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Abstract We present a theoretical investigation of the

elastic interactions in a heteroepitaxial bilayer consisting of

a (001) tetragonal PbZrxTi1-xO3 and (001) rhombohedral

PbZr1-xTixO3 on a thick (001) passive substrate. Analytical

expressions for the elastic interaction energies between the

layers and the resultant ferroelastic twin formation have

been derived as a function of the lattice misfit strain

(between layers and the substrate), composition of the

ferroelectric and thickness. It is found that the elastic

coupling between the tetragonal and rhombohedral layers

leads to the equilibrium domain fraction in the tetragonal

layer several time larger than that in single-layer films of

similar thickness. Most critically, the model finds a sig-

nificant change in the ferroelastic domain volume fraction

in the presence of an applied electric field and hence

enhanced piezoelectric properties compared to single-lay-

ered epitaxial PZT thin films.

Introduction

Recently, there has been significant interest in multilayered

ferroelectric thin films as they have been demonstrated to

show enhanced functional properties such as polarization

[1–4], and dielectric permittivity [5–7]. It has also been

found that the close proximity of ferroelectric layers with

varying compositions can also lead to new structural pha-

ses [3]. These observations have been explained on the

basis of electric field-induced coupling [8], epitaxial strain

[6, 9, 10], and specific polar interactions between the

interfacial layers [2, 11]. One interesting aspect in the case

of ferroelectric thin films is that the transformation from

paraelectric (PE-high symmetry) state to the ferroelectric

state (FE-low symmetry) leads to a remnant self-strain and

hence the PE ? FE phase transition has an elastic energy

component associated with it. In order to relax this excess

elastic energy, ferroelastic domains are formed in the film

[12, 13]. Indeed, ferroelastic domain evolution [14, 15],

morphology [16, 17], and behavior under electric field [18]

have significant contribution to the ultimate physical

properties of the thin film. The magnitude of this self-strain

is of course compositionally dependent; however, typically

in tetragonal ferroelectrics with large spontaneous polari-

zation (such as PbTiO3) it is very high (*of the order of

5%) in the bulk material alone. Thus one may consider that

in the case of multilayers that have compositions of a

strongly tetragonal FE, one requires an elastic coupling

between the layers based upon the concept of equal and

opposite tractions [19] in order to maintain a mechanically

stable interface between the FE layers. The implications of

such an elastic coupling in addition to the two-dimensional

constraints imposed by the substrate must affect the total

free energy of the structure and may yield physical prop-

erties which cannot be observed in corresponding epitaxial

single-layer thin films.

Recently, we showed that an elastic coupling arising

from equal and oppositely signed tractions between the two

functional layers (i.e., in an epitaxial bilayer consisting of a

tetragonal (T) PbZrxTi1-xO3 (PZT) film, and a rhombo-

hedral (R) PZT film on a thick cubic substrate) may yield

indirect elastic interactions between them resulting in an

enhanced volume fraction of the domains with in-plane

polarization (referred to as a-domains or polydomains
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here) [20]. In this paper, we provide a detailed numerical

analysis of how these elastic interaction energies come into

play due to such traction effects in [001]-oriented epitaxial

PZT bilayer thin films. Tensorial analysis is coupled with

linear elasticity theory [21] to compute the contributions of

the microstrain energies between the ferroelastic domain

walls, the layer thickness, misfit strain as well as compo-

sition on the polydomain fraction. Furthermore, it is shown

that the ferroelastic polydomain structure in the T layer is

highly susceptible to external electric field as it is no longer

constrained by the bottom thick cubic substrate. Conse-

quently, giant piezoelectric coefficients (particularly d33)

are anticipated.

Theory

As mentioned previously, the theory developed is for

[001]-oriented epitaxial PZT bilayer thin films. The depo-

sition history of the films is properly addressed by taking

into account the effective misfit strain between the film at

cubic phase and the effective substrate lattice parameter

[13] at growth temperature. The effect of thickness is

transmitted as a strain relaxation process caused by the

formation of (misfit) dislocations at the interfaces between

layers [22]. As illustrated in the schematic (Fig. 1), hT and

hR are the thicknesses of the top tetragonal (T) and bottom

rhombohedral (R) layers, respectively. A is the interface

area and D is the domain periodicity of the twin domains,

which have been assumed to be much smaller than the film

thicknesses. Consequently, the dense domain model can be

applied and strain fields are considered homogeneous

within the domains. The free energy of the individual thin

film is calculated as the product of its free energy density

and the volume, and the total free energy, Ftotal of the

bilayered thin film structure is the sum of the free energies

of each layer and it is expressed as

Ftotal ¼ FT � hT � Aþ FR � hR � A ð1Þ

where FT and FR are the free energy densities of T and R

layers, which are given by

FT ¼ FT�el þ aFa�0 þ ð1� aÞFc�0 and

FR ¼ FR�el þ FR�0 ð2Þ
In Eq. 2, a and 1 - a are the volume fractions of a and c

domains in the tetragonal layer, Fa–0, Fc–0, and FR–0 are the

free energy densities of the undistorted domains, FT�el ¼
êTr̂T=2 and FR�el ¼ êRr̂R=2 are the elastic energy density

of T and R films, respectively.

The macroscopic strains and stresses in c and a domains

and R layer can be approximated as the average strains and

stresses, created by the average mismatch between the

domains and neighboring layers [12]. Therefore in the T

layer, the total strain tensor êT can be expressed as the

average of the elastic strain tensors of its domains,

weighted by their corresponding volume fractions:

êT ¼ aêT;a þ ð1� aÞ̂eT;c ð3Þ

where êT;a and êT;c are the strain tensors in the a and c

domains, respectively. We begin our analysis under zero

electric field. In each domain or phase, the total strain is

equal to the summation of the self-strain tensor and misfit

strain tensor:

êT;c ¼ ê0
T;c þ ûM;T; êT;a ¼ ê0

T;a þ û0
M;T and

êR ¼ ê0
R þ û0

M;R ð4Þ

The self-strain tensors of the domains in the tetragonal

and the rhombohedral layers are defined as

ê0
T;c ¼

e1 0 0

0 e1 0

0 0 e3

2
64

3
75; ê0

T;a ¼
e3 0 0

0 e1 0

0 0 e1

2
64

3
75;

ê0
R ¼

eR c c

c eR c

c c eR

2
64

3
75 ð5Þ

where c is the shear strain [23]. These self-strains are

introduced in the thin film structure during their phase

transition from the paraelectric phase into the subsequent

tetragonal or rhombohedral phase at Curie temperature, Tc.

The strain components induced in this process can be

expressed as

e1 ¼ ðacubic;T � aTÞ=acubic;T;

e3 ¼ ðacubic;T � cTÞ=acubic;T and

eR ¼ ðacubic;R � aRÞ=acubic;R ð6Þ

At higher growth and annealing temperatures, the Ti-

rich and the Zr-rich PZT layers are both in paraelectric

phase, having the lattice parameters equal to acubic,T and

acubic,T, respectively, thereby giving rise to a misfit strain,

um,R at Tc between the sandwiched thin films and the thick

substrate as follows:

Fig. 1 Schematic of the bilayer
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um;R ¼
a�S � acubic;R

� �
a�S

ð7Þ

Similarly, the misfit strain, um,T between the two thin

film layers can be written as:

um;T ¼
a�cubic;R � acubic;T

� �

a�cubic;R

ð8Þ

where a�S and a�cubic;R are the effective lattice parameters of

the substrate and R film for which the effect of dislocation

relaxation has been included. These effective lattice

parameters can be expressed as

a�Sðh; TGÞ ¼
aSðTGÞ

qSðh; TGÞ � aSðTGÞ þ 1
and

a�cubic;Rðh; TGÞ ¼
acubic;RðTGÞ

qRðh; TGÞ � acubic;RðTGÞ þ 1
ð9Þ

where q is the linear dislocation density and TG is the

deposition temperature.

A cubic thick substrate will induce axial in-plane misfit

strains into the film and the out of plane strain can be

calculated in terms of these in-plane components. More-

over, the mechanical boundary conditions of a thin film

(i.e., plane-stress) require that the out of plane stresses of

the film vanish. Finally, due to the m3m symmetry of the

anisotropic cubic structure of the PZT at growth tempera-

ture only three components of the film elastic moduli

matrix can be nonzero and independent. Therefore from

Hooke’s law, the out of plane strain components are

obtained as:

r11 ¼ C11um þ C12um þ C12e33 ð10Þ
r22 ¼ C12um þ C11um þ C12e33 ð11Þ
r33 ¼ C12um þ C12um þ C11e33 ¼ 0 ð12Þ
r23 ¼ 2C44e23 ¼ 0 ð13Þ
r31 ¼ 2C44e31 ¼ 0 ð14Þ
r12 ¼ 2C44e12 ð15Þ

Hence the misfit tensors of the T and R layers can be

expressed as

ûM;T ¼
um;T 0 0

0 um;T 0

0 0 ð�2C12=C11Þum;T

0
B@

1
CA;

ûM;R ¼
um;R 0 0

0 um;R 0

0 0 ð�2C12=C11Þum;R

0
B@

1
CA ð16Þ

Using the effective lattice parameter allows us to

incorporate the effect of film thicknesses into the final

strain tensors. In case of silicon substrates, where the

interfacial strain is dominated by thermal mismatch,

approximate evaluation of the thermally induced strains

in single and bilayered heterostructures are made according

to which um;R ¼ Dk � DT [24] where Dk ¼ kPZT � kSi and k
is the coefficient of thermal expansion.

The mechanical equilibrium condition between the T

and R layers requires that the tractions at the interface

between these layers be equal and opposite at both sides,

i.e., fR;jj ¼ �fT;jj [25]. This condition can also be regarded

as the elastic coupling between the two films. Thus, rR;jj �
hR ¼ �rT;jj � hT and can be expanded in terms the planar

elastic moduli ^̂G as
^̂GRêRhR ¼ �^̂GTêThT where

^̂G is a fourth-

rank tensor and is dependent on the bulk elastic moduli
^̂
C,

as well as the normal vector to the interface plane n and is

expressed in tensor notation as [26]

^̂
G ¼ ^̂

C � ^̂
Cn~ n~

^̂
Cn~

� ��1

n~
^̂
C ð17Þ

The total stress in the T layer can be considered as

linearly proportional to the average macrostrains induced

in this layer namely,

r̂T ¼ ^̂GT aêa þ ð1� aÞ̂ecð Þ ð18Þ

Based on the above definitions and by applying the

plane-stress mechanical boundary conditions between the

two layers, the elastic energies of the heterostructure can be

expanded as

FT�el ¼
1

2
aêa þ ð1� aÞ̂ecð Þ^̂GT aêa þ ð1� aÞêcð Þ ð19Þ

FR�el ¼
1

2
êR

�hT

hR

r̂T

� �
¼ 1

2

�hT

hR

êR
^̂GT aêa þ ð1� aÞêcð Þ

ð20Þ

FT�el ¼
1

2
a2êa

^̂GTêa þ
1

2
ð1� aÞ2êc

^̂GTêc þ að1� aÞ̂ea
^̂GTêc

ð21Þ

FR�el ¼
�hT

2hR

aêR
^̂
GTêa þ

�hT

2hR

ð1� aÞêR
^̂
GTêc ð22Þ

The elastic energies of the c- and a-domains are expressed

as

ec;T ¼
1

2
êc

^̂GTêc and ea;T ¼
1

2
êa

^̂GTêa ð23Þ

The elastic interaction energy which is the part of the

misfit energy that depends only on the difference between

the domains or phases or in a ferroelastic thin film is given

[12] as

eI
ca;T ¼

1

2
ðêc � êaÞ^̂GTðêc � êaÞ ð24Þ

It is noted that if the planar elastic moduli is derived in

terms of the normal direction to the interface of the film
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and the substrate (n) then Eq. 24 yields indirect interaction

energy, conversely if it is calculated in terms of the normal

to the domain wall (m), it is called the direct interaction

energy.

In the case of a bilayered film, the concept of indirect

elastic interaction energy between two phases is farther

expanded. We incorporate an indirect interaction energy

between c-domain in the T layer and the underlying R

layer. This is defined as

eI
cR;T ¼

1

2
ð̂ec � êRÞ^̂GTð̂ec � êRÞ ð25Þ

Similarly, by definition the indirect interaction energy

between a-domain and the sandwiched R layer may be

expressed as

eI
aR;T ¼

1

2
ðêa � êRÞ^̂GTðêa � êRÞ ð26Þ

A simple mathematical rearrangement will yield

eI
aR;T ¼ ea;T þ eR;T � êa

^̂GTêR ð27Þ

eI
cR;T ¼ ec;T þ eR;T � êc

^̂GTêR ð28Þ

Next the elastic energies of the structure are expressed

in terms of the aforementioned interaction energies:

FT�el ¼ a2ea;T þ ð1� aÞ2ec;T

þ að1� aÞ ea;T þ ec;T � eI
ac;T

� �
ð29Þ

FR�el ¼�
hT

2hR

a ea;T þ
1

2
êR

^̂GTêR � eI
aR;T

� ��

þð1� aÞ ec;T � eI
cR;T

� �i
ð30Þ

FT�el ¼ a2eI
ac;T þ a ea;T � ec;T � eI

ac;T

� �
þ ec;T ð31Þ

FR�el ¼ �
hT

2hR

�
a ea;T � ec;T � eI

aR;T þ eI
cR;T

� �

þ 1

2
êR

^̂
GTêR þ ec;T � eI

cR;T

� ��
ð32Þ

Finally, the total free energy of the structure is written as

Ftotal ¼ AhT a2eI
ac;T þ a ea;T � ec;T � eI

ac;T

� �
þ ec;T

h i

þ AhR

�
� hT

2hR

�
a ea;T � ec;T � eI

aR;T þ eI
cR;T

� �

þ 1

2
êR

^̂GTêR þ ec;T � eI
cR;T

� ���

þ AhTFT�0 þ AhRFR�0 ð33Þ

It should be pointed out that the direct interaction energy

between two domains depends on the normal vector to the

interface between them (m) rather than their common

interface with the substrate. However, it can be shown that

the direct interaction energy between these two domains or

phases are several orders of magnitude smaller than the

indirect interaction energy between them in either single or

bilayerd structures and can hence be neglected in the cal-

culation of the structure total energy [27].

At equilibrium the a-domain volume fraction is so

chosen that the multilayer free energy becomes minimal.

By setting oFtotal=oa to zero, the equilibrium value for a is

obtained as

abilayer ¼
ðec;T � ea;T þ 2eI

ca;T þ eI
cR;T � eI

aR;TÞ
4eI

ca;T

þ DF0

2eI
ca;T

ð34Þ

where DF0 ¼ ðFc�0 � Fa�0Þ and connotes the difference

between free energy densities of the undistorted structures

in the T layer. On the other hand, it can easily be illustrated

that in a simple structure comprising a tetragonal PZT and

a passive substrate, the equilibrium ‘a’ domain volume

fraction is

aTlayer�substrate ¼
ðec;T � ea;T þ eI

ca;TÞ
2eI

ca;T

þ DF0

2eI
ca;T

ð35Þ

Equation (33) can be minimized only if eI
ca;T [ 0.

Moreover, by definition this condition should always be

satisfied: 1� DF0=2eI
ca;T�Da� � DF0=2eI

ca;T.

It should be noted that in the right-hand side of the

Eqs. 34 and 35, DF0 and the interaction energy of a and

c-domains, i.e., eI
ca;T, are constant and do not depend on

strains. As a result, the change of the equilibrium a-

domain volume fraction in both structures can be

expressed as

Dabilayer ¼
ðec;T � ea;T þ 2eI

ca;T þ eI
cR;T � eI

aR;TÞ
4eI

ca;T

and

Dasingle�layer ¼
ðec;T � ea;T þ eI

ca;TÞ
2eI

ca;T

ð36Þ

Additionally, if F is considered to be the Helmholtz free

energy, then Fc and Fa are equal and the last terms on the

right-hand side of Eqs. 34 and 35 vanish. As a result, the

equilibrium a-domain volume fraction in both structures

can be expressed as

abilayer ¼
ðec;T � ea;T þ 2eI

ca;T þ eI
cR;T � eI

aR;TÞ
4eI

ca;T

and

asingle�layer ¼
ðec;T � ea;T þ eI

ca;TÞ
2eI

ca;T

ð37Þ

It follows from equation (37) that the elastic energies and

specifically those energies created by the interaction strains

between the ferroelastic domains and the rhombohedral

structure defined in Eqs. 25 and 26, significantly affect the
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ferroelastic domain volume fraction. These interactions and

their respective energies are controlled by effective misfits

induced in the structure. Moreover, different signs of these

elastic interaction energies (positive for the interaction of

the c-domain with R and negative for that of a-domain)

behave as a negative feedback loop which controls the

ferroelastic domains of the structure so that an increase in

the interaction energy of c-domain will boost the a-domain

fraction and vice versa.

Additionally, the contribution of the walls between the

microstructures in the T layer to the total free energy can

be taken into account. This will yield the incompatibility

parameter which is the ratio of the energies of direct and

direct interactions between the domains and can be

expressed as gN ¼ g0=
ffiffiffi
h
p

where g0 ¼
ffiffiffiffiffiffi
hcr

p
=ð1� bÞ is the

effective incompatibility, hcr is the critical thickness of

domain formation and b is the ratio of the T layer thickness

to the total film thickness [21]. Consequently, the equilib-

rium a-domain fraction will be expressed as

a0 ¼
ec;T � ea;T þ 2ð1� gNÞeI

ca;T þ eI
cR;T � eI

aR;T

4ð1� gNÞeI
ca;T

ð38Þ

The effect of external electric field on the ferroelastic

domain formation can be predicted by incorporating the

linear piezoelectric strain caused by the field into the strain

tensor. The constraints imposed by the thick substrate on R

layer will modify its effective out-of-plane piezoelectric

coefficient as [6]

d33�film ¼ d33�bulk � 2
S13

S11 þ S12

d31�bulk ð39Þ

The effective d31 and d32 of the R layer will vanish

to zero (as it is clamped) and its electrostrictive

coefficient will be changed to Qeff ¼ Q11 þ nPQ12 where

nP ¼ �2SP
13=ðSP

11 þ SP
12Þ [28]. The piezoelectric and

electrostrictive coefficients of the T layer remain the

same as bulk. Thus the strain tensors in Eq. 5 are expressed

as

ê0
T;c ¼

e1 þ d31;TE3;T 0 0

0 e1 þ d32;TE3;T 0

0 0 e3 þ d33;TE3;T

2
4

3
5

ð40Þ

ê0
T;a ¼

e3 þ d31;TE3;T 0 0

0 e1 þ d32;TE3;T 0

0 0 e1 þ d33;TE3;T

2
4

3
5

ð41Þ

ê0
R ¼

eR c c
c eR c
c c eR þ d33;RE3;R

2
4

3
5 ð42Þ

where

E3;T ¼ ðhT þ hRÞE3



hT þ

vT þ 1

vR þ 1

� �
hR

� �
and

E3;R ¼ ðhT þ hRÞE3



hR þ

vR þ 1

vT þ 1

� �
hT

� �
:

Moreover, the effective out-of-plane piezoelectric

coefficient of the bilayer structure can be approximated

by S3h i=E3 where

S3h i ¼ aS3;a þ ð1� aÞS3;c þ S3;R ð43Þ

is the average of the out-of-plane strains in the

a-domain, c-domain, and R layer, respectively, and are

expressed as

S3;a ¼
ðum1þ Q12;TðPs;T þ v31;TE3;aÞ2Þ

2
ð44Þ

S3;c ¼
ðum1þ Q11;TðPs;T þ v33;TE3;cÞ2Þ

2
ð45Þ

S3;R ¼
ðum2þ ð2Q12;R þ Q12;RÞðPs;R þ v33;RE3;RÞ2Þ

2
ð46Þ

where

vij;T; vij;R; Ps;T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
je3Q11;Tj

q
and

Ps;R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jeRð2Q12;R þ Q11;RÞj

q

are the electric susceptibilities and spontaneous polariza-

tions of the T and R layers, respectively. It should be

pointed out that v31 is zero [29].

We note that this analysis does not take into account

Clausius-Clapeyron type of effects on the polarization in

the R and T layers due to the respective internal stress

states in both layers [6, 30]. Furthermore, in these cal-

culations neither long-scale electrostatics nor short-range

dipole–dipole interactions between the layers were con-

sidered. Our approach presents a methodology based on

mechanical equilibrium in the continuum limit. While

these contributions might give rise to the formation of

unique electrical domain structures within the R layer

and the c/a/c/a polydomain structure, the mechanical

domains in the T layer is expected to remain unchanged

since there are no variations in the mechanical boundary

conditions. Indeed, experimental results show that for

400 nm thick epitaxial tetragonal (001) PbZr0.2Ti0.8O3

layer on (001) STO substrates with a dense c/a/c/a

domain structure, there is no change in the stress state in

the film and the domain fraction does not vary regardless

of the electrical boundary conditions [31]. As such,

ferroelectric polytwin structures may be thought of as

purely ferroelastic domains.
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Results and discussions

For the theory developed above, we examine two specific

compositions in the PZT bilayered structure namely,

PbZr20Ti80O3/PbZr80Ti20O3/substrate or PZT (20/80)

system and PbZr40Ti60O3/PbZr60Ti40O3/substrate or PZT

(40/60) system. These two systems were chosen such as to

understand the role of tetragonality in determining the

equilibrium domain fractions in the T layer. PbZr0.2Ti0.8O3

is of a higher tetragonality than that of PbZr0.4Ti0.6O3 and

the comparison of the results obtained for these two sys-

tems will illustrate the effect of tetragonality on physical

properties of the bilayered structure.

It is evident that the ferroelastic domain fraction as

calculated in Eq. 37 depends on elastic and elastic inter-

action energies. In the bilayered structure, two new terms

pertaining to the elastic interactions between the two layers

appear in the numerator. Figure 2a and b shows the elastic

interaction energies between c domain—R layer (ecR,t
I ) and

a domain—R layer (eaR,T
I ) as functions of T and R layer

misfits in the PZT (20/80) system, respectively. It can be

seen that a tensile misfit in one layer and compressive

misfit in the other layer enhance both interaction energies.

For example, eaR,T
I is more sensitive to a tensile misfit in

the R layer whereas ecR,T
I is more sensitive to a compres-

sive misfit in the R layer and tensile misfit in the T layer. In

the case of PZT(40/60) bilayered system, the elastic

interaction energies between c domain-R layer and a

domain-R layer as a function of T and R layer misfits are

shown in Fig. 3a and b, respectively. Here the increase of

elastic interaction energies due to a tensile misfit in one

layer and compressive misfit in the other layer is less

pronounced than the PZT (20/80) system. This contrast

between the two systems can be explained by the lower

tetragonality of the PZT(40/60) in the T layer which results

in lower self-strain. A reduced self-strain yields lower

elastic interaction energies which can be justified by their

definitions in Eqs. 25 and 26.

Figure 4a and b shows the total elastic energy of the

PZT (20/80) system at equilibrium state versus misfits in

the R and T layers, respectively. It is seen that the mini-

mum equilibrium total energy is achieved when the misfit

Fig. 2 a Interaction energies between a-domain and R layer versus

misfit strains in the T and R layers in PZT20/80 system. b Interaction

energies between c-domain and R layer versus misfit strains in the T

and R layers in PZT20/80 system

Fig. 3 a Interaction energies between a-domain and R layer versus

misfit strains in the T and R layers in PZT40/60 system. b Interaction

energies between c-domain and R layer versus misfit strains in the T

and R layers in PZT40/60 system
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in the R layer is tensile and the misfit in the T layer is

approaches compressive. The inset to Fig. 4a depicts the

total elastic energy of the bilayer versus the equilibrium

ferroelastic domain fraction. The misfit in the T layer is

assumed relaxed due to the appearance of misfit disloca-

tions and the misfit in the R layer is varied from -0.015 to

?0.015. These diagrams show that the change of misfit in

R layer from tensile to compressive increases the minimum

total elastic energy. Moreover, the equilibrium ferroelastic

domain fraction is also increased as the misfit in R layer

goes from tensile to compressive. The inset to Fig. 4b

depicts the total elastic energy of the bilayer versus the

equilibrium ferroelastic domain fraction. Here the misfit in

the R layer is assumed relaxed and the misfit in the T layer

is varied from 0 to ?0.015. It is seen that the change of

misfit in T layer from tensile toward compressive decreases

the minimum total elastic energy along with the equilib-

rium ferroelastic domain fraction. Figure 5a and b illus-

trates the total elastic energy of a PZT (40/60) system in

terms of misfit strains in the R and T layers, respectively.

The results are similar to those of PZT (20/80) system,

albeit the lower tetragonalitiy of the PZT (40/60) system

(as expected) results in lower equilibrium total elastic

energy.

The properties discussed above can be summarized in

Fig. 6 where the a-domain volume fraction is plotted as a

function of the two misfit strains. Here a tensile misfit in T

layer and a compressive misfit in R layer increase the

a-domain fraction. Conversely, tensile misfit in R layer and

less tensile misfit in T layer decrease the a-domain fraction.

This opposite trend in the variation of ferroelastic domain

fraction versus the two misfits in the bilayered structure can

be attributed to the different self-strains induced in the

Fig. 4 a Total energy versus misfit in the R layer for PZT20/80

system. Inset: Total energies versus a-fraction for different misfit

strains in the R layer. b Total energy versus misfit in the T layer for

PZT20/80 system. Inset: Total energies versus a-fraction for different

misfit strains in the T layer. The marked curves represent energies

when misfit strain is -0.015

Fig. 5 a Total energy versus misfit in the R layer for PZT40/60

system. Inset: Total energies versus a-fraction for different misfit

strains in the R layer. b Total energy versus misfit in the T layer for

PZT40/60 system. Inset: Total energies versus a-fraction for different

misfit strains in the T layer. The marked curves represent energies

when misfit strain is -0.015
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ferroelastic domains of the T layer. More specifically,

tensile self-strain is induced in c-domains and compressive

self-strain is induced in a-domains, respectively. If the

misfit strain in the T layer is assumed to be relaxed, then

the a-fraction will vary from 0.2 to 0.6 as the misfit strain

in the R layer changes from almost ?0.015 (tensile) to

-0.015 (compressive). Critically one finds that the

a-domain fraction as a function of misfits forms a planar

surface due to the fact that elastic energy is a quadratic

function of strains. Similar to the previous results, the

effect of the composition on the ferroelastic domains in the

bilayer can be compared in Fig. 6a and b. It can be seen

that PZT (20/80) system accommodates wider range of

misfits in R and T layers before establishing single domain

structure (fully a or c-domain) in the T layer.

This analysis can be farther extended to investigate the

effect of film thickness in the multilayer structure by

inspecting the formation of dislocations as the film thick-

nesses increase. Figure 7a and b illustrates the a-domain

fraction as a function of T and R layer thicknesses in

PZT(20/80) and PZT(40/60) systems grown on a model

oxide cubic substrate (SrTiO3), respectively. The curved

surfaces of Fig. 7 depict the nonlinear effects of disloca-

tions and the critical thickness of domain formation due to

the contributions of domain walls to the total energy of the

structure. It follows that when the film thickness is well

above the critical thickness for dislocation formation; its

variation has little effect on the volume fraction of ferro-

elastic structures in the tetragonal PZT. In other words, if

the T layer thickness is increased 5 times from 40 to

200 nm, the a-fraction will be doubled from nearly 16% to

35%. This effect is even weaker in the R layer, i.e., the

a-fraction will decrease from 26% to 16% if the R layer

thickness is increased from 40 to 200 nm. However, a

larger T layer thickness results in a larger relaxation of the

misfit strain by dislocation formation which results in an

increase in the a-domain fraction in the T layer.

Figure 8a and b is three-dimensional illustrations of

dependence of ferroelastic domain fraction on field and

misfit in the R layer in the PZT(20/80) and PZT(40/60)

systems, respectively. They show that by switching the

Fig. 6 a Equilibrium a-domain fraction versus misfit strains in T and

R layers in PZT20/80 system. b Equilibrium a-domain fraction versus

misfit strains in T and R layers in PZT40/60 system

Fig. 7 a a-domain fraction versus thicknesses of T and R layers in

PZT20/80 system. b a-domain fraction versus thicknesses of T and R

layers in PZT40/60 system
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polarity of the field the abundance of the ferroelastic

domain fraction is increased (negative E) or decreased

(positive E). The ferroelastic domain fraction varies line-

arly with respect to electric field because it is a linear

function of strain and the piezoelectric effect is itself linear

variation of strain in terms of the external electric field. It is

shown that the misfit strain has a much stronger effect on

ferroelastic domain abundance that the external electric

field. In fact in PZT(20/80) system, the variation of electric

field from -50 to ?50 MV/m barely changes a-fraction by

10% whereas spanning misfit strain from ?0.015 tensile to

-0.015 compressive yields an almost sixfold increase of

a-fraction from 10% to 60%. In the presence of external

electric field, composition effect can be found by com-

paring Fig. 8a and b. Assuming a similar domain of misfit

strain in the R layer, the PZT(40/60) system tunes

a-domain fraction on a wider range than does the PZT(20/

80) system.

The variation of effective out-of-plane piezoelectric

constant d33 of the bilayer system can be seen in Fig. 9 in

terms of changes in the misfit strain in the R layer and the

external electric field. It is found that the effect of misfit

strain is much stronger than the applied electric field on the

effective piezoelectric coefficient. Moreover, at zero elec-

tric field and almost relaxed misfit between the film and the

substrate, the d33 of the PZT(20/80) bilayer system is

shown to be more than 150 pm/V namely, more than two

or three times higher than previously reported monodomain

value [32]. When the misfit tensile strain and the applied

positive electric field are increased, the d33 of the bilayer

system will increase to almost six times the bulk value. A

comparison of Fig. 9a and b shows that as the content of

Zirconium increases in the T layer, the d33 becomes less

sensitive to both the applied field and the misfit strain.

Conclusions

Elastic interaction energies between the layers of a ferro-

electric bilayer have been defined and analyzed in terms of

the misfit strain induced into the layers and the structure

composition. It was shown that these interaction energies

Fig. 8 a a-domain fraction versus electric field and misfit strain in R

layer in PZT20/80 system. b a-domain fraction versus electric field

and misfit strain in R layer in PZT40/60 system

Fig. 9 a Effective d33 versus electric field and misfit strain in R layer

in PZT20/80 system. b Effective d33 versus electric field and misfit

strain in R layer in PZT40/60 system
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may lead to a substantial increase in the ferroelastic

domain population of the tetragonal layer. Moreover, fer-

roelastic domain fraction and piezoelectric constant of the

bilayered structure were numerically investigated in the

presence of an external electric field. It was shown that

piezoelectric constant values several times as high as the

bulk value can be achieved.
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