3m), the Curie point than a hydrostatic stress of equal magni-

tude. If AT= + 50 C as determined from the x-ray mea-
'I =P= 0, P3*0 (P4mm). (3) surements, from Eq. (6) we predict a two-dimensional

The spontaneous polarization (P = JP') is determined from compressive stress of 350 MPa.

the first partial derivative stability condition To verify whether such a stress is reasonable, we recall
that the strains along the a and c axes can be determined
from the lattice constants using

or 2 x, = (a, - a,)/a. and x3 =(c,-a')/a' (8)
23={ -all+ [all - 3 111(al - 2Q,2H)j"2 13a,1 . where a, and c, are the tetragonal cell constants and a; is

the equivalent cubic cell constant taken here as (ac,) .
If the polarization dependence of the free energy is to re- Using Eq. (8) and the x-ray data,3 the strain components
main unchanged under a constant stress H, a shift A T of x, and x3 were calculated over the temperature range of 25
the transition temperature is required to equate the ener- to 540 *C. The results are shown in Fig. 2. From Eq. (I),
gies of the cubic and tetragonal states. From Eqs. (2) and however, the strain matrix is also given by
( 5 ) t / , = -x( 9

AT=4EOCQ12H. (6) 6G,/5Xj= (9)
or for the tetragonal state

The shift in the Curie point under a hydrostatic stress ao

may be similarly derived$ xi=Qt 2P3 + (S13 + s12)H, x 3=Q1IP3 + 2sT2H. (10)

AT=2eoC(QI + 2Q 12 )O. (7) Consequently, plots of the measured strain components
against P2, calculated from Eq. (5), should yield straight

As shown in Fig. 1, since the electrostrictive constant Qt2  lines with slopes equal to the assumed electrostrictive con-

is negative and the sum (Qt + 2Q12) is positive,7 a two- stants and intercepts proportional to the assumed stress.
dimensional compressive stress orthogonal to the c axis Since the constants Q11, sit, and S12 are not used in the
will shift the Curie point to higher temperatures, while a calculation of either P 3 or H [Eqs. (5) and (6)], and since
hydrostaiic stress will shift it to lower temperatures. Note no special relationship between Q11 and Q12 has been as-
that a two-dimensional stress is a factor of 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
A ..... ,-measured strain components and the calculated polariza-

0,4 ................. tion squared was in fact obtained. Using Eq. (10), the
0 values of Q,,, Q12, and H were determined from the plot

0using the known values of s12 and 332 and are compared to

8 000
TABLE 1. Results of the stress analysis based on Eq. (10).

-0.02 . s
Quantity Assumed value Derived value

0 1W020 30 40 0 0 Q"(M41') 0.099 0.081
TEMPERATURE (*O g" (M4/C1) - 026 -0.039

H (MPa) - 350 - 4358FIG. 2. Meured strain components. and x, vs temperature for a t

ouin oriented PbrT1 3 thin AILm. Average of the two intercept value.
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68 so 80The dielectric susceptibilities (ij) and piezoelectric charge

66 78coefficients (d1) may then be obtained from

and (12)
t64 76

where Aii is the cofactor and A is the determinant of the ,,
62474 matrix. The effect of a two-dimensional compressive stress

on the room temperature values of -qjj and dj3 is shown in
60 72 Fig. 4. The results confirm that although a stress of 400

MPa can lead to a substantial shift in the Curie point for
0 100 200 300 400 the c-axis oriented films, no significant change in the di-

2-D COMPRESSIVE STRESS OMPa) electric or piezoelectric properties at room temperature is
expected.

FIG. 4. Calculated room temperature dielectric susceptibility (j)a The authors thank Mr. K. R. Udaykumar for useful

piezoelectric coeffcient (d33) of PbTiO VS two-dimensional compressive discussions.
Stress.
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X-ray and phenomenological study of lanthanum-modified lead zirconate-
titanates In the vicinity of the relaxor phase transition region

G. A. Rossetti, Jr. 8) and T. Nishimura
Rtstarch Center. Mitsubishi Kase Corporanso. 1000 Kamoshida-cho. Midori-ku Yokohama 227. Japan

L E. Cross
Matenal Research Laboratory. Pennsylvania State Uniueriry. Univenity Park, Pennsylvnia 16802

(Received 18 January 1991; accepted for publication 3 May 1991)

X-ray diffraction analyses of chemically derived Pb - .La,(Zro. 5Tio.3 )j1 - ,403 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, x4, could be described by the Landau-Ginsburg-Devonshire
phenomenological theory taking T, = 357 T independent of La content (). The single-
domain, single-crystal 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 microregons.

I. INTRODUCTION to other degrees of freedom. Although the superparaelec.
tric model accounts for many of the observed properties of

Ferroelectrics showing relaxor phase transition behav- relaxor ferroelectrics, such as the frequency dependence of
ior are of considerable theoretical as well as practical in- the permittivity and dielectric aging, " ' few quantitative es.
terest. These materials find a variety of applications in ce- timates have been reported regarding the microregion size
ramic form, particularly as electrostrictive actuators and and/or composition dependence of the energy barriers sep.
capacitor dielectrics. The best studied class of relaxor far- arating equivalent polarization orientation states for actual

roelectrics are compounds and solid solutions of oxides relaxor crystals.
crystallizing with the sinie perovskite structure. Al- The Landau-Ginsburg-Devonshire (LGD) free-en.
though the mechanisms underlying relaxor behavior in the ergy formalism provides a realistic macroscopic thermody.
perovskite-based systems are not yet clear, frustration of namic description of the single-domain, single-crystal elas-
the normal ferroelectric transition appears to arise in gen- todielectric properties of normal (proper) ferroelectric
eral due to nanostructural lattice imperfections which lo- materials.7 In the absence of suitable quality single-crystal
cally lower, but do not destroy entirely, the translational samples, high-temperature cell parameter measurements
symmetry. Smolenskil first proposed the widely held view have proved invaluable in the development of the phenom.
that the origin of the symmetry lowering ties in chemical enological thermodynamic theories for several perovskite
microheterogeneity, which in turn results in a broad dis- ferroelectrics and their solid solutions.L' These measure-
tribution of local Curie temperatures. Alternatively, from a ments establish the temperature dependence of the sponta-
series of transmission electron microscope (TEM) stud- neous elastic strain, which is related through the electros-
ies.2 it now appears that for the complex A(BIB 2)0 3 per- trictive strain equations to the spontaneous
ovskite compounds. the origin lies in the coherence length polarization.'*, The spontaneous polarization is the mac-
of the long range B-site ordering. Other structural features roscopic order parameter for the pamelectric-ferroelectic
involving defect dipoles, inhomogeneous order, and incom- (PE-FE) phase transition, and its temperature dependence
mensurate phase transitions may also play a role in relaxor can be used to determine the higher-order dielectric stiff-
behavior.) ness coefficients needed to evaluate the elastic Gibb's free-

Cross' has pointed out that the development of a stable energy density function.
ferroelectric polarization within a postulated microregion Previous investigations have utilized this approach ex.
of a relaxor crystal requires that the energy barrier sepa- tensivey in phenomenological studies of the
rating symmetry equivalent polarization orientation states PbZr.,Ti, _jO (PZT) solid solution system...... In the

be sufficient to stabilize the region against thermal agita- present work, we extend the x-ray measurements to the
tion. Since ferroelectricity is a cooperative phenomenon, all relaxor Pb _-La.(Zr.,Ti _p)I _ /40314 (PLZT) system
energies scale with volume. Consequently, by analogy with and consider the compositional series where y=0.65 (also
ferromapetism, superparaelectric behavior may result if denoted as X/6S/35). As judged from the published phase
the microregions cannot develop sufficient volume stabili- diagram' s (Fig. I), compositions in this series begin to
zation or electrocrystalline anisotropy energy with respect exhibit significant relaxor ferroelectric character only for

'Unmmt addm tatmus Ramh Laboraty. Pensylvani State Ufivenity, Umivenity Fa PA 16802.
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350- heating 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,

300' and calcined to a maximum temperature of 1100 "C for I h
PE m3, with intermediate holds on heating at 250"C (30 min),

500'C (2 h), and SW 0C (6 h).
250 The nominal compositions of the resulting powders

-2oo ',were determined from x-ray fluorescence and inductively
200- coupled plasma atomic emission spectroscopy. The resid-

ual carbon content was determined from combustion anal.

[ FE2 A30 E13, ysis. Particle size and morphology were examined using
o ,scanning electron microscopy (SEM). The PE-FE phase

transition character was evaluated by differential scanning
~ tO O ~calorimetry (DSC) performed at a heating rate of 10OC/

min under flowing N2. X-ray diffraction measurementsso 0 were carried out on a carefully aligned automated diffrac-

NOT CUBIC tometer employing Cu Ka radiation. The temperature sta-
0 FE 1 n3c bility of the sample hot stage was *0.1 'C over the mea-

surement range ( - 50-300 'C). AU analyses of the x-ray

-5 d *ddata were performed using commercially available soft-
a0 2 4 5 8 10 12 1 ware.

x xN x/6s/35 Sample homogeneity was assessed from x-ray line
broadening measurements. Semiquantitative estimates of

FIG. I Phase dagum for PZT X/65/35 (after Re. IS). (W) dielectric the root mean squared (rms) lattice strain and effective
suscepibility. (0) dielectrc an 6. (0) longitudinal sound velocity). 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

x>0.04. In this study, we examine compositions with external reference standard. The profiles were obtained as
x40.04, and show that they are amenable to treatment step scans using a step size of 0.005' 20 and count times of
using the simple LGD formalism. This allows for the eval- 2-10 s to ensure = 10 000 counts on the peak maxima. The
uation of the single-domain. single-crystal elastic Gibb's profiles were corrected for background and Ka 2 prior to
free-energy density as a function of temperature and com- analysis.
position in the vicinity of the relator phase transition re- The rhombohedral angle (a) was determined as a
gion. The results are discussed in relation to an idealized function of temperature by refinement over four pairs of
superparaelectric model of relaxor behavior. reflections. The step size (in degrees 29) and count time

for each pair of reflections were as follows: ( I I I )/( I I-I ),
IL EXPERIMENTAL PROCEDURE 0.005/2 s; (220)/(20-2), 0.01/5 s; (222)/(22-2).

PLZT powder samples were prepared from lead ace. 0.0 Vl s; (420)/(40-Z), 0.0r115 s. Accurate assignment

tate trihydrate, lanthanum isopropoxide, zirconium n-bu- of the peak positions was facilitated by fitting with a Mar-

toxide, and titanium isopropoxide according to a modifi. quardt least-squares routine that properly accounted for

cation of a procedure described earlier.n6 AU manipulations the Ka splitting. In.this routine, the only fixed parameter

of the starting chemicals and reaction mixtures were c- was the peak width, which was held constant at the room-

tied out in a glove box under dry nitrogen. Initially, 1:8 temperature value. This procedure generally permitted the

(n/m) solutions of the lead compound and of the com- cel constants to be refined with an absolute angular preci-

bined alkoxides in 2-metboxyethanol (2-MOE) were pre- sion of better than 0.025 20 although, especially for the

pared. The Pb solution was dehydrated by boiling and the higher La content samples, the relatively broad, low inten-

combined alkoxide was refluxed ( = I h in each case) prior sity (420)/(40-2) peaks occasionally had to be omitted

to mixing at approximately 100 'C. The mixed solution was from the analysis.

then refluxed until a constant boiling temperature of 124 C
(the boiling point of pure 2-MOE) was attained. At this Ill. RESULTS AND DISCUSSION
stage, the H20 content of the solution, as measured by A. Matebl eMracterlulon
Karl Fscner utratioi, b .ad b ezduced to < 5 ppm. The
refluxed solution was then concentrated, cooled, filtered As shown in Fig. 2, the alkoxy-derived PLZT powders
through a 0.3-jum filter, and adjusted in concentration to were well crystallized and showed sharp diffraction peaks
0.6 M. Prior to hydrolysis, 6 mol % Pb in excess of the for the rhombobedral perovskite phase. No secondary
formula amount was introduced as a dehydrated solution phases were detected by x-ray diffraction. Residual carbon
of lead acetate in 2-MOE The resulting solution was from the metalorganic precursors was found to be less than
chilled to - 25 *C and excess water for hydrolysis ( > 4:1 200 ppm. The final concentration o the volatile Pb com-
mol H20/mol alkoxide) was added as a 1-2 (vol/vol) so- pone t agreed with the expected values to within a few
lutiou in 2-MOE The hydrolyzed solution was gelied by percent The DSC analyses showed only a flat, featureless

1631 J. Aoi. PWyL. vol. 70. No. 3. t AuVA 11"I Rouft Nitmna. and Cross 1631
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baseline in the temperature range of 25-450 "C, consistent
with the expectation of second-order phase transition be-
havior based on previous studiek'of rhombohedral PZT
compositions.

Is

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 0.00i
constant 53 n, in good qualitative agreement with the 0 50 100 150 200 2i0 300 350

primary particle size determined from direct observation TEMPERATUnE tC!
by scanning electron microscopy. The rms strains were FI . Smta. etic sai data for Pb,- La
also nearly constant, but perhaps increased somewhat as (Zr,To.}, .,O, (AS3. phue). The olW lins represent the bm &
the relaxor phase transition region was closely approached. to she eJecuoco,,e swan equaos taka a compmo ind epeades
Although the absolute magnitudes of lattice strains de- value of T, Tt 357 'C.

duced from x-ray line broadening measurements must be
interpreted with care, it is interesting to note that the val- taneous polarization, we might reasonably speculate thua
ues so obtained are comparable to the electrostrictive shear small composition variations have a more pronounced ef-
strain component x4. In the unmodified PZT system, a fect on the ferroelectric properties of the La-modified n&a.
nonzero value of the rms strain has been associated with terls as compared with pure PZT. At higher tempera.
composition fluctuations. 9-"0 Table I also shows, however, turns ts com e ep e more igportnt,

tha th elctrstrctie sea staincomonet. hic i tures, ths effect may become even more important, sincethat the electrostrictive shear strain component, which u esrmnso apewihx00 hwdta h
related to the rombohedral angle (a) by2 |  measurements on a saumple with x,,.04 showed that the

rms strain began to exceed the electrostrictive strain above
X, -(90 - a)/90 =l =250"*C

decreased markedly with the addition of even small 6. Temperature dependence of spontaneous strain
amounts of La. In fact, at room temperature, the relative
change of x, with La content (&x4/x - - 0.023) was The temperature dependence of the electrostrictive
nearly an order of magnitude larger than the change with strain component x, in the region of R3m phase stability is
Zr content (&Ar Y - - 0.0025) observed for unmod- shown for x-0.00, 0.02, and 0.04 in FiS. 3. The terminus
ified PZT compositions across the rhombohedral phase of each curve represents the temperature above which the

Aeld' Since the shear strain is directly related to the spon- cell parameters could no longer be refined with the desired
precision, not the temperature of transition to cubic sym-
metry. Were a phase change to occur, the large values of

TABLE I. Rbomboheduu aske (a). sponumuso strum (z), drective the strain prevailing at these temperatures would dictate
cryastlte An ID). ad rw tWzm mn ((0)") tm that it occur by a rst-order or nearly frst-order transition.
b, - La,(z.4T1,,r ), , O at 27 C. Since no latent heat change was detected in this range by

a Do (0i)0 DSC, it was concluded that the rhombohedral-cubic phase
X 4 M) Ad 0M) (0)1n arm nse change occurred by a second-order transition at tempera-

tures higher than those to which a well-defined rhombohe-
.M0 ".6" &0033 53.6* 1.7 O.002 OLOD112-.O.S0013 dral shear remained evident under interrogation by x-ray0.0t 39.391 0.00339 S3.6,' 01.7 O.OO11 0ttR-O.00125

0,2 39.705 0.00324 54.1*2. 0.00120 O.mDI .-AW131 wavelength probingrSaditon.
00 3".W54 0.00262 52.0a 1.5 C00141 0.142-400155 To investigate this posaibility further, the temperature

dependence of the spontaneous strain was modeled 9ini
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the Landau-Gimsburg-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:13

GI-3X(T- To)P3 + + 9 PO + OP+ V643+ - I +X2 +X') -s, 2 (XX 2

+ X)X3 + X)X,) - "(X2 + X2 + X'2) - (Q1, + 2Q,2)(X, + X2 + X3)) - "(X4

+ x3 + X#)P - (All + 2R, 3)(X + X2 + X 3)e3 - R,(X 4 + XS + X064 (2)

where P3 is a vector component of spontaneous polariza- ysis with A', B, and T, as adjustable constants. Taking
tion; 03 is a component of the oxygen octahedral tilt angle; T, from the radio frequency dielectric measurements (Fig.
X, is a tensor component of elastic stress; X0, C. g are 1), values of A' and B could not be found to adequately
related to the dielectric stiffness and hilgher-order stiffness describe the data for the x=0.02 and 0.04 compositions.
coefficients at constant stress; 0. v are related to the octa- Convergence could be achieved for these compositions by
bedra torsion coefficients; 6 is related to the coupling co- allowing A', B. and T, to vary simultaneously, although for
efficients between polarization and tilt angle; sq are the the x = 0.04 sample, the value of T, so obtained had no
elastic compliances at constant polarization; Q are the obvious physical significance and the values of A' and B
cubic electrostriction constants in polarization notation; became unacceptable (i.e., B became very large and
and R,j are the rotostrictive coefficients coupling tilt angle A'-0). The refractive index results of Burns and DacolY2

and stress. and the x-ray scattering data of Darlington,' have shown
Considering initially only the phase of R3m symmetry that the onset of local polarization is independent of x for

(03 = 0). from the fist partial derivative stability condi- x==0.07-0.095 and occurs at a temperature T,
tion = 350-360 *C (following the notation" hereinafter termed

6GI/6P3'O, (3) T) of the unmodified PZT end member. Rapid conver-
gence to the fits shown by the solid lines in Fig. 3 that also

the spontaneous polarization for a second-order transition yielded reasonable values of A' and B was attained using a
(To - T,) at constant and zero stress is composition independent value of T, - Td - 357 'C. The

excellent fit to the data in Fig. 3 suggests that the onset of
- + [- 9xo( T - Tc) }/3 (4) local polarization for the lower La compositions (x<0.04)

with X = l/(2eoC), where Cis the Curie constant and eo is also occurs near 360 *C, and that the relaxor behavior ob-
the permittivity of free space. Rearranging to eliminate the served for the higher La contents is premonitory from the
explicit dependence on C and simplifying gives introduction of even small amounts of La. The values of

the fitting constants, A' and B, are given in Table I1.
P)'IA{I - I -B(T- T,) 2} (5) Considering now the phase of R3c symmetry

with A = - C/3gC and D = 9gC/2eo(CC). The spon. (039O), the spontaneous strain becomes
taneous strain (X,.0) is given by the appropriate partial - 6G,/8X4 ==z x,Q=MF + ,R . (8)
derivative of Eq. (2) For the PZT system, R is negative,24 and so the rotostric-

- G,/6X4 -x 4 = QP3.  (6) tive contribution to the strain lowers the value relative to

Combining with Eq. (5) yields electrostriction alone. Apparently, this is also the cae for
the PLZT compositions stbdied here. In Fig. 4, the solid

x, -A'{ - Il -B(T - T,) 1'), (7) lines represent an extrapolation to low temperatures of the
where A' = A Q. electrostrictive strain for the R3m phase ccording to Eq.

Nre hat te p o e(7), while the dashed lines are smoothed fits to the exper-
Note that the polarization enters in Eq. (6) as the imental data over the complete measurement range. Thesquare and so the strain does not depend on the sign of P. points of departure of the data from the calculated lines for

Furthermore, fluctuations of the polarization among the electrsotriction alonf e a roughly in agreement with the
symmetry equivalent orientation states are unimportant
Provided the time spent by the polar vector along the
(1I) is long compared to the time spent between states.
The strain determined from Eq. (i) therefore reflects the TABLE 11. Constants ueed wt evauate E. (2).
babe and space averaged value associated with the net po- C( X tog) fC( x 10"s)
inzation along the symmetry equivalent (111) orienta- ,'( X i0-') ( x 1o. ) (Ja''C/C') (m"C/C) I
UIms for a corresponding hypothetical single crystal of av- . 3.92 294.4 @55 - 4.21

e"We composition (x). o.M -7.73 77.73 L."4 4.10
Equation (7) was used to fit the spontaneous strain 0.04 -25.33 9.92 3.91 2.99

data in Fig. 3 using a Marquardt nonlinear regression anal-
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FIG. 4. Low-tempeature spafinhma stain data for Pb, _ L,(.vr. ,1- , The solid ims are an extrapoaaof of the electrostnictie strm
for the Rt3n, phase The dashed he are unmootbed fLs to the expenmentai data points over the complete amsurement irange. The arrows indicate the
Rim - A). phase truntion tsperaturm determined from the acoustic maesurenients of Rd. 15.

RUm-RAc phase transition temperatures determined from larization enters in Eq. (6) as the square, and so the dif.
acoustic measuretwents5 (indicated by the arrows). This ferences in the two curves primarily reflect the difference
result supports the choice of T, - Td used in fitting the between the reversible macropolarization (P) and local
electrvstrictive strain data for the R3m phase. (rmns) polarization ( (P) "2). Since the spontaneous polar.

ization is the macroscopic order parameter in Eq. (2), the
IV. PHENOMENOLOGICAL ANALYSIS calculations are expected to approximate the macroscopic

From the spontaneous strain measurements described elastodielectric properties only at low temperatures where
abovie, the spontaneous polarization and snl-on, thermally activated processes are frozen out.
single-rystal elastic Gibbs free-energy density can be eval- B. Free-nergy density
uated as a function of composition and temperature up to
T& It has been demonstrated"s that Curie-Weiss behavior I'ider conditions of constant and zero stress, and ne-
is obeyed above Td for a relaxor PUZT 9/65/35 composi- glecting the cell doubling transformation, the elastic Gibbs
tion. and this is an inherent consequence of the LOD for- free-energy density from Eq. (2) becomes
malism when 71, T&. Equation (2), as applied here, can
therefore be used to investigate the macroscopic elastodi--_______________
electric properties for a hypothetical crystal of average aA
composition (x) undergoing a second-order transition to a0.2
Devonshire ferroelectric at T& Recognizing that this does
not in actuality occur, the deviation from Devonshire be- .
havior is discussed on the basis of an idealized superpara- r
electric modeL'4

A. Spontaneous polartzation

The srontaneous polarization was determined from the
x-ray strain measurements and Eq. (6), and is shown for a 0.2

representative sample with x - 0.02 in Fig. 5. The electros-
trictive constant Q"in Eq. (6) was taken tobeO.06 0.

M4Ca typical value for the rhombohedral PZT-based
perovskitesZ The solid line shows the extrapolation of the
measured values to T,* using Eq. (5) and the constants
from Table IL, asuming normal Devonshire behavior. The 0 100 200 300 400

remanent polarization dletermineid by Haertling2' from T7EVOCRATt.111 (*C1
hysteresis loops measured on ceramic samples is also
shown in Fig. S for omparisoa. At low temperatures the FIG. S. Polmizad pitintedi apiM ttpasam ftor Pb1 -. &
two measurements are in good agreement, but begin to -Z*rjj) _AM&3) The data poans were determmud hrow iponmanbor

sovas mminrta. The sad bute epn U U extrapoation to Td
differ substantially abov -_ 75 *C where the remanent PO- WoW an ck th7mo~W . The aim Jabued P, a taken from
larizatios starts to collapse As discussed earlier, the po- the numa plAmummr &a of Rd 27.
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0.0 tion (P) approaches the local (rms) polarizaton
S((p) 1/2). The calculations indicated that the structure be-

comes truly cubic at a La content near 13 mol %, in very

good agreement with the experimental measurements'
s

Sa 0.04 - 0.02 (Fig. 1). Consequently, application of the simple LGD
0o.511, . .. formalism, with T,= T& appears to give physically mean-

-, ingful results for these compositions at low temperatures.
At higher temperatures, where the remanent polarization
collapses and thermal fluctuations of the order parameter
may become important, the macroscopic properties are no

COL. -1.0 longer expected to obey Eq. (2). Instead, as discussed be.
z low, the effects of size and composition on the stability of

a postulated single-domain polar microregion are investi-
0.0001 gated in the context of a superparselectric model.

-0.0011 C. Suporparaioctric modMl

?-0.002 In this model, it is assumed that small deviations from
the average composition (x) can localize the polarization

z -0.093 to regions on a size scale where thermal fluctuations of the
z -2.0 orientation of the polar vector between different permissi-

S3- 004 ble variants become possible.' Here we inquire as to the
ILstability against thermal agitation of an isolated region in

relation to its size, composition. and temperature. These
i - 0.00 calculations estimate only how the volume stabilization en.

-20 100 200 300 '00 ergy of a postulated microregion with symmetry equivalent

TEmPERATURE (OC) polarization orientation states compares with the thermal
energy. Surface effects, elastic boundary constraints, and
interactions between regions are not considered.

FIG. Free.energy defity-Cufie constnt prduct plotted against tern- The energy barrier H separating symmetry equivalent
perallure for Pb, _.La,.(Zre$sTi9), - .03. The inset shows that the polarization orientation states is given by
strong corin sostmal demdenc of the GC Product is lni o ened even
very ck to r, H= - n VG1, (l'

where V is the volume per unit cell (-0.064 nm'), n is :he

= 3XO( - T + C + g(9) number of unit cells in a postulated microregion, and the
free-energy density G1 may be determined as a function of

Multiplying Eq. (9) by the Curie constant C. the relative temperature and composition from Eq. (9) taking C

stabilities of the rhombohedral and cubic states can be ex- = 2.0 x 105 "C.2 Plots of - H against temperature will

amined without knowing C explicitly, therefore have the same shapes as the free-energy density
GIC T) - (C0) +curves of Fig. 6. From Eq. (11) it is obvious that for a

) , . (10) given composition, the smaller the value of n, the lower the

Using Eqs. (5) and (7). the constants CC and gC were temperature required to attain stability against thermal ag-

determined from A', B, and Q& and are given in Table II. itation. Howevet, since the free energies are strong func-

The calculated GIC product is plotted against temperature tions of composition. it is also clear from Fig. 6 that re-

for various compositions (x) in Fig. 6. As seen in the gions most deficient in La will, at any temperature, be the

figure, GIC shows a strong composition dependence that is more stable at a given size. This is consistent with the

maintained to temperatures very near Td. Note that original observation of Burns and Dacol.Y

at room temperature, the La dependence of To investigate the purely compositional effects further,

GtC (6G 1C/6x) found here for PLZT is more than five we find for various postulated microregion sizes n the tem-

times stronger than the Zr dependence (6GIC/6y) oh. perature stabilization difference AT for which the energy

served for the adjacent rbombohedral PZT compositions in barriers H for two compositions x and x' become equal to

the range of 0/75/25-0/55/45.2 some spewihed value. The results are plotted for H

The curves of Fig. 6 suggest that increasing the La = k&T in Fig. 7. At macroscopic sizes. AT-0, so that an

content at a given temperature strongly decreases the mag- equally stable ferroelectric polarization is expected for all

nitude of the free-energy density and so should quickly x. As the microregion size is decreased, AT increases,

lead to a phase of cubic symmetry as GC -0 . Taking the eventually increasing exponentially as the size is reduced

isothermal GIC products for the R3m phase to be approx- below 1000 unit cells. Given V - 0.064 nm 3. this result

imately linear functiom of composition 2 the La content implies that. in the lower limit, coaposition effects become

required to induce the transition was estimated below 75 'C important for microregions with equivalent spherical di-

where, judging from Fig. 5, the reversible macropolariza- &meters t<5 an.
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combined with a phenomenological theory to invtigate
the corresponding single-crystal thermodynamic propertc

40 of compositions approaching the relaxor phase tramitio
0 oregion (x-0-0.04). The results were consistent with 14

existence ofa local (rms) polarization up to =360l in.
35. dependent of composition (x). The predictions of the phe.

nomenological theory regarding the polarization and felt.

30 -o tive phase stabilities were in good agreement with
experimental measurements at low temperatures. At

251 higher temperatures, where thermal fluctuations of the W
War vector among the symmetry permitted variants may
become important, the calculations were consistent with

20 aothe notion of compoitionally delineated polar microre.
gions in the size range of 5- ISrn.
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