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Abstract

Domain stability and structures in Pb(Zr0.3Ti0.7)O3/Pb(Zr0.7Ti0.3)O3 bilayer films under different substrate strains are studied using
the phase field method. It is demonstrated that the domain structure of the bilayer film is very different from those of the corresponding
single layer films grown on the same silicon substrate with an incoherent interface. Moreover, the predicted rhombohedral domains in the
Pb(Zr0.7Ti0.3)O3 layer of the bilayer film have smaller sizes than those in the single layer case. These results are compared with experi-
mental observations and previous thermodynamic analyses. The polarization distributions of the ferroelectric–paraelectric bilayer are
analyzed as a function of the thickness of the bilayer film, where there is a “ferroelectric proximity effect” due to dipole–dipole interac-
tions. The phase diagrams for both the bilayer and single layer films as a function of temperature and effective in-plane substrate strain
are constructed.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Multilayered heterostructures with unique functional
properties have attracted significant attention. The proper-
ties of such multilayered systems can be tuned through con-
trol of the composition, the thickness of each layer, and the
number of alternating layers [1–3]. For example, it has been
shown that multilayered ferroelectric thin films demon-
strate both pronounced polarization and high dielectric
permittivity compared with single layer films [4–8]. Many
factors can lead to these enhanced properties, including
electric field-induced coupling [1], morphotropic phase
boundary effects [5], epitaxial strains [8–10], and unique
electrostatic interactions between the two layers [4,11].
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Recently, piezoresponse force microscopy (PFM) and
cross-sectional transmission electron microscopy (TEM)
analyses revealed a unique “herringbone” ferroelastic
domain structure in PbZr0.3Ti0.7O3/PbZr0.7Ti0.3O3 bilayers.
The ferroelastic domains were shown to be mobile under
an applied external electric field, leading to an electrome-
chanical coefficient up to three times larger than that in
constrained single layered PbZr0.3Ti0.7O3 thin films [12].
These results were supported by a thermodynamic theory
which found that the out-of-plane piezoelectric coefficients
d33 in bilayers can be an order of magnitude larger than the
corresponding single layer constituents due to electrical
and electromechanical interdomain and interlayer interac-
tions [13].

A number of theoretical investigations of the domain
stabilities and ferroelectric properties of multilayered
heterostructured thin films [11,12,14–16] have discussed
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Fig. 1. Schematic plot of a PZT bi-layer thin film.
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the critical role of electrostatic interactions in the electro-
mechanical response of ferroelectric multilayers. Recently
phase field simulations have been applied to understand
domain structure evolution during the ferroelectric transi-
tion [17], including bulk single crystals [18–20] and con-
fined nanoferroelectrics [21]. Li et al. [22] extended the
model by incorporating the elastic solution for thin films
in an elastically anisotropic system combining Khachatur-
yan’s microscopic elasticity theory [23,24] and Stroh’s for-
malism of anisotropic elasticity [25,26]. This thin film
model has been successfully applied to predicting the
domain structures in a number of constrained three-dimen-
sional (3-D) ferroelectric thin film systems [27–29]. In par-
ticular, the phase field model was applied to a barium
titanate–strontium titanate (BT–ST) superlattice based on
the bulk model with various coefficients and properties
along the thickness direction. Results from simulations of
the dependence of the phase transition temperature on
the number of perovskite unit cells along the growth direc-
tion of each layer showed quantitative agreement with
ultraviolet Raman spectroscopy, and the polarization
distribution across the superlattice thickness was calculated
under different interfacial coherencies in the superlattice
simulation using the phase field model [30,31].

In this work the phase field method is extended to study
the domain structure in a PZT bilayer system with differing
compositions in the two layers. We studied the strain effect
in each individual layer and electrostatic interaction
between the two layers on the domain structures. These
were compared with the single layer case for the same com-
position and thickness. We finally constructed strain–tem-
perature phase diagrams for the bilayer system and
compared them with the single layer film diagram. These
results were also compared with experimental observations
and prior thermodynamic analyses. It was found that
mechanical and electrostatic interactions between the two
layers may lead to significantly different domain structures
from the single layer, resulting in fundamentally different
physical properties from the individual layer systems.

2. Framework of the phase field model

We consider a ferroelectric bilayer system which com-
prises two layers with different compositions. Fig. 1 shows
a schematic plot of the bilayer system, wherein the z-axis
represents the out-of-plane direction. The bottom layer is
(001) Pb(Zr0.7Ti0.3)O3 (R), while the top layer is (00 1)
Pb(Zr0.3Ti0.7)O3 (T). In the phase field model temporal evo-
lution of the polarization vector field is described by the
time-dependent Ginzburg–Landau equations, i.e.

@P ið~r; tÞ
@t

¼ �L
dF

dP ið~r; tÞ
; ði ¼ 1; 2; 3Þ ð1Þ

where L is the kinetic coefficient related to the domain wall
mobility. The total free energy in Eq. (1) includes the bulk
free energy, elastic energy, electrostatic energy, and gradi-
ent energy [32,33], i.e.
F ¼
Z

V
½fbulk þ felas þ felec þ fgrad�dV ð2Þ

where V is the system volume of the bilayer, fbulk denotes
the bulk free energy density, felas the elastic energy density,
felec the electrostatic energy density and fgrad the gradient
energy density.

The bulk free energy density in each layer is expanded in
terms of polarization components Pi using the Landau the-
ory, i.e.
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where the coefficients ai, aij, and aijk are fitted using the
physical properties and phase transitions of a ferroelectric
under stress-free boundary conditions. It should be noted
that the first coefficient is related to the relative dielectric
permittivity of the material by the expression: a1 =
1/2x0v = 1/2x0(jii � 1), where x0 is the dielectric permit-
tivity of a vacuum, v is the susceptibility of the material,
and jii is the relative dielectric permittivity.

The gradient energy comes from the domain wall and
can be described by the gradients of the polarization field.
For simplicity it is assumed that the gradient energy is iso-
tropic, and the gradient energy density is written as:

fgrad ¼
1

2
G11ðP 2

1;1 þ P 2
2;2 þ P 2

3;3Þ þ G12ðP 1;1P 2;2

þ P 2;2P 3;3 þ P 1;1P 3;3Þ þ
1

2
G44½ðP 1;2 þ P 2;1Þ2

þ ðP 2;3 þ P 3;2Þ2 þ ðP 1;3 þ P 3;1Þ2� þ
1

2
G044½ðP 1;2

þ P 2;1Þ2 þ ðP 2;3 þ P 3;2Þ2 þ ðP 1;3 þ P 3;1Þ2� ð4Þ

where G11;G12;G44; and G044 are the gradient energy coeffi-
cients and the comma in the subscript represents spatial
differentiation, i.e. P i;j ¼ @P i=@xj.

The elastic energy can be written as:

felas ¼
1

2
cijkleijekl ¼

1

2
cijklðeij � e0

ijÞðekl � e0
klÞ ð5Þ
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where cijkl is the elastic stiffness tensor, eij is the elastic
strain and e0

kl is the stress-free strain. The summation con-
vention for the repeated indices is employed, and the letters
i, j, k, l are taken as 1, 2, 3 in this paper. The total strain eij

in Eq. (5) is given as:

eij ¼ �eij þ gij ð6Þ

where �eij is the homogeneous strain and gij is the heteroge-
neous strain which satisfies the condition

R
VgijdV = 0. If

�eabða; b ¼ 1; 2Þ represent the macroscopic shape deforma-
tion of the film in the film plane then:

�e11 ¼ �e22 ¼
afinal � aref

aref

; �e12 ¼ �e21 ¼ 0 ð7Þ

where aref is the reference lattice parameter before
deformation and afinal is the final lattice parameter due to
substrate-induced deformation. Therefore, �eab is the misfit
strain between the thin film and the substrate. The hetero-
geneous strain can be obtained by the space differential of
displacement ui, i.e.

gij ¼
1

2
ðui;j þ uj;iÞ ð8Þ

For a bilayer system the total stress-free strain consists
of two contributions, the ferroelectric transition and the
lattice mismatch with respect to the reference lattice param-
eter, i.e. e0

ij ¼ QijklP kP l þ elatt
ij , where Qijkl represents the

electrostrictive coefficient, and elatt
ij is the mismatch strain

caused by lattice parameter differences between the two
layers. The lattice mismatch strain of the top layer can be
written as:

elatt
ij ðtopÞ ¼ atop � aref

aref

ð9Þ

where atop is the lattice parameter of the top layer. And the
lattice mismatch strain in the bottom layer is given by:

elatt
ij ðbottÞ ¼ abott � aref

aref

ð10Þ

where abott is the lattice parameter of the bottom layer.
In linear elasticity the stress rij is related to the elastic

strain eij by Hooke’s law:

rij ¼ cijklekl ¼ cijklðekl � e0
klÞ ð11Þ

and the mechanical equilibrium equations rij,j = 0 should
be satisfied inside the bilayer system, including both the film
and the substrate. It is assumed that the thin film has a
stress-free top surface and the substrate is fixed in a region
far from the interface between the film and the substrate.

For a cubic structure the system has three independent
elastic constants C11, C12 and C44 in Voigt’s notation.
The elastic energy can be rewritten as:

felas ¼
1

2
C11ðe2

11 þ e2
22 þ e2

33Þ þ C12ðe11e22 þ e22e33

þ e11e33Þ þ 2C44ðe2
12 þ e2

23 þ e2
13Þ ð12Þ

The electrostatic energy in the bilayer without an exter-
nally applied electric field is given by
felec ¼ �
1

2
EiP i ð13Þ

where the electric field Ei = �u,i and u is the electrostatic
potential. The electrostatic equilibrium equation is given
by:

jb
iix0uii ¼ P i;i ð14Þ

where jb
ii is the background dielectric constant [34–37]. In

our simulations a short-circuit electric boundary condition
is employed. Details about how to solve the electrostatic
equilibrium equations, as well as the mechanical equilib-
rium equations, can be found in Li et al. [22,38].

3. Modeling the interactions of two layers

The variation in the composition-dependent coefficient f
within the bilayer is described as follows:

f ¼ ftop þ uðfbott � ftopÞ ð15Þ

where ftop and fbott represent the Landau coefficients or
electrostrictive coefficients of the top and bottom layers,
respectively, and u takes the value of 0.0 in the top layer
and 1.0 in the bottom layer. In order to solve the electro-
static equilibrium equations and the mechanical equilib-
rium equations for the entire bilayer the elastic
coefficients and dielectric permittivity are assumed to be
independent of the composition, i.e. the elastic stiffness
modulus and the background dielectric constant jb

ii are as-
sumed to be the same for the top and bottom layers. Then
the electrostatic and ferroelastic interactions between the
two layers are considered spontaneously.

Assuming the thicknesses of the two layers are hT and
hR, respectively, then the reference lattice parameter aref

can be given by

aref ¼
aT hT þ aRhR

hT þ hR
ð16Þ

If the two layers are coherent the two layers will both
end up with aref after annealing at high temperature.

4. Numerical simulations

In this work the semi-implicit Fourier spectral method
for both time stepping and spatial discretization is
employed to solve Eq. (1) [39]. The initial film is in a para-
electric state, which was created by assigning a value of 0 to
each component of polarization at each lattice site plus a
small amount of random noise. Here we take a ferroelectric
bilayer consisting of a T layer and a R layer of the same
thickness, 20.0 nm. The pseudocubic lattice parameters of
the T layer and the R layer are 4.0185 and 4.1032 Å,
respectively. These parameters were calculated using the
interpolation of available parameters for various PbTiO3

and PZT compositions given in Haun et al. [40,41] and
Khaenamkaew et al. [42], then the reference lattice param-
eter aref = (4.1032 + 4.0185)/2 = 4.0609 Å. The mismatch
strains caused by a lattice parameter difference between
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the two layers are elatt
ii ðT Þ ¼ �1:04% and elatt

ii ðRÞ ¼ 1:04%,
respectively.

The Landau coefficients and electrostrictive coefficients
are from Haun et al. [40,41,43] and the elastic constants
are set as C11 = 1.696 � 1011, C12 = 8.187 � 1010 and
C44 = 4.717 � 1010 N m�2 [44]. We employed 128 �
128 � 40 discrete points for the bilayer film and
128 � 128 � 12 points for the substrate. The periodic
boundary conditions were applied along the x and y direc-
tions. The grid spaces in real space are the same along the
three directions, i.e. Dx/l0 = Dy/l0 = Dz/l0 = 1.0, where
l0 = 1.0 nm. We set the gradient energy coefficients as
G11/G110 = 0.6, G12/G110 = 0.0, G44=G110 ¼ G044=G110 ¼
0:3, where G110 = 1.73 � 10�10 C�2 m4 N [22].

5. Results

5.1. Domain structures in a PZT bilayer and single layer

We first studied the domain configurations of a PZT
bilayer film grown on a silicon substrate at room tempera-
ture, 25 �C, as a specific example. It is assumed that the
bilayer system is incoherent with the substrate and the
strain for the bilayer film with the substrate is 0.2% due
to the different thermal expansion coefficients of the film
and substrate. The in-plane lattice parameter of (001) sili-
con is 3.840 Å, while the bottom R layer has a quasi-cubic
lattice parameter of 4.1032 Å. If the bilayer system is
coherent with the substrate the in-plane strain of the R
layer would be 6.41%, which is too large for a conventional
PZT thin film (the typical strain range is from �2.00% to
2.00%). Therefore, the bilayer was assumed to be incoher-
ent with the substrate. The substrate strain is relaxed
through interfacial dislocations and these interfacial dislo-
cations can modify the ferroelectric phase transition tem-
perature and remnant polarization based on our earlier
work [45,46]. In this paper, however, for simplicity the
effect of dislocations is ignored.

If zero substrate strain is imposed on the bilayer film the
domain structure does not change significantly from the
simulation results, which indicates that the 0.2% substrate
strain has only a minor influence on the domain configura-
tions in this case. We discuss data when different substrate
strains are applied to the bilayer later in Section 6.3.

Fig. 2a shows the domain structures of this bilayer sys-
tem when the T layer and R layer are coherent with each
other. The domain variants are represented by different col-
ors and the arrows indicate the directions of the polariza-
tion vectors. The top layer is mainly composed of a
tetragonal a1/a2 twin domain structure with polarization
vectors along the [100] or [010] direction, while the bottom
layer exhibits tetragonal c domains with out-of-plane
polarization. On the other hand, if the single layer film is
deposited on the Si substrate and the same substrate strain,
0.2%, is imposed the domain structure consists of c/a/c/a
domains in the T layer film and rhombohedral domains
in the R layer film, as shown in Fig. 2c and d.
These differences (between the corresponding layers in
the coherent bilayer film and the individual layer films)
on domain morphologies can be explained in terms of mis-
fit strain caused by the lattice differences between the two
layers. It is worth noting that the misfit strain here refers
to elatt

ij , part of the stress-free strain, as shown in Eqs. (9)
and (10), unlike the conventional meaning of “misfit
strain”. When the average of the lattice parameters of the
two layers is chosen as a reference the misfit strain of the
top layer is �1.04% and the substrate strain is 0.2%, caused
by thermal expansion. However, with respect to the lattice
parameter of the top layer itself, the top layer is under a
tensile in-plane substrate strain of 1.24%. We can define
the effective in-plane strain as the substrate strain minus
the misfit strain, i.e.

eeff ¼ esub � elatt ð17Þ
Table 1 lists the misfit strain, in-plane substrate

strain, and effective in-plane strain of each layer in the
bilayer film when a different reference lattice parameter
is chosen. It shows that the effective in-plane strain is
independent of the reference lattice parameter, and thus
can be used to characterize the strain distribution. The
effective in-plane strain of the top layer is 1.24% and
the effective in-plane strain of the bottom layer is
�0.84%. We examined the domain structures of single
layers under the same strains. Fig. 3a shows that a
Pb(Zr0.3Ti0.7)O3 film under a substrate strain of 1.24%
consists of a1/a2 domains, while a Pb(Zr0.7Ti0.3)O3 film
exhibits tetragonal c domains under a substrate strain
of �0.84% (Fig. 3b). Therefore, the effective in-plane
strain largely determines the final domain structures in
each separate layer.

From Eqs. (5) and (6), we can obtain the elastic strain:

eij ¼ eij � e0
ij ¼ �eij þ gij � QijklP kP l þ elatt

ij

� �

¼ �eij � elatt
ij

� �
þ gij � QijklP kP l

¼ eeff þ gij � QijklP kP l ð18Þ

Compared with the expression for the elastic strain of
the single layer [22], the effective in-plane strain of the
bilayer has the same effect on the domain structures as
the substrate strain in the single layer case.

Fig. 2b shows the domain structures when the two lay-
ers are incoherent. Both the T and R layers are only
under the effect of a substrate strain of 0.2%. The top T
layer shows c/a domains, while the bottom R layer shows
rhombohedral domains. However, it should be noted that,
as circled in Fig. 2b, due to ferroelastic and electrostatic
interactions between the two layers some tetragonal
domains expand into the R layer, and vice versa. These
parts may be very sensitive to external stimuli, e.g. an
electric field, and can produce an enhanced electrome-
chanical response. This may be one reason why the
bilayer film shows a larger piezoelectric coefficient than
a single layer [12,47].



Fig. 2. (a) and (b) Domain structures of a PZT bi-layer film when (a) the two layers are coherent and (b) the two layers are incoherent. (c) and (d) Domain
structures of a single layer under different strain conditions: (c) a single T layer under tensile substrate strain 0.2%; (d) a single R layer under tensile
substrate strain 0.2%.

Table 1
Misfit strain, substrate strain and effective in-plane strain in different references.

Misfit strain (%) Substrate strain (%) Effective in-plane strain (%)

Top layer (taking the average as reference) �1.04 0.20 1.24
Top layer (taking the top layer as reference) 0.00 1.24 1.24
Bottom layer (taking the average as reference) 1.04 0.20 �0.84
Bottom layer (taking the bottom layer as reference) 0.00 �0.84 �0.84

Fig. 3. Domain structures of a single layer under different strain conditions: (a) a single T layer under tensile substrate strain 1.24%; (b) a single R layer
under compressive substrate strain -0.84%.
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5.2. The domain size differences of single layers and the

bilayer

In this section we will demonstrate the rhombohedral
domain size differences between the bilayer system when
the two layers are coherent and a single layer under the same
effective in-plane strain. Fig. 4a and c shows the domain
structures of the bottom layer of the bilayer constrained by
effective in-plane strains of 0.20% and �1.0%, respectively.
As expected, rhombohedral domains and tetragonal c
domains are formed in Fig. 4a and c, respectively. The
domain structures of the single layers under substrate strains
of 0.20% and�1.0% are shown in Fig. 4b and d, respectively.
It can be seen that Fig. 4a and c shows much smaller (about
half the size) domains than those shown in Fig. 4b and d.
This should be due to the impact of polarization of the top



Fig. 4. Domain configurations of the R layer in a bi-layer system and a single layer of the same composition: (a) the R layer of the bi-layer under effective
in-plane strain 0.2%; (b) a single R layer under substrate strain 0.2%; (c) the R layer of the bi-layer under effective in-plane strain -1.0%; (d) a single R layer
under substrate strain -1.0%.
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layer. In our simulations numbers of small domains are first
formed, which then evolve into bigger domains, specifically a
domain “coarsening process”. In the case of a single layer the
coarsening process continues until the energy barrier forbids
the domains becoming even larger. However, for the bilayer
system the domains in the R layer are required to be compat-
ible with not only the neighboring domains in the R layer,
but also the domains in the top T layer. If the domains in
the R layer disappear or grow, the domains in the T layer
must change correspondingly. Therefore, the domain coars-
ening process in the bilayer confronts a higher energy barrier
and ceases earlier, resulting in a smaller domain size com-
pared with the single layer.

6. Discussion

6.1. Interactions between the two layers and comparison with

experiments

As shown in Section 5.1, when the two layers are coherent
the misfit strain between the two layers plays a critical role in
determining the domain structures. We also performed sim-
ulations for Pb(Zr0.3Ti0.7)O3 (T)/Pb(Zr0.55Ti0.45)O3 (R)
bilayers and obtained similar domain structures, shown in
Fig. 2a, when the two layers are coherent and incoherent
with the substrate. Based on the simulation results and anal-
ysis we can make the following predictions.

i. If the thickness of both the layers is less than 30 nm
we can assume that the two layers are coherent. If
these two layers are coherent with the substrate (such
as SrTiO3) the strain condition of the bilayer will be
determined by the substrate.
ii. If the thickness of the two layers is less than 30 nm
and the two layers are coherent with each other but
the bilayer is not coherent with the substrate the final
pseudo-cubic lattice parameter is the average of the
pseudo-cubic lattice parameters of the two layers.
The T layer is under a tensile strain from the R layer
and shows a1/a2 domains, while the R layer is under a
compressive strain from the T layer and shows tetrag-
onal c domains, as shown in Fig. 2a.

iii. If the bottom R layer is thick (i.e. a thickness
greater than 70 nm) while the T layer has a thickness
of less than 30 nm we can assume that the strain
from the substrate is relaxed and the R layer is inco-
herent with the substrate, while the T layer is coher-
ent with the R layer. In this case the T layer is under
a tensile strain from the R layer and should show
a1/a2 domains.

iv. If both the T and R layers are thick (greater than
70 nm) it can be assumed that the two layers are inco-
herent with each other. The T layer will show c/a/c/a
domains, while the R layer will show rhombohedral
domains, as shown in Fig. 2b.

v. It can thus be inferred that the bottom R layer acts as
the controlling interface for the top T layer and pro-
duces a tensile strain on the T layer similar to the sub-
strate. However, the interaction between the two layers
is more than that. The R layer is a ferroelectric phase
and there is a strong electrostatic interaction between
the two layers. The electrostatic and ferroelastic inter-
actions may lead to the presence of rhombohedral
domains in the T layer and tetragonal domains in the
R layer, which may result in an enhanced piezoelectric
coefficient. These interactions may also cause a smaller
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domain size in the R layer, compared with a single
layer with the same composition and under the same
strain conditions.

To test the validity of the model predictions two differ-
ent Pb(Zr0.3Ti0.7)O3 (T)/Pb(Zr0.55Ti0.45)O3 (R) bilayer epi-
taxial thin film systems deposited on (001) SrTiO3 were
investigated. It should be noted that both films included
a coherent layer of (La0.67Sr0.33)MnO3 as the bottom elec-
trode. Fig. 5a is a bright field cross-sectional TEM image
along the [00 1] zone axis for a bilayer where both layers
are �100 nm thick. We find that both interfaces (i.e.
between the T and R layer and between the R layer and
the substrate) are semi-coherent. The T layer shows the
clear presence of c/a/c/a domains. The corresponding dif-
fraction pattern is shown in Fig. 5b. The presence of dis-
tinct reflections (as opposed to rings and diffuse
Fig. 5. (a) [100] cross-sectional bright-field TEM image for a thick PZT
(30/70)/PZT (55/45)/LSMO/STO sample and (b) selected-area diffraction
pattern taken from [100] zone axis of an area that includes the entire
heterostructure. The set of 4 reflections at {220} positions is a clear
indication of the polydomain structure.
scattering) confirms the epitaxial quality of the sample.
The diffraction pattern confirms the presence of c/a/c/a
domains and is indexed accordingly. The average c-axis lat-
tice parameter measured is 0.414 nm and the average a-axis
parameter is 0.397 nm. These values are close to the
expected bulk lattice parameters for this composition and
hence confirm almost full relaxation of the elastic energy.

In contrast, the bright field cross-sectional TEM image
for a 30 nm T layer deposited on a 100 nm R layer shows
no presence of c/a/c/a domains, as shown in Fig. 6a. The
corresponding diffraction pattern reveals an in-plane lattice
constant of 0.411 nm and an out-of-plane lattice constant
of 0.395 nm. The in-plane lattice parameter of the R layer
in all cases was measured to be �0.41 nm. In other words,
the T layer is closely matched with the in-plane lattice
parameter of the R layer. The tensile strain due to the R
layer creates a-axis oriented domains in the film. We could
Fig. 6. (a) [100] cross-sectional bright-field TEM image for a thin PZT
(30/70)/PZT (55/45)/LSMO/STO sample and (b) selected-area diffraction
pattern taken from the [100] zone axis of an area that includes the entire
heterostructure.
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not observe a1/a2 domain walls, which may be due to the
[001] zone axis used. Additionally, some local regions
(�50 nm in size) were found to have fine c/a/c/a non-equi-
librium domains, which could not be attributed to any
thermodynamic driving forces. These most likely stem from
point defects in the sample. Nevertheless, the experiments
demonstrate the underpinning message of our model, i.e.
the final phase in the T layer is primarily determined as a
function of the interfacial strain imposed by the R layer
and not significantly by the nature of the bottom substrate.

In earlier reported experiments the top T layer of the
bilayer showed tetragonal herringbone c/a/c/a domains
[12]. The appearance of c/a/c/a domains is due to the fact
that the two layers are not coherent with each other since
they are thick (each layer has a thickness of 70 nm), and
X-ray diffraction data confirmed this [12]. Furthermore,
here we propose a possible mechanism for the appearance
of the herringbone ferroelastic domain structure. Anbusa-
thaiah et al. claimed that they are c/a1/c/a2 domains. How-
ever, according to the domain wall orientations of Fig. 1e
in Anbusathaiah et al. [12] it is more likely that they are
c+/a1/c�/a1 domains. Our simulation above demonstrates
that the c+/a1/c�/a1 domains are not directly caused by
interactions between the two layers. One possible reason
for the herringbone domains is mechanical interactions
between neighboring grains in the top T layer. It has been
shown that the PbTiO3 film may exhibit c+/a1/c�/a1

domains under certain anisotropic misfit strains [29].
Therefore, if a grain in the T layer is anisotropically
clamped by the neighboring grains it may show c+/a1/c�/
a1 domains.

6.2. The “ferroelectric proximity” effect in ferroelectric–

paraelectric bilayer

In this section we will investigate the polarization distri-
bution of a ferroelectric–paraelectric bilayer under the
assumption that the two layers are coherent. Since the
Curie temperature in the bulk phase of the bottom R layer
(334 �C) is lower than that of the top T layer (425 �C), the
top T layer is ferroelectric, while the bottom R layer is
paraelectric at 350 �C. Fig. 7 shows the average polariza-
tion components over the x–y plane as a function of dis-
tance from the substrate, i.e.

P iðhÞ ¼
1

128� 128

X128

m¼1

X128

n¼1

jP iðm; n; hÞj ð19Þ

where i ¼ x; y; or z, P i is the ith component of polariza-
tion, ðm; n; hÞ denote the coordinates of one grid in the
bilayer, with m and n referring to the in-plane coordinates
while h is the out-of-plane coordinate. It should be noted
that the “strain” in the label of the four figures refers to
the effective in-plane strain within each layer, and Tc refers
to the Curie temperature of the R layer (334 �C). Fig. 7a
shows that the lower half of the R layer is paraelectric at
350 �C under an effective in-plane strain of 0.00%.
However, close to the T layer Px and Py increase while
Pz remains small, and the domain structures smoothly
change into a1/a2 domains. The T layer seems to be unaf-
fected by the R layer, while the upper half of the R layer
is significantly modified by the T layer. If we artificially
switch off the dipole–dipole interactions and the gradient
energy the induced polarization in the upper half of the
R layer will disappear. Thus the polarization within the
R layer is not the result of a ferroelectric phase transition,
but rather is induced by the dipolar field produced by the T
layer, i.e. a result of a “ferroelectric proximity” effect
[11,48]. This is also observed in BT–ST superlattices
[30,31].

It is known that a single layered film with the R layer
composition under a compressive strain of 0.2% changes
into tetragonal c domains at 350 �C [49]. For the bilayer
case, when an effective in-plane strain of 0.2% is imposed
on the R layer the lower half of the R layer also shows c
domains (Fig. 7b). Close to the T layer the c domains
slowly change to a1/a2 domains.

In order to make a comparison with the polarization
distribution above the Curie temperature we also examined
the average polarization at 310 �C, slightly below
Tc = 334 �C. It is well known that polarization is reduced
near the Curie temperature. In the bilayer case, as shown
in Fig. 7c, in the lower half of the R layer the magnitudes
of three polarization components are almost the same,
indicating the rhombohedral phase. However, close to the
T layer Px and Py increase in magnitude while Pz remains
unchanged, indicating that the domain structures turns
more slowly into a1/a2 domains. The effect of the T layer
on the R layer is much larger than that of the R layer on
the T layer. This is because the T layer is far below its Curie
temperature, while for the R layer the temperature is
slightly lower than its Curie temperature and the ferroelec-
tric behavior near the Curie temperature is “softer”. When
an effective in-plane strain of 0.2% is imposed on the R
layer the lower half of R the layer exhibits tetragonal c
domains: Px = Py � 0 and Pz > 0, as shown in Fig. 7d. This
means that compressive strain changes the R layer from
rhombohedral phase to tetragonal c phase [39]. The polar-
ization distribution is similar to that in Fig. 7b.

6.3. Phase diagrams

Finally, we obtained the phase diagrams of the T layer
and R layer for both the bilayer and single layer films.
Since the upper half of the R layer in the bilayer film is
modified by the T layer, we classified its phase by analyzing
the lower half of the R layer, and the result is presented in
Fig. 8a. Similarly, the phases of the T layer were classified
by examining the upper half of the T layer, and the phase
diagram is given in Fig. 8b. It should be noted that the
abscissa refers to the effective in-plane strain for the bilayer
film and substrate strain for the single layer film. It can be
seen from Fig. 8 that the phase boundaries of both layers
shift only slightly under the impact of the other layer.



Fig. 7. Average polarization along the thickness direction (a) at 310 �C and under tensile substrate strain 1.04%; (b) at 310 �C and under tensile substrate
strain 0.84%; (c) at 350 �C and under tensile substrate strain 1.04%; (d) at 350 �C and under tensile substrate strain 0.84%. The strain noted in the figure
refers to effective in-plane strain in each separate layer.

Fig. 8. Phase diagrams of a bi-layer and a single layer. The left figure shows phase diagrams of the R layer of a bi-layer (green line with triangles) and a
single R film (red line with circles); the right figure refers to phase diagrams of the T layer of a bi-layer (green line with triangles) and a single T film (red
line with circles).
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This is somehow contradictory to the conclusion using
thermodynamic calculations, which showed that the phase
boundaries of the bilayer are significantly different from
that of the single layer [13]. The difference may be because
in the thermodynamic calculations the difference in the sub-
strate constraint strains of the bilayer and single layer films
were not considered, i.e. it was assumed that the two layers
have the same lattice parameters. In that model the strains
in both layers are equal to the substrate strain, which can-
not be true since the lattice parameters of the two layers are
quite different.
7. Conclusion

A three-dimensional phase field model was employed to
study ferroelectric bilayer domain structures. It was dem-
onstrated that at room temperature (much lower than the
Curie temperatures) the misfit strain caused by the lattice
parameter differences between the two layers leads to
domain structures significantly different from that of the
single layer. The domain sizes in the rhombohedral bilayer
are reduced compared with the single layer case under the
effect of a tetragonal layer. Above the Curie temperature
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of the rhombohedral layer the bilayer shows a “ferroelec-
tric proximity” effect resulting in induced polarization in
the paraelectric layer. Therefore, not only can the bottom
layer serve as the controlling interface for the top layer,
but also the electrostatic and elastic interactions between
the two layers can lead to certain domain structures
uncommon in a single layer film. These domain structures
may be sensitive to external electric fields, resulting in
pronounced electromechanical properties. It is thus shown
that designing a bilayer structure is a powerful method for
tuning domain structures and their related physical
properties.
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