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Abstract 

Although ferroelectric materials are usually regarded as insulators, their small but 

finite conductivities have recently been taken into account to satisfactorily explain a 

number of new phenomena, which otherwise may be difficult to understand.  Chan 

et al. [Chan et al., 2004] have demonstrated that the time-dependent 

space-charge-limited (TDSCL) conduction could be a possible origin of the 

polarization offset in graded ferroelectrics.  Wong et al. [Wong et al., 2002; Wong 

and Shin, 2005] have systematically investigated the effects of electrical conductivity 

of the constituents on the dielectric, pyroelectric and piezoelectric properties of 

ferroelectric particulate composites.  In this thesis, we focus on the study of the 

effect of electric conductivity in two kinds of ferroelectric structures: ferroelectric thin 

films and ferroelectric 0-3 composites. 

 We have investigated theoretically the dependence of the “polarization offset” of 

hysteresis loops (also known as vertical or charge offset) on various parameters in 

compositionally graded ferroelectric thin films.  Our model adopts the 

Landau-Khalatnikov equation to describe hysteresis behavior and takes the 

time-dependent space-charge-limited conductivity into account to study the effects of 

polarization and permittivity gradients, thickness and charge mobilities in graded 

ferroelectric thin films.  We have found that both polarization and permittivity 

gradients are requisite for the occurrence of the offset phenomena.  It is also found 

that larger gradients of remanent polarization and permittivity, a smaller thickness and 

larger charge mobilities can generally enhance the vertical offsets.  The qualitative 
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agreement between simulation and experiment further supports our notion that the 

asymmetric conduction current arising as a result of the composition gradient is an 

important factor leading to the “polarization offset” phenomenon. 

 Theoretical models have been developed to explain the horizontal shifting of the 

measured D-E hysteresis loops (imprint effect) of ferroelectric thin films.  The 

time-dependent space-charge-limited conduction is adopted to describe the spatial and 

temporal variation of electrical conductivity in the films.  It is found that the imprint 

phenomenon can be explained by considering three mechanisms or their multiple 

effects: (1) stress induced by film/electrode lattice mismatch or clamping, (2) domain 

pinning induced by e.g. oxygen vacancies, or (3) degradation of ferroelectric 

properties in film/electrode surface layers. 

For film type ferroelectrics, we also studied theoretically the enhancement of 

remanent polarization and dielectric permittivity of interfacial-coupled ferroelectric 

superlattices based on the Landau-Ginzburg theory.  Our model adopts the 

Landau-Khalatnikov equation to describe hysteresis behavior and takes the 

time-dependent space-charge-limited conductivity into account to investigate the 

ferroelectric and dielectric properties of ferroelectric superlattices.  The results are in 

good agreement with recent experimental observations on the enhancement of 

remanent polarization and permittivity of BaTiO3/SrTiO3 superlattices and 

heterolayered Pb(Zr, Ti)O3 thin films [Shimuta et al., 2002; Pontes et al., 2004]. 

 The effect of electrical conductivity is also essential to understanding the 

behavior of ferroelectric composites.  We use a simple dynamic model to include the 
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effect of the electrical conductivity of both constituent phases on the electrostriction 

behavior of a 0-3 composite comprising ferroelectric ceramic particles 

(lead-zirconate-titanate) embedded in a polymer matrix (polyurethane).  Ohmic 

conductivity has been demonstrated to be sufficient to account for the electrostriction 

strain characteristics of this ferroelectric 0-3 composite system.  Good agreement up 

to 30% volume fraction of lead-zirconate-titanate (PZT) is obtained for the butterfly 

shaped strain-electric-field loops with those observed in experiment [Lam et al. 2005].  

The critical switching fields decrease while the electrostriction strain magnitudes 

increase with increasing PZT volume fraction, in good agreement with the 

experimental results.  On the other hand, a relatively simple model for studying the 

magnetostrictively induced deformation behavior of magnetostrictive composites is 

also investigated.  We use a conceptually simple and convenient approach to 

investigate magnetostriction for particulate composites of magnetostrictive inclusions 

in elastically isotropic, nonmagnetostrictive matrices.  We calculate the 

magnetostriction responses of composites containing Terfenol-D and nickel.  The 

macroscopic longitudinal strains parallel to the applied magnetic field for 

Terfenol-D/glass composites and both longitudinal and transverse strains for 

nickel/epoxy composites are obtained.  Comparison with published experimental 

data [Nersessian et al. 2004; Chen et al. 1999a] indicates that good agreement up to 

very high volume fraction of inclusion particles has been achieved.   

The magnetostriction model is then extended to study magnetoelectric (ME) 

effect of mildly conducting magnetostrictive/piezoelectric particulate composites by 
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taking the constituents’ Ohmic conductivity into account.  For illustrative purpose, 

we calculate the magnetoelectric voltage coefficients of particulate composites of 

nickel ferrite and lead zirconate titanate (NFO/PZT).  The effects of electrical 

conductivity of both phases of the composite material are also studied.  Our 

calculation demonstrates that the ME effect is larger for composites with low 

conductivity constituents and that the range over which notable ME effect is observed 

becomes smaller when conductivity increases.  These trends are observed in recent 

experiments with particulate composites of nickel zinc ferrite/lead zirconate titanate 

(NZFO/PZT) and nickel ferrite/barium lead zirconate titanate (NFO/BLZT) [Laletin et 

al. 2002; Srinivasan et al. 2004].  The calculated longitudinal magnetoelectric 

voltage coefficient gradually increases with increasing frequency f, which is also 

experimentally observed in particulate composites of NFO/PZT [Zeng et al. 2004]. 
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Chapter 1 Introduction 

 

1.1 Background 

 In recent years, ferroelectric thin films and multi-phase ferroelectric materials 

have attracted much interest.  This is because ferroelectric thin films usually exhibit 

a wide variety of interesting properties such as high dielectric permittivity, 

polarizability, piezoelectricity and pyroelectricity not found in bulk materials.  On 

the other hand, single-phase ferroelectric materials may have some inherent 

limitations for technological applications.  In addition, modern applications desire 

diverse properties of materials which often cannot be obtained in single phase 

materials.  For example, although several magnetoelectric single phase materials 

have been discovered since the first experimental observation of linear ME effect in 

the antiferromagnetic Cr2O3 crystal in 1960 [2], these monophase ME materials only 

exhibit a very weak ME effect, and most of them have Neel or Curie temperature far 

below room temperature, which makes them difficult to find any practical 

applications in technology.  Alternatively, some multiferroic composites made by 

combining ferroelectric and ferromagnetic substances together have attracted much 

interest because they can exhibit a much stronger ME effect in a wide temperature 

range.  

 Recently, various anomalous phenomena have been observed experimentally in 

ferroelectric thin films or composites.  Some of these anomalous phenomena have 
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been satisfactorily explained by taking small but finite electrical conductivity into 

account, which otherwise may be difficult to understand.  Notedly, Chan et al. have 

demonstrated that the time-dependent space-charge-limited conduction could be a 

possible origin of the polarization offset of the hysteresis loops of graded 

ferroelectrics as would be measured from a Sawyer-Tower circuit (see Figs. 1.1 and 

1.2) [Chan et al., 2004];  Wong et al. [Wong et al., 2002; Wong and Shin, 2005] have 

systematically investigated the effects of electrical conductivity of the constituents on 

the dielectric, pyroelectric and piezoelectric properties of ferroelectric particulate 

composites.  

E

P

Ec-Ec

Pr

Ps
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ΔQ

Voltage

Charge(b)

 

FIG. 1.1  (a) A typical ferroelectric hysteresis loop. (b) The hysteresis loop with a charge offset QΔ . 
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FIG. 1.2  Schematic diagram of the Sawyer–Tower circuit. 

 All ferroelectrics must possess some finite conductivity.  It should be noted that 

the electrical conductivity may vary with electric field, temperature and the frequency 

of applied field.  Moreover, asymmetric conduction behaviors have been observed in 

ferroelectric films [Zheng et al. 1996; Furuya and Cuchiaro, 1998; Yang et al., 2002].  

Although a number of distinct groups have reported on the asymmetric conduction 

behavior of ferroelectric thin films, its origin is still under debate.  Zheng et al. 

suggested that the bottom electrode usually received high temperature cycles during 

film deposition and postannealing, while the top electrode received less or no heat 

cycles [Zheng et al., 1996].  Hence different barrier heights may be formed at the 

bottom and top interfaces, which leads to the asymmetric leakage current 

characteristic for different polarities.  Another possible explanation is that 

ferroelectric films are normally deposited on a substrate, with the polarization 

perpendicular to its surface.  One side of the film is next to the substrate, while the 

other exposed to air or vacuum.  This difference in contact may lead to the 
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asymmetry. 

 In summary, although ferroelectric materials are usually regarded as insulators, 

the small but finite conductivities have recently been demonstrated in many situations 

to be a key factor in determining ferroelectric properties and other characteristics.  

This thesis will focus on the interpretation of some phenomena or characteristics 

which in our opinion are induced by or enhanced by electrical conductivity. 
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1.2 Scope and outline of this thesis 

 This project focuses on some phenomena which are induced by the participation 

of electrical conductivity in ferroelectric films and composites.  Phenomena studied 

in this project include: horizontal and vertical shifts of hysteresis loop in ferroelectric 

films, enhancement of dielectric and ferroelectric properties in ferroelectric 

superlattices, electrostriction behavior of a 0-3 composite comprising ferroelectric 

ceramic particles (lead-zirconate-titanate) embedded in a polymer matrix 

(polyurethane), the magnetostriction behavior of particulate composites of 

magnetostrictive inclusions in elastically isotropic, nonmagnetostrictive matrices, and 

magnetoelectric effect (ME) of mildly conducting magnetostrictive/piezoelectric 

particulate composites.  This project demonstrates that considerations of electrical 

conductivity of the ferroelectric/ferromagnetic materials can quite naturally account 

for these phenomena which may be difficult to understand from the assumption of 

perfectly insulating materials.  The TDSCL and Ohmic conduction are respectively 

employed for the explanation of most phenomena presently investigated.  In this 

project, both film type ferroelectrics and 0-3 composites are investigated.  Calculated 

results are as far as possible compared with experimental data.  By understanding 

these phenomena, new device applications may be developed and ferroelectric 

systems can be more effectively designed for specific applications.   

 This thesis is divided into six chapters.  Chapter 1 introduces the background 

information.  In Chapter 2, a thermodynamic model was proposed that shows that 
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systematic variations in the polarization and permittivity would result in asymmetric 

conduction currents which could be the origin of vertical offset in the polarization 

hysteresis loop measurement.  It is demonstrated that the gradients of remanent 

polarization and permittivity, film thickness, and charge mobilities are all key factors 

determining the charge offset of graded ferroelectric thin film.  In chapter 3, we 

proposed a thermodynamic model to study the effects of stress, domain pinning and 

degradation of ferroelectric properties at film/electrode surface on the horizontal 

shifting of measured D-E hysteresis loops (imprint) of ferroelectric thin films.  In 

chapter 4, we studied theoretically the enhancement of remanent polarization and 

dielectric permittivity of interfacial-coupled ferroelectric superlattices based on the 

Landau-Ginzburg theory.  We use a simple dynamic model to include the effect of 

the electrical conductivity of both constituent phases on the electrostriction behavior 

of a 0-3 composite comprising ferroelectric ceramic particles (lead-zirconate-titanate) 

embedded in a polymer matrix (polyurethane) in chapter 5.  A simple model for 

studying the magnetostrictively induced deformation behavior of magnetostrictive 

composites is also proposed in this chapter.  In the last chapter, the magnetostriction 

model is extended to study magnetoelectric (ME) effect of mildly conducting 

magnetostrictive/piezoelectric particulate composites by taking the constituents’ 

Ohmic conductivity into account. 

 In all, the results of this project will present a further step toward a more detailed 

understanding of the effect of electrical conductivity in ferroelectric thin films and 

composites, which is essential for the application of ferroelectrics in various devices. 
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1.3 Literature review 

 This section reviews some past research works on the vertically and horizontally 

shifted hysteresis behavior in thin films, electrostriction and magnetostriction models 

of particulate composites, and some known models of ME effect of 

magnetostrictive/piezoelectric dilute particulate composites.  

 

1.3.1 Miller et al.’s model for lossy ferroelectric films 

Miller et al. [Miller et al., 1990] proposed that the behavior of electrical circuits 

containing a non-ideal ferroelectric can be modeled by a stacked structure, with 

switching ferroelectric and non-switching dielectric layers.  The electric 

displacement D is defined by 

0 ( )f tD E P Eε= + ,             (1.1) 

where Ef is the electric field in the ferroelectric and Pt is the total ferroelectric 

polarization which can be written as the sum of the linear contribution to the 

displacement and the contribution due to switching dipoles in the ferroelectric film: 

 0 0f f f d f f dD E E P E Pε ε χ ε= + + = + ,         (1.2) 

where fχ  is the electric susceptibility and 0 0f fε ε ε χ= +  is the linear dielectric 

permittivity of the ferroelectric layer.  dP  is the polarization due to the switching 

dipoles only. 

 The stacked structure is placed in a Sawyer-Tower circuit (see Fig. 1.3) and the 

output voltage Vo may be numerically integrated from the following expression: 
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 3

3

[ / ] / (1/ 1/ )f i i f o n fo

n f

C dV dt V R V R RdV
dt C C

γ
γ

+ + +
=

+
 ,      (1.3) 

where 

 3
2

( )1 11 d

f

P E
E

γ
γ ε

⎛ ⎞∂
= +⎜ ⎟⎜ ⎟∂⎝ ⎠

,            (1.4) 

 2
( )11 1 1p f d

f p f

d P E
d E

ε
γ

ε ε

⎡ ⎤⎛ ⎞∂
= − − +⎢ ⎥⎜ ⎟⎜ ⎟∂⎢ ⎥⎝ ⎠⎣ ⎦

,         (1.5) 

 ( / )f f f fC d Aε=  ,             (1.6) 

and Vi is the input voltage, E is the electric field across the stacked structure.  dp and 

df  are the thickness of the dielectric layer and the total thickness of the film.  fA  is 

area, pε  is the permittivity of the non-switching dielectric layer,  fC  is the 

capacitance of the ferroelectric capacitor and nC  is the capacitance of the reference 

capacitor.  fR  and nR  represent resistance of the ferroelectric capacitor and the 

input impedence of the instrument utilized to measure the output voltage, respectively. 

Rn

Rf

normal capacitor
Cn

C
f

switching ferroelectric capacitor

Vi(t)

Vo(t)

non-switching dielectric layer

 

FIG. 1.3 Modified Sawyer-Tower characterization circuit in which the ferroelectric capacitor circuit 
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element containing a switching ferroelectric layer and nonswitching dielectric layers adjacent to the 

electrodes in Miller’s model. 

 

The P-E relation of the ferroelectric layer is described by a mathematical model 

as: 

( , ) ( , ) ( , ) ( , )1 tanh
( , ) ( , ) ( , ) ( , ) ( , )

d d sat sat

f s d f

P x t P x t P x t P x t
E x t x t P x t P x t E x tξ

⎡ ⎤∂ − ∂
= −⎢ ⎥∂ − ∂⎣ ⎦

,    (1.7) 

where 

( , ) ( , ) ( , ) ( , ) ( , )( , ) ( , ) ( , ) tanh ln
2 ( , ) ( , ) ( , )
f c s r

sat s
c s r

x t E x t E x t P x t P x tP x t x t P x t
E x t P x t P x t

ξ
ξ

⎡ ⎤− ⎛ ⎞+
= ⎢ ⎥⎜ ⎟−⎝ ⎠⎣ ⎦

. 

(1.8) 

In this model, ( , ) 1x tξ = +  for increasing fields and ( , ) 1x tξ = −  for decreasing 

fields.  ( , )rP x t , ( , )sP x t  and ( , )cE x t  denote remanent polarization, spontaneous 

polarization and coercive field of the ferroelectric layer respectively. 

1.3.2 Mantese et al.’s Slater model for GFD 

Mantese et al. [Mantese et al., 1997] proposed that Slater’s empirical model 

[Slater, 1950] for ferroelectric materials could be extended to describe thin films with 

polarization gradients normal to the growth surface, i.e., graded ferroelectric devices 

(GFD). 

In their opinion, there should be a spontaneous potential difference which should 

appear across a graded ferroelectric upon the application of an oscillatory electric 

field.  This “built-in” potential difference is proportional to the gradient in 

composition, temperature or stress [Mantese and Schubring, 2001]. 

 For a linearly graded composition normal to the growth surface, the dielectric 
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permittivity ε  and spontaneous polarization sP  are approximately linearly related 

to the composition c.  The “built-in” potential difference sV  across the material is 

calculated as: 

 
2

0 0

0

[ ( )] ( / )
12

s
s

P c t c cV
eNε

∇
= .            (1.9) 

0c  is the composition at some reference plane along the composition gradient, t is 

thickness of the material, e is the electronic charge and N is the number of dipoles per 

unit volume.  c∇  gives the compositional gradient. 

 Polycrystalline ferroelectric materials have often been characterized by a field 

dependence of the form: '
0 max( )s sP P c Eγ∝ , where maxEγ  is the maximum applied field 

and '
0( )sP c  is a constant. γ  is typically, but not exclusively, in the range, 1 2γ≤ ≤ .  

Thus Eq. (1.9) is rewritten as 
' 2

0 max 0

0

[ ( ) ] ( / )
12

s
s

P c E t c cV
eN

γ

ε
∇

= .       

 Thus a traditional Sawyer-Tower measurement of the hysteresis behavior of a 

graded ferroelectric should result in a nonsymmetric charge offset QΔ  given by: 

 
' 2

0 max 0

0

[ ( ) ] /
12

sA P c E c cQ
eN

γε
ε

∇
Δ = ,           (1.10) 

where A is the area of the film. 

 

1.3.3 Ban et al.’s generalized Landau-Ginzburg model for GFD 

Ban et al. [Ban et al., 2003] proposed a generalized Landau-Ginzburg model for 

graded ferroic structures and devices in which the inhomogeneities are assumed to 

arise from compositional, temperature, or stress gradients. 

The graded ferroelectric is considered as being composed of “layers” with a 

non-uniform polarization along the z direction which is perpendicular to the xy plane.  
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Starting from the well-known Landau-Ginzburg-Devonshire (LGD) theory, the free 

energy (per unit area) of the graded ferroelectric is written as: 

 
2 4 6

2

0

1( )
2 4 6 2 2

L D i
el

P P P A dPF E P EP F dz
dz

α β γ⎡ ⎤
= + + + − − +⎢ ⎥

⎣ ⎦
∫ ,    (1.11) 

where α , β , γ , and A are the free-energy expansion coefficients.  DE  and L are 

the depolarization field and film thickness, respectively.  i
elF  represents the 

contribution due to the internal stresses resulting from variation of the lattice 

parameter within the compositionally graded or temperature graded unconstrained 

ferroelectric bar. 

Using the mechanical boundary conditions, the total internal elastic energy for 

each ‘‘layer’’ can then be expressed as: 

2
2 22 2

12 123 0

24( / 2)( ) ( ) ( / 2) ( )
Li

el
z LF z C Q P z p z L Q P z P dz

L
−⎧ ⎫⎡ ⎤ ⎡ ⎤= − + − −⎨ ⎬⎣ ⎦ ⎣ ⎦⎩ ⎭∫ ,

                  (1.12) 

where 12Q  is the electrostrictive coefficient and P  is the average polarization.  

C  is an effective elastic constant given by 

 
2

12
11 12

11

2CC C C
C

= + − ,             (1.13) 

and ijC  are the elastic moduli at constant polarization. 

 The minimization of the free energy with respect to the polarization in the 

absence of an external electric field yields the Euler-Lagrange equation: 

 
2

3 5
2

d PA P P P
dz

α β γ= + + ,           (1.14) 

where A, α  and β  are the position-dependent expansion coefficients through which 

the inhomogeneous nature of the three graded systems is reflected with respect to 

composition, spatial temperature, and strain variations. 

 The “built-in” potential that finds its origin in the attendant polarization gradient 
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that arises as the result of the compositional gradient, temperature gradient or external 

stress gradient is given by: 

 int 0

1 ( )L

F

dP zV z dz
C L dz

⎛ ⎞= − ⎜ ⎟
⎝ ⎠∫ ,           (1.15) 

where FC  is the ferroelectric capacitance. Then, the charge offset due to this built-in 

potential is: 

 int 0

( )L

Q
k dP zQ C V z dz
L dz

⎛ ⎞Δ = = ⎜ ⎟
⎝ ⎠∫ ,          (1.16) 

where k is the ratio of the capacitance of a load capacitor QC  in the Sawyer-Tower 

circuit to the capacitance of the graded ferroelectric FC .   

 Although a succession of theoretical models developed by the groups of Alpay 

and Mantese [Mantese et al., 1997; Mantese and Schubring, 2001; Ban et al., 2003] 

can partially account for some experimental features related to the charge offset 

phenomena, their models can not satisfactorily explain the experimental observations 

where very large vertical offset were reported, e.g. values as large as 2420 /C cmμ  

obtained in lead-zirconate-titanate (PZT) graded structures [Brazier et al., 1998]. In 

addition, their models have not explained the dynamic nature of the charge offsets in 

compositionally graded structures. 

1.3.4 Chen et al.’s model for compositionally graded ferroelectics 

Chen et al. [Chen et al. 1999b] have derived an expression for the steady state 

hysteresis loop of graded ferroelectrics.  The spontaneous polarization sP  is 

linearly varied with position z: 

 so
s so

f

PP z P
d
α

= + ,              (1.17) 

where α  is a constant, fd  and soP  represent the thickness of the ferroelectric film 

and the minimum polarization, respectively. 
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 Thus, the charge density ρ  can be obtained from Poisson’s equation as: 

 so

f

P
d
αρ −

= .               (1.18) 

The built-in potential due to the charge distribution is calculated as: 

 
0

1 ( )
2

fd so
bi

f f f

PV z z dz
C d C

αρ= − =∫ ,          (1.19) 

where fC  is the capacitance of the ferroelectric.  The charge offset is then obtained 

from the built-in potential as: 

 max

2
soo

f bi
f

P VQ C V
d

γ

γ

ακ
Δ = = .            (1.20) 

where maxso sooP P Eγκ= , a relation suggested by Mohammed et al. [Mohammed et al.]. 

γ  is typically, but not exclusively, in the range, 1 2γ≤ ≤ . 

 In the above theoretical model proposed by Chen et al., the authors have shown 

that the observed charge offsets are a direct result of the polarization gradient and 

their model is relatively easy to be handled.  However the analysis is only performed 

by considering the equilibrium state and hence the proposed theory can not explain 

the continuous shifting process of the many observed charge offsets in experiments. 

1.3.5 Pintilie et al.’s model for compositionally graded ferroelectics 

Pintilie et al. developed a simple two-layer structure model for the built-in charge 

from simple energy considerations [Pintilie et al. 2003]. 

The dielectric permittivities are assumed to be the same while the absolute values 

of remanent polarization are assumed to be different within the two layers.  Starting 

from the initial condition of no external applied field on the structure, the potentials in 

the two layers, due to different polarization, are obtained by solving the Laplace’s 

equation in each layer with the boundary and continuity conditions.  The built-in 

potential is derived from simple energy consideration as follows.  First the energy 

density deposited in the ferroelectric capacitor during polarization reversal is 

calculated by the integral of the hysteresis loop: 
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1 ( )
2

w P E dE= ∫ .              (1.21) 

Considering that the total polarization is split in two parts then the total energy will be 

given by two components: 

 1 ( )
2 rev irevw P E dE w= +∫ .            (1.22) 

The first term is due to that part of polarization that can still be reversed. The second 

term is due to the part of polarization that cannot be reversed which gives the 

displacement of the loop along the polarization.  The second term in Eq. (1.22) is 

given by: 

 
2

2 2
1 2

1 ( )
2 2

bi
irev

Qw P P
AdCε

= + = .           (1.23) 

Here 1,2P  refers to that part of polarization that cannot be reversed in each layer.  A 

and d are the electrode area and the total thickness of the structure, respectively.  

/C A dε=  is the capacitance and ε  is the permittivity of the structure.  A 

generalization of this procedure is then used to obtain an expression for the built-in 

potential biV  as: 

 
2

1 1

1n n
i

bi
i ii i

PdV n
n ε ε= =

⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
∑ ∑ ,           (1.24) 

where n is the number of layers (herein n=2).  The DC voltage on the graded 

structure is applied on the RC connection of the Sawyer-Tower circuit and given by: 

 [1 exp( / )]offset biV V t τ= − − ,            (1.25) 

where τ  is the time constant of the Sawyer-Tower configuration. 

 

1.3.6 Bouregba et al.’s model for compositionally graded ferroelectics 

Bouregba et al. suggested that probably the presence of asymmetrical leakage 

current in compositionally graded ferroelectrics might be the origin of the offsets 

often observed in these structures [Bouregba et al., 2003]. 

The idea is demonstrated by setting a pair of diodes in parallel with a 
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Cst Rosc

 

FIG. 1.4 Scheme of the Sawyer–Tower circuit with added elements allowing the observation of 

polarization offsets on a non-graded PZT capacitor. 

 

non-graded structure.  Each diode is in series with an external resistor of different 

values ( extR+  and extR− ).  When a sinusoidal voltage is applied, only one diode is 

conducting in each half cycle (see Fig. 1.4).  The DC component of the offset 

voltage measured from the Sawyer-Tower circuit is: 

1 22 2
1 1 2 2

1 1 1
T T

offV A e A e
T

τ ττ τ
− −⎧ ⎛ ⎞ ⎛ ⎞⎪= − + −⎜ ⎟ ⎜ ⎟⎨ ⎜ ⎟ ⎜ ⎟⎪ ⎝ ⎠ ⎝ ⎠⎩

 

  2 1
2 2

2 1

cos cos
( ) 1 ( ) ( ) 1 ( )

osc inm

osc ext osc ext

R V T
R R R R

ϕ ϕ
π ωτ ωτ− +

⎫⎡ ⎤⎪⎢ ⎥− − ⎬
⎢ ⎥+ + + + ⎪⎣ ⎦⎭

, 

                 (1.26) 

where  

 
2 1

1
1 2

2 2 1

sin
( ) 1 ( )

osc inm
T T

osc ext

R VA
R Re eτ τ

ϕ
ωτ−− −

⎡
⎢=
⎢ + +⎣−

 

       1 22 22
2

2

sin 1
( ) 1 ( )

T T

osc ext

e e
R R

τ τϕ
ωτ

−

−

⎤ ⎛ ⎞
⎥− +⎜ ⎟⎜ ⎟⎥+ + ⎝ ⎠⎦

,  (1.27) 
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+

,             (1.28) 

and 

 1
osc ext st

osc ext

R R C
R R

τ
+

+=
+

,              (1.29) 

 2
osc ext st

osc ext

R R C
R R

τ
−

−=
+

,              (1.30) 

 1 1( )atnϕ ωτ= − ,              (1.31) 

 2 2( )atnϕ ωτ= − ,              (1.32) 

inmV  is the amplitude of the applied voltage, 2 fω π=  is the pulsation of the input 

voltage and f =1/T is the measuring frequency.  

 In the above model, the authors have demonstrated that artificial but significant 

offsets can be observed on non graded Pb(ZrxTi1−x)O3 (PZT) capacitor during S-T 

hysteresis measurements.  To the best of our knowledge, Bouregba and Poullain’s 

group is the first to propose that the asymmetrical conduction currents which are the 

direct consequence of the graded nature of the polarization are fundamentally at the 

origin of the offsets of the hysteresis loops of graded ferroelectric films.   

1.3.7 Bouregba and Poullain’s model for lossy ferroelectric films 

Bouregba and Poullain [Bouregba and Poullain, 2002] aimed to extract the true 

ferroelectric hysteresis loop from the hysteresis loop measured from a Sawyer-Tower 

circuit.  The usually measured D-E loops may be subject to strong deformations, 

which may originate from the unavoidable presence of circuit elements and/or from 

the leaky character of the ferroelectric sample, preventing the accurate evaluation of 

remanent and spontaneous polarization and of the coercive field.  Their numerical 

computation scheme would restore the true shape of the ferroelectric polarization and 

determine both the resistivity and the linear dielectric constant of a ferroelectric 

sample. 

 Later on, they [Bouregba and Poullain 2003] extended their model to include the 
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effect of the passive layers, in which a marked decrease of the linear dielectric 

constant and of remanent and maximum polarizations is observed, at the film 

interfaces.  They derived the following mathematical expressions by which one can 

extract and plot correctly the true hysteresis loop of the ferroelectric layer from 

Sawyer-Tower hysteresis measurements: 

 
( ) ( ) ( )

( ) ( )
( )

1
( )

fe fest
ou in

fe il fe il
fe

fe il

fe il il

C V t V t t
A d d d d

P t d
d d

ε ε
γ

α α
ε

ε α

⎛ ⎞
+ − +⎜ ⎟⎜ ⎟+ +⎝ ⎠=

−
+

,    (1.33) 

 ( ) ( ) ( ) /( )
( )

in ou il sd il
fe

fe il

V t V t d P tE t
d d

ε
α

− −
=

+
,         (1.34) 

where  

 1 ( 1)feil

fe il il

d
d d

ε
α

ε
= + −

+
,            (1.35) 

 
( ) ( )

( ) ( )1 1( ) ou in
t t

fe osc fe

V t V tt dt dt
A R R AR

γ
⎡ ⎤⎛ ⎞

= + −⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
∫ ∫ ,       (1.36) 

Subscripts fe and il represent ferroelectric and passive layer respectively.  ( )inV t  and 

( )ouV t  are the driving alternating signal and output signal, respectively.  stC  and 

oscR  are the capacitance of the reference capacitor and the input resistance of the 

oscilloscope, respectively.  A  and ε  denote area and permittivity respectively. 

 

1.3.8 Lu&&  and Cao’s model for asymmetic ferroelectric films 

Lu&&  and Cao used Ginzburg-Landau-Devonshire theory and took the structural 

difference between the surface layer and the bulk ferroelectric into account to study 

the behavior of ferroelectric thin film [ Lu&&  and Cao, 2002; 2003].  They used the 

model to study the effect of asymmetric boundary conditions and the horizontal shift 

of the hysteresis loop from the center point. 

According to their theory, the inhomogeneous nature of the film near the surface 

region is described by the variation of “Curie temperature” with a space variable.  
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The generalized GLD free energy for unit area is given as follows: 
22 4 6

0
[ ( )] 1

2 4 6 2
L b

L

A T T z P CP DP dPG G dz K
dz

ϕ+

−

⎧ −⎪ ⎛ ⎞= + + + +⎨ ⎜ ⎟
⎝ ⎠⎪⎩

∫  

           1
2 d ieE P E P EP⎫− − − ⎬

⎭
,   (1.37) 

where A, C, D, and K are independent of temperature T and position z.  Tb is the 

transition temperature of bulk material; E is the applied field along the z direction.  

ieE  is the average effective internal bias field which direction is parallel to the 

direction of the easy polarization of the asymmetry ferroelectric thin film.  ( )zψ  

represents the inhomogeneous nature of the surface layer.  dE  is the depolarization 

field: 

0

1 ( )dE P P
ε

= − − ,             (1.38) 

where 0ε  is the vacuum dielectric permittivity. 

 The Euler’s equation for such a system is given by 

 [ ]
2

3 5
2 ( )b d ie

d PK A T T z P CP DP E E E
dz

ψ= − + + − − − ,     (1.39) 

with 

 0
z L

dP
dz =±

= .               (1.40) 

rather than the extrapolation length description widely adopted in the free energy 

formulation for thin films. 

 

1.3.9 Abe et al.’s model for asymmetric ferroelectric films 

Abe et al. [Abe et al. 2002] proposed a nonswitching layer model to explain 

voltage shift phenomena of hysteresis loops in ferroelectric thin films.  A 

nonswitching layer, which has irreversible spontaneous polarization, was assumed to 

be present between the bulk ferroelectric layer and the bottom electrode.   
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In the ferroelectric layer, the Landau-Ginzburg free energy is: 

2 4 61 1 1
2 4 6F F F F F F FG P P Pχ ξ ς= + + ,          (1.41) 

where Fχ , Fξ , and Fς  are dielectric stiffness and stiffness coefficients for higher 

orders of the ferroelectric layer. 

 In the nonswitching layer, the free energy is calculated by: 

 2
0

1 ( )
2N N NG P Pχ= − ,             (1.42) 

where Nχ  is dielectric stiffness of the nonswitching layer.  0P  denotes the 

spontaneous polarization of the nonswitching layer. 

 The electric fields in the ferroelectric layer and nonswitching layer are derived 

from the free energy functions and are expressed as follows: 

 3 5
F F F F F F FE P P Pχ ξ ς= + + ,           (1.43) 

and 

 0( )N N NE P Pχ= − .             (1.44) 

 The free electric charge density at the interface between the two layers is: 

 0 0 0N F N N F Fq D D E P E Pε ε ε= − = + − − ,        (1.45) 

where ND  and FD  are the electric displacement of the nonswitching layer and 

ferroelectric layer, respectively.  Nε  is the permittivity of the nonswitching layer. 

 Thus, the applied voltage can be expressed as: 

 0
0 0

/ ( ) ( )N N N
eff F F N shift F F F

N F N

d d dV d E P C V d E P q P
ε ε ε ε ε

= + + = + + + − ,  (1.46) 

where Fd  and Nd  are the thicknesses of the ferroelectric and nonswitching layers. 

effd  is the effective thickness of the ferroelectric thin film, NC  is capacitance per 

unit area of the nonswitching layer and shiftV is the voltage shift of the hysteresis loop 

in the thin film. 
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1.3.10 Nan et al.’s model for effective electrostriction of 0-3 composites 

Nan et al. [Nan et al. 2000] developed an analytical approach for the effective 

electrostriction in inhomogeneous materials based on Green’s function method.  

They gave explicit expressions for the effective electrostrictive coefficient of isotropic 

particulate composites containing randomly oriented spherical ferroelectric 

crystallites having cubic symmetry. 

The coupled electromechanical interaction of an electrostrictive inhomogeneous 

material consisting of microcrystallites having a center of symmetry with perfectly 

bonded interface can be described by the following constitutive equations: 

C BEEσ ε= − ,              (1.47) 

D E 2B ETκ ε= + ,             (1.48) 

where σ , ε , D  and E , are the stress, strain, electric displacement, and electric 

field, respectively.  C  is the elastic stiffness, and B CM= , where M  is the 

electrostrictive coefficient tensor relating the strain to the electric field.  BT  is  the 

transpose of B , and κ  is the permittivity. 

 The effective behavior of the inhomogeneous material is defined in terms of 

macroscopic average fields (denoted by ), namely, 

 * *C B E Eσ ε= − ,            (1.49) 

 * *D E 2B ETκ ε= + .           (1.50) 

 The electric-mechanical boundary conditions are: 

 ( ) ,   ( )o o o o
i ij j i i iu S x u S E xε ψ ψ= = = − = ,        (1.51) 

where S is the external surface of the material, iu  and ψ  denote elastic 

displacement and electric potential, respectively.   

 Consider a state of static equilibrium in the absence of body forces and free 

electric charges, the nonlinearly coupled equilibrium equations are: 

 , ,( ) 0,   ( ) 0ij j j jx D xσ = = ,            (1.52) 

where the commas in the subscripts denote partial differentiation with respect to jx . 
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 From Eqs. (1.49)-(1.52), the effective properties of the material can be solved by 

means of the Green’s function method: 

 
1* 66 66C CT T
−

= ,             (1.53) 

 
1* 33 33T Tκ κ
−

= ,             (1.54) 

 * 33 33 * 1 * 66 33 33M T T C (C-C )T G I CMT Tu− ⎡ ⎤= +⎣ ⎦ .     (1.55) 

with  

 66 ' 1 33 ' 1T (I G C ) ,   T (I G )u ψκ− −= − = − ,         (1.56) 

where I  is the unit tensor.  Gu  and Gψ  are the modified displacement and 

electric potential Green’s function for the homogeneous medium. 

 Eq. (1.55) directly yields the explicit effective-medium-like approximate results 

for the effective electrostrictive coefficients of a common isotropic two-phase 

composite consisting of randomly oriented, spherical relaxor ferroelectric crystallites 

having cubic symmetry: 

 
2*2

* ( ) ( )
11 12 *

1

3( 2 )
2

i i
h i

i i

M f A A κ
κ κ=

⎛ ⎞
= + ⎜ ⎟+⎝ ⎠
∑ ,         (1.57) 

 
2( ) ( ) ( ) *2

* 11 12 44
44 *

1

4( ) 6 3
5 2

i i i

i
i i

A A AM f κ
κ κ=

⎛ ⎞− +
= ⎜ ⎟+⎝ ⎠
∑ ,       (1.58) 

where *
hM  and *

44M  are the hydrostatic and shearlike electrostrictive coefficients, 

respectively.  ( )i
ijA  are the components of the tensor 

1* * 1A I G (C C ) (C ) CMu − −⎡ ⎤= − −⎣ ⎦  of the ith phase. 

 

1.3.11 Armstrong’s model for magnetostriction of particulate composites 

Armstrong [Armstrong, 2000; 2002] presented a new theory of the nonlinear 

magnetoelastic behavior of magnetically dilute magnetostrictive particulate 

composites.  The theory assumes a uniform external magnetic field is operating on a 

large number of well-distributed, crystallographically and shape parallel ellipsoidal 

magnetostrictive particles encased in an elastic, non-magnetic matrix [Fig. 1.5]. 
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FIG. 1.5 Idealized composite geometry. 

 

 The magnetic free energy component due to the contribution of the magnetic field 

is given by: 

 0 {(sin[ ]cos[ ])(sin[ ]cos[ ])

          (sin[ ]sin[ ])(sin[ ]sin[ ]) cos[ ]cos[ ]}
field S m m f f

m m f f m f

E M Hμ θ ϕ θ ϕ

θ ϕ θ ϕ ϕ ϕ

= − +

+
 ,   (1.59) 

where H is the field strength, sM  is the magnetization, [ , ]m mθ ϕ  is the 

magnetization direction in spherical polar coordinates and [ , ]f fθ ϕ  is the applied 

field orientation. 

 The positive magnetocrystalline energy extracted as the magnetization vector 

rotates away from a “hard” direction to an “easy” direction is: 

 
2 2

1

2 2 2 2

{(sin[ ]cos[ ]) (sin[ ]sin[ ])

         (sin[ ]sin[ ]) cos [ ] cos [ ](sin[ ]cos[ ]) }
an m m m m

m m m m m m

E K θ ϕ θ ϕ

θ ϕ θ θ θ ϕ

=

+ +
,   (1.60) 

where a negative value of K1 results in minimal magnetocrystalline energies in the 

111  family of directions. 

 The magnetic free energy due to the interaction of an applied stress with strains 

resulting from magnetic moment rotations is: 

 ( ) ( ){{'
' 2 ' 2

100 11 22(2 / 3) (sin[ ]cos[ ]) 1/ 3 (sin[ ]sin[ ]) 1/ 3m m m mE
σ

λ σ θ ϕ σ θ ϕ= − − + −  



Chapter 1  Introduction 

 23

  {' 2 '
33 111 12(cos [ ] 1/ 3)} 3 (sin[ ]cos[ ])(sin[ ]sin[ ])m m m m mσ θ λ σ θ ϕ θ ϕ+ − −  

  }}' '
23 31(sin[ ]sin[ ]) cos[ ] (sin[ ]cos[ ])cos[ ]m m m m m mσ θ ϕ θ σ θ ϕ θ+ + ,  (1.61) 

where 100λ  and 111λ  are the change in strain resulting from the rotation of a fully 

random magnetization state into a fully oriented [ ]100  or [ ]111  direction, 

respectively. 

 The total magnetic free energy is now the vector sum of the field, 

magnetocrystalline and magnetoelastic energies. 

 The magnetostriction λ  in the direction of [ ],λ λθ ϕ  is derived from the 

magnetic free energy in this direction as: 

 'exp[ ( ) / ]field anK E E E
σ

λ ω= − + +∫∫  
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,  (1.62) 

where K is a normalization factor evaluated at each applied field and stress condition, 

ω  is the energy distribution parameter, the ijklC are the matrix elastic constants. 

 

1.3.12 Nan et al.’s model for magnetoelectric effect of particulate 

composites 

Nan et al. [Nan et al. 2001a; 2001b] suggested that the Terfenol-D-particle-filled 

P(VDF-TrFE) matrix composite may be a type of giant ME material due to the giant 

magnetostriction of Terfenol-D and large piezoelectric stress coefficients of the 
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P(VDF-TrFE) polymer.  They derived the general solution to the ME effect of such 

magnetostrictive/piezoelectric composites by the Green’s function technique. 

The constitutive equations for a perfectly bonded Terfenol-D/P(VDF-TrFE) 

composite are: 

c HHTσ ε χ= − ,              (1.63) 

B H Hμ χε= + ,              (1.64) 

where σ , ε , B  and H , are the stress tensor, strain tensor, magnetic induction, 

and magnetic field, respectively.  c  is the elastic stiffness, and χ  is the 

magnetostrictive coefficient ( Tχ  is the transpose of χ ).  μ  is the permeability. 

 The effective behavior of the inhomogeneous material is defined in terms of 

macroscopic average fields (denoted by ), namely, 

 * *c e E cT msσ ε ε∗ ∗= − − ,           (1.65) 

 * * *D e E Hε κ α= + + ,           (1.66) 

where quantities with asterisks represent those of the composite, e  is the 

piezoelectric coefficient tensor;  κ  and α  denote the dielectric constant tensor at 

constant strain and the ME coefficient, respectively.  msε  is the mangetostrictively 

induced strains. 

 They assume that the composite is subjected on its external surface S  to the 

homogeneous mechanical-electric-magnetic boundary conditions: 

 ( ) ,   ( ) ,  ( )o o o o o o
i ij j i i i i iu S x u S E x S H xε φ φ ψ ψ= = = − = = − = ,    (1.67) 

where iu , φ , and ψ  denote elastic displacement, electric potential, and magnetic 

potential respectively.  

 Consider a state of static equilibrium in the absence of body forces and free 

electric charges, the nonlinearly coupled equilibrium equations are: 

 , , ,( ) 0,   ( ) 0,  ( ) 0ij j j j i ix D x B xσ = = = ,         (1.68) 

where the commas in the subscripts denote partial differentiation with respect to jx . 
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 The composite ME coefficient is obtained by solving the equilibrium equation 

(1.68) under the boundary conditions (1.67) by use of the Green’s function technique: 

 
1* *H e I G (c c ) G cu o u ms

orient
fα ε

−
⎡ ⎤= − −⎣ ⎦ ,       (1.69) 

 
1* * 1 *(c ) (c c ) I G (c c ) G I cms u o u ms

orient
fε ε

−− ⎡ ⎤⎡ ⎤= − − − × +⎣ ⎦⎢ ⎥⎣ ⎦
,    (1.70) 

where Gu  is the modified displacement and, I  is the unit tensor.  f  is the 

volume fraction.  
orient

 denotes averaging over all possible orientations of the 

inclusion microcrystallites in the composite. 

 Although Nan’s group has theoretically studied the magnetoelectric effect for 0-3 

composites, they seldom directly compare with experimental observations.  Their 

model has not taken the effect of conductivity into account, and hence cannot discuss 

the influence of the constituent’s electrical conductivity on the ME effect. 
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Chapter 2 Effects of polarization and permittivity 

gradients and other parameters on 

polarization offset of graded ferroelectric thin 

films 
 

2.1 Introduction 

The “graded ferroelectrics” have attracted great research interest for many years 

because of its uncommon physical properties.  The unconventional behavior 

presented by such heterogeneous ferroelectric systems is thought to arise from the 

polarization nonuniformity imposed by a composition, temperature or stress gradient 

[Schubring et al., 1992; Alpay et al., 2002; Mantese et al., 2002].  One of the most 

notable phenomenon is the large polarization offset along the vertical axis found in 

the hysteresis loop measurements.  Values as large as 2420 /C cmμ  were reported 

for the polarization offset in lead-zirconate-titanate (PZT) graded structures [Brazier 

et al., 1998].  These offsets have been reported to have a strong temperature 

dependence giving rise to possible pyroelectric applications in addition to other 

potential sensor, actuator, and energy converter applications.  On the other hand, 

recent results have shown the polarization offsets in graded PZT to be sensitive to the 

ambient oxygen concentration giving rise to possible oxygen sensor applications 

[Brazier et al., 1999].  Theoretical models have played key roles in providing deeper 

insight, and different approaches have been proposed.  The offset has been 

interpreted as a static polarization developed across the ferroelectric film under the 
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application of an alternating voltage.  Recently it was suggested that very large 

offsets are unphysical and they have to be corrected with the ratio between the sample 

capacitance and that of the reference or loading capacitance.  Another suggested 

origin of the polarization offset is the possible asymmetry in the leakage current 

which gives a sort of diode effect.  Thus, although a number of distinct groups have 

reported on the anomalous hysteretic behavior of the graded ferroelectric structures, 

none of the suggested models can give a convenient explanation for the polarization 

offset occurrence. 

On the other hand, it is widely reported that the offset magnitudes and directions 

are strongly dependent on the composition or temperature gradient.  It is suggested 

that the polarization offsets are composition or temperature dependent through the 

polarization and dielectric constants of the graded materials [Pintilie et al., 2003].  

The offsets also display a dependence on the applied electric field.  However, so far 

only very few experimental and theoretical investigations have been performed to 

study the interplay of the effects of ferroelectric, dielectric properties and other related 

parameters on the offset.  We believe such investigations can furnish further insight 

into the mechanism. 

In this chapter, we aim to gain a deeper understanding of the conditions under 

which sizeable polarization offset occurs by studying the various dependences of the 

polarization shift.  We demonstrate that the vertical shift along the displacement axis 

is strongly dependent on the remanent polarization and permittivity gradients, charge 

mobilities and thickness in the graded ferroelectric thin film.  Investigation on the 
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charge motions and the time development of charge offsets further supports our 

previous notion that electric conduction asymmetry accounts for the shift of the 

hysteresis loop along the polarization axis. 
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2.2 Theory 

2.2.1 Landau-Khalatnikov kinetics of switching 

The graded ferroelectric film is considered as a stacking of N  thin layers, each 

of thickness /x L NΔ =  where L  is the film thickness.  We take 0x =  at the 

interface between the ferroelectric film and top electrode so that the position of any 

layer inside the film is given by xix Δ⋅= , where 1 i N≤ ≤ .  The polarization and 

electric field at position x  and time t  are respectively denoted as ),( txP  and 

),( txE , and are defined to be along the x  direction.  The dynamics of the dipoles 

is modeled by the Landau-Khalatnikov equation: 

2
3

2

( , ) ( , )( ) ( , ) ( ) ( , ) ( , ) ( )P x t P x tx P x t x P x t E x t x
t x

γ α β κ∂ ∂
= − − + +

∂ ∂
    (2.1) 

where γ  represents the viscosity that causes the delay in motion of dipole moments. 

0)( <xα  and 0)( >xβ  are the corresponding Landau coefficients of the material at 

location x .  The last term in Eq. (2.1) comes from energy associated with 

polarization gradients, where )(xκ  is the corresponding interaction coefficient 

between neighboring dipoles. 

The kinetic equation above conforms to the equations used by a number of works, 

notedly [Baudry and Tournier, 2001; Baudry, 1999; Lo, 2003], which is obtained by 

minimizing the free energy of the film under applied electric field.  It should be 

noted that ( , )E x t  in Eq. (2.1) denotes the local electric field instead of external 

electric field.  With this approach, the explicit consideration of the depolarization 

field is subsumed in the formulation.  In particular, Baudry and Tournier [Baudry 



Chapter 2  Effects of various parameters on polarization offset 

 30

and Tournier, 2001] has given an excellent discussion on this point, incorporating 

implications due to the presence of charge carriers and non-uniformity of polarization.  

A more complete expression for Eq. (2.1) should include the corresponding terms 

from the elastic energy in the free energy of the system as is done in Ban et al.’s paper 

[Ban et al., 2003].  However, for the case of composition graded film investigated in 

the present work, the contribution of the elastic energy is found to be quite 

insignificant by following a calculation based on the relevant equations derived in 

Ban et al.’s paper [Ban et al., 2003].  Therefore we neglected the elastic energy term 

in this work for simplicity. 

The variables in Eq. (2.1) are then normalized to dimensionless variables by the 

following relations: 
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where SP  is the spontaneous polarization of the ferroelectric thin film and τ  is a 

characteristic relaxation time for the system.  With normalized polarization and time 

parameters, Eq. (2.1) becomes 
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2.2.2 Electric conduction 

In general, if there are inhomogeneities inside the ferroelectric film, the electric 

displacement ( , ) ( ) ( , ) ( , )D x t x E x t P x tε= +  may not be spatially uniform.  



Chapter 2  Effects of various parameters on polarization offset 

 31

According to Gauss’ law, there should be the presence of free space charges and the 

corresponding effect on electrical conduction has to be taken into account.  In our 

previous study of compositionally graded ferroelectric films [Chan et al., 2004], we 

derived the following formula for the time-dependent conductivity associated with 

space charges and named it ‘time-dependent space-charge-limited conduction’ 

(TDSCL):  

2 2
0

( , ) ( , )( , ) [ ] ( )
2 2

p n p nD x t D x tx t x
x x

μ μ μ μ
σ σ

− +∂ ∂
= + +

∂ ∂
     (2.4) 

)(0 xσ  is the intrinsic (Ohmic) conductivity; pμ  and nμ  are respectively the 

mobilities ( 0, >np μμ ) of p - and n - type free carriers, which we simply assume to 

be spatially invariant.  Versus the Ohmic conductivity 0 ( )xσ  which can be spatially 

dependent, the above ( , )x tσ  expression contains a time-dependent ( , ) /D x t x∂ ∂  

quantity, thus ( , )x tσ  is a “time-dependent” conductivity.  Eq. (2.4) was derived by 

borrowing the law of mass action from semiconductor physics [Chan et al., 2004]；we 

will here give further justification to the application of this law for ferroelectric 

materials that are more or less insulators.  We will also illustrate that Eq. (2.4) is 

reducible to the well-known Mott’s equation for steady-state (time-independent) 

space-charge-limited conduction ( 2~ VJ ), which is derived for linear dielectrics with 

a single carrier type [Coelho, 1979].  Eq. (2.4) is therefore a more general formula 

for conduction involving space charges.  For detailed derivation of Eq. (2.4), please 

refer to section II of the original paper [Chan et al., 2004]. 

 The law of mass action in semiconductor physics states that the product of the 

concentrations of p - and n - type carriers is a constant.  It is derived from (a) the 
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equilibrium Fermi distribution of carriers in the absence of electric field, as well as (b) 

the assumption that the distance of each band edge from the Fermi level is much 

larger than TkB , where Bk  is the Boltzmann constant and T  the temperature 

[Hook and Hall, 1974].  In the strictest sense, this law should not be applied in the 

presence of an electric field because the carriers no longer obey the Fermi distribution 

function.  In our case, the justifications for applying this law lie on the facts that (a) 

ferroelectric materials are essentially insulators and that (b) the frequency of the 

applied voltage is not very high (about kHz1 ).  An insulator can be regarded as a 

wide-band-gap semiconductor and we may assume that the band gap is wide enough 

so that the distance of each band edge from the Fermi level is much larger than TkB .  

Because it is an insulator, we may also assume that the system only undergoes a very 

small and negligible deviation from the equilibrium Fermi distribution.  Furthermore, 

since the frequency of the applied voltage is not very high, any non-steady-state effect 

resulting from the time variation of electric field may be ignored. 

 To illustrate how Eq. (2.4) can be reduced to Mott’s equation 2~ VJ , we recall 

that Eq. (2.4) was derived from the following definition of conductivity [Chan et al., 

2004]: 

[ ] [ ]),()(),()(),( txpxCqtxnxCqtx inpinn Δ++Δ+= μμσ       (2.5) 

with the intrinsic (Ohmic) conductivity given by  

0 ( ) [ ] ( )n p inx q C xσ μ μ= ⋅ + ⋅              (2.6) 

For 0)(0 →xσ  but ),( txσ  being non-zero, we must have 0)( →xCin  and at least 

either nμ  or pμ  remaining finite.  Since the carrier concentrations 
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[ ]),()( txnxCin Δ+  and [ ]),()( txpxCin Δ+  are non-negative, for 0)( →xCin  we 

must have 0),( ≥Δ txn  and 0),( ≥Δ txp , as well as respectively equal to the n - and 

p -type carrier concentrations.  Because 0)( →xCin , Eqs. (8) and (9) of the original 

paper [Chan et al., 2004] are reduced to 
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so that 

( , ) 0n x tΔ ≈  or 1 ( , )( , ) D x tn x t
q x
∂

Δ ≈ −
∂

          (2.9) 

( , ) 0p x tΔ ≈  or 1 ( , )( , ) D x tp x t
q x
∂

Δ ≈
∂

          (2.10) 

The definition of space charge reads 
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x
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∂            (2.11) 

From Eqs. (2.9), (2.10) and (2.11), it can be seen that only the following combinations 

of solutions are allowed: 

1 ( , )( , ) D x tn x t
q x
∂

Δ ≈ −
∂

 and ( , ) 0p x tΔ ≈           (2.12) 

1 ( , )( , ) D x tp x t
q x
∂

Δ ≈
∂

 and ( , ) 0n x tΔ ≈           (2.13) 

Thus, in the limit of zero intrinsic conductivity, we can only have the presence of 

predominantly either carrier type.  The p - and n -type carriers are mutually 

exclusive and it automatically reduces to a single-carrier condition.  Since both 

( , )n x tΔ  and ( , )p x tΔ  are non-negative, it can be seen from Eqs. (2.12) and (2.13) 
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that 0/),( >∂∂ xtxD  necessarily implies the presence of only p -type carriers and 

0/),( <∂∂ xtxD  the presence of only n -type carriers. 

In the limit 0)(0 →xσ , Eq. (2.4) becomes: 
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If 0/),( >∂∂ xtxD , it is 
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And if 0/),( <∂∂ xtxD , it is 
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which are the original conditions from which Mott’s result 2~ VJ  is derived, if we 

remove their time dependence [Coelho, 1979].  It should be noted that, in the 

derivation of Eqs. (2.15) and (2.16), the mobility of the absent carrier type 

automatically disappears, hence need not be deliberately suppressed.  This puts our 

previous suggestion in section II of ref. [Chan et al., 2004] in a more general context. 

The total current ( )J t  across the circuit is constitutive of the conduction and 

displacement currents: 

( )  ( , ) ( , ) ( , ) ( , ) ( , )c dJ t j x t j x t x t E x t D x t
t

σ ∂
= + = +

∂
                   (2.17) 

where subscripts c and d denote the conduction and displacement currents, 

respectively.  The circuit condition is given by: 

0
( , ) ( )

L

oE x t dx V t=∫                                             (2.18) 
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where L is film thickness and ( ) ( )o ampV t V sin tω=  is the applied sinusoidal voltage.  

The measured charge density (accumulated on an ideal reference capacitor in a 

Sawyer-Tower circuit or by use of the charge integration technique) at a certain time 

0t  is given by the integration of total current density across the film: 

0

0 0
( ) ( )

t
Q t J t dt= ∫                 (2.19) 

The above variables are converted into dimensionless variables in the simulation 

by Eq. (2.2) together with the following relations: 
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Eqs. (2.4) and (2.17) become 
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Also the form of Eqs. (2.18) and (2.19) does not change if written in terms of the 

dimensionless variables. 

We have chosen the following values of the parameters: * 0.02f =  and 

* 1.5ampE =  (which e.g. correspond to 1f kHz=  and 150 /ampE kV cm=  for graded 

PZT thin film) for the calculations, where 
*

*
*

amp
amp

V
E

L
=  is the normalized applied 

electric field amplitude, while * LL
x

=
Δ

 is the normalized film thickness.  Unless 

stated otherwise, these values have been retained for obtaining all of the results 

presented in this chapter.  Also, it is found through calculation that the effects of 

( )xκ  on the results are quite limited.  Hence we have neglected ( )xκ  in the 
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simulation.  All the modeled results are picked from the application time to the sixth 

cycle of the external ac field to examine the shift effect.   

2.3 Results and discussion 

The purpose of this chapter is to gain a deeper understanding of the conditions 

under which large polarization offset occurs or otherwise.  The selection of 

parameters in fitting a particular experiment is based on the relations in Eqs. (2.2) and 

(2.20). The parameters used in our modeling are listed in Table 2.1, where 0ε  is the 

permittivity of vacuum.  Due to the highly nonlinear nature of the equations, 

numerical calculation has to be employed.  In the calculation, the corresponding 

smallest xΔ  should not be too small (not smaller than the characteristic length scale 

of the material, which is of the order of several nm) so that the Landau continuum 

theory could still be applied. 

TABLE 2.1 The dimensionless parameters used in our calculations. 
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2.3.1 Effect of polarization and permittivity gradients 

  The anomalous vertical offset of hysteresis loops are usually observed in graded 

ferroelectric films (e.g., temperature or compositionally graded).  For these kinds of 

materials, the ferroelectric, dielectric and electric properties may vary across the 

thickness due to the composition gradient or to any other stimulus (temperature, 

mechanical stress, etc.).  Investigation of the critical variables which have to be 

graded to lead to the offsets can help to understand the rather complicated anomalous 

shift mechanism.  Fig. 2.1 shows the downward shifting loops when only *
rP  and 

*ε  are linearly increasing across the film thickness direction.  Our simulations show 

that the remanent polarization and permittivity gradients are already sufficient to 

demonstrate the shift phenomenon.  Fig. 2.2 (a) is obtained with the same *
rP  and 

*ε  gradients but different *
cE  and *

0σ  as in Fig. 2.1.  Further, it is found that *
cE  

and *
0σ  gradients (e.g. we have tried 0.1-2 for both *

cE  and *
0σ  gradients) do not 

impose any significant effects on the final results.  It is also found that only graded 

either in *ε  or *
rP  is not sufficient to lead to the vertical offset. 
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FIG. 2.1 The shifting of hysteresis loops when only *
rP  and *ε  are linearly increasing with *x . 

Since we have numerically validated that *
cE  and *

0σ  gradients do not lead to 

nor sensitively affect offsets, we therefore assume *
cE  and *

0σ  to be constant in the 

following calculations for simplicity.  On inverting the *
rP  and *ε  gradient 

directions (decreasing with *x ), it is found that the vertical shifting is in the upward 

direction as shown in Fig. 2.2 (b).  The vertical shifting effect will become more 

notable for larger gradients of *
rP  and *ε .  Interestingly, we have tried several 

different values (i.e., * 0.3 0.04rP x= + , *
0/ 0.036 0.00033xε ε = − ; * 1.5 0.04rP x= − , 

*
0/ 0.026 0.00033xε ε = + ; * 2 0.03rP x= − , *

0/ 0.038 0.0004xε ε = + ) for the 

uniform gradients of remanent polarization and permittivity and it is found there is no 

shifting effect at all if the gradients are in opposite directions.  The loops will only 

display a vertical shift with nonlinear permittivity variation across the thickness 

direction for this opposing gradients case.  Here we used a simple quadratic function 

to describe the permittivity profile (Table 2.1).  Fig. 2.2 (c) shows the downward 

shifting loops with linearly increasing *
rP  but nonlinearly decreasing *ε  along film 

thickness direction.  Similarly, the simulated upward shifting hysteresis loops shown 

in Fig. 2.2 (d) are calculated with linearly decreasing *
rP  but nonlinearly increasing 

*ε  along film thickness direction.  From the above simulation results, we can see 

that the shifting direction is mostly determined by the gradient direction of *
rP .  The 

polarization offset is positive (negative) with negative (positive) *
rP  gradient.  This 

point is validated by experimental results reported in the literature [Brazier et al., 

1998; Bao et al., 2001; Bouregba et al., 2003]. 
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FIG. 2.2 The shifting of hysteresis loops: (a) with linearly increasing *
rP  and *ε  gradients; (b) with 

linearly decreasing *
rP  and *ε  gradients; (c) with linearly increasing *

rP  gradient but nonlinearly 

decreasing *ε  gradient; (d) with linearly decreasing *
rP  gradient but nonlinearly increasing *ε  

gradient along film thickness direction. 

 

2.3.2 Effect of charge carrier mobilities and film thickness 

  The phenomena of asymmetric leakage current have been observed in many thin 

film materials, and it has been theoretically demonstrated that space charges are likely 

responsible for the occurrence of polarization offsets in graded ferroelectrics.  The 
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purpose of this section is to investigate the effects of free charge carrier mobilities and 

film thickness on the anomalous hysteretic behavior in graded thin films.  In this 

calculation, the remanent polarization and permittivity are assumed linearly varying 

with x in the same direction.  Figs. 2.3 (a) and (b) show the simulated hysteresis 

loops by adopting different negative charge carrier mobilities.  As *
nμ  decreases, 

the vertical “shift” decreases.  It is interesting to note that the modeled hysteresis 

loop is very symmetrical and centered at the origin of the axes when the mobility is 

small enough (e.g. * 0.01nμ = ).  It is also found that when *
pμ  is smaller than *

nμ  

by an order, an almost maximum vertical “shift” is observed.  Any further reduction 

in *
pμ  will have little effect in the vertical shift.  When the values for *

pμ  and *
nμ  

are interchanged, the hysteresis loop shifts to the opposite direction with an almost 

unchanged shift magnitude after a certain number of cycles.  
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FIG. 2.3 The simulated hysteresis loops: (a) when * 0.5nμ = ; (b) when * 0.01nμ = . 

 

Fig. 2.4 shows the effect of film thickness on the hysteresis loops.  As the 

thickness increases, the vertical “shift” decreases.  There is almost no vertical shift 

when the film is thick enough (e.g. * 100L = ).  In fact, it is found that there will be 

notable polarization offset only when the thickness lies between 10 nm to 3 mμ  by 

modeling the compositionally graded PZT thin film.  This is also the range of 

experimental measurements where notable vertical shifts of hysteresis loop are 
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reported in the literature [Brazier et al., 1998; Bao et al., 2001; Bouregba et al., 2003; 

Brazier et al., 1999]. 

 

 

FIG. 2.4 Effect of thickness of ferroelectric thin film on the simulated hysteresis loops: (a) when 

* 20L = ; (b) when * 100L = . 

 

In our previous study of compositionally graded ferroelectric films, we have 

already demonstrated that polarization gradient across a ferroelectric film can lead to 

asymmetric conduction, which we believe provides a mechanism for the polarization 
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offset phenomenon.  Now it is worth further examining the asymmetric conduction 

current.  From Eqs. (2.17) and (2.19), we can see that the charge offset * *( )Q t  

should come from either or both of the two parts: one is the conduction current 

induced charge accumulation 
*

* * * * * * *

0
( , ) ( , )

t

c cQ x t j x t dt= ∫ ; the other is the 

displacement current induced charge accumulation 
*

* * * * * * *

0
( , ) ( , )

t

d dQ x t j x t dt= ∫ .  Fig. 

2.5 shows the time development of *
cQ , *

dQ  and total *Q .  From the figure, it is 

evident that the displacement current accumulated charge *
dQ  repeats itself quite well 

in successive field cycles while the conduction current induced charge *
cQ  develops 

to larger negative values with time.  It is therefore obvious that the charge offset 

come mostly from the conduction current induced charge accumulation *
cQ .  Hence 

the simulation results confirm our previous notion that the asymmetric electric 

conduction mechanism is a major contributor to the polarization offsets observed in 

experiments. 

 

 
FIG. 2.5 Time development of charge densities induced by conduction current, displacement and total 

currents. 
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Chapter 3 Mechanisms of imprint effect in ferroelectric 

thin films 
 

3.1  Introduction 

In the previous chapter, we have discussed the effects of polarization and 

permittivity gradients and other parameters on polarization offset of compositionally 

graded ferroelectric thin films.  On the other hand, even in non-graded ferroelectric 

(FE) thin films, some abnormal phenomena or failures, such as fatigue and imprint 

have been widely observed.  It is important to understand the physical mechanisms 

behind these phenomena, in order to further advance ferroelectric materials into the 

memory market and provide a carefully directed improvement of these materials.  

Currently, three major failure mechanisms are believed to be limiting the lifetime of 

ferroelectric memory devices (FMD): fatigue, retention loss, and imprint.  In this 

chapter, we aim to provide a better understanding of the physical origin of imprint, 

which is commonly believed to be a result of some kind of asymmetric polarization 

behaviour due to the preference of a certain polarization state over the other in 

ferroelectric bistable states and eventually leads to a failure when retrieving stored 

data [Nagasawa et al., 1999; Liu et al., 2001; Dey et al., 1995; Robels et al., 1995; 

Abe et al., 2002].  The imprint effect manifests itself in a horizontal shift of the 

measured hysteresis loops.  Because of its influence in data storage, various efforts 

have been made to understand the origin of imprint.  

Warren et al. [Warren et al. 1996] attributed the occurrence of imprint to defect 
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dipoles related to oxygen vacancies.  Abe et al. assumed a non-switching layer 

between the ferroelectric layer and bottom electrode, which is possibly formed by 

relaxation of lattice misfit strain in the heteroepitaxial ferroelectric thin film [Abe et 

al., 2002; Abe et al., 1997; Abe et al., 1995].  Other explanations include domain 

pinning [Nagasawa et al., 1999; Liu et al., 2002] and presence of surface layers 

[Robels et al., 1995; Abe et al., 2002; Lu&&  et al., 2003].  However, all these 

mechanisms suggested have not been fully examined by accurate physical models or 

simulations, and there has not been a general agreement on a definitive mechanism for 

imprint.  On the other hand, asymmetric polarization switching (different up- and 

down-switching processes) has also been investigated, for it is believed to be a likely 

origin of imprint.  Wang et al. [Wang et al., 1999] phenomenologically modeled the 

asymmetric behavior of polarization switching by including an odd-power term in the 

expression of Landau free energy.  However, the physical origin of such asymmetry 

in polarization switching has yet not been identified.  Hong et al. used a high 

resolution AFM to investigate the domain nucleation and growth during polarization 

switching in sol–gel prepared PZT thin films, and revealed that the forward domain 

growth is the rate limiting mechanism [Hong et al., 1999].  Baudry used a lattice 

model to simulate the shifting of hysteresis loops and took into account the effects of 

non-uniform space charge by introducing a doping layer in the ferroelectric film near 

the electrode [Baudry and Tournier, 2001].  Lee et al. modeled shifted hysteresis 

loops by considering asymmetric electrode materials [Lee et al., 2002].  Lo and 

Chen demonstrated that effects of space charge and Schottky barrier heights in 
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electrode materials could be the origin of horizontal shifting of measured hysteresis 

loops [Lo and Chen, 2002].  Recently, Lu&&  and Cao introduced asymmetric surface 

layers to represent the case of one easy polarization direction; the modeled asymmetry 

in the hysteresis loop is due to the presence of non-screened depolarization field [ Lu&&  

and Cao, 2003].  However, almost all the modeled hysteresis loops mentioned above 

did not shift as much as those observed in experiments. 

We have developed a model in which the polarizations near the bottom electrode 

are much harder to reverse than the others under the applied alternating voltage, 

which leads to horizontal shifting of measured D-E loops.  Warren et al. have 

already demonstrated that ionic defects, such as oxygen vacancies produced by 

reducing treatment, are responsible for ferroelectric domain pinning and formation of 

non-switching layers, which shifts the hysteresis loops horizontally [Warren et al., 

1996].  We propose that non-switching layers may be formed by lattice misfit stress 

or by electronic charge trapping at domain boundaries, leading to the occurrence of 

imprint.  By treating some layers near the bottom electrode as graded surface layers 

induced by some degradation mechanisms, our simulation successfully reproduced the 

large horizontal shifting of hysteresis loops observed in experiments.  Our results 

demonstrate clearly that irreversible layers near the electrode induced by stress or by 

trapped defects are likely to be the origin of imprint failure.  In general, our model 

shows a good agreement with experimental results in the literature. 
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3.2  Theoretical considerations and numerical calculation 

3.2.1 Review of the Landau model for switching  

    A ferroelectric film, placed in a Sawyer-Tower circuit [Sawyer and Tower, 1935], 

is modeled as a stacking of N  thin layers; each layer has a thickness /x L NΔ =  

where L  is the film thickness.  We take 0x =  at the interface between the 

ferroelectric film and top electrode (Fig. 3.1) so that the position of any layer inside 

the film is given by xix Δ⋅= , where 1 i N≤ ≤ .  The polarization and electric field 

at position x  and time t  are respectively denoted as ),( txP  and ),( txE , and are 

defined to be along the positive x  direction.  

FIG. 3.1 Schematic diagram of the Sawyer–Tower circuit. 

 



Chapter 3  Mechanisms of imprint effect in ferroelectric thin films 

 48

    The dynamics of dipoles is modeled using the Landau–Khalatnikov kinetic 

equation, which is a phenomenological equation of motion: 

),(),()(),()(
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∂
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∂ βαγ  

[ ]),(2),(),()( txPtxxPtxxPx −Δ−+Δ++κ    (3.1) 

where 0)( <xα  and 0)( >xβ  are the corresponding Landau coefficients at x .  

)(xα is temperature dependent: ))(()( cTTxax −=α , where )(xa  is a positive 

constant and the temperature T  is smaller than the Curie temperature cT .  )(xκ  is 

the corresponding interaction coefficient between neighboring atoms.  According to 

Landau’s theory, the remanent polarization )(xPr  and coercive field )(xEc  are 

related to )(xα  and )(xβ  as 
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The coefficient γ  represents the viscosity that causes the delay in motion of 

individual dipole moments. 

 

3.2.2 Time-dependent space-charge-limited conduction  

In our previous study of compositionally graded ferroelectric films [Chan et al., 

2004], we derived the following formula for the time-dependent conductivity 

associated with space charges and named it ‘time-dependent space-charge-limited 

conduction’ (TDSCL): 
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where ( , ) ( ) ( , ) ( , )D x t x E x t P x tε= +  is the electric displacement at position x, 0 ( )xσ  

is the intrinsic conductivity, pμ  and nμ−  ( ,  0p nμ μ > ) are the positive and 

negative charge carrier mobilities, respectively.  Here we also employ the same 

conduction mechanism as described in Chan et al.’s paper [Chan et al., 2004]. 

3.2.3 Method of numerical simulation  

In real hysteresis-loop measurement, the voltage ( )refV t  of the reference 

capacitor is recorded against the average electric field ( )aveE t =  [ ( ) ( )] /o refV t V t L−  

of the ferroelectric film (Fig. 3.1).  The conservation of charge gives the continuity 

of the total current ( )J t  across the circuit: 

( ) ( )( , )( ) ( , ) ( , ) ref ref ref

ref ferro ferro

V t C dV tD x tJ t x t E x t
t R A A dt

σ ∂
= + = +

∂
     (3.5) 

with the electric displacement ( , ) ( ) ( , ) ( , )D x t x E x t P x tε= +  and the time-dependent 

conductivity given by Eq. (3.4).  ( )xε  and ferroA  are respectively the dielectric 

permittivity and cross-sectional area of the ferroelectric film.  refC  and refR  are 

respectively the capacitance of the reference capacitor and the input impedance of the 

measuring device.  The conservation of energy gives the vanishing of voltage sum 

across the circuit: 

0
( , ) ( ) ( ) 0

L

ref oE x t dx V t V t+ − =∫                                    (3.6) 

The initial conditions at time 0t =  are ( ,0) 0P x = , ( ,0) 0E x = , and 

correspondingly from Eq. (3.1), the derivative 0[ ( , ) / ] 0tP x t t =∂ ∂ =  for all x  inside 
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the film.  Having a sinusoidal applied voltage max( ) sin( )o oV t V tω=  such that 

0 (0) 0V = , it follows from Eq. (3.6) that the initial voltage (0)refV  must also be zero.  

With all the above initial conditions specified, the values of every quantity at 

subsequent time steps can be computed by the forward-Euler method. 

    The derivatives ( , ) /E x t t∂ ∂  and ( ) /refdV t dt  at time t  can be determined 

from the following equations, which follow directly from Eqs. (3.5) and (3.6):  

( ) ( ) ( , )( , )
( , )

( )

ref ref ref
c

ref ferro ferro

V t C dV t P x tJ x t
R A A dt tE x t

t xε

∂
+ − −

∂∂
=

∂
                  (3.7) 

0

0

0

1( , )( , )( ) ( )
( ) ( )

1 1
( )

L

cL
o

ref
ref ref ferro

Lref

ferro

P x t dxJ x tdV t xt dx V
dV t dt x R A

Cdt dx
A x

ε
ε

ε

∂
+

∂+ −
=

+

∫
∫

∫
                (3.8) 

so that the electric field and capacitor voltage at a later time t dt+  can be 

determined: 

( , )( , ) ( , ) E x tE x t dt E x t dt
t

∂
+ = +

∂
                                    (3.9) 

( )
( ) ( ) ref

ref ref

dV t
V t dt V t dt

dt
+ = +               (3.10) 

By determining ( , ) /P x t t∂ ∂  from ( , )E x t  and ( , )P x t  using Eq. (3.1) 

(Landau-Khalatnikov), the polarization at t dt+  can also be determined: 

( , )( , ) ( , ) P x tP x t dt P x t dt
t

∂
+ = +

∂
                                     (3.11) 

The foregoing formulation is employed in the investigation of the imprint effect 

discussed earlier.  Except especially defined, the values of the parameters which we 

use in the calculation are listed as follows: 
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8 2 1 10.25 10p cm V sμ − − −= × , 5 2 1 10.25 10n cm V sμ − − −= × , 82.2 10refC F−= × , 

8 26.25 10ferroA m−= × , 210refR M= Ω , 1 . /kV cm Cκ μ= , 200N = , 910dt s−= , 

41.0 . /kVms cm Cγ μ= , / 2 1f kHzω π= = , 800L nm= .  

Also, except especially emphasized, all the simulated loops shown in this chapter 

have already reached their steady states. 
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3.3  Results and discussion 

Stress, oxygen-vancancy-induced domain pinning, and film-electrode surface 

layers characterized by degradation of film properties have been suggested as 

possible origins of the imprint [Nagasawa et al., 1999; Liu et al, 2001; Robels et al., 

1995; Abe et al., 2002; Abe et al., 1997; Abe and Komatsu, 1995; Lu&&  and Cao, 

2003], and therefore have become the subject of our present investigation.  Table 

3.1 shows all the adopted values for the properties of the bulk and surface layers, as 

well as the applied field parameters, for our calculation in each figure. 

 

TABLE 3.1 The properties of the ferroelectric thin film and some related parameters used in our 

calculations. 

 

3.3.1 Effect of stress 

In heteroepitaxial films, the crystal structure may usually deviate from the 
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original structure to a large extent [Abe et al., 1997].  As a result of 

clamping-induced electrode-film interaction [Saya et al., 2000; Li et al., 2002] and the 

corresponding thermal or lattice mismatch [Grossman et al., 2002], interfacial stress is 

always present at the surface.  Muller&& and Thomas investigated the thickness 

dependence of early-stage stress development in two-dimensional solid film growth 

and obtained the following exponential stress distribution function: 

/ / /' ' '
0 0( ) [ ]t t tx L xx e e eα α ασ σ σ′− −′ = = , where x L x′ = −  and '

0σ  is the film / bottom 

electrode interfacial stress [ Muller&&  and Thomas, 2000].  '
0 0σ >  and '

0 0σ <  

represent the presence of tensile and compressive stress, respectively, and tα  is a 

parameter that describes the physics of long-range interactions between the deposited 

layers.  

In the presence of stress, the Landau–Khalatnikov equation should become 

3 '
1 1( 2 )i

i i i i i i i i
i

dP F P P E P P P Q P
dt P

γ α β κ σ+ −

∂
= − = − − + + + − −

∂
      (3.12) 

where Q  is the electrostrictive coefficient.  In our simulation, we use 

' 9
0 1.5 10 Paσ = − ×  and 2 4 26.6 10 /Q m C−= × .  Fig. 3.2 shows the simulated D-E 

loop by using the modeling approach discussed in section 3.2.3, which is similar to 

the experimental loops reported in the literature [Abe et al., 1997; Abe and Komatsu, 

1995; Park et al., 1997; Dey et al., 1995; Park et al., 1998; Xu et al., 1990; Wu et al., 

2000] and therefore suggests that  film-electrode lattice mismatch may be one 

possible origin of imprint. 
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FIG. 3.2 Simulated D-E loop under the influence of compressive stress. 

 

Effects of stress on film properties have previously been investigated, where 

significant changes in hysteresis loop behavior have been observed [Desu et al., 1993; 

Kumazawa et al., 1998].  Both experimental and theoretical results show that the 

coercive field cE  increases when the film is compressively stressed [Spierings et al., 

1995; Song et al., 2003].  From the abovementioned exponential stress distribution 

function, we know that the stress is maximum at the film / bottom electrode interface.  

The coercive field near the bottom electrode is thus likely to be larger than elsewhere 

so that the polarization in this region is much harder to reverse, inducing a pseudo 

non-switching layer that is probably the ultimate origin of imprint. 
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3.3.2 Effect of domain pinning 

    Experimental results in the literature show that domain pinning near 

film/electrode interfaces [Wu et al., 2000; Pike et al., 1995] is mainly caused by the 

presence of oxygen vacancies.  Warren et al. proposed that electron trapping is a 

result of the alignment of defect-dipole complexes [Al-Shareef et al., 1997].  In 

particular, interface-trapped charges will lead to the pinning of dipoles which can be 

regarded as the preference of one polarization state over the other.  Such pinning 

phenomena have been reported for PZT and BaTiO3 by Dimos et al. [Sadashivan et 

al., 1998; Dimos et al., 1996].  They showed that the occurrence of imprint can be 

attributed primarily to domain wall pinning due to charge trapping [Dimos et al., 

1996].  He et al. investigated the interaction between oxygen vacancies and domain 

walls using density-functional theory and then conducted a first-principle 

investigation of oxygen-vacancy pinning of domain walls in PbTiO3 [He and 

Vanderbilt, 2003].  

 

    We assume that a pseudo non-switching surface layer is formed at either 

film/electrode interface (Fig. 3.3).  Compared with the bulk, we assume this surface 

layer has a much larger coercive field but roughly the same remanent polarization.  

In fact, it has been experimentally observed that the presence of defects or damage 

vacancies will induce a larger coercive field but smaller remanent polarization 

[Stoilichnov et al., 2000; Li et al., 2001; Shimizu et al., 2002; Robels et al., 1995; 

Loloee and Crimp, 2002], making the polarization harder to reverse and producing a 
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pseudo domain pinning effect in the surface layer.   

 

FIG. 3.3 Schematic diagram of a ferroelectric thin film consisting of two phases. 

 

The electric displacements across the ferroelectric layer, fD , and across the 

surface layer, dD , are given by the following equations:  

f f f fD E Pε= +                                                   (3.13) 

d d d dD E Pε= +                                                    (3.14) 

where E denotes electric field and P polarization, while the subscripts f and d denote 

the normal ferroelectric region and non-switching surface layer, respectively.  The 

average field across the thin film is calculated as 

(1 )ave f dE E Eν ν= − +                                              (3.15) 

where ν  represents the thickness fraction of the non-switching layer in the film.  

Taking into account the surface non-switching layer, the continuity of total current 

can be expressed as 
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( , ) ( , )
( ) ( , ) ( , ) ( ) f f

f f f

E x t P x t
J t x t E x t x

t t
σ ε

∂ ∂
= + +

∂ ∂
 

( , ) ( , )( , ) ( , ) ( ) d d
d d d

E x t P x tx t E x t x
t t

σ ε ∂ ∂
= + +

∂ ∂
   (3.16) 

where ( , )x tσ  and ( )xε  are the time-dependent space-charge-limited conductivity 

mentioned in section 3.2.2 and permittivity, respectively.  

Fig. 3.4 (a) shows the simulated results of the D-E hysteresis loop for a 

ferroelectric thin film with a pseudo non-switching layer.  The modeled P-E relations 

of the ferroelectric and non-switching layer are respectively shown in Figs. 3.4 (b) 

and 3.4 (c).  It can be seen that the hysteresis loop of the ferroelectric layer is 

completely cycled, while the polarization of the non-switching layer only stays in the 

lower part of its P-E loop so that polarization switching cannot occur.  The simulated 

D-E loop shown in Fig. 3.4 (a) has a large horizontal shift to the right side, giving 

evidence that domain pinning within the surface layer could lead to imprint.  Loops 

with negative-susceptibility like those depicted in Fig 4(b) have already been reported 

in a paper describing the ferroelectric behaviour of some barium titanate poled 

ceramics [Baerwald and Berlincourt, 1953], and Ricinschi et al. have discussed the 

physical meaning of the negative-susceptibility regions in hysteresis loops [Ricinschi 

et al., 1998].  Fig. 3.4 is obtained when we apply a sinusoidal wave without any 

initial phase.  If there exists an initial phase π  such that 0 0max( ) sin( )V t V tω π= + , 

all the abovementioned D-E and P-E relations only change by a 180o  flip about the 

x- and y-axes, as shown in Fig. 3.5.  It is because in the non-switching layer the 

polarization stays in the upper part of the loop instead of the lower part, as shown in 

Fig. 3.5 (c).  It should be noted that the type of ‘long-tail’ hysteresis loops 
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FIG. 3.4 When the polarization of the non-switching layer only stays in the lower part of the P-E 

loop: (a) D-E hysteresis loop for ferroelectric thin films; (b) Modeled P-E relations of the 

ferroelectric layer; (c) Modeled P-E relations of the non-switching layer. 
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FIG. 3.5 When the polarization of the non-switching layer only stays in the upper part of the P-E 

loop: (a) D-E hysteresis loop for ferroelectric thin films; (b) Modeled P-E relations of the 
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ferroelectric layer; (c) Modeled P-E relations of the non-switching layer. 

 

shown in Fig. 3.4 (a) and Fig. 3.5 (a) exhibit a striking similarity with those observed 

in experiments [Dey et al., 1995; Abe et al., 1997; Abe and Komatsu, 1995; Park et 

al., 1998; Wu et al., 2000], thus justifying the validity of our model that includes a 

pseudo non-switching surface layer.  Fig. 3.6 shows the effect of thickness ratio of 

the non-switching layer on the hysteresis loop.  When 0.01ν = , the simulated loop 

almost centers at the origin and no notable horizontal shift is observed.  With ν  

increasing, the magnitude of horizontal shift increases.  Therefore, our model should 

be confined to the study of thin ferroelectric films where the surface layer has an 

appreciable thickness fraction.  

 

FIG. 3.6 Effect of thickness ratio of the non-switching layer on the hysteresis loop. 
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We have used a double-layer model with an abrupt interface to model the 

imprint effect under the influence of domain pinning near the film/electrode interface.  

Similar results are obtained if the interface is replaced by a smoother one with gradual 

variation in properties.  We have also calculated the shift effect by assuming Ohmic 

conductivity alone, i.e. assuming 0( , )x tσ σ≈  and not using the full TDSCL 

conductivity expression in Eq. (3.4).  It is found that a shift also exists and that the 

shift magnitudes are about one third to one half of the shift magnitudes from TDSCL 

conduction calculations for some typical 0σ  values of ferroelectric thin film [Chan 

et al., 2004].  We therefore suggest that the TDSCL conduction is likely one of the 

dominating factors even in the presence of domain pinning for the occurrence of large 

imprint effects observed in experiments. 

 

3.3.3 Effect of graded surface layer 

It has been known experimentally that ferroelectric properties of surface layers 

such as remanent polarization and permittivity are weaker than those of the bulk 

region [Sakashita et al., 1993; Hase et al., 1993; Tagantsev et al., 1995].  Such 

degradation of ferroelectric properties [Saya et al., 2000] has been suggested to occur 

for reasons such as: (a) interdiffusion between a ferroelectric thin film and electrode 

[Nakamura et al., 1994], (b) insufficient flatness of bottom electrode and film, (c) 

vacancies of Pb and/or oxygen [Lee et al., 1992].  It is justifiable to model the 

surface layer as a graded one in which the permittivity and remanent polarization 

decrease gradually from the bulk values (Fig. 3.7).   
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FIG. 3.7 Ferroelectric thin film consisting of bulk ferroelectric and graded surface layer whose 

thickness are respectively fd  and dd .  

 

Fig. 3.8 shows the D-E loop simulated from our model incorporating a graded 

surface layer near the bottom electrode, for which a large horizontal shift is produced 

(see Table 3.2 for related parameters).  Note that this type of hysteresis loop can be 

found in related experimental measurements [Warren et al., 1996].  Fig. 3.9 shows 

the effect of thickness ratio of the graded layer on the hysteresis loop; the magnitude 

of horizontal shift increases with the fraction of graded layer.  Fig. 3.10 (a) 

illustrates two cases where only Ohmic conductivity is considered and where the 
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FIG. 3.8 D-E loop simulated from our model with a graded surface layer near the bottom electrode. 

 

TABLE 3.2 The variations of remanent polarization and permittivity of the graded surface layer with x. 
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effect of TDSCL conduction is taken into account.  There is almost no horizontal 

shift when only Ohmic conductivity is considered but a notable horizontal shift is 

observed when TDSCL conduction is taken into account.  Fig. 3.10 (b) shows the 

time evolution of interfacial charge ( d fD D= − ) for, respectively, the consideration 

and neglect of TDSCL conduction.  It is interesting to see that there is averagely 

positive interfacial charge accumulated when TDSCL conduction is taken into 

account while there is almost no interfacial charge accumulation for the case of only 

Ohmic conduction.   

 

FIG. 3.9 Effect of thickness ratio of the graded layer on the hysteresis loop. 
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FIG. 3.10 Effects of TDSCL and Ohmic conductivities: (a) on the simulated D-E loop; (b) on the 

time evolution of interfacial charge densities. 

 

Fig. 3.11 shows the time development of electric fields in the bulk ferroelectric 
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layer ( fE ) and the graded surface layer ( dE ); a large positive DC bias has 

accumulated in the graded surface layer while a much smaller negative DC bias in the 

bulk layer.  On the other hand, the electric-field distributions inside the bulk and 

graded surface layers are both non-uniform.  The electric field tends to be 

concentrated within the graded surface layer, possibly because this region has reduced 

permittivity and tends to acquire a strong field for polarization reversal [Abe et al., 

1997].  It is found that the measured D-E loop shifts to the opposite side when the 

graded surface layer is placed adjacent to the top electrode instead of the bottom one, 

where the gradient of the surface layer is reversed, i.e. the direction of horizontal shift 

is determined by the gradient of the surface layer. 
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FIG. 3.11 Time development of electric fields: (a) in the bulk ferroelectric layer; (b) in the graded 

surface layer. 

 

Summing up, we have taken the TDSCL into account to investigate the effects of 
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stress, domain pinning and graded surface layer on the hysteresis loops.  In the first 

and third cases, the consideration of TDSCL is necessary to lead to the horizontally 

shifted hysteresis loops; while Ohmic conduction is also able to give a horizontal shift 

behavior when considering domain pinning, but it is unable to produce large shift 

magnitudes observed in some ferroelectric thin film systems.  On the other hand, 

imprint is a very complicated issue and may also be explained by charge injected 

from the electrodes and trapped at interfacial states.  In addition, imprint effect is 

also very often in part attributed to the role of oxygen vacancy-related defect dipoles 

throughout the film [Al-Shareef et al., 1997].  Therefore, although the cases 

discussed here are not exhaustive and the mechanisms investigated herein are not 

exclusive, the consideration of TDSCL is likely to be one of the possible origins for 

the occurrence of imprint where large shifts of hysteresis loops are observed in 

experiments. 

In general, the qualitative similarity between published experimental results and 

our simulation shows that stress, domain pinning induced by e.g. oxygen vacancies, 

and graded surface layer or their multiple effects are likely to be responsible for the 

widely observed imprint phenomena.  In addition, our graded dead layer model may 

well be extended to study the polarization behaviour in step-graded or multilayered 

ferroelectric structures.  In fact, by adopting the interfacial coupling coefficient to 

account for the intrinsic interaction across the interface between neighboring 

constituents, our model is extended to study the unconventional ferroelectric and 

dielectric properties in ferroelectric superlattices in the next chapter. 
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Chapter 4 Enhancement of dielectric and ferroelectric 

properties in ferroelectric superlattices 
 

4.1 Introduction 

Ferroelectric multilayer/superlattices have attracted great research interest 

recently [Erbil et al., 1996; Shimuta et al., 2002; Pontes et al., 2004].  These kinds of 

structures have been identified as possessing functional physical properties more 

superior than their single-phase films, offering opportunities for potential application 

in dynamic random access memories and ferroelectric memories which require a large 

remanent polarization or a high dielectric constant in small size.  Experimentally, 

elevated remanent polarization is one of the most important features of ferroelectric 

superlattices.  Lee et al. reported a strong polarization enhancement in asymmetric 

three-component ferroelectric superlattices [Lee et al., 2005].  Shimuta et al. 

reported the largest remanent polarization 2 rP  of 46 2/C cmμ , which is about three 

times that of the BaTiO3 single-phase film, in asymmetric epitaxial BaTiO3/SrTiO3 

(BTO/STO) strained superlattice structures [Shimuta et al., 2002].  On the other 

hand, the enhancement in the dielectric constant is also a commonly observed 

phenomenon in ferroelectric multilayer/superlattices.  Wang et al. reported the 

enhancement of the dielectric constant in multilayered 

Pb(Zr0.8Ti0.2)O3/Pb(Zr0.2Ti0.8)O3 thin films prepared by rf magnetron sputtering [Wang 

et al., 2003].  Erbil et al. observed the giant relative permittivity as high as 420000 in 

the epitaxial heterostructure composed of PbTiO3/Pb1-xLaxTiO3 [Erbil et al., 1996].  
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In addition, recent results have shown the ferroelectric and dielectric properties are 

sensitively dependent on various macroscopic geometrical parameters such as layer 

thickness, layering sequence and individual layer thickness ratio [Shimuta et al., 2002; 

Wang et al., 2003].  

Although there has been an emphasis on the practical development of such 

superlattices, theoretical understanding of their anomalous behaviour is rather limited.  

It is believed that the interfacial coupling between the constituent layers should play 

an important role and hence must be taken into consideration [Sepliarsky et al., 2002; 

Qu et al., 1997].  The strong interfacial coupling between individual polar layers are 

proposed as mechanisms leading to the observed behavior that cannot be explained 

simply in terms of those measured on single films of the constituent materials in 

epitaxial SrTiO3/BaTiO3 superlattices [Christen et al., 2003].   The enhancement of 

dielectric properties of Pb(Zr,Ti)O3 films with tetragonal/rhombohedral multilayered 

structure is attributed to the presence of interfaces between the tetragonal and the 

rhombohedral phase layer [Pontes et al., 2004; Wang et al., 2003].  On the other 

hand, it has been demonstrated that electrical conductivity in ferroelectrics can induce 

new phenomena or modify known physical phenomena, which may be difficult to 

understand if the materials are regarded as perfectly insulating [Chan et al., 2003; 

Wong and Shin, 2005].  In particular, the time-dependent space-charge-limited 

(TDSCL) conduction has been demonstrated to be a possible origin leading to the 

abnormal polarization offset along the polarization axis widely observed in the 

compositionally graded ferroelectric thin films [Chan et al., 2003].  It is also 
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suggested that the dramatically elevated dielectric constants may be obtainable by 

increasing the conductivity of the ferroelectric superlattices through impurity doping 

[Erbil et al., 1996].  However, so far only very few theoretical investigations have 

been performed to study the interplay of the effects of interfacial coupling and 

electrical conductivity on the ferroelectric and dielectric properties of 

multilayer/superlattices.  We believe such investigations can furnish further insight 

into the mechanism. 

Taking the hint that electrical conductivity may play a non-trivial role behind the 

many anomalous phenomenon observed in ferroelectric thin films and composite 

structures [Erbil et al., 1996; Chan et al., 2003; Wong and Shin, 2005], we aim in the 

present work to study to what extent the consideration of electrical conductivity can 

account for the enhancement of ferroelectric and dielectric properties in the 

interface-coupled ferroelectric superlattices.  For illustration purposes, recent 

experimental observations on the enhancement of remanent polarization and dielectric 

constant in BaTiO3/SrTiO3 superlattices and heterolayered PZT thin films [Shimuta et 

al., 2002; Pontes et al., 2004] are compared with our model calculations. 
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4.2  Theory and modeling 

4.2.1 Landau-Khalatnikov kinetics of switching 

Consider an infinite ferroelectric superlattice formed from alternating layers of 

two different materials A and B.  A typical repeating unit (a period) of this structure 

is a bilayer of A and B.  Periodic boundary conditions are applied to the top and 

bottom surfaces of this bilayer unit so as to describe the infinite ferroelectric 

superlattice.  This suggests that we only have to consider a one-period superlattice 

structure.  Further, each layer A or B in the superlattice interacts with its neighboring 

layers via some interfacial coupling mechanism to be elaborated later on.  

We assume that all spatial variation takes place along the x-direction.  The 

dynamics of the dipoles of A and B are modeled by the Landau-Khalatnikov equation: 

2
3 5

2

2
3 5

2

( , ) ( , )( , ) ( , ) ( , ) ( , )

( , ) ( , )( , ) ( , ) ( , ) ( , )

A A
A A A A A A A A A

B B
B B B B B B B B B

P x t P x tP x t P x t P x t E x t
t x

P x t P x tP x t P x t P x t E x t
t x

γ α β ν κ

γ α β ν κ

⎧ ∂ ∂
= − − − + +⎪⎪ ∂ ∂

⎨
∂ ∂⎪ = − − − + +⎪ ∂ ∂⎩

 (4.1) 

where γ  represents the viscosity that causes the delay in motion of dipole moments.  

α , β  and ν  are the corresponding Landau coefficients of the material.  The last 

term in each of the above equations comes from energy associated with polarization 

gradients, where κ  is the corresponding interaction coefficient between neighboring 

dipoles. 

The form of the kinetic equations above conforms to the equations used by a 

number of works, notedly [Baudry and Tournier, 2001; Boudry, 1999], which is 

obtained by minimizing the free energy of the film under applied electric field.  It 
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should be noted that ( , )E x t  in Eq. (4.1) denotes the local electric field instead of 

external electric field.  With this approach, the explicit consideration of the 

depolarization field is subsumed in the formulation.  In particular, Baudry and 

Tournier [Baudry and Tournier, 2001] has given an excellent discussion on this point, 

incorporating implications due to the presence of charge carriers and non-uniformity 

of polarization. 

The boundary conditions for the polarizations at the interface x=0 are 

0 0
0

0 0
0

( ) 0

( ) 0

A
A A B

x

B
B A B

x

dP P P
dx
dP P P
dx

κ λ

κ λ

=

=

⎧
− − =⎪

⎪
⎨
⎪ + − =
⎪⎩

            (4.2) 

and the periodic boundary conditions for the polarizations of an infinite superlattice 

structure can be described by 

( ) 0
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B B
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x d
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=

⎧
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⎪
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⎪ − − =⎪⎩

         (4.3) 

where dA and dB are the layer thicknesses of a bilayer unit. 

The boundary condition equations above are obtained by including an interfacial 

coupling energy term into the free energy and then minimizing the free energy of the 

interface structure under applied electric field.  The parameter λ  describes the 

strength of the interfacial coupling between the constituents A and B.  The detailed 

discussion about the interfacial coupling can be found in Refs.  [Tsang et al., 2004 

and Chew et al., 2005]. 
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4.2.2 Electric conduction 

In our previous study of compositionally graded ferroelectric films [Chan et al., 

2003; Zhou et al., 2005], we used the following ‘time-dependent space-charge-limited 

conduction’ (TDSCL) formula for the time-dependent conductivity associated with 

space charges: 

2 2
0

( , ) ( , )( , ) [ ] ( )
2 2

p n p nD x t D x tx t x
x x

μ μ μ μ
σ σ

− +∂ ∂
= + +

∂ ∂
        (4.4) 

where ( , ) ( ) ( , ) ( , )D x t x E x t P x tε= +  is the electric displacement at position x and 

time t, 0 ( )xσ  is the intrinsic conductivity, pμ  and nμ−  ( ,  0p nμ μ > ) are the 

positive and negative charge carrier mobilities, respectively.  Here we also employ 

the same conduction mechanism for the present problem.  The total current ( )J t  

across the superlattice structure consists of the conduction and displacement currents: 

( )  ( , ) ( , ) ( , ) ( , ) ( , )c dJ t j x t j x t x t E x t D x t
t

σ ∂
= + = +

∂
                       (4.5) 

where subscripts c and d denote “conduction” and “displacement”, respectively.  The 

circuit condition is given by: 

( , ) ( )B

A

d

d
E x t dx E t L

−
=∫                                               (4.6) 

where A BL d d= +  is the period thickness and ( ) ( )ampE t E sin tω=  is the applied 

electric field across the superlattice.  It is noted that the applied field amplitude ampE  

should be sufficiently small so that polarization switching will not occur within the 

ferroelectric superlattice when measuring permittivity.  The measured electric 

displacement of the superlattice at a certain time t  is given by the integration of total 

current density across the circuit: 
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0
( ) ( )

t
D t J t dt= ∫                (4.7) 

The relative dielectric constant of the superlattice is calculated by: 

{ }sin
( )

,t

amp

D t
E

ωε =                     (4.8) 

where { }sin tω
 is the sin( )tω − Fourier component of the function within the bracket. 
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4.3 Results and disccusion 

To verify our model, we perform numerical calculations for BaTiO3/SrTiO3 

superlattices and multilayered Pb(Zr,Ti)O3 films reported in [Shimuta et al., 2002] 

and [Pontes et al., 2004] and compare with experimental data therein.  The 

properties of the constituent phases used for calculations are obtained by slightly 

fine-tuning/interpolating the physical parameters found in the existing literature and 

are given in Table 4.1 [Sepliarsky et al., 2002; Qu et al., 1997; Christen et al., 2003; 

Fong et al., 2004; Foster et al., 1997; Ban et al., 2003].  The mobility values are 

taken as 9 2 1 11 10p m V sμ − − −= × , 12 2 1 11 10n m V sμ − − −= ×  following Ref. [Chan et al., 

2003] values in order of magnitude.  The following nominal interfacial coupling 

coefficient value is used: 01/λ ε= , where 0ε  is the vacuum permittivity.  Unless 

stated otherwise, all the above-mentioned parameters are retained for all the 

calculations. 

TABLE 4.1 The physical parameters for BTO/STO and PZT60/PZT40 superlattices used in our 

calculations (all the values are in SI units). 

2.8×10-102.8×10-10

1×10-101×10-101×10-111×10-11

2.3×10-111.4×10-111×10-111×10-10

3.96×1010

5.5×1095.3×10108.4×1091.26×1010

-1.87×108-3.3×1083.92×108

Pb(Zr0.4Ti0.6)O3Pb(Zr0.6Ti0.4)O3SrTiO3
Parameter BaTiO3

α

β

ν

κ

σ0

-6.18×107

0
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4.3.1 Enhancement of remanent polarization in BaTiO3/SrTiO3 

superlattices 

Barium titanate (BaTiO3) is one of the most important ferroelectric perovskites.  

However, its ferroelectric properties, particularly remanent polarization, are not as 

superior as those of Pb(Zr,Ti)O3.  Therefore, various efforts have been dedicated to 

enhance the ferroelectric properties of BaTiO3.  Experimentally, BaTiO3/SrTiO3 

(BTO/STO) superlattices were fabricated by metal-organic vapour deposition, pulsed 

laser deposition and the sol-gel method [Qu et al., 1997].  The thickness ratio of 

BTO and STO was usually chosen to be one in most of the BTO/STO superlattices.  

Recently, Shimuta and coworkers reported the enhancement of remanent polarization 

in asymmetric BaTiO3/SrTiO3 strained superlattices with unequal BTO and STO layer 

thickness within each stacking periodicity [Shimuta et al., 2002].  In their work, both 

symmetric and asymmetric BTO/STO superlattices have been fabricated by a 

pulsed-laser deposition technique.  The superlattice with 15 unit cells of BTO and 3 

unit cells of STO in one period showed the largest remanent polarization 2 rP  of 

226 /C cmμ , which is more than three times that of single-phase BTO thin film, and 

approaching that of bulk BTO.  The layer thickness dependence of remanent 

polarization calculated by our model is shown in Fig. 4.1.  Note that herein the BTO 

layer thickness is equal to that of STO in each period of the superlattice.  It can be 

seen from Fig. 4.1 that the remanent polarization increases when the layer thickness 

decreases.  The experimental data of symmetric superlattices with 3/3, 5/5, 10/10 

and 65/65 (n/m denotes n unit cells of BTO and m unit cells of STO in each 
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periodicity) are also shown in Fig. 4.1.  It is seen that our results are in good 

agreement with the experiments.  Interestingly, the remanent polarization of the 

superlattice exceeds that of the BT single-phase film ( 22 14 /rP C cmμ= ) when the 

layer thickness is smaller than 1.5 nm, which is also validated by the experimental 

results.  
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FIG. 4.1 Calculated and experimental results of remanent polarization 2 rP  as a function of layer 

thickness in the BTO/STO symmetric superlattices. 

 

Fig. 4.2 shows the P-E hysteresis loops of the superlattice with the stacking 

periodicity of 15/3 and the BTO single-phase thin film.  The simulated P-E loop of 
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the superlattice with the stacking periodicity of 15/3 is much more inflated than that 

of BTO thin film.  The remanent polarization 2 rP  is about three times that of the 

single phase BTO thin film.  It is also noted that the shapes of the simulated P-E 

loops are strikingly similar with the experiments, which is partly a manifestation of 

the electrical conductivity of the superlattices. 
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FIG 4.2 Calculated and experimental P-E hysteresis loops of BTO/STO superlattice with the stacking 

periodicity of 15/3 and BTO single-phase film. 

 

4.3.2 Enhancement of rP  and ε  properties of heterolayered PZT 

Recently, considerable experimental efforts have been dedicated to the 

fabrication of Pb(Zr,Ti)O3 (PZT) multilayered films because their ferroelectric 
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properties and dielectric permittivity can be easily modulated by adjusting the Zr:Ti 

ratio near a rhombohedral-tetragonal morphotropic phase boundary (MPB).  In a 

recent paper [Pontes et al., 2004], Pontes et al. reported the enhancement of both 

dielectric and ferroelectric properties of heterolayered PZT film, which consisted of 

six alternating Pb(Zr0.6Ti0.4)O3 (PZT60) and Pb(Zr0.4Ti0.6)O3 (PZT40) layers, 

fabricated by a chemical solution deposition.  In their work, a dielectric constant of 

701 at 100 kHz was observed for the heterolayered PZT40/PZT60 film.  The 

dielectric constant of the heterolayered PZT film can not be explained by the 

capacitor series model, according to which the PZT multilayer structure is regarded as 

a series connection of PZT60 and PZT40 layers, thus the effective dielectric constant 

can be expressed theoretically as: 

3 5 61 2 4
1 2 3 4 5 6

60 40 60 40 60 40

1 /( )
eff PZT PZT PZT PZT PZT PZT

t t tt t t t t t t t t
ε ε ε ε ε ε ε

⎛ ⎞
= + + + + + + + + + +⎜ ⎟
⎝ ⎠

(4.9) 

where t1, t3, and t5 are the thickness of PZT60 and t2, t4, and t6 are the thickness of 

PZT40.  Considering that the dielectric constants of PZT60 and PZT40 are 452 and 

512 [Pontes et al., 2004], effε  was calculated to be about 481.  However, the 

measured dielectric constant value ( 701� ) was much higher.  On the other hand, it 

has been theoretically demonstrated that the permittivity of ferroelectric composites 

can be significantly enhanced by electrical conductivity [Wong and Shin, 2005].  It 

is also suggested that the measured permittivity will dramatically increase by 

increasing the conductivity of the ferroelectric superlattices [Erbil et al., 1996].  

Interestingly, our calculation gives a value of 698 for the permittivity of heterolayered 

PZT film at the frequency of 100 kHz.  The frequency dependence of dielectric 
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constant is shown in Fig. 4.3.  Although there is some deviation in dielectric constant 

magnitudes at low frequencies, i.e. 3 410 10 Hz− , our calculation gives the same trend, 

namely, the calculated effε  decreases with increasing frequency f, having similar 

permittivity magnitudes as experimentally observed.   
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FIG 4.3 Calculated and experimental dielectric constant as a function of applied frequency of 

multilayered PZT thin films. 

 

Fig. 4.4 shows the hysteresis loop of PZT60, PZT40, and PZT multilayered thin 

film.  Interesting to note, the P-E hysteresis loop of the PZT multilayered film is 

much inflated compared with that of single-phase PZT films, the same feature also 

observed in BTO/STO superlattices as discussed in 4.3.1.  The remanent polarization 

2 rP  of the hysteresis loop of single-layer PZT60 and PZT40 thin films are about 
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219 /C cmμ  and 239 /C cmμ , while the heterolayered PZT thin film exhibited a 

much larger remanent polarization value of 22 50 /rP C cmμ� .  
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FIG 4.4 Calculated and experimental P-E hysteresis loops of PZT60 (▲), PZT40 (●), and 

multilayered PZT (■) thin films. 

 

Summing up, a detailed discussion of the remanent polarization and dielectric 

permittivity of two typical ferroelectric superlattice systems: BaTiO3/SrTiO3 

superlattice and multilayered Pb(Zr,Ti)O3 thin films are given.  For BTO/STO 

superlattices, the remanent polarization is found to be sensitively dependent on the 

macroscopic geometrical size (layer thickness) dimensions; the heterolayered PZT 

thin films made from alternating layers of PZT60 and PZT40 exhibit quite different 
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ferroelectric and dielectric properties compared with their single-phase thin films.  

Both ferroelectric superlattices show much larger remanent polarization values than 

their single-phase thin films, which can not be satisfactorily explained by traditional 

theoretical models.  In addition, a remarkable enhancement of dielectric constant of 

PZT multilayered films is also given by our calculation. 

In all, our theory is able to reproduce some key experimental features of 

BTO/STO superlattices and multilayered PZT thin films by taking the electrical 

conductivity into account.  In addition, our model can be easily extended to study the 

temperature dependence of ferroelectric and dielectric properties of ferroelectric 

superlattices.  However, further efforts are required to understand the dramatic 

improvement of dielectric properties found in some superlattice structures, which can 

be one or even several orders larger than the single-phase films of the constituent 

materials [Erbil et al., 1996; Wang et al., 2003]. 
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Chapter 5  Electrostriction and magnetostriction of 0-3 

composites 

 

5.1   Introduction 

It is shown in the previous chapters that electrical conductivity in ferroelectric 

thin films may lead to various anomalous phenomena which are difficult to 

understand by assuming perfectly insulating ferroelectrics.  In fact, the 

considerations of electrical conductivity have also been demonstrated to be important 

to study the dielectric, pyroelectric and piezoelectric properties of ferroelectric 0-3 

composites [Srinivasan et al., 2004; Sakamoto et al., 2002; Wong et al., 2002].  In 

this chapter, we will show that electric conductivity also plays an important role in 

determining electrostriction strain characteristics of ferroelectric 0-3 composite 

systems.  On the other hand, if we apply a magnetic field on the magnetostrictive 

composites, the magnetostrictive inclusion particles will deform under the applied 

magnetic field, thus giving a large magnetostriction effect.  Therefore it is quite 

natural to extend our electrostriction model to study the 0-3 composites containing 

highly magnetostrictive inclusion particles.  For convenience, following discussion 

of the electrostriction problem in each section (subsection) of this chapter, we extend 

our discussion to magnetostriction, which is very similar to the electrostriction model, 

to study the magnetostriction behavior for particulate composites of magnetostrictive 

polycrystalline inclusions in elastically isotropic matrices. 
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5.1.1 Electrostriction of 0-3 composites  

Electrostriction is the effect of electric-field-induced strain in dielectric materials.   

It is distinguished from the inverse piezoelectric effect in that electrostrictive strain is 

proportional to the square of the applied electric field and occurs in all dielectric 

materials irrespective of the crystal symmetry.  From a practical point of view, the 

mechanisms causing this effect include contributions from the electrostatic attraction 

between the electrodes and space charges injected from the electrodes as well as from 

the field-induced molecular structural change.  The deformation can be exploited for 

devices such as actuators, microrobots, or other electromechanical transducers. 

In the past, the electrostriction in polymeric materials has not attracted much 

attention due to their relatively low electrostrictive strains ( 0.01%� ) as well as their 

low strain energy density.  However, in recent years, several polymers with large 

electrostrictive strain ( 3%> ) have been identified which include the thermoplastic 

elastomer polyurethane (PU) [Zhengyl et al., 1994], the rubber polychloroprene [Ma, 

and Reneker, 1996], and the electron-irradiated ferroelectric copolymer 

poly(vinylidene fluoride-trifluoroethylene) P(VDF-TrFE) [Zhang et al., 1998].  As 

far as is known, PU is a block copolymer composed of flexible long chain polyols and 

rigid diisocyanate components.  The molecular chains are predominantly linear with 

the soft and hard segments distributed alternately.  Phase separation usually occurs in 

the synthesis process.  The hard segments segregate to form microphases dispersed 

in the nonpolar and flexible matrix.  This two-phase feature with one phase in the 

microdomain structure has been regarded as being responsible for the large 
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electrostriction of PU.  Nevertheless, due to the compliance of polymers, the 

electromechanical stress produced is not competitive with the ceramic counterpart.  

Thus the ceramic/polymer composites appear as a good alternative.  A combination 

of two electroactive materials will result in composites that benefit from the 

advantages of both materials.  In fact, the composites of lead zirconate titanate 

PZT/PVDF [Das-Gupta, 1991] and PZT/PU [Sakamoto et al., 1999] had been studied 

extensively, in particular the latter one exhibits significantly large pyroelectric effect 

as well [Lam et al., 2004].  It is obvious that there is still much research work toward 

clarifying the electromechanical mechanisms leading to the large strains and other 

interesting properties that may evolve from the electroactive ceramic/polymer 

composites. 

In this chapter, we elucidate a method to account for the electrostriction strain of 

a 0-3 composite comprising ferroelectric ceramic particles embedded in a polymer 

matrix.  The theory to be developed should be able to give a strain-electric field loop 

of a butterfly shape as observed in experiment, and in particular showing a smaller 

switching field and coercive field when the ceramic content increases. 

 

5.1.2 Magnetostriction of 0-3 composites  

Magnetostrictive composites containing highly magnetostrictive micro/nano 

particles have been a focus of sensor and actuator studies for a number of years 

[Sandlund et al., 1994].  The addition of a matrix can provide increased mechanical 

strength and extend the high frequency application range.  Although there is an 
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increasing emphasis on the practical development of such kinds of composites, further 

fundamental understanding of their magnetostrictive behavior is desirable.  An often 

cited theoretical approach for the magnetostriction of such composites is the 

single-sphere model proposed by Herbst et al [Herbst et al., 1997].  However, this 

simple model yields an incorrect prediction in the limit of only a single 

magnetostrictive phase.  Recently, Nan and coworkers [Nan et al., 1998; Nan and 

Weng, 1999] have developed a more rigorous but necessarily more complicated 

treatment for the effective magnetostriction of the magnetostrictive composites based 

on Green’s function technique.  More recently, a few simple expressions have been 

given based on simplified Reuss and Voigt type average approximations to describe 

the measured saturation magnetostriction of the composites [Chen et al., 1999; Guo et 

al., 2002]. 

Part of the objective of the present chapter is to develop a conceptually simple 

and convenient approach to model magnetostriction behavior for particulate 

composites of magnetostrictive polycrystalline inclusions in elastically isotropic 

matrices.  For illustrative purposes, we calculate the magnetostriction responses of 

composites containing Terfenol-D and nickel.  Through numerical calculation, we 

have obtained the macroscopic longitudinal strains parallel to the applied magnetic 

field for Terfenol-D/glass composite [Chen et al., 1999] and both longitudinal and 

transverse strains for the nickel/epoxy composite [Nersessian et al., 2004].  Detailed 

modeling procedures and comparison with experimental results are included in this 

chapter. 
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5.2   Theory 

5.2.1 Our model on electrostriction strains of 0-3 composites  

It is assumed that the 0-3 composites under consideration do not possess high 

ceramic loading so that the theory may be kept sufficiently simple.  Our previous 

work [Wong et al., 2002] has demonstrated that considerations of the effect of 

accumulated charge at the matrix-inclusion interface are essential to understanding 

some characteristics of ferroelectric 0-3 composites.  Here we also employ the same 

conduction mechanism as described in Wong’s paper [Wong et al., 2002].  In 

addition, the composite is assumed to be free from external mechanical stresses.  

Since particles are assumed to be well dispersed within the matrix, we start by 

considering a single inclusion problem as depicted in Fig. 5.1. 

      
FIG. 5.1 Schematic diagram to show a single inclusion in the matrix under stresses in the x, y, and z 

directions. The y-direction stress not shown in the graph is perpendicular to the paper. 

 

The ceramic particles are surrounded by the matrix medium in which asymptotic 
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uniform stresses , ,mx my mzσ σ σ  act in the , ,x y z  directions, respectively.  

Within the particle, the corresponding stresses , ,ix iy izσ σ σ  are uniform.  In the 

region close to the particle the stresses in the matrix become non-uniform due to the 

presence of the particle [Goodier, 1933].  The stresses and deformation in the matrix 

and in the inclusion have to be matched at the matrix-inclusion interface.  Since both 

the elasticity equations and the interface conditions are linear equations involving 

stresses and deformation, it is therefore possible to relate the asymptotic matrix 

stresses and strains to the uniform stresses and strains in the inclusion.  A similar 

approach but in a dielectric context has been employed in previous works [Landau 

and Lifshitz, 1960; Wong et al., 2001].  Thus 

( ) ( ) ( )ix mx ix mx iy my iz mzA e e B e e B e eσ σ− = × − + × − + × −       (5.1) 

( ) ( ) ( )iy my ix mx iy my iz mzB e e A e e B e eσ σ− = × − + × − + × −       (5.2) 

( ) ( ) ( )iz mz ix mx iy my iz mzB e e B e e A e eσ σ− = × − + × − + × −       (5.3) 

where ( , , )ke k x y z=  is strain, i  and m  denote inclusion and matrix, 

respectively.  The constants A and B may be solved by employing Eqs.(5.1), (5.2) 

and (5.3) in special cases such as hydrostatic compression [Chew et al., 2003], pure 

shear [Christensen, 1979] and simple tension [Goodier, 1933].  After some 

manipulation, we get the coefficients A and B which depend on the matrix elastic 

properties only [Appendix A]: 

210 ( 3 )
9 2

m
m

m m

A
k

μμ
μ

= − +
+

            (5.4) 
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101 ( 3 )
9 2

m
m

m m

B
k

μμ
μ

= − −
+

             (5.5) 

where mk  and mμ  are the bulk modulus and shear modulus, respectively. 

The results of the single inclusion problem are now extended to a composite with 

a dilute suspension of inclusion particles to allow the electrostriction strain to be 

solved in terms of the dielectric and elastic properties of its constituents.  Since we 

assume the composite is subjected to an electric field in the z  direction in our 

problem, we only need to be concerned with the variables in the z  direction and (say) 

x  direction due to the transverse isotropy since , ,ix iy mx my ix iye eσ σ σ σ= = =  and 

mx mye e= .  Thus: 

( ) ( ) ( )ix mx ix mx iz mzA B e e B e eσ σ− = + × − + × −         (5.6) 

2 ( ) ( )iz mz ix mx iz mzB e e A e eσ σ− = × − + × −          (5.7) 

The constitutive equations including electrostriction effect for the two materials are 

given by: 

2 2(2 ) ( ) ( )
3 3ix i i ix i i iz ix ik e k e f Eσ μ μ= + + − −           (5.8) 

2 2(2 ) ( ) ( )
3 3mx m m mx m m mz mx mk e k e f Eσ μ μ= + + − −        (5.9) 

4 4(2 ) ( ) ( )
3 3iz i i ix i i iz iz ik e k e f Eσ μ μ= − + + −           (5.10) 

4 4(2 ) ( ) ( )
3 3mz m m mx m m mz mz mk e k e f Eσ μ μ= − + + −        (5.11) 

where ( )xf E  and ( )zf E  denote the electric field induced stresses perpendicular 

and parallel to the applied field direction, respectively.  For a given material the form 

of the function ( )f E  may be determined from experiment, usually for the case of 

zero external stress, i.e. 0σ = .  Since the composite in our problem is assumed to 

be free from external mechanical stresses, we get: 
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(1 ) 0ix mxφσ φ σ+ − =               (5.12) 

(1 ) 0iz mzφσ φ σ+ − =               (5.13) 

The strain of the composite in the z -direction is calculated by: 

(1 )iz mz ze e eφ φ+ − =               (5.14) 

where φ  denotes the inclusion volume fraction. 

    Since our previous work has shown that electrical conductivity is essential to 

understanding the behavior of ferroelectric composites, we also need to include its 

effect in our present model.  Hence the time evolution of iE  is written as [Wong et 

al., 2002]: 

3[ / ] (1 ) [ ] /
3 (1 )( 2 )

i i m m i m

m i m

E E E E t P P t
t

ζ ε φ
τ φ ε φ ε ε

∂ + ∂ ∂ − − ∂ − ∂
+ =

∂ + − +
       (5.15) 

where 

3 (1 )( 2 )
3 (1 )( 2 )

m i m

m i m

φ ε φ ε ετ
φ ζ φ ζ ζ

+ − +
=

+ − +
            (5.16) 

and ζ  is the electric conductivity. 

 

5.2.2 Magnetostriction model  

Consider elastically isotropic magnetostrictive spherical inclusion particles 

embedded in an infinite, elastically isotropic, nonmagnetostrictive matrix, with a 

uniform magnetic field H applied along the z direction sufficiently far away from the 

inclusion.  Young’s modulus and Poisson’s ratio for the inclusion (matrix) are 

( )i mY Y  and ( )i mν ν , respectively.  Bulk and shear moduli for the inclusion (matrix) 

are  ( )i mk k  and  ( )i mμ μ , respectively.  The magnetic permeabilities of the 

inclusion and matrix are iξ  and mξ , respectively. Since the matrix is 
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nonmagnetostrictive, mξ  is assumed to be 0ξ  (the vacuum magnetic permeability) 

in the following calculations.  The volumetric averaging of quantities (such as 

magnetic flux density B) is defined by: 

1 ,gl glV
B B dV

V
= ∫                                                (5.17) 

where the subscript , ,l x y z=  refers to the three directions and V is the volume; 

,g i m=  denote inclusion and matrix, respectively. 

The constitutive magnetostatic equations are:  

0  ,iz iz izB H Mξ= +              (5.18) 

,mmz mzB Hξ=               (5.19) 

where M  is the volumetric averaged magnetization. 

The volumetric averaged magnetic field of the composite is calculated by: 

 ,(1 )z iz mzH H Hφ φ= + −               (5.20) 

where φ  denotes the inclusion volume fraction. 

The boundary conditions for the single inclusion problem give the following 

equation (Appendix B): 

2 ( ) .miz mz iz mz
B B H Hξ− = − −                           (5.21) 

We assume that the induction field experienced by a single particulate in a 

composite is the sum of two parts: one due to the pure medium and the other due to 

the magnetization of the particulates embedded in the medium.  A similar approach 

but in a dielectric context has been employed in a previous work [Poon and Shin, 

2004].  Thus Eq. (5.21) becomes: 

2 ( ) ,miz mz iz mz
B B H Hξ′− = − −              (5.22) 
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where 

( ) .mmz mz iz iz
B B B Hφ ξ′ = + −              (5.23) 

From (5.18)-(5.23), (note that 0mξ ξ= , because we have assumed that the pure 

matrix material is nonmagnetic), we get 

2

0

(1 )  ,
3z iz izH H Mφ
ξ
−

− =                (5.24) 

which relates the inclusion magnetic field to the applied magnetic field. 

Here, for the elasticity part of the composite problem, the results of the elastic 

part of our electrostriction model as shown in Eqs. (5.1-5.7) are now employed to find 

the effective elastic properties of the 0-3 composite, but bearing in mind that we need 

to extend the theory to make it applicable up to high volume fraction of inclusions.  

For this we assume that the inclusion particles are surrounded by a “matrix” material 

which has the same effective elastic properties as the whole composite material.  

Thus Eqs. (5.6-5.7) become 

,( ) ( ) ( )ix x ix x iz zA B e e B e eσ σ− = + × − + × −          (5.25) 

,2 ( ) ( )iz z ix x iz zB e e A e eσ σ− = × − + × −           (5.26) 

and the coefficients A and B are replaced by: 

10 2( 3 ) ,
9 2

A
k

μμ
μ

= − +
+

                (5.27) 

1 10( 3 ) ,
9 2

B
k

μμ
μ

= − −
+

                (5.28) 

where k and μ  denote the effective bulk and shear moduli of the composite, 

respectively. 

The following “self-consistent” equations for k and μ  are derivable from 



Chapter 5  Electrostriction and magnetostriction of 0-3 composites 

 94

(5.25)-(5.28) [Appendix C]: 

3 3 3(1 )  ,
3 4 3 4 3 4i mk k k

φ φ
μ μ μ

−
= +

+ + +
              (5.29) 

3 3(1 ) (1 )5[ ] 2 0 ,
3 4 3 4

i m m i

i m m i

k k
k k
φ φ φμ φ μ

μ μ μ μ μ μ
− −

+ + + + =
+ + − −

         (5.30) 

which are the same with Hill’s equations [Hill, 1965]. 

The constitutive equations including magnetostriction effect for the two materials 

are given by: 

2 2(2 ) ( ) ( ) ,
3 3ix i i ix i i iz x ik e k e f Hσ μ μ= + + − −           (5.31) 

2 2(2 ) ( )  ,
3 3mx m m mx m m mzk e k eσ μ μ= + + −           (5.32) 

4 4(2 ) ( ) ( ) ,
3 3iz i i ix i i iz z ik e k e f Hσ μ μ= − + + −           (5.33) 

4 4(2 ) ( )  ,
3 3mz m m mx m m mzk e k eσ μ μ= − + +           (5.34) 

where ( )x if H  and ( )z if H  denote the magnetic field induced stresses perpendicular 

and parallel to the applied field (assumed to point in z direction) in the 

magnetostrictive inclusions, respectively.  Since the composite in our problem is 

assumed to be free from external mechanical stresses, although it may be subjected to 

an external magnetic field, we get: 

 ,(1 ) 0ix mxφ σ φ σ+ − =                (5.35) 

 .(1 ) 0iz mzφ σ φ σ+ − =                (5.36) 

The strain of the composite in the z -direction is calculated by: 

 .(1 ) mz zize e eφ φ+ − =               (5.37) 

To use (5.31) and (5.33), the magnetostriction response functions ( ) 'sif H  for 

the inclusion material have to be determined.  First, we use (5.24) to calculate the 
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inclusion magnetic field from the applied magnetic field.  Herein, the 

magnetization-field relationship should be known or determined from experimental 

measurements.  Then we can determine ( ) 'sif H  by comparing with measured 

longitudinal and transverse strains of the pure material, usually under zero external 

stresses, ie. 0x y zσ σ σ= = = .  Once the magnetostriction response functions 

( ) 'sif H  are obtained, the magnetostrictive strains of the composites ze  under an 

applied magnetic field can be calculated from (5.25) to (5.37) for a given composite 

system. 
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5.3    Results and discussion 

5.3.1 Modeling parameters and simulation results for electrostriction 

To verify our electrostriction model, we study the electrostriction behaviour of 

particulate PZT/PU composites in which the volume fraction of PZT ranges from 5%, 

13%, 18%, 26%, and 30%. TABLE 5.1 shows the permittivities, conductivities, 

ferroelectrics and elastic properties for the constituents used in this computation. 

TABLE 5.1 Properties of constituents for PZT/PU 0-3 composites 

1 1 2 2

12

10

( ) ( / ) ( / ) ( / ) ( )

1800 5 10 0.35 0.4 0.667 36 0.3

6.8 9 10 0.03 0.495

r s c

a c b b b e e

b d e e

m P C m P C m E MV m Y Gpa

PZT

PU

ε ζ ν− −

−

−

Ω

×

× − − −
 

aTai, L.S.,  M. Phil. Thesis, The Hong Kong Polytechnic University, (2001). 

bWong, Y.W., Liu, C.X., Tai, L.S. and Shin F.G.,  Proceeding of The International Society for Optical 

Engineering, Vol. 4329, pp. 516-519 (2001). 

dChan, H.L.W., Chen, Y. and Choy, C.L.  Integrated Ferroelectrics, Vol. 9, pp. 207-214 (1995). 

dMark, J.E.  Polymer Data Handbook, Oxford, New York, pp. 874 (1999). 

eFurukawa, T., Fujino, K. and Fukada, E.  Japanese Journal of Applied Physics, Vol. 15, pp. 

2119-2129 (1976). 

 

In our calculation, 0mP =  because PU is not ferroelectric while iP  is generally 

not a simple function of iE .  We assume that the PZT particles are fully polarized 

initially, i.e, ,( 0)i r iP t P= = −  where r  denotes “remanent”.  The model for a 

saturated hysteresis loop of a ferroelectric adopted in this calculation is [Miller et al., 

1990]: 
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, , ,
,

, , ,

1 /
tanh[ ( )]

2 1 /
i c i r i s i

i s i
c i r i s i

E E P P
P P ln

E P P
− +

=
−

          (5.38) 

when Eq. (5.38) is substituted into Eq. (5.15), the relation i i i

i

P P E
t E t

∂ ∂ ∂
=

∂ ∂ ∂
 is 

employed.  To use Eqs. (5.8) to (5.11), the electrostriction functions ( ) 'f E s  have 

to be determined.  This is ideally done by comparing with measured longitudinal and 

transverse strains of the pure materials subjected to electric fields, usually under zero 

external stresses, ie. 0x y zσ σ σ= = = .  Experimental data on the transverse 

electrostrictive strain responses of PU  and PZT  are not readily available in the 

literature.  Therefore, in the present study the ratios of the transverse strain to 

longitudinal strain of PU  and PZT  in the range 0.1−  to 10−  were tried in Eqs. 

(5.8) to (5.11) for fitting the experimental longitudinal strains.  It is found that the 

calculated results actually do not depend on the ratio very sensitively (only differ a 

little in the final electrostrictive strain response magnitudes). 

Fig. 5.2 shows the experimental (a) and calculated (b) strain-electric field curves 

of PZT/PU composites with different volume fractions of PZT.  Our simulation gives 

a strain-electric field loop of a butterfly shape as observed in experiment.  From Fig. 

5.2 (b) we can see that the switching fields of the composites under applied electric 

fields decrease while the electrostriction strain magnitudes increase with increasing 

PZT volume fraction, which is in good agreement with the experiment.  Although 

differing a little in strain magnitudes and shapes especially for 0.13φ = , our 

simulation results show the key experimental features. 
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FIG. 5.2 The experimental (a) and calculated (b) curves for the electrostrictive strains of PZT/PU 

composites of various PZT volume fractions. 
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5.3.2 Comparison with experimental data of magnetostriction 

To verify our magnetostriction model, we perform numerical calculations for the 

magnetostrictive composites of Terfenol-D/glass and nickel/epoxy reported in [Chen 

et al., 1999a] and [Nersessian et al., 2004] and compare with experimental data 

therein.  The properties of the constituent phases used for calculations are given in 

Table 5.2.  To find bulk and shear moduli from Y  and ν , use is made of the 

following equations: 
2(1 )

Y
μ

ν
=

+
 and 

3(1 )
Y

k
ν

=
−

. 

TABLE 5.2 Properties of Terfenol-D and nickel magnetostrictive polycrystallites, and of glass and 

epoxy matrices used in the present numerical calculations 

 
Terfenol-
Da,b 

glassb nickelc epoxya 

Y 
(GPa) 

30 50 210 2.8 

ν  0.3 0.2 0.31 0.4 
0/ξ ξ  5 1 250 1 

aArmstrong, W.D.  Journal of Intelligent Materials Systems and Instructures, vol. 13, pp. 137-141, 
(2002). 
bChen, Y.  Snyder, J.E., Schwichtenberg, C.R., Dennis, K.W., Falzgraf, D.K., McCallum, R.W. and 
Jiles, D.C.  Applied Physics Letters, vol. 74, pp. 1159-1161, (1999). 
c
 Bozorth, R.M.  Ferromagnetism, Princeton, New Jersey, USA: Van Nostrand, pp. 269-275 (1968). 

According to [Chen et al., 1999a], Terfenol-D/glass composites were prepared by 

blending Terfenol-D and glass powder in a prescribed ratio.  Then the powder was 

pressed and heated under argon atmosphere.  At the end, the material was cooled to 

ambient temperature while maintaining the argon atmosphere.  In another related 

reference [Nersessian et al., 2004], the nickel/epoxy composite was fabricated by 

combining solid nickel microspheres with viny1 ester epoxy resin.  However, the 

authors did not mention about any porosity in both cases, so when we use their data 
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we take the volume fraction values as reported without correcting for porosity. 

The relevant magnetostriction response functions ( ) 'sif H  for each case have to 

be determined.  Fig. 5.3 (a) shows the longitudinal magnetostriction of pure 

Terfenol-D (assumed polycrystalline) deduced from the experimental data of the 

composite having 60% volume fraction of Terfenol-D in [Chen et al., 1999a].  Data 

on the transverse magnetostrictive strain responses of polycrystalline Terfenol-D are 

not readily available in the literature although some relevant information is contained 

in e.g. [Dong et al., 2004] and [Duenas et al., 2000]; we have therefore tried using the 

ratio of transverse strain to longitudinal strain of Terfenol-D in the range 0.1−  to 

10−  in Eqs. (5.31) and (5.33) to calculate the longitudinal strain of Terfenol-D/glass 

composite, and found that the calculated results actually do not depend on the ratio 

sensitively (only differ a little in the final longitudinal magnetostrictive response 

magnitudes).  Fig. 5.3 (b) shows a comparison between the calculations and reported 

experimental data [Chen et al., 1999a] for the magnetostriction of elastically isotropic 

Terfenol-D/glass composite.  Good agreement up to 80% volume fraction of 

Terfenol-D with the experimental data is obtained: most data points fall on the 

predicted lines, even for the composite with highest Terfenol-D content.  Note that 

we have also tried to deduce from [Chen et al., 1999a] the longitudinal 

magnetostriction of pure Terfenol-D from the experimental curve corresponding to 

other volume fractions of Terfenol-D, and found that the calculated results are equally 

satisfactory.  
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FIG. 5.3  (a) The longitudinal magnetostriction of pure Terfenol-D deduced from the experimental 

data of the composite having 60% volume fraction of Terfenol-D; (b) Measured and modeled results 

for longitudinal magnetostriction of several composites with different volume fractions of Tb0.3Dy0.7Fe2 

in glass matrix material.  

 

For the nickel/epoxy composite of [Nersessian et al., 2004], the experimental 

longitudinal and transverse strains of nickel subjected to magnetic fields under zero 

external stresses are taken from [Bozorth, 1968] and shown in Fig. 5.4 (a).  Hence 

the magnetostriction functions  ( ) 'sif H  can be determined from Eqs. (5.31) and 

(5.33).  Fig. 5.4 (b) shows a comparison of our theory prediction with experimental 
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data [Nersessian et al., 2004] for the nickel/epoxy composite containing 35% volume 

fraction of nickel particles.  Our predicted longitudinal and transverse strain 

magnitudes are a little larger for small magnetic field ( 75 /kA m≤ ) as well as a little 

smaller for large field than the experimental results.  However, the magnitudes as 

well as the trends of the predicted lines are in fairly good agreement with the 

measured values for both longitudinal and transverse strains of this nickel/epoxy 

composite. 
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FIG. 5.4  (a) The experimental longitudinal and transverse strains of nickel subjected to magnetic 

fields under zero external stresses; (b) Measured and modeled results for longitudinal and transverse 

magnetostrictive strains as a function of magnetic field for nickel/epoxy composite.  

The foregoing satisfactory comparison of theory with experiment shows that 

basically our treatment of the magnetostriction of a composite is quite adequate and 

that all the key physical concepts are already incorporated into the theoretical 

consideration.  The next chapter uses a similar treatment on the magnetostriction of a 

composite, but there the matrix is piezoelectric, to investigate the magnetoelectric 

effect.
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Chapter 6 Magnetoelectric effect of mildly conducting 

magnetostrictive/piezoelectric particulate composites 

6.1  Introduction 

The magnetostriction model proposed in the previous chapter (chapter 5) is now 

extended to study magnetoelectric (ME) effect of mildly conducting 

magnetostrictive/piezoelectric 0-3 composites in this chapter.  The magnetoelectric 

(ME) effect is characterized by the appearance of dielectric polarization in a material 

under an applied magnetic field, which can be used in various applications such as 

magnetic-electric sensors and microwave electronics [Bracke and Vanvliet, 1981].  

Several magnetoelectric single phase materials have been discovered since the first 

experimental observation of linear ME effect in the antiferromagnetic Cr2O3 crystal in 

1960 [Folen et al., 1961].  However, these single phase materials have not found 

much technological uses currently due to the fact that they mostly exhibit a very weak 

ME effect, and most of them have Neel or Curie temperature far below room 

temperature.  Recently, magnetostrictive-piezoelectric layered and bulk composites 

have attracted much interest because they can exhibit a much stronger ME effect in a 

wide temperature range.  Interestingly, at low frequencies and away from the 

resonance values, it was found that the measured ME effects strongly depended on the 

conductivity of the inclusion/matrix materials or, alternatively, on the applied 

frequency.  Srinivasan et al. reported an enhancement in the strength of ME effect by 

adding cobalt oxide to the nickel ferrite that resulted in orders of magnitude increase 
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in the resistivity of the bulk nickel ferrite and barium lead zirconate titanate (BLZT) 

composites [Laletin and Srinivasan, 2002; Srinivasan et al., 2004].  Nan et al. 

observed an increase in magnetoelectric voltage coefficient of bulk composites of 

NFO/PZT with increasing frequency in the whole range of 1-500 kHz [Zeng et al., 

2004; Zhai et al., 2004].  However, to the best of our knowledge, most of the 

theoretical investigations of magnetoelectric effect are rather focused on layered 

structures than particulate composites.  In addition, none of the suggested models 

have explicitly taken the effect of conductivity into account, and hence cannot discuss 

the influence of the constituent’s electrical conductivity on the ME effect. 

In this chapter, we propose a relatively simple model to study the ME effect and 

its dependence on the conductivities of both inclusion and matrix phases of dilute 0-3 

particulate composites in which the size of the inclusion particles are not too small as 

to cause complicated interfacial effects.  For illustration the ME voltage coefficients 

of NFO/PZT are calculated and compared with experimental results reported in [Zhai 

et al., 2004].  The present model is also applicable to other magnetoelectric 

particulate composite systems such as bulk composites of cobalt ferrite (CFO) and 

PZT. 
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6.2  Theory 

Consider the magnetostrictive spherical inclusion particles embedded in 

piezoelectric matrix, with a uniform magnetic field H applied along the z direction. 

Bulk and shear moduli for the inclusion (matrix) are ( )i mk k  and  ( )i mμ μ , 

respectively.  The magnetic permeabilities of the inclusion and matrix material are 

iξ  and 0ξ  (the vacuum magnetic permeability), respectively.  The volumetric 

averaging of quantities (such as magnetic flux density B) is defined by: 

1 ,gl glV
B B dV

V
= ∫          (6.1) 

where ,g i m=  denote inclusion and matrix, respectively; the subscript , ,l x y z=  

refers to the three coordinate directions and V is the volume.  The constitutive 

magnetostatic equations are:  

 ,iiz iz iz
B H Mξ= +              (6.2a) 

0  ,
mz mz

B Hξ=                  (6.2b) 

where H , M  and B  are the volumetric averaged magnetic field, 

magnetization, and flux density. 

The volumetric averaged magnetic field and flux density of the composite are 

calculated by: 

 ,(1 )
z iz mz

H H Hφ φ= + −               (6.3a) 

 ,(1 )
z iz mz

B B Bφ φ= + −                (6.3b) 

where φ  denotes the inclusion volume fraction. 

The boundary value problem gives the following equation [Zhou and Shin, 2005]: 
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02 ( ) .iz mz iz mzB B H Hξ− = − −                            (6.4) 

From Eqs. (6.2)-(6.4), we get 

[ ]0 ,2 (1 )/ (1 ) 3izi iz zH M Hφ ξ φ ξ φ =+ + − + −             (6.5) 

which relates the inclusion magnetic field to the applied magnetic field. 

The magnetostrictive inclusion particles will deform under the application of 

external magnetic field, thus exerting forces on the piezoelectric matrix material, 

giving a piezoelectric signal.  The strain-stress relationships can be solved by 

employing elastic theory in the inclusion and matrix, and matching boundary 

conditions at the interface.  Since we assume the composite is subjected to a 

magnetic field in the z  direction in our problem, we only need to be concerned with 

the variables in the z  direction and (say) x  direction due to the transverse isotropy 

since , ,ix iy mx my ix iyT T T T e e= = =  and mx mye e= , where T  and e are the stress and 

strain, respectively.  The constitutive equations including magnetostriction effect for 

the two materials are given by [Zhou and Shin, 2005]: 

2( ) 2 ( ) ,
3

2gl g g gx gz g gl gl gT k e e e f Hμ μ= − + −+        (6.6) 

where ( )gl gf H   denotes the magnetic field induced stresses perpendicular (l=x) and 

parallel (l=z) to the applied field in the magnetostrictive inclusions if g=i; ( )gl gf H  is 

assumed to be zero for g=m since we have assumed that the pure matrix material is 

nonmagnetostrictive. 

The elasticity equations are:  

,( ) ( ) ( )ix mx ix mx iz mzT T A B e e B e e− = + × − + × −         (6.7a) 

2 ( ) ( ) ,iz mz ix mx iz mzT T B e e A e e− = × − + × −           (6.7b) 
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and the coefficients A and B are given by [Zhou and Shin, 2005]: 

210
( 3 ) ,

9 2
m

m
m m

A
k

μ
μ

μ
= − +

+
               (6.8a) 

101
( 3 ) .

9 2
m

m
m m

B
k

μ
μ

μ
= − −

+
                (6.8b) 

Since the composite in our ME effect problem is assumed to be free from external 

mechanical stresses, although it may be subjected to an external magnetic field, we 

also have: 

 .(1 ) 0il mlT Tφ φ+ − =                 (6.9) 

 As mentioned earlier there are experimental indications that electrical 

conductivity may play a subtle role in the ME effect of magnetoelectric composites, 

we therefore include conductivity effects in our present model.  Hence the time 

evolution of iE  is written as [Wong et al., 2002]: 

[ ]3[ / ] (1 ) / 3 (1 )( 2 )
3 (1 )( 2 )

m m m m i m ii

m i m

E E t P t EE
t

σ ε φ φ σ φ σ σ
φ ε φ ε ε

+ ∂ ∂ + − ∂ ∂ − + − +∂
=

∂ + − +
 (6.10) 

where σ  is electric conductivity and 33 312m mz mxP d T d T= +  is the electric 

polarization induced by stresses in the piezoelectric matrix.  33d  and 31d  are the 

longitudinal and transverse piezoelectric constants of the matrix material, 

respectively. 

 There are usually two kinds of methods for measuring the ME voltage coefficient 

/E E Hα δ δ≡  when an ac magnetic field sin(2 )acH ftπ  superimposed on a dc 

magnetic field dcH  is applied on the sample, where f is the applied frequency.  One 

is measuring the charge 
0

( )
t

tQ A J dt= ×∫  generated from the sample under a short 

circuit condition where A is the sample area and J(t) is the total current (density) 
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flowing through the circuit; the output voltage is obtained from the charge and the 

capacitance of the composite using /V Q C= , and Eα  is given by the measured 

voltage divided by the thickness of the sample and magnitude of the a.c. magnetic 

field.  The other method measures the open circuit voltage across the sample, and the 

output voltage divided by the thickness and the a.c. magnetic field gives the ME 

voltage coefficient of the sample.  Under the short circuit condition, E=0, and in the 

open circuit condition, J=0.  The longitudinal ME voltage coefficient is calculated 

by: 

{ }
[ ]

cos2
33

( 2 )(1 ) / 3 ( )
,

(1 ) (2 ) 2
i m m m i i m i ft

E
i m ac

P t E

fH
π

ε ε φ φ ε σ ε σ
α

ε φ ε φ ε π

+ − ∂ ∂ + −
= −

− + +
    (6.11a) 

for short circuit and for open circuit 

[ ]{ }
[ ]

cos2
33 (1 2 ) 2(1 )

( 2 )(1 ) / (1 2 ) 2(1 ) 3 ( )
 

2
i

m i m

m m i m m m i m i i ft
E

ac

P t E E

fH
π

φ ε φ ε

ε ε φ φ ε φ ε σ φ ε σ σ ε
α

ε π+ + −

+ − ∂ ∂ + + + − + −
=−  (6.11b) 

where { }cos 2 ftπ
 is the cos( )2 ftπ − Fourier component of the function within the 

bracket. 

Herein, we briefly describe the procedures for numerically calculating 33Eα .  

The relevant magnetostriction response functions ( ) 'sf H  of the inclusion material 

have to be determined.  We use experimental longitudinal and transverse strains of 

the pure inclusion material under zero external stresses to determine the ( ) 'if H s  by 

Eq. (6.6).  The electric polarization mP  induced by stresses in the piezoelectric 

matrix can then be calculated from Eqs. (6.5)-(6.9).  Finally, the longitudinal ME 

voltage coefficient 33Eα  is numerically solved from Eqs. (6.10)-(6.11) for a given 

composite system. 
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6.3  Results and discussion 

To verify our model, we perform numerical calculations for the particulate 

NFO/PZT composites reported in [Zhai et al., 2004] and compare with experimental 

data for 0.07φ = , 0.2 and 0.32 therein.  The following parameters are adopted [Zhai 

et al., 2004; Bichurin et al., 2003; Chew et al., 2003; Chan et al., 1995; Liu and Gao, 

2005; Said, 1998]: 197ik GPa= ,  56i GPaμ = , 62.3mk GPa= ,  27.1m GPaμ = , 

33 375 /d pC N= , 31 175 /d pC N= − ,  010iε ε= ， 01560mε ε= , 03iξ ξ= ,  2acH Oe= , 

f=1kHz, 6 1 16 10i mσ − − −= × Ω , 12 1 15 10m mσ − − −= × Ω .  The magnetostriction response 

functions are found by using data on the longitudinal and transverse magnetostrictive 

strain responses of polycrystalline NFO taken from [Bozorth et al., 1955] (Fig. 6.1).   
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FIG. 6.1 The experimental longitudinal and transverse strains of NFO subjected to magnetic fields 

under zero external stresses. 

Fig. 6.2 shows a comparison between the calculations by Eq. (6.11a) and reported 

experimental data [Zhai et al., 2004] for the longitudinal magnetoelectric voltage 

coefficients of particulate NFO/PZT composites obtained by measuring the charge 

generated from the composites under short circuit condition.  Good agreement up to 
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32% volume fraction of NFO with the experimental data is shown.  Some key 

experimental features are reproduced by our calculation: 33Eα  increases with the 

volume fraction of NFO in the range 0% 32%φ< < , and the magnetic field values 

corresponding to maximum 33Eα  are about 1 kOe.  It is noted that our calculation 

will give a much larger value, e.g. a peak value of 130 mV/cm Oe for the sample with 

32% volume fraction of NFO, if no conductivity is considered.  In addition, we have 

tried different conductivity values for the inclusion and matrix materials.  It is also 

found that the theory will show a shift in the value of the magnetic field 

corresponding to maximum 33Eα  as the volume fraction increases, the same trend as 

observed in the experiments. 
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FIG. 6.2 Measured and calculated magnetic-field-dependent 33Eα  of NFO/PZT composites for 

0.07φ = , 0.2 and 0.32. 

 In recent experiments [Laletin and Srinivasan, 2002; Srinivasan, 2004], it is 

found that the measured ME voltage coefficients depended on the constituent’s 

conductivity or, alternatively, the applied frequency, for bulk composites of NFO/PZT, 
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NZFO/PZT and NFO/BLZT by measuring the voltage induced under a small ac 

magnetic field.  Fig. 6.3 elucidates the effects of electrical conductivity of the 

inclusion and matrix, respectively; the calculation is performed on the NFO/PZT 

system with 10%φ = .  It is shown from the figure that the ME voltage coefficients 

decrease as the conductivity of the constituent materials increases.  The resistivity of 

the composite will decrease with increasing conductivity of either inclusion or matrix, 

or both.  Our calculation therefore demonstrates that larger resistance of the 

composite will enhance the ME effect and that the range over which notable ME 

effect is observed becomes smaller when decreasing the resistivity of the composites. 

These trends are observed in recent experiments with particulate composites of 

NZFO/PZT and NFO/BLZT [Laletin and Srinivasan, 2002; Srinivasan, 2004].  The 

solid line in Fig. 6.3 represents the calculated ME voltage coefficients by considering 

short circuit condition, which is about 1.5 times as large as the value under open 

circuit condition with the same electrical conductivities of constituents (the dashed 

line in Fig. 6.3).  The absence of finite electrical conductivity in the materials should 

give the same values under the two different methods of calculation.  Interesting to 

note, the calculated 33Eα  will gradually increase with increasing frequency f, a trend 

also experimentally observed in particulate composites [Zeng et al., 2004].  From the 

above calculation results, we can see that the conductivity of either inclusion or 

matrix material is one of the possible key factors determining the magnetoelectric 

behavior of particulate composites. 
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FIG. 6.3 The effects of inclusion and matrix conductivities on the calculated ME voltage coefficients. 
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Conclusions 

 

We have been, in the first part of this project, focusing on the anomalous shift 

phenomena, namely vertical and horizontal shifts, widely observed in the hysteresis 

loop measurements of compositionally graded and other ferroelectric thin films.  We 

have proposed a thermodynamic model to account for the possible origin of the 

polarization offsets observed in compositionally graded ferroelectric thin films and 

investigated the effects of polarization gradient, permittivity gradient, charge carrier 

mobility, film thickness on the vertical shift behavior of hysteresis loops of graded 

ferroelectrics by taking the TDSCL conduction into account.  Our simulation results 

show that apart from polarization and permittivity gradients, the effects of charge 

carrier mobility and film thickness are also important factors determining the vertical 

offset behaviour.  Although the cases discussed here are simplified and not 

exhaustive, they however represent reasonable first approximations to some possible 

variation in properties within realistic graded ferroelectric films (e.g. both rP  and ε  

are almost linearly varied with Zr concentration for the continuous compositionally 

graded 1 3( )y yPb Zr Ti O−  ferroelectric structures where y varies from 0.2 to 0.56).  

Our results indicate that the effect of vertical offset can be enhanced by the following 

conditions: 

(1) The remanent polarization and permittivity gradients are in the same 

direction, and large enough within the graded ferroelectric; 

(2) Either the positive or negative charge mobility is reasonably large, with a 
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nonzero difference between them; 

(3) The film should be thin enough, e.g. 3 mμ≤  for PZT. 

Our simulation results are valid for films with continuous gradient, but should 

also be valid for films in which polarization increases or decreases in steps from one 

layer to the other.  This study has provided direction for obtaining large vertical 

offsets in graded ferroelectric thin films for developing new applications.  However, 

further efforts are required to understand the detailed charge dynamics of the shift 

mechanism. 

On the other hand, the TDSCL conduction is also found likely to be one of the 

possible origins for the occurrence of imprint where large horizontal shifts of 

hysteresis loops are observed in experiments.  A model has been introduced to 

explain the occurence of imprint phenomena widely reported in the literature.  This 

model adopts the Landau-Khalatnikov equation to describe hysteresis behaviour and 

takes the TDSCL conductivity into account to investigate the effects of stress, domain 

pinning and degradation of ferroelectric properties at film/electrode surface.  Our 

calculation produces the large horizontally shifted loops by considering the effects of 

stress and non-switching layers.  The qualitative agreement between simulation and 

experiment supports the notion that imprint phenomena may originate from stress 

induced by lattice mismatch or clamping effect of the substrate, domain pinning 

induced by defect-dipole alignments, and/or the existence of graded surface layer. 

However, further efforts are needed to better understand the physics behind the 

imprint effect. 
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A detailed discussion of the remanent polarization and dielectric permittivity of 

two typical ferroelectric superlattice systems: BaTiO3/SrTiO3 superlattice and 

multilayered Pb(Zr,Ti)O3 thin films are given.  For BTO/STO superlattices, the 

remanent polarization is found to be sensitively dependent on the macroscopic 

geometrical dimension; the heterolayered PZT thin films made from alternating layers 

of PZT60 and PZT40 exhibit quite different ferroelectric and dielectric properties 

compared with their single-phase thin films.  Both ferroelectric superlattices show 

much larger remanent polarization values than their single-phase thin films, which can 

not be satisfactorily explained by traditional theoretical models.  In addition, a 

remarkable enhancement of dielectric constant of PZT multilayered films is also 

given by our calculation. 

We have also investigated the electrostriction strain and the magnetostriction 

behavior of 0-3 composites.  We elucidate a method to account for the 

electrostriction strain of a 0-3 composite comprising ferroelectric ceramic particles 

embedded in a polymer matrix.  A model based on elasticity in association with the 

ferroelectricity of inclusion constituent is proposed to calculate the electrostrictive 

strain of the composite for various ceramic volume fractions.  It successfully reveals 

all the essential features of the measured hysteretic electrostrictive strains of a 

composite system of ferroelectric PZT particles in nonferroelectric polyurethane 

matrix.  These results encourage the extended application of the model to a system 

with ferroelectric matrix.  On the other hand, we have also developed a conceptually 

simple and convenient approach to magnetostriction for particulate composites of 
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magnetostrictive inclusions in elastically isotropic, nonmagnetostrictive matrices.  

We have illustrated the model by calculating the effective elastic and magnetostrictive 

behaviors of Terfenol-D/glass and nickel/epoxy composites.  Comparison with 

published experimental data indicates that good agreement up to very high volume 

fraction of inclusion particles has been achieved. Our magnetostriction model 

description appears to be useful in providing a general guide for the evaluation and 

technical improvement of magnetostrictive composites under development.  The 

method can also be extended to model other inhomogeneous magnetostrictive 

materials to develop criteria for choosing the best combination of different constituent 

materials for magnetostrictive actuators and sensors. 

 This magnetostriction model is extendable to study the magnetoelectric (ME) 

effect of mildly conducting magnetostrictive/piezoelectric particulate composites by 

taking the constituents’ Ohmic conductivity into account.  We have proposed a 

relatively simple model to include the effect of electric conductivity in mildly 

conducting inclusion and matrix phases on the magnetoelectric effect of particulate 

composites comprising a dilute suspension of spherical magnetostrictive particles 

uniformly distributed in a piezoelectric matrix, for which our model has successfully 

reproduced some key characteristic experimental features. Our results may stimulate 

further interest in these kinds of materials for various applications.  The study of 

particulate magnetoelectric composites with high inclusion volume fractions is very 

interesting because then the effective conductivity may increase rapidly with φ , 

implying the tendency of a decreasing Eα  with higher φ . 
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 In summary, we have included the effect of electrical conductivity to study some 

anomalous phenomena widely observed in the literature.  It has been shown that 

electrical conductivity in ferroelectric thin films could be responsible for quite a few 

anomalous ferroelectric and dielectric behaviours.  In addition, electrical 

conductivity in both inclusion and matrix materials have been demonstrated to play a 

significant role in the prediction of electrostriction strain and magnetoelectric effect of 

0-3 composites. 

On the other hand, the effects of electrical conductivity have been experimentally 

utilized to optimize the ferroelectric and dielectric properties in ferroelectric thin films 

and composites.  It is often found that the presence of conductivity in ferroelectric 

polymers can be utilized to control the polarization buildup process, particularly under 

high fields.  The conductivity induced by impurity doping has also been variously 

utilized to enhance the pyroelectric and piezoelectric properties of 0-3 composites.  

Under the circumstance of a general lack of theoretical investigations in this direction, 

we believe our work has clarified and furnished a deeper understanding of the effect 

of electrical conductivity in some ferroelectric structures, the results of which already 

suggest that it is necessary and beneficial to engage in a careful consideration of 

electrical conductivity in materials or device design and optimization. 
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Appendix A 

First, consider the case when the composite is subjected to a hydrostatic 

compression.  From [Chew et al., 2003] we know the stress-strain relationship can 

be expressed as 

4 ( ) ,
3m i m i me eσ σ μ= + −               (A1) 

where x y zσ σ σ σ= = =  and x y ze e e e= + + are the volume-averaged 

hydrostatic stress and volume-averaged hydrostatic strain of the composite, 

respectively.  Since in the hydrostatic case x y zσ σ σ= =  and 

x y ze e e= = , the constitutive equations are given by 

,2( )(3 ) 2
3ix i i ix i ixk e eσ μ μ= − +             (A2) 

.2( )(3 ) 2
3mx m m mx m mxk e eσ μ μ= − +            (A3) 

The strain and stress of the composite in the x-direction are calculated by 

 ,(1 )x mxixe e eφ φ= + −               (A4) 

 .(1 )x ix mxσ φ σ φ σ= + −               (A5) 

Eqs. (5.1), (5.2) and (5.3) give 

.( 2 )( )ix mx ix mxA B e eσ σ− = + −             (A6) 

Comparing (A1) and (A6) yields 

 .2 4 mA B μ+ = −                  (A7) 

For later use in Appendix C, we need an expression for the bulk modulus of the 

composite.  This can be calculated by using (A2)-(A6) as 

( 2 )(1 ) [( 2 ) 3 ] .
3 2 3(1 ) 3

x m i m

x i m

A B k k A B kk
e A B k k
σ φ φ

φ φ
+ − + + −

= =
+ − − −

        (A8) 
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When the composite is subjected to the pure shear stresses, we refer e.g. to the Hashin 

[Hashin, 1962] shear modulus 

15(1 )( / 1) ,
7 5 2(4 5 )[ / ( / 1) ]

m i m
m

m m i m i m

ν μ μ φμ μ
ν ν μ μ μ μ φ

− −
= +

− + − − −
      (A9) 

where 3 2
6 2

m m
m

m m

k
k

μν
μ

−
=

−
 is Poisson’s ratio of the matrix material.  Considering the 

shear deformation case ,ix iyσ σ= − ,mx myσ σ= − ,ix iye e= − mx mye e= − , 

Eqs. (5.1) and (5.2) become 

,( ) ( )ix mx ix mx iy myA e e B e eσ σ− = × − + × −              (A10) 

.( ) ( )iy my ix mx iy myB e e A e eσ σ− = × − + × −        (A11) 

The constitutive equations are given by 

 ,2ix i ixeσ μ=                 (A12) 

 ,2iy i iyeσ μ=                (A13) 

,2mx m mxeσ μ=                (A14) 

.2my m myeσ μ=                (A15) 

The strain and stress of the composite in the x-direction are calculated by 

 ,(1 )x ix mxe e eφ φ= + −              (A16) 

 .(1 )x ix mxσ φ σ φ σ= + −             (A17) 

Using (A10) to (A17), the shear modulus of the composite μ  can be expressed, after 

some manipulation, as 

[( ) 2 ] ( )(1 ) .
2 2(1 ) 2

x i m m

x i m

A B A B
e A B
σ μ φ μ φ μμ

φ μ φμ
− − + − −

= =
− − − −

        (A18) 

Then, (A9) and (A18) yield 
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9 8  .
3( 2 )

m m
m

m m

kA B
k

μμ
μ

+
− = −

+
             (A19) 

Hence, A and B are solved from (A8) and (A19) 

210 ( 3 ) ,
9 2

m
m

m m

A
k

μμ
μ

= − +
+

                (A20) 

101 ( 3 ) .
9 2

m
m

m m

B
k

μμ
μ

= − −
+

             (A21) 
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Appendix B 

 

Consider a magnetostrictive sphere of radius a with magnetic permeability iξ  

situated at the origin and subjected to a uniform magnetic field mB  in the z 

direction sufficiently far away from the sphere.  The sphere is surrounded by a 

medium with permeability mξ .  The problem is to solve the Laplace’s equation: 

2 ( , ) 0,       ,  ,l r l i mϕ θ∇ = =                (B1) 

where ( , )i rϕ θ  is the magnetic potential for r R<  inside the spherical inclusion 

and ( , )m rϕ θ  is the potential for r R>  outside of the inclusion. 

With the condition that potential must not have a singularity at the center of 

sphere (r=0), and the boundary condition at infinity: 

( ) cos  ,m r m mH z H rϕ θ→∞ = − = −              (B2) 

the general solutions for the spherical inclusion and matrix are 

0
(cos ) ,l

i l l
l

A r Pϕ θ
∞

=

=∑                (B3) 

( 1)

0
cos (cos ) ,l

m m l l
l

H r C r Pϕ θ θ
∞

− +

=

= − +∑             (B4) 

where (cos )lP θ  are the Legendre polynomials. 

On the inclusion surface, the boundary condition of the tangential component of 

magnetic field is 

1 1i m

r a r ar r
ϕ ϕ
θ θ= =

∂ ∂
− = −

∂ ∂
                (B5) 

and the boundary condition of the normal component of magnetic induction is 

[ cos ] [ cos ]  .i m
i i m mr a r a

M M
r r
ϕ ϕξ θ ξ θ

= =

∂ ∂
− + = − +

∂ ∂
         (B6) 
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Using (B3) and (B4) together with boundary conditions (B5) and (B6), we obtain 

1
3( )  ,

2 2
i mm

m
i m i m

M M
A Hξ

ξ ξ ξ ξ
−

= − +
+ +

            (B7) 

3
1 ( )  ,

2 2
i mi m

m
i m i m

M M
C a Hξ ξ

ξ ξ ξ ξ
⎡ ⎤−−

= +⎢ ⎥+ +⎣ ⎦
            (B8) 

and 

0      1 .n nA C for n= = ≠                 (B9) 

The expression for the field in the inclusion is thus 

( ) ( )
,

2
m m m i i i

i
i m

H M H M
H

ξ ξ
ξ ξ

+ − +
=

+
          (B10) 

which can be rewritten in terms of the average magnetic induction and magnetic field 

as 

.2 ( )i m m i mB B H Hξ− = − −             (B11) 
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 Appendix C 

We assume that the inclusion particles are surrounded by a “matrix” material 

which has the same effective elastic properties as the whole composite material.  

Thus the effective bulk and shear modulus are likewise obtained from (A8) and (A18) 

by replacing mk  and mμ  by k  and μ , respectively: 

( 2 )(1 ) [( 2 ) 3 ] ,
2 3(1 ) 3

i

i

A B k k A B kk
A B k k

φ φ
φ φ

+ − + + −
=

+ − − −
           (C1) 

[( ) 2 ] ( )(1 ) ,
2(1 ) 2

i

i

A B A B
A B

μ φ μ φ μμ
φ μ φμ

− − + − −
=

− − − −
           (C2) 

where also A and B are replaced by 

10 2( 3 ) ,
9 2

A
k

μμ
μ

= − +
+

               (C3) 

1 10( 3 ) .
9 2

B
k

μμ
μ

= − −
+

               (C4) 

Thus (C1) and (C2) can be rewritten as 

3 3 3(1 )  ,
3 4 3 4 3 4i mk k k

φ φ
μ μ μ

−
= +

+ + +
             (C5) 

3 3(1 ) (1 )5[ ] 2 0 ,
3 4 3 4

i m m i

i m m i

k k
k k
φ φ φμ φ μ

μ μ μ μ μ μ
− −

+ + + + =
+ + − −

        (C6) 

which are the same with Hill’s equations [Hill, 1965]. 
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