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I. INTRODUCTION

This is the final progress report for this two year program sponsored by the Air Force
Office of Scientific Research on "Domain Processes in Ferroelectric Ceramics". As an issue
which has both scientific and technical importance, domain process in ferroelectric ceramics has

gain more and more attention in recent years, especially in the area of material development for
transducers and smart structures. People are eager to know the mechanism of domain formation
and domain dynamics in order to better process and engineer the required materials to achieve

desired physical properties. This two year research has set a solid foundation to build upon for
future studies aimed toward more thorough understanding of domain formation and domain

dynamics.

As a continuation of the first year's effort (Appendix 5) we have made substantial new
progress in the second year as described in this report. Due to the complexity of the problem and

limited resources, we have focused on a few key issues emphasizing the basic theoretical
development. The technical progress for the second year is outlined in each of the following

sections, and the details can be found in the four appendices Al-A4. The technical report for the

first year is attached as Appendix 5 for reference

Section H describes the theory development. The key issue is the nonlocal coupling of the

polarization vector. This nonlocal coupling is taken into account through a set of polarization
gradient coefficients in the energy expansion, which eventually enter the equilibrium conditions
in the Euleres equation. These gradient coefficients are proven to directly couple to the dispersion
surface of the soft mode. In terms of the microscopic picture, the gradient energy is the mean
field representation of the inter-site coupling of electric dipoles. The nonlocal coupling strength
determines the domain wall width and the coherent length in domain dynamics. In Section In we
report a study on the feasibility of using electron holography to ascertain the domain profiles, and
try to extract the polarization gradient coefficients from the electron interference pattern. It is our
belief that this direction is worth more effort in the future. Section IV states some combined
experimental and theoretical effort trying to identify and understand more complicated
microdomain structures and trying to find out the intrinsic mechanism behind the modulated
nanoscale structures in doped ferroelectrics. Section VI highlights the current development and
future plans which are generated through this project, and are still carrying on the momentum.
Computer simulation on the domain dynamics is beginning to take off and we believe the
dielectric dispersion in the domain dynamics will be understood through this study.

Many results were produced in this relatively short period of time and we hope the seeds
planted here will flourish in the near future.



4

I1. DOMAIN WALL PROFILE, POLARIZATION GRADIENTS, AND THE D[SPERS[ON

SURFACE OF SOFT MODE

Domain walls in ferroelectrics are the boundaries of different variants in the low

temperature ferroelectric phase, which are generated during the paraelectric-ferroelectric phase

transition. Due to the long range nature of the electric and elastic interactions, nonlocal coupling

of the electric dipoles is very strong, and this nonlocal coupling determines the width of the

domain walls. The formation of a spontaneous polarization can be well characterized by a

Landau-Devonshire type theory[l]. Ferroelectric systems are also strongly nonlinear by

including the nonlocal coupling in the free energy expansion in terms of polarization gradients,

one can derive soliton-like solutions for the domain walls(All. These solutions reflect an

intrinsic mechanism for the formation of domain walls without interface defects. It can be shown

that these domain states have higher energy than single domain sate, however, they can be

stabilized through twinband cross pining and/or by elastic or electric boundary conditions. The

formulation described in Appendix Al has included the elastic coupling as well as the

nonlinearity and nonlocal coupling. One of the most important solutions is the polarization profile

for a 90* domain wall. The spontaneous polarization is strongly coupled to the elastic strain in a

900 domain wall, therefore, is directly responsible for large portion of the field induced
piezoelectric effect in ferroelectric ceramics.

Following the procedure described in A 1, one can derive the temperature dependence of the

domain profile for a tetragonal ferroelectric. As shown in Fig. 3 of Appendix Al, with the

decrease of temperature, the magnitude of the spontaneous polarization increases but the domain

wall thickness decreases, The changing rate for both the spontaneous polarization and the domain

wall thickness are most noticeable near the transition temperature, both quantities eventually

become insensitive to temperature for temperature much below Tc. Fig. 4 of Appendix Al

depicts the influence of the six order nonlinearity parameter. It affects very strongly on the

symmetrical part of the polarization vector, which defines the local structural distortion inside the

domain wall , but the influence on the antisymmetric part of the polarization is weak.

The most influential parameters for the domain wall thickness are the polarization gradient
coefficients which reflect the strength of nonlocal coupling. This effect is illustrated in Fig. 2 of

Appendix Al. In general, stronger nonlocal coupling will have broader domain wall. This is

conceivable since the domain wall is actually a spatial transition region between two coherently

distorted structures, it would be easier to transform from one domain state to the other when the

nonlocal coupling is weak.

Using the formulism in Appendix Al all the physical quantities associated with the

ferroelectric domain walls can be calculated. However, the expansion coefficients in the free
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energy [Eqs. (1-3) of Appendix All must be determined experimentally. The elastic, dielectric
and electrostrictive coefficients can be directly measured and are readily available for many
materials. The difficulty is the determination of the polarization gradient coefficients, which many
researches only estimate through some hand waving arguments. It is shown in Appendix A2 that
these gradient coefficients can be directly linked to the microscopic quantities and, in principle,
can be also measured directly. A simplified rigid ion model has been developed for a perovskite
system as described in Appendix A2. Since the polarization which is the density of electric
dipoles can be directly related to the relative displacement vector of positive and negative charge
centers, the gradient coefficients are actually directly related to the dispersion surface of the
corresponding soft mode for the ferroelectric transition. Therefore, through inelastic neutron
scattering experiments, one may be able to derive these polarization gradient coefficients. This
work draws a clear link between the macroscopic Landau formulism and the fundament
microscopic lattice dynamics. Although the problem has been cleared conceptually, in reality, it is
far from completed since the required neutron experiments are very difficult to perform due to the
high temperature involved. In several cases, the soft mode can be over damped which makes it
impossible to measure. A recently emerged technique Electron Holography offers a new direction
in this regard, which is described in the following section.

Ill. ELECTRON HOLOGRAPHY AND THE OBSERVATION OF FERROELECTRIC
DOMAIN WALLS

Electron holography utilizing the wave characteristics of electrons. Through a sharp
emission tip, the emitted electron beam is largely coherent, or in phase. While passing through
an electric field region, the electron wave will experience a phase shift. If the field is
inhomogeneous, the interference pattern formed on the recording film will be twisted.[2,31
Assuming no compensation at the surface of the electrodes, a twin structure will form a spatial
varying electric field with large field gradient in the domain wall region. This in principle will
cause a twist of the interference pattern produced by the transmitted electrons. From the twisted
interference pattern, domain wall thickness can be evaluated with appropriate data interpretation.
A typical twisted interference pattern is shown in Fig. 4 of Appendix A3, which is produced by
coherent electrons transmitting through a 900 domain wall in BaTiO3.[3] This new technique
opens up a different avenue to obtain the gradient coefficients in the continuum theory described
in Appendix A 1, since one can do back fitting using the experimental data and the theoretical
derived polarization profiles. However, as pointed out in ref. (4] that the charge compensation at
the surface of the ferroelectric is unavoidable, therefore, the internal field supposed to be
produced by the spontaneous polarization is actually shielded, so that the interference pattern
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twisting will not be seen in many cases. These twisted interference patterns can be seen only in
some situations when the compensation time constant is very long, or momentarily with the
disturbance of temperature.[4] More thorough theoretical understanding is still needed to perfect
the interpretation of the electron interference patterns.

Some charged defects inside the sample can also produce disturbance to the interference
pattern through the electric field surrounding these defects. Fig. 5 in Appendix A3 shows this

situation. An interesting point is the interaction of these charged defects with domain walls, it
appears that they are attracted to the domain wall region. This observation provides an important
evidence for the defect pinning to the domain walls, which gives us a possible explanation of
why a few percent of aliovalent doping could change the physical properties of piezoelectric
ceramic PZT so drastically[A3J. Many potential applications of this new technique await for

further exploration.

IV. MICROSTRUCTURAL MODULATIONS IN PLT

In domain dynamics, the inertia associated with domain wall motion is quite large since the
whole domain has to be moved in the perpendicular direction to the domain wall motion. It is

conceivable that the domain wall motion will become easier when the domain size becomes
smaller. Small domains may be achieved by aliovalent doping since the charged dopants have
strong interaction with domain walls, hence will affect the domain formation. Smaller domain
size makes it easier to switch and produces relatively larger dielectric response. Appendix A4
reports a study on Lanthanum doped lead titanate which produces a spectrum from pure
ferroelectric to relaxor ferroelectric. As shown in Fig. 3 of Appendix A4, the domain structure
changes from regular large size at I% lanthanum doping to an ill-defined mirostructural
modulation at 25% doping. The strongly first order ferroelectric phase transition in PbTiO3 is

also gradually changed to a nearly second order transition. The emerge of microdomain-like
structures within a well defined domain during the increase of lanthanum doping provides a key
for the understanding of dopant driven transition from a conventional ferroelectric to a relaxor
ferroelectric. The domain signature gives us a direct way to distinguish between different types
of ferroelectrics, the dielectric and piezoelectric performance of ferroelectric materials are also
directly coupled to the domain structures.
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VI. PROGRAMS IN PROGRESS

Although the current two years contract has come to a conclusion, the effort initiated by this

Air Force grant has planted a seed for the future study of domain processes in ferroelectrics. The
understanding on this subject is crucial in the development of functional ceramics. One of the

natural extensions of this work is to study domain dynamics. According to our analyses, the

problem may be simplified to a two-dimensional electric dipole problem with inter-site coupling.

Therefore, molecular dynamics methods can be used. We are currently developing a computer
program based on the formulation described in Appendix Al and adding an alternating electric

field. At the beginning stage, only one twin will be calculated, and later we plan to extend the
calculation to multidomain configurations. The primary focus is on the 900 twin for which the

elastic strain is directly coupled to the domain wall motion. It is anticipated that this calculation

can shed light on the extrinsic contributions to the dielectric, piezoelectric and electrostrictive

effects in ferroelectric ceramics.
We also plan to carry out more experimental works using electron holography technique,

which not only helps to develop a powerful new technique for the study of domain ferroelectrics,

but also can push forward the theoretical study on domain walls as well as understanding the

interaction of domain walls and aliovalent dopants.

Many ambiguous points were cleared through this study, such as the morphotropic phase

boundary in PZT, the development of microdomain structures through aliovalent doping, and the

relationship between the macroscopic Landau theory and the microscopic lattice dynamics. A

new technique for direct observation of the domain wall profile is analyzed and some theoretical

ground works are set for the proper interpretation of electron interference patterns generated by

coherent electron going through ferroelectric twins.

Many problems still exist in the domain studies, and it is our belief that the understanding

of these domain processes not only will enhance our knowledge about this fascinating material

structure, but also can provide firm theoretical background for the future development of better

functional ceramics.

R ERENCES

(I]. M. J. Haun, E. Furman, S. 1. Jang and L. E. Cross, Ferroelectrics, 99, 13 (1989).

[2]. see more details about the technique in a review article by A. Tonomura, Rev., Mod.

Phys., 59, 639 (1987).

(3]. X. Zhang, T. Hashimoto, and D. C. Joy, Appl. Phys. Lett. 60, 784 (1992).

(4]. W. Cao and C. A. Randall, Solid State Comm., 86,435 (1993).



NONLINEAR AND NONLOCAL CONTINUUM THEORY ON
DOMAIN WALLS IN FERROELEC'RICS

WENWU CAO AND L. E. CROSS
Materials Research Laboratory, The Pennsylvania State University,
University Park, PA 16802

Abstract The domain structures in ferroelectrics can be described by a
Landau-Ginzburg type theory with the twin and twin band (domain) structures
being nonlinear and nonlocal excitations of the ferroelectric phase. The
polarization gradients in the theory reflect the degree of nonlocal coupling
along different crystallographic orientations. These gradient parameters can be
obtained either from the dispersion surface of the soft mode or through fitting
the polarization profile measured by the holographic electron microscopy.

~INRODUCTION

The understanding of domain structures is essential for the design and applications of
ferroelectrics. It has been long recognized that the piezoelectric and dielectric properties
of ferroelectric ceramics are mainly determined by the behavior of domain structures.
The formation of domains in ferroelectrics is due to the existence of milti-variants in the
ferroelectric phase. Atomic coherency is usually maintained across the domain
boundaries, which make it possible to switch domain orientations from one to the other
using external (either mechanical or electrical) fields. This switching gives rise to the so
called extrinsic contributions to the materials properties. The formation of domain walls

in ferroelectrics may be treated in terms of solitory wave excitations in a nonlinear and
nonlocal system. Single kink-like and periodic solitory wave solutions for the twin and

periodic domain structures can be derived using the continuum theory. 1-4 Since all the
expansion coefficients in the Landau-Devonshire model can be expressed in terms of
measurable macroscopic quantities, the continuum theory can give quantitative
description of the domain wall properties, including the profile of polarization across the
domain wall, domain wall width, energy stored in the muti-domain structure, and the
stress build up at the domain wall region, once the polarization gradient coefficients are

obtained.



• . THE MODEL-

The Landau-Devonshire type phenomenological theory for ferroelectrics has been

developed for the ferroelectric phase transition. 5 .6,7 For a cubic system, such as

perovskite ferroelectrics, the elastic Gibbs free energy can be expressed in the following

form:

G=Gp + Gel + Gc (1)

Gp= A (PO2 + P22 + P 3
2 )+ B (P1

4 + P2
4 + P3

4 ) + C (p,6 + P26 + P3
6 )

+ D (Pj 2 P22 + P22 P32 + p12 p3 2) + E ( p14 P22 + p12 P24 + P24 P3
2 +P22 P34

+ P 3 2 p 14 + p1
2 P 3 4) + H p12 P 2

2 P 3
2  (2)

S-![ (X, 1
2 + X 2 2 2 +X 3 32 )-s 12 ( X1 IX22 + X 22 X3 3 + XI IX 3 3 )2

-2- (X 122+XX1 3 2 +X 2 3
2 ) (3)

Gc = QlI ( X11 P12 +X 2 2 P2 2 +X33 P 3
2 ) + Q12 I XI I (P 2 2 + P3 2 )+ X2 2 (P,2 +

P 3
2 ) + X 3 3 (p, 2 + P 2

2 )] + Q44 ( X 1 2 P1 P 2 + X 1 3 P1 P3 + X2 3 P 2 P 3 )

(4)
where A, B, C, D, E, H are the linear and nonlinear dielectric constants, sij are the

elastic compliance coefficients, Qij are the eletrostriction constants, Pi and Xij are the

components of polarization and stress, respectively. All the coefficients are assumed to

be independent of temperature except A which is a liAearly function of T,

A = a (T - To) (5)

In a homogeneous system, a paraelect-ic-ferroelectric phase transition occurs at Tc.

Under stress free condition, the phase tranlsition temperature Tc and the spontaneous

polarization Pc at the transition can be deriv-.d by rinimizing Eq. (1),

TC =To+ B2  (6)
4 Cc

pC2 C (7)

One of the low temperature ferroelectric phases is the tetragonal phase. There are six

energetically degeverate variamts in tht .etragonal phase: (± Ps, 0, 0 ), (0, ± Ps, 0 ) and

(0, 0: ± Ps), *here Ps is the &pontaneous polarization given by

P ,\ -B + • B2 -3 AC (8)

These energetically degenerate variants can coexist in the ferroelectric phase to form the

twin strcr-Tes. Electron microscopy reveals that the ionic coherency is maintained

acro.e domain walls, but domain walls are not atomically sharp. Domain wall width is

ietermined by the nonlocal coupling stzength of the ferroelectric system.



Since the nonlinearity has been included in the model [see Eqs. (1 )-(4)], if we add

the contributions of nonlocal coupling, then from soliton theory, we may expect solitory
wave excitations in the ferroelectric phase. These excitations are in deed found and they

represent the ferroelectric domain walls.

For a perovskite system, the symmetry of the high temperature phase is cubic,

therefore, the Gibbs energy representing the nonlocal coupling can be written as
follows: 2

Gg = i p,2 + P2,22 + P3,32 ) + 912 ( P1, 1 P2,2 + P 1.1 P3,3 + P2.2 P3,3)
1

Sg44 [ (P1,2 + P2,1)2 + (P1 ,3 + P3,1)2 + (P2,3 + P3,2)2] (9)

here the indices after the comma represent derivatives with respect to space variable
along that axis. Upon the minimization of the total free energy of the system Eqs. (1)

and (9), one can obtain the solutions for the domain walls. 2

90° DOMAIN WAL ] -

There are two types of domain walls in the tetragonal ferroelectrics. One is the 180°
domain wall which divides a twin domain with identical strain but opposite polarization,

and the other is the 900 domain wall which divides two domains whose polarization and
spontaneous strain are nearly 900 from each other. Solutions for the 1800 domain walls

can be easily obtained since the problem is one-dimensional. 2 Here we only solve the

problem of 900 domain walls for which the problem can be rendered to quasi-one-

dimensional.

From transmission electron microscopy studies, domain walls tend to broaden or

bent near the surface, however, inside the sample they have well defined wall-like

r[1 10] X2 [010]

PO S[1 00]

FIGURE 1. A tetragonal twin structure and the coordinate system used in this paper.



structure with translational symmetry parallel to the wall plane. Therefore, while dealing

with a <1 10>-type domain walls in tetragonal ferroelectrics we can rotate the x1, x2

coordinates about the X3 coordinate by 450 so that the properties of the domain walls

only depend on one space variable (s-coordinate as indicated in Fig. 1) only.
In the new coordinate system the equilibrium conditions are governed by the

following equations:2

aII--- = 0, (ij = s, r, 3)
aXj aPiij aPi (10)

Xjj = O, (ij = s, r, 3) (11)

and we also need the elastic compatibility relations

eikl ejmn Xln,km = 0 (ij,k,l,m,n = s, r, 3) (12)

to insure the elastic continuity since in our model the domain walls are intrinsic

excitations, no defects are created in the domain wall region. xjn is the component of

elastic strain tensor and eikl is the Levi-Civita density.

Eqs (11) and (12) has three nontrivial solutions:

Xr3 = 0 (13)

Xr"= -1 { [ 2sj2Q 12 -Sl I(Q1 I+QI2)]IP -[ 2s12Q12 -SI i(QI I+QI 2-Q")]P2
2 (sIisIS-sj 2 )

-[2s12Q12 -sil (QI I+QI2+Q44)]pr2} (14)

X33 =-2(s I ISss-S2)-1 [S12(Q1 I+Q12) -2sssQI 2]P1o -[ S12(Q1 L+QI2+Q44) -2sssQ121Pr

-[S12(QI I+QI2-Q44) -2sssQI2] P•s) (15)

where

Sss2S I I +SI 2+4t).

It can be easily verified that the two stress components Xff and X33 are nonzero only in

the vicinity of the domain wall. These nonzero stress components near the domain wall

region is the cause of the faster etching rate which makes the domain walls visible

through chemical etching technique.

In order to see the general trend of the variation of polarization profile without

specifying the coefficients to a particular system, we normalize the polarization and the

space variable s into dimensionless forms by the following substitutions:

Pf21 fr'-Pcfr P =f7]1 Pcfs (16a,b)

S =GI 3 Grs)l14 (17a,b)
4 Ac2

where



*Gss 5 =-4(g1l+g2+2g44), Grs=4(g1I-gI2),

and define the dimensionless temperature as

tT - T9(18)

then the equilibrium condition Eq. (10) can be written in the following form for a 90*
twin structure,

a f,, 44 f,+ b~f3+ c f~f,+ df~s+ (8 - 2--d) f~sfr+ (4 - -E-d) fs f4 19
3 3 (9

a r. k4 Tr fr+ brfr?+ C frfti + dfrl+ (8 - 2-4) f~f~f+ (4 - -14d) frt" ~(20

where the coefficients are given by

-=t (Q +I - Q44)[2sz2Q1 2-S11i(QIz+Q 12)]

3 (si 1s,5-si2)B (Q +i+~(s 2 i-iiQ +1)
+2Q1 2[S1 2(Q1 I+QI 2)-2sssQj 2]) (23)

bT= -- i (QI 1Q+Q j-Q)(2s 12Qi 2s 1i(QI I-Q12-QI )
B 2Bjs11s-s-s)B

+2Q2s(QI z+QI2-Ql +I)-2SssQI2]) (24)

B 2B(sIjs,,-siz)

+2Q 12 [si 2(QlI +Q12 +Q")-2s58Q1 21) (25)

Cr = -2 I+ -'-- - (QI+ Q,2- Q4)(2s12Q12- s 11(Qj 1+Q12+Q")]
B'2B(sjusss-si 2)

+2Ql2[Sl2(Qtl+QI2+Q")-2ssMQ121) (26)

d 31+ E) (27)
-4 CiQ N



Using the normalized equations, we can study the influence of different parameters to

the polarization profile and obtain a conceptual understanding on the nature of the

polarization variation in the domain wall region. Fig. 2 shows the variation of the

polarization components with the parameter a across a 900 domain wall. One can see

that the domain wall becomes wider as a increases. In real dimensions, because the
scaling factor of the space variables, y, is directly related to the product Gss*Grs [see

eq.(17)], domain wall becomes wider as the gradient coefficients become larger.

o ~ ~ ~ ~ ~ C4 d-2" /, b.1-0

-0

-0.5
f.

-4 -3 -2 -1 0 1 2 3 4

FIGURE 2. Variation of polarization components fs and fr induced by the change of

parameter a across a 900 domain wall. The gradient parameter a determines the width

of the domain wall.
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FIGURE 3. Variation of polarization c, inoonents fs and fr with temperature m across

a 900 domain wall. The asymptotic values of the polarization components increase

and the domain wall width decrease while lowering temperature.
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parameter d across a 90* domain wall. The nonlinear parameter d influences the
magnitude of the polarization variation in the domain wall region.
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across a 90* domain wall.



Fig. 3 shows the variation of the polarization with temperature T. The asymptotic

values of the magnitude of the polarization components increase and the domain wall

thickness decreases as the temperature is lowered. The temperature dependence is strong
near the transition and gradually becomes insensitive when the temperature is far below

Tc. Fig. 4 shows the variation of the polarization components fs and fr induced by the

change of parameter d. We can see that the magnitude of fs is very sensitive to d while

the domain wall thickness is relative insensitive to d. We can also calculate the

polarization components f1 and f2 in the original coordinates. One example is given in

Fig. 5 (a) for a set of chosen parameters. The corresponding unit cell distortion and the
polarization variation across the domain wall are illustrated in Fig. 5(b). The polarization
vector rotates gradually from one orientation into the other accompanied also by a

change of the magnitude.

All properties of the domain walls can be quantitatively calculated using this

model once the expansion coefficients are known. As we have mentioned above that the

polarization gradient coefficients are most crucial for the study of domain walls, which
may be derived from the measurements on the dispersion surface of the soft mode.8,9 In

general, inelastic neutron scattering to probe the soft mode may be difficult due to the
relatively high transition temperature in many systems of interest and in some cases, the
soft mode is over damped. An alternative way to obtain these coefficients would be to

probe the polarization profile across the domain wall and then fitting the unknown

coefficients using the differential equations (19) and (20). The recently emerged new

technique, electron holography, may offer an option to this end. 10,11

This research is sponsored by the Air Force Office of Scientific Research.
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Polarization Gradient Coefficients and the Dispersion Surface of the Soft Mode

in Perovskite Ferroelectrics

Wenwu Cao

Materials Research Laboratory, The Pennsylvania State University, University Park,

Pennsylvania 16802

Abstract

The gradient coefficients in the Landau-Ginzburg theory are crucial for quantitative

description of domain walls in ferroelectrics. The magnitude of these gradient coefficients are a

measure of nonlocal coupling strength of the polarization. In this paper, we intend to explain the

physical meaning of these gradient coefficients in terms of lattice dynamics and give some

relationships between these gradient coefficients and the dispersion surface of the soft mode. The

implications for the study of over damped soft modes are also discussed.

PACS Numbers: 64.60.-i, 63.20.Dj, 64.90.+b
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a

Many ferroelectric materials have perovskite structure with a cubic symmetry in the

paraelectric phase. The symmetry of the low temperature ferroelectric phase can be tetragonal.

rhombohedral or orthorhombic Ferroelectric phases usually have more than one variants and

these variants may coherently coexist within the symmetry frame of the parent phase, forming the

so called twin structures. It is shown that these twin structures can be well described by Landau-

Ginzburg (LG) type models.t ,2 All the expansion coefficients in the Landau theory correspond to

certain macroscopic physical quantities and can be obtained experimentally. However, the

physical meaning of the gradient coefficients, which regulate the domain wall formation and

control the domain wall width in the twin structures, still needs to be specified.

A parmelectric-ferroelectric phase transition is characterized by a softening of a transverse

optic mode at the Brillouin zone center due to the cancelation of the long range Coulomb forces

and the short range repulsive forces. 3 The soft mode is stabilized above the phase transition

temperature by the anharmonic interactions whose strength weakens as the temperature decreases.

Using mean field theory, one can still formally retain the terminology of normal modes if the

"soft mode" frequency is assigned to be temperature dependent.

Close to the phase transition temperature, the dominant contribution in the lattice

Hamitonian is from the soft mode. Therefore, one may simply study the soft mode behavior to

characterize the phase transition near Tc. For an inhomogeneous system, the spatial variation of

the order paramet must be considered. This is done by adding an energy term induced by the

order pameter gradients. Because the inclusion of both nonlinear and nonlocal terms in the

energy expansion, one may expect to obtain large amplitude soliton-like solutions which can

describe the domain walls (the transition region between coherent twin structures).44,'6 The

physical meaning of these gradient coefficients can be seen from the study of small amplitude

oscillations for which the nonlocal coupling can be treated as perturbations. 6' 7 We will show in
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this paper how these polarization gradients can be derived from a simplified lattice dynamical

model.

Since polarization is the density of dipoles per unit volume, it is proportional to the

magnitude of the associated optical mode. As will be shown in the third section of this paper that

the lattice potential for a given optical mode can be written in terms of the polarization vector.

Therefore, the Landau-Ginzburg potential can be directly used in the lattice dynamical calculations

in the small representation of the soft mode.

U. Gradient Coefficients and Dispersion Surface of the Soft Mode

From soft mode theory, t'-& potential energy for a cubic system may be expanded in terms

of the eigenvector of the soft mode 3

G = K(uj +uj +uj)(1
2

where iK is related to the temperature dependent soft mode frequency, ic . (T-Tc), and ui (i =

1,2,3) are the components of the eigenvector of the soft mode. For the ferroelectric phase

transition u is a relative displacement field.

If u is inhomogeneous, we must include the gradient energy in the energy expansion. For

cubic symmetry the gradient energy may be written as follows,

G - 78 (uij 1 +ui,2 +uJ. 3 ) "412 (Ui,M U2,2 + Ul,1 U3.3 + U2.2 U3,3 )
S2

• 44 ( ( U1.2 +12,1)2 + ( U1.,3+U3,1)2 +( U2,3 +U3,2)) (2)
2

Assuming the effective mass for the mode is M then the equations of motion become

Mtil + K ul - 811 U1,1I - 812 (u2,21 + u3,31 ) - 844 (U1,22 +U2,12 + ul,33 + U3,13 ) = 0, (3a)

M U2 + IC U2- 811 U2,22 - 812 (u1,12 + u3,32 ) - 84 (Ul,21 +u2,11 + u2,33 + U3,23 ) = 0, (3b)

M (i3 + K u3 - 811 u3,33 - 812 (U1,13 + U2,23 ) - 844 (U1,31 1U3,11 + u2,32 + u3,22) = 0, (3c)

Eq.(3a-c) have plane wave solution of the form

u = U exp [j ({or -k.x)J (4)

Substituting eq. (4) into eqs. (3a-c) gives the eigenvalue problem
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SMoUU= D(k) U (5)

where Dfk) is the dynamical matrix

JK+68Ik2+844(k2+k3) 8 12 kI k2  8 12 k, k3

D(k) 812 ki k2  K+8 11k'+ 4 (k'+k') 812 k2 k3  j(6)k2+4(kk) 11 32k

8 12 k1 k3  612 k2 k3  c+6 1 1k2+844(k2+k)

If the depolarization field is included, the equations of motion (3a-c) will contain one more

term representing this contribution, which will split the longitudinal and transverse optical

mfodes.8, 9 The depolarization field is given by

E (k) = (P"k) kL
&o k2  (7)

The additional contribution is a linear function of the polarization vector P which is proportional

to the relative displacement field u. Adding eq. (7) to the r.h.s. of eq. (3a-c) leads to the

dynamical matrix for a given k. In what follows, we will treat three k-values in the three principle

directions of the k-space.

A. k= [k, 0,0].

Define Pi=Z e ui, where Z is a constant which has a unit of inverse volume and e is the

electron charge unit. The meanigng of Z will be clear from later derivations. For this k value, the

dynamical matrix can be simplified to the following form

ic+A + 81 jk2 0 0

D(k 0 o +84 k2  0 (8)

0 0 K+8" k2

where A is a constant defined by

A = (l/eo) (Z e )2  (9)
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From Eq. (8) one can easily derive the dispersion relations for the longitudinal (oL) and

transverse (OT) modes respectively:

j = ML(K+A+811 k2) (lOa)M
(4• = MLOC + 8.4k2 ) (10b)

M

B. k =• [I( , 1,O0]

The electrostatic force from the depolarization field is now given by

Z e (P+ P2 ) [l, 01 A (ul+u2)[ll 0 ] (11)
2 0o 2

Therefore the dynamical matrix is

Kf+A/2+ (8114+,) k2/2 A/2 + 812 k2  0

D(k) 1  A/2 +(812t2) k2  lc+A/2+ (811+8) k2/2 0 (12)

0 0 1c+ 8" k2

and the dispersion relations are

S=-[ iC+A+-L(8jj812+8") k2] (13a)M 2
02,--M-C+ -(811-812+844)k2] (13b)

M 2
(42 =iL(ic+ 844k 2 ] (13c)

2M
Here the two transverse modes are not degenerate.
C. k =• J [, 1, 11 .

For this case the Coulomb force from the depolarization field is

Z e (PI+ P2+ P3) 1 = A (ul+ u2+u3) [1, 11 (14)
3 (o 3

and the dynamical matrix becomes
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J K4+A/3 +(81 i/3+2 8,443) k 2  A/3 + (812/3) k2  A/3 + (612/3) k 2

D(k) A/3 + (8 12/3) k2  K+A/3 +(8 11/3+2 84/3) k A/3 + (812/3) k2  (15)

A/3 + (612/3) k2  A/3 + (812/3) k2  K+A/3 +(81i/ 3+2 844/3) k2

The dispersion relations are therefore given by

W (= + AK+AI(811 +2812 +2 84 4 )k2] (16a)
M 3
-L~ IL 1 + -L(811-812+ 2 844)k2 ] (16b)
M 3

Note that the dispersion relations derived above are for the cubic phase near k--0 but not for

the low temperature ferroelectric phase.

iH. The Easion Coefficients and Latice Dynamics

Taking the limit k -+ 0 in the dispersion relations derived above, one finds that the

coefficient Kc / M becomes the soft transverse mode frequency square,

Lim o0 = K/M (17)

The longitudinal mode will not become soft at T = Tc because of the depolarization field

contribution A,

Urn Oj =-L(K+A) (8

k-+0 M

The simplest model to calculate these coefficients in terms of microscopic quantities is to

study the k =0 mode for a biatomic system using rigid ion model, in which the soft mode

represents the relative displacement field, the mass is the relative mass, and the polarization is

equal to the ionic charge times the relative displacement then devided by the unit cell volume.

However, in the perovskite structure there are three different types of ions, hence, a more realistic
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model would be a three body system model. In what follows we will use a one dimensional rigid

ion model for BaTiO3 as an example to illustrate the relationship between the coefficients in Eq.

(I) and the microscopic quantities.

According to the structural work of Shirane et al, 10 the soft optical mode in BaTiO 3 consists

of the relative motion of Titanium, Barium and Oxygen (Fig. I a). Because the center of mass and

the center of charge for each type of ions coincide, we can effectively treat this system as a three-

body system in the lattice dynamical calculations. For convenience the ion groups are labeled as

follows (see Fig. lb): Ba --- 1; Ti --- 2; and 30 ---3.

The potential energy represents the k = 0 mode for this three-body system is

q I (X I - X2)2 + .2 (X2 -3)2 (9- X (19)
2 2

In order to derive the equations of motion one should also consider the Lorentz field, which leads

to the following differential equations:

mI i =IC - (x x - X2 ) + -L q, P (20 a)
3e0

m2 ix2 =-KC(x2-x )- K2(X 2 -x 3 )+-L q2 P (20 b)
3e 0

m3 x3 =-C2 (x3 - x2 ) + - q3 P (20 c)
3e%

qj +q2 +q3 = 0 (21)

P=(qlxt + q2 x2 + q3 x 3)/al (22)

where ao is the lattice constant, ql, q2, q3 are the charges of the three ion groups, P is the

polarization.

For convenience let us introduce two new variables

u=x1 -x3; v=x 2 -x 3.

Using eqs. (21) and (22), and the new variables u and v the equations of motion (20a-c) can be

simplified to become
U=au+bv (23a)
V=cu+dv (23b)
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Figure 1. (a) Illustration of the ionic displacement in BaTiO 3 from ref. 10.

(b) One dimensional modal for the soft mode



where
a= kL + q_,U~ (q1 q+S+q2)

"mI 3Eoa m' m3
_ _ __) + q_._ (qj +q + q2)

m 3m 3.a; ml m3

C = k--+ q q2 +q +q2
m2 3 ae M2 m3

d =(k1+k2 + k)+ ql2 ( q2 +q +q2)
m2 M3  3Eoa M2 M3

Eqs (23ab) have the harmonic oscillator solution

u = uo exp(jon) (24)

v = vo exp(jox) (25)

and the eigenfrequency co is given by

W! [-a- d ± N( a +d)2 - 4 (ad- bc)=2 (26)

In any given mode the relative displacement u and v are proportional to each other. For the

coordinate system in Fig. 1, u and v always have the same sign. Assuming one of the modes,

for example w., becomes soft at lower temperatures due to the decrease of the coupling strength

between different ions, then, their magnitudes have the following relationship:

v0 = 2- ( d- a + 4(a + d )2 - 4 ( ad-bc)) uo (27)

From Eqs. (21) and (22) the polarization P is given by

SP = (qj u + q2 v )/ aj =[ q! + 3-2( d - a + -/ia + d )2 - 4( ad - be ) u /a4 (28)

2 b

Therefore, in this mode

Ze=[ q, +2LLb( d - a + -/(a+d )2-4( ad- bc))]/al (29)
2 b

The value of P can be obtained from pyroelectric measurements and u may be calculated from

X-ray diffractions of the low and high temperature phases, hence, Ze can also be obtained

experimentally.
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Since v and P are linearly proportional to u, we could simplify the problem by constructing

a new single variable potential G=- (ic/2) u2 which gives rise to the following equation of motion.

iu=au+bv

I [ -(a+d) - V(a+d)2 - 4(ad-bc) I u
2

M (30)

where K has the dimension of force constant and M has the dimension of mass according to the

definition of a, b, c and d. For a three dimensional system, the constructed potential which leads

to Eq.(30) will have the same form as Eq. (1) according to symmetry. Because u is also

proportional to the polarization P [eq. (28)], we may also write down the constructed potential in

terms of the polarization vector P, which becomes the Landau potential for a ferroelectric system

G=- (a/2) p2 , a = rc (Z e)2 .

For longitudinal vibrations, we have to add the depolarization field (- P/I.) to the equation

of motion Eq.(20 a -c), which will add a positive contribution to the eigenfrequency preventing it

to become soft like the transverse mode. Formally, the relationship between or. and Wr may be

written as

+ A (30)
M

where A is a positive constant reflecting the contribution of the depolarization field.

IV. Summar and conclusions

It is shown that the polarization gradient coefficients in the Landau-Ginzburg theory can be

directly related to the dispersion surface of the soft mode. Therefore, their physical meaning

becomes apparent. The correspondence between the Landau theory and the lattice dynamic

potential was illustrated through a simple one dimensional rigid ion model for BaTiO3 at k=O.

Since the polarization and the relative displacement field have a linear relationship, the polarization

gradient coefficients in the Landau-Ginzburg theory may be calculated from the measured

dispersion curves near the soft mode. For cubic symmetry there are only three independent

gradient coefficients, the dispersion anisotropy of the soft mode can be determined through
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measurements along the three principal directions. These gradient coefficients in principle can be

obtained through inelastic neutron scattering experiments. However, in many cases these

dispersion curves are very difficult to measure because of the high transition temperature. To my

knowledge, a complete set of the dispersion relations do not exist in the literatures for the known

ferroelectric materials. One of the intentions of this paper is to re-emphasize the importance to

measure these dispersion curves which can be used for the study of domain walls in

ferroelectrics.

An interesting point should be also mentioned is the possibility of obtaining the dispersion

surface of the soft mode through direct measurements on the domain wall profiles("1), because the

gradient coefficients can be extracted from fitting the measured polarization profiles to the soliton-

like solutions of nonlinear nonlocal continuous medium theo'-,( 2,6) This could be very useful to

study the dispersion surface of the over damped soft mode, such as in BaTiO3, which can not be

obtained through inelastic neutron scattering.
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Electron microscopy studies in lanthanum doped lead titanate reveals the evolution of a

spatial modulation in the magnitude of the spontaneous polarization with the increase of the

lanthanum dopant. On the incorporation of- 25 atom percent lanthanum, the conventional domain

sUtuC becomes ill-defined, and tweed microstructures are observed. The structural information

can be associated with the change from normal fermelectric to diffuse ferroelectric phase transition

behavior. Different from twin structures, these modulated structures represent a new type of

polarization variation existing within a single domain. Fther under andig of the observed

spatial variation in polarization requires structural analysis at the atomic scale. Holographic

electron microscopy is proposed as a potential tool to study various polarization gradients in

ferroelectric materials. Understanding the spatial variations in polarization is essential to more

fully comprehend the extrinsic conibutions to the elasto-dilectric properties in ferroelectrics.
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Introduction

Mesoscopic structures within ferroelectrics and related materials have important

consequences with respect to the macroscopic elasto-dielecu'ic properties. These structures exist

on a scale of a few tens to a few thousands of angstroms and include defect structures within the

lattice as well as the polarization domain structures associated with the ferroic phase transition. In

general, there are two contributions to the elasto-dielectric properties: the intrinsic contribution,
which is related to the ferroelectric (antiferroelectric) atomic structure, and the extrinsic

contribution, which is associated with domains and defects. 1' 2 In technologically important

materials, such as Pb(Zr,7Ti)03, the extrinsic factors can contribute as much as 70% to the total

elasto-dielectric response (see Figure 1). Therefore, it is necessary to develop a greater

understanding of all the possible defect and polarization mechanisms which could contribute to the

extrinsic elasto-dielectric properties. However, a comprehensive theoretical description of the

extrinsic contributions is currently not in place.

The most common mesoscopic structures associated with ferroelectric and related materials

are domains and domain walls. Domains form at the phase transition and relate the low

tphase to the high temperature prototype phase via certain symmetry constraints. In the

example of "normal" first- or second-order ferroelecuic transitions, each domain is an area of

uniform polarization, and the boundary which divides two domains (i.e. a twin structure) is known

as the domain wall. The domain wall is a region of distorted crystal smicture in which there exists

a spatial transition of the polarizaion firm one orientto state to another.
There are two main types of twin structuu One type is a twin with inversion symmety of

the polarization but in which the strain is the same in both variants. The second type is a twin of

two variants with different orientation for both polarization and strain. Forroelectric twins are

typically of the head to t onfi ion. The a reports of other domain configurations, such

as head-to-head types, bu these have not been extenively invesgaue. 3,4

The fine sucatre of the ferroelect domain walls depends on a number of inter-related

parameters: including the symmetry, temperature, order of the phase transition, spontaneous

polarizion, and the e-ec wtrictive and elastic compliances. A number of analytical descriptions

now exist to desafibe the spatial variation of the order parameter in a ferwelectric domain walL 54 7

However, some of the parameter required by the theory cannot be easily acquired with current

experimental techniques, and so time is a need to develop new experimental methods to study

polarization vriatons in them materials.

Defects and dopants a known to have a strong influence on the elasto-dielectric properties
of ferolcics and related materials. Theoretical treatments of the role of defects near structural

phase mansitions are usually restricted to defect densities that are much less than the reciprocal
correlation volume (- 1018 cm'3).8 In the perovskit ferroeletrics of commeial interest, such a

situation is almost never realized.
2



This article outlines some of the results observed by diffraction contrast electron

microscopy in perovskite-based ferroelectrics. 10 From these results, and requirements of the
theoretical developments, there is an urgent need to experimentally investigate the polarization

gradients, both within the domain region and in the region of the domain wall. Electron

holography is discussed as a technique potentially capable of quantifying the polarization gradients

in these materials.

Results and Discussion

LL-doging in P'ZT-based Perovikites

Doping in Pb(Zr,Ti)03-based materials by lanthanum is used as a means to soften the

switching characteristics of piezoelectric materials.11 Additionally, the inc of lanthanum
facilitates the fabrication of transparent ceramics for optoelectronic applications. 12 In general,

doping with lanthanum has a significant influence on many of the elasto-dielectric properties. For

sufficiently high levels of doping in Zr-rich PZT compositions, this leads to the observation of

diffuse phase transition behavior having strong dielectric dispersion. Ferroelectrics with this

behavior an generally referred to as relaxors, and are of technological importance owing to their

unique electorictve, capacitive, and optoelecroic properties. The domain strucMu of relaxor

(PbLa)(ZrTi)O3 (PLZT) ceramics ame difficult to study using tasmission electron microscopy.

However, by carefully cooling a 8.2V70/30 composition, a mic rdomain contrast could be detected.

as shown in Figure 2(a). Under the irradiation of the electron beam, the domain structure is

unstable. By agitating the structure through focusing/defocusing the beam, the domain

configuration transforms to a more stable ordered stmcture, Figure 2(b). It is believed that

thermally-imluced stresse switch the ruirodomain structure to a new domain configuraton. 13

The end-member of the PZT solid solution, PbTiO3, has the highest transition temperature

(Tc = 490 °C) and the largest strain [(cia -1) - 6.5 %] within the perovskite family. This makes

PbTiO3 an ideal material to study by t m on electron microscopy. Doping PbTiO3 with

lanthanum (PLT) seduces both the phase transidon tempatue and the characteristic discontinuity
of the first-orde tansition. A systemtic study of the structural effect of lanthanum on the polar

domain structure in PLT caumics reveals the development of a strain texture within the normal
domains, Figure 3(a),(b),(c). Using diffraction contrast invisibility conditions, we were able to

deduce that the texture is the result of a non-uniform spontaneous defomation along the c-axis

within the domain As shown in Figure 3(a), for a sample doped with 1 atom % La, there is no

evidence of a texmm. As the lanthanum concenatkm is incased from between 5 and 10 atom %,

texturing appears, and this becomes progressively more pronounced with increasing dopant

conacentration. When the dopant concentration reaches 25 atom %, a normal domain structure is
3



not identified, and a full cross-hatched or "tweed" domain structure is observed below the
transition teperatun, Fig. 3d. Similar structures have been observed in ferroelastic systems such
as YBa2 (Cuo.9FeO.03)307-8 and Mg- Cordierite. 14 ,15 Inhomogeneous polarization distributions

are not unique to the PLZT system, but also exist in the complex lead Pb(BlB")O3 pCrovskite

systems. In these systems, the intermediate scale B-site cation ordering is the source of the

polarization modulation. 16 In order to further our understanding of the polarization variation in

these materials, we need to develop a technique to quantify the polarization gradients and defect

structures. In this regard, the potential of the electron holography technique is discussed below.

The idea of using coherent electrons in electron microscopy was proposed in 1949 by

Gabor in an attempt to extend the limits of electron microscope resolution.17 However, the

realization of electron holography was achieved only in the 1980's owing to the development of a

coherent fiedis electron beam. Commei instruments for electron holography have been

developed by Hitachi Ltd. and Philips but have only recently become available. The principle of

electron holography is simila to that of optical holography, in which the the phase and amplitude

of the electron beam are recorded simultaneously. The addition of phase shift information which is

highly sensitive to local changes makes electron holography a mome attractive method compared to
conventional electron microscopy techniques. There have been a variety of applications for this

new technique starting since 1980, especially in the study of magnetic domains and fluxons in

superconducting matrials.1
Recently the possibility of using the holography technique to study ferroelectric domain

walls and other defect structures in ferroelectrics was recognized. Some encouraging results have

been repor on the profiles of domain walls, as shown in Figure 4.19 The kink-like electron

interference fringe patern closely resembles the space profile of the polarization vector across a

domain wall as predicted by the LAndau-Ginzburg model.SA6 Although a complete theoretical

description of the fringe profile in Ref. IS is not currently available, the fact that the electric field
variation can be pl be on a scale less than 1 A is both exciting and promising.

It has been demons- td that the electron holography technique may also be used to study

the location of allovalem dopants inside crystal structures through the pertubed local electric

fields.2 As shown in Fig. Sa the fringe bifurcations occurred across the domain wall. Potential

contours reveals there a charep centers attrcted to the domain wall (see Figure 5).20 This

infmation may lead to a significat advance in the ndrtding of the effect of dopants, and

may shed new light on the study of interactions between the dopants and domain walls and other

polarization moduladons as described above.

4



Quantitative study of the polarization profiles can have a significant impact on the
* fundamental ng of ferroelectrics. Once the relationship between the fringe variation and

the polarization space profile is established, one can obtain the polarization gradient coefficients
through back fitting the observed domain profiles to the theoretical results on domain walls.7 These
gradient coefficients a-e a measure of the nonlocal coupling strength. Using lattice dynamics, one
may correlate these gradient coefficients to the dispersion surface near the soft mode of the
paraelectric-ferroelectric phase transition. 21 Hence, the electron holography technique, together
with the continuum model described in Ref. 6, can potentially provide a methodology to study the
characteristics of the over-damped soft mode in systems such as BaTiO3 , which could not be
directly probed through inelastic neutron scatteing.

As a new technique, many problems still exist in the electron holography, especially with
regard to the interpretation of the observed fringes. In pripciple, the total phase shift of high
energy coherent electrons passing through a Mfroelectric thin sample~rpy be calculated from the
following equaidon•

(Xo,,- - V(xo,yoz)dz, (1)

- 4.
where X is the electron wavelength, xo and Yo define the point on the thin sample, Z is the electron
energy, and V(xo,yo,z) represents the elecuical potential experienced by the traveling electrons.
However, V(xo,yo,z) represents the toal potential, and it is quite difficult to delineate contributions
from the "bound" charges (relevant to the polarization) and the "free" charges (relevant to
compensation). We believe this is the main reason for the inconsistencies encountered in the
current studies of ferroelectrics using electron holography.23 More theoretical analysis of the
intlepretarion of the holography results is in order.

Conclusions

Observtions by conventional transmission electron microscopy techniques on ferroelectric
and related manials reveal a variety of polarization modulations which can be induced when there
exists coupling of the primary order parameter to symmetry breaking defects. From the evolution
of the modulated structures and domain structures, one can see some link between these
mesosc-pic structures and the extrinsic easop-dieecc pperties.

A new electron-microscopy technique using coherent electrons known as electron
holography opens up opportunities in the study of domain walls and defect structures. In this
technique, phase shifts can be correlated to local variations of the electrostatic fields within
materials Further develomet of this new technique in the study of ferroelecuics may help us to

5



gain new insight into the mechanisms of exinsic contributons to the macroscopic elasto-dielectrc
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Figure Captions

Figure 1. Tempemrure dependance qf the dielectric permittivity of doped-PZT ceramics. The

theoretical value from the Landau-Devonshire theory is also shown.

Figure 2. (a) Bright field image of liquid nitrogen cooled PLZT 8.2170/30 relaxor ferroelectric

revealing a microdomain structure. (b) An in sins switched pseudo-domain

s t of (a).

Figure 3 Bright field image of domain structures in a solid solution series

(Pbl.3xALax)TiO3 with four different La contents.

Figure 4 An electron hologram of a 900 domain wall in BaTiO3, the fringe bending is related

to the polarization difference across the domain wall (ref. 19).

Figure 5 (a) An electron hologram showing anomalous fringe bifurcations in a 900 domain

wall in BaTiO3. (b) Electun interferogram of the same area of (a) shows charge

defect centers within the wall (courtesy of Drs. D. Joy and X. 21=mg).20

8
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MICROSTRUCTURAL CHARACTERISTICS AND DIFFUSE PHASE
TRANSITION BEHAVIOR OF LANTHANUM-MODIFIED LEAD TITANATE

G. A. ROSSETTI, JRt., W. CAO, AND C. A. RANDALL
Materials Research Laboratory, The Pennsylvania State University
University Park, Pennsylvania 16802
t Now with the Department of Geological and Geophysical Sciences and
Princeton Materials Institute, Princeton University, Princeton, New Jersey 08544

Abstract The introduction of structural disorder into perovskite ferroelectrics leads
to the observation of diffuse phase transition behavior. In this paper, the
microstructural characteristics and phase transition behavior of lanthanum-
modified lead titanate are discussed. It is shown that the diffuse nature of the
transition is connected with the appearance of ferroelectric domain structures
exhibiting texture on the mesoscopic ( - 10 nm) length scale. The theoretical
implications of these results are briefly discussed.

INTRODUCTION

Diffuse phase transitions in perovskite ferroelectrics occur as a consequence of

some level of structural disorder that breaks the translational invariance of the

lattice. The type of diffuse transition observed depends both on the nature and scale

of the structural disorder. Impurities, point defects, extended defects, incomplete or

inhomogeneous cation ordering, macroscopic fluctuations In chemical composition,

core/shell structures etc. can all lead to smearing of the ferroelectric phase

transition. The physical origin of the smearing and the behavior of the ferroelectric

properties in each particular case, however, may be very different. In chemically

complex compounds and solid solutions, several types of structural disorder are

often present simultaneously. To establish structure-property relations in these

materials therefore requires characterization at all the relevant length scales,

including the macroscopic (crystal symmetry, chemical homogeneity, core/shell

structures), the microscopic (ferroelectric domain structures, extended defects),

the mesoscopic (cation order domains, texture within ferroelectric domains ), and

the atomic (point defect chemistry, local environment).

For ferroelectrics such as lanthanum-modified lead zirconate-titanate (PLZT),

the structural disorder arises as a consequence of the complex defect chemistry

associated with the allovalent A-site substitution of lanthanumI. Keizer, Lansink

and Burggraaf2 have shown that the nature of the ferroelectric transition in ceramic

specimens of the end member Pbl.ayLayTi03 (PLT) changes smoothly from that

expected in a sharp first-order phase change to that of a diffuse transition as
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the lanthanum concentration is increased. Figure 1 shows that, when characterized

by the exponent y in the generalized Curie-Weiss law, the anomalous dielectric

behavior onsets at y - 0.05 and becomes typical of diffuse transitions (i. e. y - 2)

when y > 0.23. Although the numerical values of y depend somewhat on the lead

elimination factor (a) as well as on the grain size, the general trend towards

increasingly diffuse behavior with lanthanum substitution is intrinsic.

In order to better understand how structural disorder evolves and relates to the

dielectric properties in PLT, we have recently undertaken transmission electron

microscopy (TEM) and powder x-ray/neutron studies, the details of which are

reported elsewhere 3-5. In this paper, we draw on these results and speculate on

some possible interconnections between the microstructure, dielectric properties,

and the phase transition behavior.

RESULTS AND DIUSSION

High resolution X-ray diffraction studies 4 of sol-gel derived powders have shown

that the addition of lanthanum to lead titanate results In broadened diffraction

profiles showing a marked profile asymmetry. The degree of asymmetry can be

quantified by fitting the profiles to split Pearson distributions 8 . The split Pearson

function gives two values for the full width at half maximum, pL and pH, which are

characteristic of the pea shape on the low and high angle sides of the peak maximum,

respectively. Figure 2 shows that both the peak asymmetry and the peak breadth

renorrnalize as a function of lanthanum concentration. The asymmetry (pH/pL)

changes markedly between y - 0 and y , 0.01, but then decreases and becomes

constant for samples with y > 0.05. At the same time, the profile breadth decreases.

Corresponding to the changes in the diffraction profiles, the crystal tetragonality

(c/a) begins to deviate from the linear composition dependence as expected based on

Vegard's law. These observations cannot be easily explained by macroscopic

variations in chemical composition, nor by particle size effects.

Alternatively, recent TEM studies3 (Figure 3) reveal that the development of

sub-domain texture in PLT materials closely parallels the changes observed both in

the X-ray studies and In the dielectric behavior. For samples with y < 0.05, no sub-

domain texture Is observed, and the transition behavior is sharp. For samples with

y a 0.05, sub-domain texture becomes apparent, and increases in degree with

lanthanum concentration. As the sub-domain texture becomes more pronounced, the

dielectric behavior near the transition becomes correspondingly more
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anomalous. For compositions with y > 0.25, the microstructure degenerates into a

cross-hatchod or tweed texture. For these compositions, the dielectric behavior is

typical of that for diffuse phase transitions. Note that these textures disappear on

heating above the transition temperature, and so cannot be identified with exsolution

lamelisa.

The tweed structures observed for the higher lanthanum concentrations would

appear to be precursors for the mottled and poorly defined vestiges of sub-domain

texture as observed for PLZT7 . The Zr-rich PLZT compositions exhibit strongly

frequency-dispersive diffuse transitions similar to those of the complex B-site

perovskites such as PbMg1/ 3 Nb 2/30 3 (PMN) and related compounds. In the later

case, however, it is the cation order domains persisting on a -10 nm length scale

that lead to the breakdown of the ferroelectric domain structure8 "10 . The similarity

in mesoscopic domain texture of the PLZT and PMN type materials 1 1-13 is

intriguing, since at the atomic level, the origin of the structural disorder in these

two materials is very different.

With regard to the nature of the phase transition in PLT, the first-order

character also follows the changes In structural properties as revealed in the X-ray

data. The development of a Landau-Devonshire1 4 formulation for the phase

transition in PLT requires the expansion coefficients to depend on spatial variables,

which results in a distribution of transition temperature. As a macroscopic average,

one expects that the first-order discontinuity of the transition will be drastically

reduced as the transition becomes diffused. The Landau theory is valid, however,

only when the sub-domain modulations are weak, otherwise the gradient related

(Ginsburg) terms must be included. Using the methodology described previosy15 ,

the coefficients in the Landau-DevonshIre expansion were estimated for compositions

with y < 0.05, where judging from Figure 3, this condition is approximately

satisfied. As shown in Figure 4, the coefficient of the quartic term in the elastic

Gibbe funtion (4x iX) increases rapidly toward zero between y = 0 and y - 0.01 but

then changes at a much lower rate. This Increase reflects the apparent loss in the

first-order character of the transition as the structure relaxes to the defects and the

long range order Is disrupted. The coefficient of the sixth-rank term also

renormalizes, but to a much lesser extent. Large changes in the coefficient of the

quart term were also observed for PLZT cposit ini s .

For the compositions with y > 0.05, the Ginbdurg terms must be Included in

the formalim. The Inclusion of the gradient energy can describe both the domains

and the#r modulations. Periodk domain structume can be excited for a finite
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system due to the competition between nonlinearity and nonlocality. Modulated

structures and tweed textures can be described in terms of crest riding

poriodons17, 18 . However, the modulated structures such as those in Figure 3c do not

seem to follow the expected temperature variation pattern of the crest riding

perlodon excitations, which are unstable and can survive only in a finite

temperature range near the transition. One possible explanation could involve an

interaction of the defects with the perlodons. These excitations might be stabilized

by the lanthanum/vacancies if the defects are appropriately aligned. The alignment

can be driven, on the other hand, by the field gradient created at the walls of the

periodons. Consistent with this notion, the modulations have preferred orientations

(although not perfect), and are nearly periodic, as shown In Figure 3. Further

studies will be required to confirm this picture.

At the higher lanthanum concentrations (y > 0.25) the microstructure breaks

down on still finer scales and more degenerate states are created. This will

effectively increase the dielectric response of the system, as observed. For these

materials, however, arguments based on the continuum theory as summarized above

may not be used because the density representation (both in terms of energy and

polarization) is no longer valid. Instead, discrete models must be developed. The

results described above can be represented schematically as shown in Figure 5,

where the observed relationships between the first-order character of the

transition, the crystal tetragonality, the sub-domain texture, and the dielectric

properties are shown. Hers it Is worth mentioning that, in the Landau-Devonshire

formalism, close Inter-relationships exist between the curvature of the energy

surface, the order of the transtion, and the symmetry of the fenfoelectric phase. In

this connection, it Is of Interest to consider how the scenario depicted in Figure 5

may change as zirconium, which lowers the tetragonality of the system and further

flattene the nergy surface, is added to the system. Based on the above discussion, we

might expect that lanthanum will become more effective at breaking down the domain

structure as the rhonifohedral side of the PUT diagram is approached, leading to a

large number of degenerate states and additional contributions to the dielectric

response even at modest lanthanum concentrations.

The breakdown of conventional ferroelectric phase transition behavior in

l*anh nodNidlad tianate has been correlated with the appearance of
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domain structures exhibiting texture on a nanometer scale. It was suggested that

this type of mesoscopic sub-domain texture is a common feature of ferroelectrics
showing diffuse/frequency dispersive transitions. The theoretical implications of
the relationships existing between the curvature of the energy surface, the order of
the transition, the symmetry of the ferroelectnic phase, the development of the sub-
domain texture, and the resulting dielectric properties were discussed.

This work was supported by contracts administered through the Off Ice of Naval
Research and a grant from the Air Force Office of Scientific Research. The authors
are grateful to Professor L. E. Cross for his support of, and interest in, this study.
Thanks also to Mr. N. Kim for fabricating the ceramic specimens used in the TEM
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1. INTRODUCTION

This is the progress report for the first year of a two year program sponsored by the Air

Force Office of Scientific Research on "Domain Processes in Ferroelectric Ceramic". Domain

processes contribute a large portion in the dielectric and piezoelectric activities in ferroelectric

ceramics, a better understanding of this subject can be of great help in future materials development

tor acoustic devices and smart structures. The materiai studied in the first year investigation is the

PbZzO3-PbTiO3 solid solution, the so called PZT ferroelectric ceramic, which has been the primary

transduce material for the past thirty years. Although PZT is a well known transducer material and

has been used widely, there has not been any systematic theoretical study in, the past, which

unambiguously characterizes this system, especially lacking the knowledge on the mechanism for

the strong piewelectric activites. Only in the last few years people have started to realize that the

major contributor in the piezoelectric effect is from the domain processes and have made a start to

distinguish and separate the intrinsic and extrinsic contributions. Our focus in this project is to

understand, from a theoretical point of view, the extrinsic contributions. In the first year of this

Air Force sponsored program, we have carried out a critical study on the PZT system and found

many ill-defined concepts and definitions. Among these are the concept of the morphotropic phase

boundary (MPB), the distribution of coexisting phases in a complete solid solution system, the

distinction between domain switching and field induce phase transition, and the relationship

between antiphase boundaries and ferroelectric domain walls in the rhombobedral 1I phase. These

problems have bee addressed in the first year and the details are given in the following sections

IL, MI and IV, upwcve. A recently funded University Initiative Research (URI) program by the

Office of Naval Research provided a solid back up on the experimental part of this study.

Collaborative work between the two programs is already in progress (see section IV).
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ii. STUDY ON THE MORPHOTROPIC PHASE BOUNDARY IN PZT

The most useful PZT compositions are those near the so called Morphotropic Phase

Boundary (MPB). The MPB is defined as a compositional phase boundary at which the free

energies for the rhombohedral and tetragonal phases are equal. It is well known that many

physical properties peak at the MPB, (1) but the reason for this is not well understood. In addition,

the free energy is not a directiy measurable quantity, in order to study the MPB we need to

correlate the equal free energy concept to some measurable quantities. In the past, thermodynamic

concepts developed for liquid-solid transition and liquid (or gas) mixtures were borrowed to

address the MPB and the distribution of structural phase mixture in the PZT system. As a result,

some inconsistencies and confusions are created. In light of this situation, we have conducted a

systematic theoretical study on the MPB in the PZT system during the first year of this project.

A. The DefinifuM of MPB

As pointed out in Appendix I that the MPB is conventionally represented by a nearly

vertical line on the phase diagram (see figure 1 in Appendix 1). In the classical book on

piemelect.ic ceramic by Jaffe Cook and Jaffe,(1) the MPB line is measured by X-Ray diffraction

technique. The nearly vertical line on the phase diagram in the vicinity of 52/48 Zu/Ti ratio is

obtained according to the criterion of equal volume fraction of the tetragonal and rhombohedral

phases. In a liquid (or gas) mixture, the equal volume criterion can be derived from thermodynamic

principles for an equilibrium system. However, for the structural phase mixture (which may not

even be in thLmadynamic equilibrium), the two phases derived from a common parent phase have

different degm of freedom in the configurational space. It is shown in Appendix I that the MPB

defined according to equal free energy criterion should not have equal volume fraction for the two

coexisting phases if the geometrical constraints are inposed. Because the two low temperature

phases awe derived from the same cubic phase, in order to calculate the volume framons we must

study the actual transition process and include the structural constraints in the transition probability
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calculation. It is shown (see Appendix I) that the volume ratio for the rhombohedral/tetragonal

phases should be 60:40 at the MPB instead 50:50 used before.

B. Phase Mixing in Complete Solid Solution System

As shown in the phase diagram (see figure 1 of Appendix I) PZT is a complete solid

solution system in the cubic phase. There is a paraelectric-ferroclectric phase transition which occur

at around 370 * C for the MPB compositioa. In such low temperature regime, there is no chemical

driving force for phase separation to occur in this system. At the transition, the system only

experiences a displacive structural distortion which produces a spontaneous polarization due to the

relative shift of the positive and the negative charge centers. X-ray diffraction shows that the

symmetry of the low temperature ferroelectric phase could be either tetragonal or rhombohedral,

depending on the Zi : Ti ratio in the system. Near the MPB composition, the low temperature phase

is a mixture of the tetragonal and rhombohedral phases. In an attempt, the fraction of each low

temperature phase was described by the lever rule and the two edge compositions were fitted from

the experimental data.(2-3) Although the fitting appears to be quite good, the edge compositions,

which specify the width of the coexistence region, can not be uniquely determined, width of the

coexisting region ranging from 0 to 20 mole percent. It is found that in general ceramics of smaller

grain size have larger coexistence region and ceramics of larger grain size have smaller coexistence

region.

We have looked into this problem in more detail and found that the description of the phase

coexistec in MZr using the lever rule is actually in contrdiction with the nature of the complete

solid solution syamn, because the two edge compositions in the lever rule actually specify a

solubility gap. Since such solubility gap does not exist in the PZT system, naturally one can not

define these two edge compositions using the lever rule. Considering the fact that the paraelecmic-

ferroelectric phase transition is second order for PZT at compositions near the MPB, we propose

that the phase coexistence in this system is a result of a "frozen in" metastable phase from thermal
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fluctuations at the paraelectric-ferroelectric phase transition (see Appendix II). A method is

introduced to calculate the fractions of the two "frozen in" phases, which takes into account both

the structural constraints and the statistics. The theoretical calculations agree well with the

experimental results. More importantly, the new model does not contain the two fixed edge

compositions as in the lever rule, instead, two new variables are introduced: one is the MPB

composition which is a fixed quantity, and another is the width of the coexistence region which is

inversely proportional to the volume of the particles (or grains). The new model not only is

compatible with the nature of solid solution system but also can explain the grain size dependence

of the coexistence region observed experimentally. Although the quantitative test of the new model

awaits more refined experimental input, we believe that the conceptual breakthrough is significant

and could trigger further development on this subject.

M STUDY THE PHASE TRANSmON IN RHOMBOHEDRAL PHASE PZT AND

ANTIPHASE STRUCTURE IN R3c PHASE

As part of the first year effort we have initiated a joined investigation on the PZT system

with the Navy supported URI program. The focus is on the R3m -+ R3c phase transition in the

rhombohedral ferroelectric phase of PZT. This phase transition is not well understood in terms of

the Landau-Devonshire formalism. In addition to the soft zone center mode, there exists another

soft zone boundary mode which involves the tilting of the oxygen octahedra in the perovskite

structure and causes unit cell doubling. We have made a detailed structural study using

Transuission Ebcm Microscopy. One of the most interesting findings is that many antiphase

boundaries ane paated in the R3c phase and these antiphase boundaries are, in most cases, not

confined by the crystal symmetry (see Appendix ll). The antiphase boundaries with their

orientation compatible with the crystal symmetry have been addressed by Cao and Barsch,(5) but

the observed antiphase boundaries in the PZT system seem to be not confined by symmetry at all.

We suspect that there are two different kinds of antiphase boundaries in the R3c phase of FMZ in
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one kind the boundaries are orientated along the polarization direction and the other kind with their

orientation perpendicular to the polarization. The observed mntiphase boundary may be the

combination of the two. Modeling of the antiphase boundary along this line is currendy in

progress.

PZTs of the rhombohedral symmetry is one of the best pyroelectric materials.

Unformunately, the existence of this R3m -+ R3c phase transition produces a second kink in the

polarization versus temperature plot, which effectively limits the temperature range in reai

applications. The understanding on this transition process and the associated domain structures

could help to overcome this hindrance.

IV. PAPERS PRESENTED AT NATIONAL AND INTERNATIONAL MEETINGS

1. Wenwu Cao and L. E. Cross "Elastic Compatibility and Charge Neutrality in the Domain
Structures of Ferroelectrics" American Physical Society March Meeting, Indianapolis, Indiana,
1992.

2. Wenwu Cao and L. E. Cross "Ratio of the Rhombohedral and Tetragonal Phases on the the
Morphotrpic Phase Boundary in Lead Zirconate Titanate", The Eighth International Symposium
on the Applications of Ferroelectrics, Greenville, SC. August 31 -Sep. 2, 1992.

3. L E. Cross and Q. Jiang "Fatique Effects in High Strain Actuators" Second Joint US-Japan
Conference on Adeptive Structures, Nagoya, Japan, Nov. 12-14, 1991.

4. L E. Cross "Ceramic Sensors and Actuators for Smart Structures" Indo-US Workshop on
Perspective in New Materials, March 23-24, 1992.

5. L. E. Cross'Ferroelectric Ceramic Sensors and Actuators for Smart Composites and Adeptive

Structures ECAPD2, London, April 12-15,1992.

V. HONORS TO FACULTY AND STUDENTS

L. E. Cross, Orton Lecture, April 13, 1992. American Ceramic Society Meeting.

L E. Cross, Materials Research Society Medal and Award, 1992.

VI. PROGRAMS IN PROGRESS

Several important issues have attracted our attention through the first year investigation.

However, due to the limitation of manpower, it is not possible to address all of them. Currently,

based on the already achieved progress, we are pursuing the following topics:
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a) Study the periodic structure of domains in ferroelectric systems. This includes theoretical study

on the relationship between the periodicity and the width of domain walls, particularly in PZT

system. The theoretical study will also address the grain size dependence of the domain period,

which can shed some light on the different domain patterns obtained from Transmission Electron

Microscopy.

b) Study the octahedra tilt transition in the rhumboheral phase of PZT tid the synunetey relation

of the antiphase boundaries in the R3c phase to interpret the TEM results reported in Appendix ill.

c) Extend the model described in Appendix I and H to incorporate the effect of external electric

field. The change of distribution under an electric field will facilitate the calculation on the extrinsic

contributions from the field induced phase transitions.

d) Enhance the link between this program and the Navy funded URI program and try to integrate

the theoretical results with the experimental results. It is expected that the experimental work of the

URI program will catch up in the coming year.
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A method is introduced to determine the statistical disttihution of energctwlly dk•cncrate but geometrically in.

equivalent states in a temperature induced phase transition in solids. The method 1w, btcn employed to caIculte ithc

ratio of the rhombohedral and tetragonal phases in the Pb(ZrTi, )O solid wohlitima of die morphotropic phase boutid-

ary (MIPB)composition. Our results indicate that the M PBdctcrnined by Jafe. Cook and Jalfe lPteod•uctric('*ew1W

(Academic Press. London, 1971) p. 1361 from structural mcasurements should he slotted to the rhombohedral side.

winch is more consistent with the MPH dc;errasired f,omi Ji,-it,,. ,t,4cju.Cs,z,;Ii.

KEYWORDS: ferfoolectric ceramic. PZT. lead zirconate titanate, morphotropic phaso boundary

A phase diagram representing the subsolidus phase tional boundary which is defined as the composition for
relations in the system PbZrOi-PbTiO3 taken from the which the free energies of two adjacent phases are equal.
book by Jaffe, Cook and Jaffe" is given in Fig.. I. The From thermodynamics, the free energy of a solid sola-
system contains the well known solid solution series tion system depends on the following variables: tempera-
Pb(Zr.Til-.)O3 (PZT) which exhibits a variety of phase ture, pressure and composition. The compositional
changes. In this system the most interesting compositions variable in the PZT case has a special property, it can
are for those on or near the so-called morphotropic only be directly accessed in certain temperature range.
phase boundary (MPB) (see the nearly vertical line on Out of that temperature range, the compositional
Fig. 1). PZTs in this compositional region have superior variable can not be changed while keeping other variables
piezoelectric properties and are the primary materials cur- fixed, as we know that a PZT solid solution cat not be
rently used in most piezoelectric transducers and ac- formed at room temperature. In order to change the com-
tuators. As shown in Fig. I the ferroelectric phase is position at room temperature, one has to first heat up the
rhombohedral on the left-hand side and tetragonal on system so that a single phase solid solution can be
the right-hand side of the MPB line, respectively (note: formed, then cool lie system back down to room tcmper-
there should be a co-existence region of the two phases ature after the new composition is formed. This special
which is not shown in this phase diagram). The MPB in property of the compositional variable prevents direct
Fig. I as quoted from the book (Jaffe, Cook and Jaffe, p. thermodynamic analysis with this variable, and hence in-
136) "is considered as that composition where the two validates the transition hysteresis argument-" in the ex-
phases are present in equal quantity". planation of the coexistence of two phases. Ahthotigh the

The MPB drawn on a phase diagram is a composi- phase transition frc -i the rhombohedral structure to the
tetragonal structure must be of first order, it can not be
realized while keeping the temperature unchanged,

5because the composition is not a directly accessible ther-
4 Rmodynamic variable below a certain temperature limit.

This is to say that we should address the temperature in-
400 - duced transition process in order to understand the

350 - - effects of changing composition below ; certain tempera-

0 - ure limit.
There are two types of phase mixing: one is the mixing

250 of phases of dilrerent chemical compositions and the

F200 " n, ,F - other is the mixing of phases with different structures but
identical chemical compositon. At a first glance, it ap-

15- -• pears that the two problems seem to be similar, btt they

100 -t actually have quite different nature. The former reflects
A the law of mass conservation (obeying the lever rule), but

50- -,the latter is actually a statistical distribution problem. It
102 304 50 • 8090is the intention of this paper to provide a simple methodO 10 20 30 40 50 W 0 8 90 tOO

PbZrOs Male % PbTiO$ PbTiOs dealing with the latter case.

From thermodynamic analyses, it is shown that the
Fig. I. Phase diagram of Pb(Zr,Ti,..,O) lafter Jaffe, Cook and paraelectric-ferroelectric transition for compositions

Jae. ref. t1. near the MPB is of second order within the experimental

1399
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error.," we therefore expect strong thermal fluctuations to constraints for P_,. in the fluctuating state [profile is
occur near the transition temperature T_. This thermal represented by the thick line in Fig. 3(a)l but only four
-iuctuation is the sole driving force for the phase transi- orientations for P,, [solid dots in Fig. 3(b)l are allowed
tion. For convenience we will work in the order well below T..
parameter space. When the system is cooled down near The question we try to address in this paper is: what is
T, from the paraelectric phase, the magnitude of the ther- the probability p, for the system in Fig. 3(a) to become
mal induced instant polarization I P,., I increases as the the ith low symmetry ferroelectric states in Fig. 3(b)? For
potential well around P=O becomes flatter and flatter. the two-dimensional problem mentioned above, the
Below Tc, the fluctuation is gradually frozen and the answer p,= 1/4 may he obtained intuitively since the four
system acquires a new configurational state with a finite low-temperature rectangle states are completely
polarization. In a second order phase transition the tran- equivalent, i.e., these states are energetically degenerate
sition process happens in a continuous fashion; but in a and structurally identical. But in more general situations,
first order phase transition, a finite spontaneous polariza- intuition fails to provide an answer, for instance, the case
tion is obtained at the phase transition. The two cases are shown in Fig. 3 where the energetically degenerated rec-
illustrated in Fig. 2 for a one-dimensional system, where tangle (solid dots) and the oblique (open circle) staies are
the shaded area represents the level of thermal energy. In structurally different. In this case we need to follow a
a one-dimensional system the number of allowea (two) wcil-defiacd miatllenmatical method to caiculaie i",cse pro-
orientations of the instant polarization is the same as that babilities. Such a calculation is particularly useful for the
of the spontaneous polarization. But in two- and three- study of PZT system, because at the MPB we have pre-
dimensional systems, there are no orientational con- cisely such a situation, i.e., the tetragonal and rhom-
straints for thermal fluctuation (determined by the dimen- bohedral phases are energetically degenerate.
sionality of the problem only) although the magnitude of It is obvious that the probability calculation is only
P, , is regulated by the potential well around the origin, meaningful in the fluctuating state. After the system be-
However, the allowed orientations for the spontaneous ing frozen into one of the low temperature states, ther-
polarization P. are limited. The thick line and the solid mal energy is no more effective to carry the system from
dots in Fig. 3 illustrated this situation for a two-dimen- one configuration to another. Our calculation is based on
sional problem representing a square to rectangular fer- the following assumption:
roelectric phase transition. There are no orientational The instant polarization P,,, is orientationallh

ergotic in the fluctuating state near T,.

T slightly T- T¢ T slightly - Te T well below Te In other words, we assume that the thermal motion has
no orientational preference, although as shown in Fig. 3,

STcond onro o \ / / the magnitude I P,.. I is regulated by the potential con-
figuration and is a function of direction and temperature.
An immediate inference from the assumption is that the

First order average total polarization of the system is zero in the fluc-
Transition tuating state, or more concisely, (Pi,=>=0 but (Pil,,>)

;do.

Fig. 2. Illusration of the potential wells and thermal fluctuations Now we try to correlate this thermal fluctuation with
ner the critical temperature 7r for both second and first order phase the transition probabilities to different structural phases.
transitions in one dimension. The shaded areas represent thermal The assumption tells us that the trigger from the sur-
energy, rounding thermal bath is isotropic, but the actual struc-

tural change resulting from the trigger depends on the
potential energy configuration. Because only a few
isolated orientations for P, are allowed below T, in the

Py order parameter space, we expect that all P,,, oriented in
T 00 the vicinity of an allowed polarization direction can

ao 1 potentially develop into that final polarization state.
-*Hence we can assign each allowed polarization state an

PXPX effective solid angle 0,j in a three-dimensional order
o 0 parameter space, the probability p, of that state being

formed under the trigger of thermal fluctuation is
represented by fl,/(40), where 4m is the normalization

(a) (M) constant.
The next task is to define the boundaries of these solid

Fig. 3. RePreseruation of Ructuating state and the ferroelectric states angles. Imagine we apply a small dc field E to lift the
in order parameter space for a two-dimensional problem. (a) The degeneracy of the system. Under this field the system will
thick and the thin lines are the profiles for the polarization fluctua-
tions of the square-rectangular and square-oblique phase transitions, be forced to develop into one of the allowed low tempera-
respectively, near T,. Mb) The solid dots are the degenerated rec- ture states whose polarization vector has the smallest
tManular ferroeectric states and the open circles are the degenerated possible angle with the applied electric field. I f this field is
oblique ferroeectric states, respectively, well below T. applied to the system from another angle, it can either in-
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duce the same polarization state or a different state de-
pending on whether or not the field is still oriented inside
"the effective solid angle of that state. Considering at a
temperature slightly below T., there are two adjacent

,energetically degenerate states represented by P, and Ph
reSpectively, in the order parameter space (P. and Pb
form an angle 0). the boundary of the two effective solid R
angles for these polarization states may be defined by

ErP.EiPb 0i

Taking the coordinate systems as shown in Fig. 4 we can

write eq. (1) in the following form,

P, cos = oPb cos (0-0). (2)

Interestingly, the magnitude of the electric field has drop-
ped out in eq. (2). hence if we take the limit E-0, the
result in eq. (2) will still hold.

In reality, the problems of interest are those cases for
which P.Pb, therefore, eq. (2) can be further simplified
to Fig. 5. The probabil-I distribution polyhedron for PZT of the %IPB

.(3) composition, OT-OR. The solid angle subtended by the surface

4m=12.(3) IIKH with respect to the origin 0 divided by 4x represents the

Equation (3) states that the boundary of two effective probability of the system being transformed into (0OP.) state.

solid angles is a plane in the order parameter space pass-
ing through the bisector of the angle 0 and perpendicular
to the plane containing P. and P,. If there exist more where ds is the area element on the surface OHIIK and r
than two degenerate states, a boundary may be defined is the distance between ds and the center point T on that
for each pair of adjacent effective solid angles using eqs. surface (Fig. 5). The integration of eq. (5) can be carried
(2) or (3). out to give an analytic solution

After the boundaries are defined, the remaining task 3_
becomes straightforward. We draw a polyhedron in the Gamt =4 arcsin . (6)
order parameter space surrounding the origin, whose
edges are on the solid angle boundaries defined by eq. (3). From this result and the arguments given above we con-
For a PZT of MPB composition, the degenerated fer- clude that for PZT of the MPB composition, the
roeecric states include both rhombohedral and probability ratio for a system to be frozen into rhom-
tetragonal phases. Assuming for the simplest case that bohedral and tetragonal phases from the fluctuating state
Pr"-Pa -a, then the corresponding polyhedron is shown is given by
in FIg. S. The solid angle calculation can be written in
terms of a surface integral on each of the corresponding xhom6hedrl I 13-6vcsi

surface which subtends that solid angle, for example Rhom,-hedral m I - Qtj%/4x 6

a ds 4 (I adxdy Tetragonal ), 6 arcsin
VI + azTI2 I g S (xI +Y +e9/2' -1.459 i3:2 (7)

b= i (5) A ceramic system may be treated as an ensemble of do-
mains, and each domain can be considered to be the
system we have discussed above. Then, eq. (7) represents

the molar ratio of the rhombohedral and tetragonal
phases for a PZT ceramic of the MPB compositiot I his
molar ratio can be calculated directly from X-ray dildrac-
"tion intensities, therefore eq. (7) provides a criterion for
the determination of the MPB.

Thermodynamics tells us that maximum values of

many physical quantities should appear at the MPB corm-
position due to the existence of maximum number of
energetically degenerated states. However, several ex-
perimental results reveal that these maxima do not match

00 with the MPB on Fig. I but often slightly deviate to the

,/ rhombohedral side.""s Our analysis above gives a
, b reasonable explanation to this controversy, Naturally, if

frig.4. Co4ardlmtsysummud Inatmecalculationsofeqs.(Z)and(3). we use the ratio of 3:2 instead of 1:1 as the criterion for
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the MPB, the MPB line on Fig. I would shift to the rhom- real space and the order parameter space, therefore we
- bohedral side. did not emphasize the difference between the two spaces

The novel idea presented in this paper is to take into ac- in the text. However, if the order parameter is not a vec-
count the geometrical constraints in the calculation of tor, one can not use the theory developed in this paper.
the statistical distributions of those energetically One of the atuthors (W.C.) wishes to thank Drs. Mi.
degenerated states in solids. Through this paper we also Grutzeck and A. Saxena for helpful comments. This
intend to bring people's attention on treating solid research was supported by Air Force Office of Scientific
systems, those thermodynamic theories developed for gas Research under Grant No. AFOSR-91-0433.
and liquid systems may not be valid and should be
augmented to incorporate the characteristics of solids. References
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homotopy mapping between the real space and the order 2) V. A. Isupov: I i.. Iver. Tela I1 (1970) 1380. Tran%!,4on: Soy.
pPhys.-Solid S•ate 12 (170) 1084.

parameter space. Strictly speaking, thermal motion oc- 3) Mt. J. Haun. k. Furman, H. A. ,tcKinstry and L. E. Cross:
curs in real space not in order parameter space. But Ferroettecrics " 0t9891 27.

because the order parameter is a vector in our problem, 4) W. Wersing: Ferromlec•trics 7 (1974) 163.

there is a one point to one point mapping between the •) K. Carl and k. H. Hlardal: Phys. status Solidi a v i9;i j7.
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A statistical model is proposed to address the problem of two-phase coexistence near the morphotro-

pic phase boundary (MPB) in Pb4Zr1 -., Ti,)03 solid-solutiont series. Functional forms for the molar frac-
tions of tetragonal and rhombohedral phases inside the coexistence region are obtained, which may be
used to replace the lever rule to describe the phase mixing in a complete binary solid-solution series
without solubility gap. The model predicts that the width of this coexistence region is inversely propor-
tional to the volume of each element in the statistical ensemble. In addition, the shift of the MPD com-.
position from the composition of equal molar fraction of the two coexisting phases is found to be propor-
tional to the width of the coexistence region. Several existing controversial experimental observations
can be reconciled by this model.

L INTRODUCTION (2) Below the paraelectric-ferroelectric transition tern-
perature there exists a coexistence region of the tet rago-

The most widely used piezoelectric ceramic today is nal and rhoenbohedral Phases near the MPB composition,
lead zirconate titanate (PZT), a solid solution of PbZrO3- although the width of this region is still a debatable issue.
PbTi03, with compositions near the morphotropic phas Adding small amounts of dopant can shift the %MP8 and
boundary (MPD). A MPB is defined as a compositional increase the width of the coexistence region.
phase boundary at which the two adjacent phases in a The lever rule, obtained from mass conservation. has
phase diagram have equal Gibbs free energy. The phase been used to describe fact (2) above."1 Although the data
diagram determined by Jafe, Cook, and JAWe from x-
ray-diffraction measurements is shown in Fix. I. The
MPS on this phase diagram was considered to be the ____________

cmoiinat which the amount of tetragonal and r I f I :I'
rhombohedral phases is equal.' However, it was pointed 45-P
out2 that the molar ratio of the two low-temperature
phaaes, i.e., rhombohedralctrepugoal, should be 3:2 in- 40

stead of1:l1at the MPS(defined by equating the free en- 35- MP
frisor the topae) which provides an explanation 300 00101

forthedisrepncybetween the MIP~s determined by us- S
inig dielectric maximum and from x-ray-diffraction inten- 1 2 0-

Hit~storically, the exc copsto of MP in PZ 200a

never been precisely defned; it ranges from 45-50 mol* ISO
of PbTiO3.1" There is a coexistence region of the 10
tetragonal and rhombohedral phases whose width is alsoA
not well defined,"' ranging from 2-I1S mol % Of P"biO3so FNAr

around the composition Ti/Zr-48/52. c 0 2 04 50 60 O 7080 90
From many years of study on the PZT system, the fol- PbzI05  MuM % ftiO 5  0

lowing two facts, are well accepted:
(1) The PZT system is acomplete binary solid solution FIG. 1. phase diagram of Pb&zO 3-PbTiOý -P/1 -d

of PbTiO, and PbZCO3 without solubility gaps. solution series by lafte, Coook, and Jatfe (Ref. D .

47 4825 01)19113 Mb. American Physical Six.Itt Y
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fitting appears to be reasonable, the two edge composi- being determined at the paraelectric-ferroelectrmc phase
ttons x1 and x, in the lever rule actually specify a solubil- transition. We therefore only need to calculate the parte.
ity gap, which is in contradiction with fact (1) above. An tioning near T,.
alternative explanation of the phase coexistence [fact Q2) The question we are trying to address here is really the
a6ovel is to use the transition hysteresis argument within accessibility of all the low-temperature states during the
the context of a first-order phase transition by taking the phase transition. If we assume that all 14 states (8 in the
composition as an independent variable.' 0 This is also rhombohedral phase and 6 in the tetragonal phase) are
inadequate because the composition variable is already identical, then the molar ratio, rhombohedral:tetragonal.
frozen in the temperature region IT < 375 C) where the should be 4:3 at the MPB. But obviously these 14 states
two ferroelectric phases exist; the system only experi. are not identical, the two low-temperature structures are
ences a diffusionless structural phase transition at the Cu. geometrically inequivalent. In Ref. 2 we have applied
rie point. Solid-state reaction, which is needed to change this geometrical constraint in the statistical calculation of
the composition of PZT, cannot occur until above 800"C. this ratio at the MPB, which is close to 3:2, and intro-
In other words, once a solid solution is formed at high duced the concept of probability polyhedron for systems
temperature (T > 800 C), the chemical composition can- with a vector order parameter. This concept may be used
not be changed at low temperatures, but the system can to caiculate the distribution of energeticaliy ciegenerate
have temperature-induced diffusionless structural phase bat geometrically inequivalent states resulting in a
transitions. Because the compositional degree of freedom second-order phase transition (here the transition refers
has been frozen in the temperature region of interest, the to the paraelectric-ferroelectric transition but not the one
transition hysteresis concept is not feasible. In addition, between the ;wo low-temperature phases). In this paper
both explanations mentioned above lead to a definite wye try to extend the model discussed in Ref. 2 to account
width of the coexistence region which has not been ob- for the coexistence of two energetically nondegenerate
served experimentally. and geometrically inequivalent phases by incorporating

Many physical properties of PZT reach their max- the classical statistics.
imum or minimum at the MPB, which is also not well un- In order to understand the underlying physics of the
derstood. From the definition of MPB, the two low- present problem, we first study the driving force for the
temperature structural phases are energetically degen- phase transition. It has been shown using phenomeno-
erate at the MPB composition, and it is conceivable that logical theory that the paraclectric to ferroelectric phase
the electric field or stress-driven phase transitions be- transition in PZT for compositions in the vicinity of the
tween the two ferroelectric structures are possible for the MPB is of second order." Therefore, thermal fluctua-
PZT of composition near the MPB. This field-induced tions are the driving force for this phase transition. Inev-
phase transition could contribute substantially to the ob- itably, these fluctuations will also play a key role in the
served phenomena. In order to quantify this contribu- probability distribution of the tetragonal and rhom-
tion, one must know the exact fraction of the two- bohedral phases during cooling through the Curie point.
structural phases for a given composition in the low-
temperature regime. Looking at classical thermodynam- -A. T p
ic and statistical theories, one finds that they cannot be
directly applied to address our problem because the MPB The construction of probability polyhedron was de-
is defined by equating the free energies of the tetrqonal scribed in Ref. 2. The only assumption made there was
and rhombohedral phases, hence the energy difference the orientational ergodicity of thermal fluctuations which
(which is the only criterion in classical statistics) is zero. is valid for either long-time observation of a single system
On the other hand, after a low-temperature structure is or instant observation of a statistical ensemble.
formed from the paraelectric-ferroelectric phase transi- In order to generalize the idea of probability polyhed-
tion, the system may be "locked" into this structure be- ron we give an equivalent definition below. Considering
cause of the existence of a tranition barrier between the the fact that the number of surface planes in the polyhed-

two low-temperature phases (this is reflected in Fig. I as ron is equal to the number of allowed polarization direc-
the nearly vertical line of the MUP). This "locked struc- tions, it is equivalent to say that in the fluctuating state
ture" is thermodynamically metastable below the transi- each of the polarization states occupies an effective solid
tion temperature. Therefore, in reality we are not exactly angle in the order parameter space, which is equal to the
dealing with the absolute thermodynamic equilibrium at solid angle subtended by the polyhedron surface whop
temperatures well below T,. It is our opinion that the plane normal coincides with that polarization directiin.

coexistence of the two low-temperature phases in the The probability of attaining this polarization state -.
PZT system is a result of quenched-in thermal fluctua- cooling through the phase transition is equal to its

tions. Following this idea, the two observations in the effective solid angle divided by 41r, the normalization con-
PZT system mentioned above can be explained satisfacto- stant.
rily, and the fractions of the two coexisting phases can be Now we use this concept to describe the distribution of

quantified. polarization states for the PZT of compositions

IL THE MODEL sufficiently far from the MPB. In this case, the low.
temperature phase is either tetragonal or rhombohedral.

As a starting point, we assume that the partitioning of On the tetragonal side (Ti rich) of the MPB, the probabil.
the two phases does not change with temperature after ity polyhedron is a cube with each of the six variants,
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I =p,0,0). (0, p,0), and (0,0,±p), occupying an effective temperature phases. We define the distribution anisotro-
solid angle of fi, = 21r/3 (i = 1-6), where p is the magni- py parameter 8 as follows:
tude of the polarization. Hence, the fraction being rr-rR
transformed into each of the polarization states in an en- 6 = , . I I
semble (a ceramic can be treated as an ensemble of grains) rr
is equal to (1, /(41r)- 1/6, and the total polarization of which is a function of composition only when tempera-
the ensemble is zero in the order parameter space. Be- ture and pressure are fixed.
cause of the one to one point mapping between the order 6=0 represents the MPB composition, at which the
parameter space and the real space, the total polarization probability ratio of the rhombohedral and tetragonal
in the real space is also zero for a statistical ensemble of phases is2

particles. The same can also be said for the compositions

on the rhombohedral side (Zr rich) of the MPB, for fRj ir-6arcsin[(3-v3)/6] 12)
which the probability polyhedron is an octahedron. The fr 6 arcsin[(3- V-3)/6]
effective solid angle for each variant is ir/2 and the prob-
ability for each polarization state is (r/2)/(4ir)=1/8. where fR and fT are the probabilities of the rhom-
Again, the net poiarization ot the ensemble of rhom- bohedral and tetragonal phases. This ratio is close to 3:2
bohedral phase particles is zero. When the PZT compo- instead of 1:1 given by Jaffe, Cook, and Jaffe.)
sition is close to the MPB composition, the two low-
temperature structural phases can coexist and the proba-
bility polyhedron will have 14 faces. In general, the
tetragonal states and the rhombohedral states are not de- B. The distrlbution fuactlos for the coexisting phases

generate unless the composition is exactly on the MPB; In PZT of compositi near the MPB

therefore, we expect the effective solid angle representing There are upper and lower bounds for the value of 6.
the probability of each polarization state to change with When 8 decreases, the probability of transforming into
composition. the rhombohedral phase also decreases until 6= 1- v 3;

There is an energy difference between the two structur- for 8 less than this critical value, the low-temperature
al phases when the composition is not exactly on the phase can only be tetragonal because the polyhedron be-
MPB; we introduce an anisotropy factor 6 to describe comes a cube. On the other hand, when 6 increases, the
this situation. As shown in Fig. 2, the distance of the sur- probability of transforming into the tetragonal phase de-
faces (corresponding to different phases) from the center creases, the upper limit for 6 is 1-1/V3, for
e!nt of the polyhedron is represented by ri f = OT or 6-ýI- I/V; the polyhedron becomes an octahedron.
OR), which controls the solid angle subtended by the sur- which means that the system can only be rhombohedral.
face. In other words, ri determines the probability of at- There is another special value of 6, 6=1 -2/V 3. at
taining a specific polarization state using the concept we which the representative surface of the rhombohedral
have introduced above; r, must be a function of energy. phase on the probability polyhedron changes its shape
At the MPS composition, the tetragonial and the rhom- from a six-sided polygon to a right triangle, and the
bohedral phases are degenerate, and we have PT = r'. In representative surface for the tetragonal phase changes
this case, the actual magnitude of ri does not matter since from a square to an eight-sided polygon. Therefore. in
the solid angle partitioning is independent of ri. But for calculating the effective solid angle for each of the polar-
the nondegenerate case, Pr and rt are different and ization states, one must use Fias. 2 and 3 for the cases of
should depend on the energies of the two low- 6> 1-2/1/3 and 6< 1-2/7/3, respectively. It can be

FIG. 2. Probability polyhedron for PZT system with the pa.
rameter 8 in the range 1-I/V3>8>11-2/V3. At MPB, FIG. 3. Probability polyhedron for PZrsystem with the pa-

OT -OR and 8- 0. rameter 6 in the range 1-2/V3 8> I' - V3 , rr,•.
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jhown that'l2
6

6arcsin V[312(l-6)-v31 VI6 2

-arcsin _ -
asn" 2 + v'3(l1--6)-- J l:1-- -•-'."<I•<1-- -2-'.•

=l-fr •(4)

C. The Physical meaula WOf wad the width extensive variable while the product on the right-hand
of the coexiateme region side is an intensive variable. This point can become more

transparent if we recast Eq. (8) in the following form:

In the PZT system, the free energies of the tetragonal k t

and rhombohedral phases, Gr and GR, depend monotoni- - --c in3, (9)

cally on composition. The two free energies cross each v
other at the MPB.' 3 From thermodynamics, at equilibri- where 9T and gjt are the free-energy densities of the two
um only one of the two low-temperature phases is stable wher and v ae the freeaenergymentie the
except at the MPB composition. However, in the vicinity phases and v denotes the volume of each element in the
of the MPB, one expects the energy difference of the two statistical ensemble. Because the free-energy difference is
low-temperature phases to be very small; thermal energy small for PZT compositions sufficiently close to the MPB,can ntrduc soe unertintes n th ditriutin ~ we may write the free-energy density difference in termscan introduce some uncertainties in the distribution fi, of a series expansion around the MPB composition:

which obeys the canonical distribution. Since we have as-
signed the solid angle fl, to be proportional to the distri-
bution function, f, hnmay be written as follows: g9 -gr I- a, (X -X 0 )", (10)

I,-'

cf -GGc where x is the composition variable and x0 is the MPB
'l I -exp kT , composition, and

where k is Boltzmann's constant, Gi and G. are the sys- aT
tem free energies for the ith low-temperature structural a. -1tx"( -g • (11
phase and for the lowest energy phase ("ground state"),
respectively. For a given surface area, the solid angle it Note that Eq. (10) is a mathematical representation but
subtends with respect to a given point in space is inverse- not the Landau free energy, and there are no symmetry
ly proportional to the square of the distance between the -constraints for the expansion coefficients.
surface and that point, i.e., cc I /ri2 . Hence, from Eq. In a linear approximation, i.e., taking a, -0 for n * i,
(5) the distance variabler can be written in terms of the the width of MPB 8x can be derived using Eq (9) and
free-energy difierence. (10):

1 M-e- p -Gc (6) 2kT 3
rVi kTc AX" n3 . (12)

By substituting Eq. (6) into Eq. (1) the uimeter 6 be- Equation (12) indicates to us that the width of the coex-
COma istence region. Ax, is inversely proportional to the

6 1 p -Or volume of the statistical element. Suppoe Ax is 0.1 for a81--l-exp 2k'T, (7) particle size of M0.amtin hen it would be 0.0125 for a par-

I k I tile size of 0.2imr. Th1rebo it is not surprising that

Using Eq. (7) and the limiting values of 8, one can calcu- the values of Ax obtained by diffe t Processing tech-
late the required energy difference in order to obtain a niques are quite different. It is also conceivable that for a
single phase state: wel-sintered ceramic system or a kgle-crystal system,

OIt-GT Ax will be too small to be detectable with the available
-TI> kT,3 . (8) experimental tecniques, which gives an explanation as

Therefore, the width of the coexistence region depends on to why the coexistence could no be obesrved in some ex-

how fast the energy dierence GT-GR changes with periments, especially in a sinle-crystal system.

composition. An important conclusion can be drawn
from Eq. (8); the width of the MPB depends on the [11. COMPARISON WITH EXPERIMENTS
volume of the element in the ensemble (for example, the
particle size in a powder system). This is because the Using the linear approximation, we can rewrite Eq. (7)

fre-energy diference on the left-hand side of Eq. (8) is an in the following form:
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1.2

S-expj " (13) 1

08- k. •
Here x0 is the MPB composition and &x is the width of 08-
the coexistence region as mentioned above. These two 0 0.6 -

parameters can be obtained from fitting experimental 0.4
data to the distribution functions given by Eqs. (3) and 0 ..'
(4). In practice, the molar ratio of the two coexisting 0.2 - 7
phases is measured from the integrated intensities of the
x.ray-diffraction peaks of the rhombohedral and tetrago- 0 x
nal phases. The value of x0 may be obtained using Eq. -0.2
(2), viz., at x =xo the intensity ratio of the rhombohedral 0.35 0.4 0.45 0 5 0 55 0 6 65
phase to the tetragonal phase is roughly 3:2. Because the TrCOMPOSlTKON

x-ray technique has a limited accuracy for a second phase FIG. 4. The molar fractions of the rhombohedral and tetrag-
of less than a few percent, especially when the diffraction onal phases inside the coexistence compositional region for
peaks are not well separated, it is difficult to measure the 0.1PboKo ,(Zn 1 ,,Nbz/ 3 )Oz.,,-(0.9-x )PbZrO)-xPbTiO, solid

coexistence width Ax. In order to overcome this solution. The squares and circles are the experimental data
difficulty, a useful relation is given below: from Ref. 8. the solid curves were fitted from the lever rule, and

11 1 2ir/ 12) 12the dotted curves were calculated using the proposed model uin-
X. -Xo=Ax I -- 12 - der linear approximation.

=0.053Ax (14) dfrl/dx are discontinuous at the compositions x i and x:,

where x. is the equal fraction composition at which the which represent the existence of a solubility gap between

molar ratio of the two phases is 1:1, which can be easily x, and x2. This is in contradiction with the complete
obtained from x-ray-diffraction measurements. Equation solubility of the system. On the other hand, our model
(14)wasobtained from x-ray-diffractiong mEa entsq. (uaind not only provides excellent fit to the experimental data,

(14) was obtained by substituting Eq. (13) into Eq. (3) and but also eliminates such derivative discontinuities, which

letting ur -1 s/2. makes it more suitable for describing the phase mixing in
For the pure PZT system, the coexistence region is not complete solid-solution systems.

only very narrow but also very sensitive to the processing In order to further illustrate the difference between the
procedures; there are no reliable diffraction data in the two theories, let us look at a binary system A C-BC and

literature. But when the system is slightly doped, the asm theor m sololut a and sy for A-rc and
coexstece egin bcoms wier nd he eak beassume they form solid-solutions az and 6 for A-rich and

coexistence region becomes wider and the peaks become B-rich compounds, respectively. Then, for any given
easily identifiable. As an example, we examine the exper- composition x inside the coexistence region of a and 0,
imental data of Haab, Uchino, and Nomura,- which is we have the two theories describe the following situa-
for the solid-solution system tions:

0. lPbj0.K 1(Zn 1/3Nb 21 / 3 )O2." (a) Lever rule

-(0.9-x )PbZrO3-x PbTiO3 . xAC+( 1 -x)BC=f. A"IB 1 .-,C(a structure)

The squares and circles in Fig. 4 are the measured molar +foA 28 1 1 2 C(O structure);

fractions of the rhombohedral and the tetragonal phases, (15)
respectively; the solid curves were obtained by Hanh,
Uchino, and Nomura from fitting the experimental data (b) Present model
to the lever rule, and the dotted curves are from the xAC+(I-x)BC=faAxBj_1 .C(a structure)
current model. Lina approximation (Eq. (13)] was used
in the calculation and the two parameters xo=0.5027 +fpAB,_,C(ft structure).

and Ax =0.2066 were fitted to the experimental data us- (16)

ing the nonlinear Levenberg-Marguardt method. The The lever rule specifies a solubility gap from xI to x , and
two special compositions x0 (MPB) and x. are also given the two coexisting phases have different chemical compo-
in Fig. 4 as references. sitions as shown on the RHS of Eq. (15). On the other

Generally speaking, linear approximation is valid only hand, our model was derived from the complete solubility
when the two free-energy curves are relatively straight as of AC and BC, indicated on the RHS of Eq. (16), and the
a function of composition near the crossover point of the phase coexistence was considered as a frozen-in second
two free energies. It is expected that the calculated coex- metastable phase from thermal fluctuations.
istence region could become slightly narrower when the

full expansion in Eq. (10) is used. IV. SUMMARY AND CONCLUSIONS
From Fig. 4 one may find that the lever rule seems to

give a good fit to the limited experimental data points, A theoretical treatment is proposed to calculate the

however, the derivatives of the distributions, dfA /dx and molar fractions of the rhombohedral and tetragonal
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phases near the MPB in a PZT system. Under the as- a unique value for the width Ix cannot be well defined.

lumption that the partitioning of the two low- The coexistence should not occur in a single-crystal sys-

temperature phases is determined at the paraelectric- tern, which is consistent with the experimental observa-

ferroelectric transition, the distribution functions are re- tions.

lated to the effective solid angles associated with the low- The model was applied to the experimental data of

temperature phases in the order parameter space. Ana- Hanh, Uchino, and Nomura,s which is for the complete

lytic forms were obtained for the molar fractions of the solid-solution system, O.IPb0 9K0o (Znjj 3Nb2, 3)O2 9,

two low-temperature phases inside the coexistence re- -L0.9-x)PbZrO3-xPbTiO 3, and compared with the

gion. These molar fractions depend on a single parame- fitting using the lever rule. Although both theories pro-

ter 6, which is a function of the free-energy difference of vide good fit to the experimental data, the solubility gap
the two low-temperature phases. Besides the energy con- specified by the lever rule makes it unsuitable to this
siderations, the geometrical constraints of a solid struc- problem, while the current proposed treatment can elimi-
ture have been incorporated in the statistical calculations. nate the two unphysical kinks in the distribution func-

Using this model, the two contradictory facts of the tions at x1 and x2 given by the lever rule. Therefore the
PZT system mentioned in the introduction can be recon- proposed model is more consistent with the nature of
ciled, as thc uuti ent mnodel allows for the phase coex- complete sojid-solution systems. Severai predictions were
istence in a complete solid-solution system without solu- made from the current model, including the relationship
bility gaps. In addition, the controversy about the between the width Ax and the particle volume, which
undefined width of the coexistence region may also be ex- await further experimental verifications.
plained using Eq. (9), which states that the width of the
coexistence region is inversely proportional to the volume ACKNOWLEDGMENT
of ihe element in a statistical ensemble (such as the parti-
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A Transmission Electron Microscopy Investigation of the R3m -4 R3c
Phase Transition in Pb(Zr,Ti)0 3 Ceramics
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A transmission electron microscopy (TEM) study was performed on Pb(Zz,Ti)0 3

conmpositions within the R3m -- R3c phase region. The low temperature phase is owing to a

displacive phase transition involving oxygen octahedral tilts. The associated superlattice reflections

are detectable by electron diffraction. Dark Field diffraction contrast imaging of the superlattice

reflections reveals antiphase boundaries associated with octahedral tilt domains. Interaction

between the octahedral tilt antiphase boundaries and the ferroelectric domain structures of the R3c

phase is studied and discussed.

The perovskite solid-solution between end-member PbTiO3 and PbZrO3 is the basis of

important technological ceramics used in piezoelectric, pyroelectric and electro-optic

applications. 13 The phase diagram of PbZrO3-PbTiO3 is illustrated in Figure 1. The phase

diagram contains a variety of displacive phase ntnsitions and there are antiferroelectric and various

ferroelectric phases in the low temperature regime. Compositions between Zr/Tl ratios 90/10 and

65/35 reveals a ferroelectric -+ ferroelectric transition between rhombohedral space groups R3m -ý

R3c. This transition involves the oxygen octahedra tilt about the <111> directions.4 The aim of

this investigation is to study the inter-relationship between octahedral tilt domain structures and the

high temperature feffoelectric domain structures. There have been virtually no studies regarding

the domain stractures of octahedral tilt systems in perovskites. 5 The transmission electron

microscope ofters an attractive means to study this subtle phenomena owing to electron scattering

factors being much larger than x-ray scattering factors. The diffraction contrast imaging also

allows a direct means to study the domain states.6



Ceramic samples of Pb(Zr,Ti)03 were made using conventional solid-state sintering

techniques. The starting raw material powders were of analytical grade quality and included PbO,
ZrO2, and TiO2. Two compositions were made for tkis study Pb(ZrO.9TiO.l)0 3 and
Pb(Zro.65TiO.35)03. These compositions were batched according to stoichiometric ratios and
accounting for loss of ignitions. The raw powders were ball milled with ethanol solvent for 48
hours for complete mixing. Perovskite phases were fully formed er calcining for four hours at

900"C, as determined by a Scintal X-ray diffractometer. The calcined owder was ball milled for
24 hours. Binder and I wt1% excess PbO was added to 80 mishi~ed powders. Green eIicts
with 60% theoretical density were formed using uniaxial pressure followed by binder burnout at
550"C for I hour. Sintering was undertaken at 1250"C for 2 hours to give pellets from 91-94%
theoretical density and lesa

wE s a thicknessz 50 I=

These sections were uie epoxy. Ion beam

thinning was performed a beam current - I mA.
TEM observations were made Wilagns Philips 420 '?E a 1 tan liquid nitrogen two-
tilt stage was used to make in situ TBM observatio bsW%~w i-~c

- "'• ..4- - '-4

Figures 2 (a) and (b) show the (1101 zone axis diffacion patterns revealing (h + 1/2, k +
1/2,1 + 1/21 pseudo cubic superlattice reflections in Pb(ZrO.9TiO.j)03 and Pb(ZrO.65Tio.35)03
respectively. It is found that byheting the PbOo.65sTO.A 3 sample to 80C the superlatuce
reflection disappeam Figure 2(*&Spd con~WyCHt tieaue with the Gatan
liquid nitrogen stage the. inuete " m .@jrsa- Tbmis. e r~lboo m% "fore, associated with a
displacive phase transidtion. The (h + 1/2, k + 1M2, I + 121 /iu' are consistent with the
neuuon diffacdon study perfmed by Glazer.4 Glazer predicted & i of this superstructure
to be oxygen octhedral tilts within the simple perovskite scirume. The oxygen octahedral shifts
with equal components about the pseudo-%bic pewvskite axis as to give an effective clockwise

and anticlockwise rotation of oxygen octalhedr about the <111> directions parallel to the
fez.roeketc dipole displace met of the R3m phase, Figure 3.

Figure 4(a) shows the dark field diffraction contrast hma associated with the superlatice
relection in a Pb(ZrO.9MTIO)03 subgrain. A dark ribbon-like boundary is observed under these



imaging conditions, and this is believed to be a wall separating out-of-phase octahedral tilt variants.

Figure 4(b) shows the same subgrain imaged under a multiple beam bright field condition. This

reveals 180" domain boundaries within this region. There is only a weak spatial perturbation

between the 180" feroelectric domain walls and the octahedral andphase boundaries.

Figure 5(a) shows a bright field image which reveals ferroelectric twin structures and

inversion 180" ferroelectric domains typical in a rhombohedral ferroelectrics. 5 Figure 5(b) shows

the same crystallite imaged in dark field with a superlattice reflection. The antiphase boundary

contrast is again observed and shows a strong interaction with the twin boundaries. Generally we

found antiphase boundaries are terminated on the twin boundaries, grain boundaries, or

alternatively contained within closed loops. The antiphase boundaries in the Pb(Zr,Ti)03 ceramics

predominantly terminate on either twin boundaries or grain boundaries. Region X in Figure 5(b)

shows an example of the antiphase boundary terminated at a (110) twin domain boundary region

Y shows an antiphase boundary to be coincident with a (001) domain wall.

From the above results we can infer that the R3m ferroelectric phase has only twin and

inversion domains. Twin domains being 109" or 71" type and twin on habit planes (110) and

(100), respectively. These observations are consistent with earlier observations on modified

rhombohedral Pb(ZrTi)03 ceramics. 7 The octahedral tilt transition is driven by a zone boundary

soft mode resulting in the doubling of the unit cell. The reflections observed are consistent with

the proposed model by Glow, Figure 3. This transition gives rise to two additional variants

which are separate from each other with antiphase boundaries. The antiphase boundaries are

slightly perturbed by 180 domain walls and are strongly perturbed by the twin boundaries. In

some incidents we noted that the anti-phase boundaries were consistent with the twin walls which

may imply a coupling between the gradients of the tilt and the polarization.

This research was supported by Air Force Office of Scientific Research under Grant No.

AFOSR-91-0433 and by Office of Naval Research under Grant No. N00014-92-J-1510. We also

wish to thank Ian Reany for w. y discussions during his wodk.



"Figure Captions

Figure 1. The PbZrO3-PbTiO3 Phase Diagram [Jaffe, Cook, Jaffe (1971)].

Figure 2. [110) Zone,- Axis Diffration Patterns (a) Pb(Zro.9Ti 0.1)0 3 and

(b) Pb(Zro.6sTio.35)03, both at room temperature, and

(c) Pb(Zr,.s&Vl.3s)03 at &OC.

Figure 3. Schematic representation of the oxygen octahedral-tilting in R3c
phase.

Figure 4 (a) Dark field image of octahedral-tilt superlattice reflection revealing

anti-phase boundaries (APB); (b) multiple bright field Image of same

area revealing typical 1W0" domain wall contrast.

ML
Figure5. (a) Dark field Image of ferroelectric domain walls; (b) Dark field

image of superlattice reflection revealing interaction of APBs with

twin domain walls.
-. .--
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Figure 2. (1101 Zooe Axis Diffraction Patterns (a) Pb(Zr*.sTiO.1)O3 and

(b) Pb(Zrt.GsTil.3s)O3, both at room temperature, and
(e) Pb(Zrn.gcTfn 15)03 at ROC.



Figure 3. Schematic representation of the oxygen octahedral tilting In R3c
phase.



Figure 4 (a) Dark field imtage of octahedral-tilt superlattice reflection revealing

anti-phase boundaries (APB); (b) multiple bright field image of same

area revealing typical 180 domain waIl contrast.

APB
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Figure S. (a) Dark field image of ferroelectric domain walls; (b) Dark field

Image of superlattice reflection revealing Interaction of APBs with

twin domain walls.


