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A phase-field model was developed for studying the magnetoelectric coupling effect in epitaxial
ferroelectric and magnetic nanocomposite thin films. The model can simultaneously take into
account the ferroelectric and magnetic domain structures, the electrostrictive and magnetostrictive
effects, substrate constraint, as well as the long-range interactions such as magnetic, electric,
and elastic interactions. As an example, the magnetic-field-induced electric polarization in
BaTiO3–CoFe2O4 nanocomposite film was analyzed. The effects of the film thickness, morphology
of the nanocomposite, and substrate constraint on the degree of magnetoelectric coupling were
discussed. © 2007 American Institute of Physics. �DOI: 10.1063/1.2431574�

Magnetoelectric materials, which are simultaneously
magnetic and ferroelectric, have drawn increasing interest
due to their multifunctionality.1,2 However, natural magneto-
electric single-phase crystals are rare and exhibit weak mag-
netoelectric coupling.3 As a result, there have been many
efforts to prepare synthetic magnetoelectrics, i.e., composites
or solid solutions of ferroelectric and magnetic materials.4–7

In addition to possessing the ferroelectricity and magnetism
in each individual phase, composites are shown to exhibit an
extrinsic magnetoelectric coupling. Recently, epitaxial
BaTiO3–CoFe2O4 �Ref. 8� and BiFeO3–CoFe2O4 �Ref. 9�
nanocomposite films have been deposited by using pulsed
laser deposition, and magnetoelectric coupling phenomena
have been observed directly. Calculations by Nan et al.10

and Liu et al.11,12 have shown that large magnetic-field-
induced electric polarization �MIEP� could be produced in
nanocomposite films due to the enhanced elastic coupling
interaction.

The main purpose of this letter is to develop a phase-
field model for predicting the magnetoelectric coupling ef-
fect for ferroelectric and magnetic nanocomposite thin films.
The model simultaneously takes into account the ferroelec-
tric and magnetic domain structures, the electrostrictive and
magnetostrictive effects, substrate constraint, as well as the
long-range interactions such as magnetic, electric, and elastic
interactions. As an example, we will study the magnetoelec-
tric response in the BaTiO3–CoFe2O4 nanocomposite films,
i.e., the magnetic-field-induced electric polarization. The ef-
fects of film thickness, morphology of nanocomposite, and
substrate constraint on the magnetoelectric coupling will be
investigated.

In the model, a given microstructure state is described by
three fields: a local magnetization field M=Msm=Ms
�m1 ,m2 ,m3�, a local polarization field P= �P1 , P2 , P3�, and an
order parameter field �, which describes the spatial distribu-
tions of the two phases in the composite with �=1 for the

magnetic phase and �=0 for the ferroelectric phase. Ms is
the saturation magnetization. The total free energy of a
ferroelectric/magnetic composite is, then, expressed by

F = Fanis�M� + Fexch�M� + Fms�M� + Fexternal�M,He�

+ Fbulk�P� + Fwall�P� + Felec�P� + Felas�P,M� , �1�

where Fanis, Fexch, Fms, Fexternal, Fbulk, Fwall, Felec, and Felas are
the magnetocrystalline anisotropy energy, magnetic ex-
change energy, magnetostatic energy, external magnetic field
energy, ferroelectric bulk free energy, ferroelectric domain
wall energy, electrostatic energy, and elastic energy, respec-
tively. He is the externally applied magnetic field.

The elastic energy can be calculated with

Felas=
1

2
� cijkleijekldV=

1

2
� cijkl��ij − �ij

0 ���kl−�kl
0 �dV , �2�

where eij is the elastic strain, �ij is the total strain, and cijkl is
the elastic stiffness tensor. �ij

0 is the stress-free strain due to
the electostrictive effect or magnetostrictive effect, and is
given by

�ij
0 = ���3
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1
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 + �1 − ���QijklPkPl� �i = j� ,

��3

2
�111mimj	 + �1 − ��QijklPkPl �i � j� ,

�3�

where Qijkl are the electrostrictive coefficients, and �100 and
�111 are the magnetostrictive constants. The summation con-
vention for the repeated indices is employed and i, j, k, l�1,
2, 3. The calculation of elastic energy for a film-substrate
system13 is obtained using a combination of Khachaturyan’s
mesoscopic elasticity theory14 and Stroh’s formalism of an-
isotropic elasticity.15

The mathematical expressions for the magnetocrystalline
anisotropy energy, magnetic exchange energy, magnetostatic
energy, external magnetic field energy, ferroelectric bulk freea�Electronic mail: jzz108@psu.edu
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energy, ferroelectric domain wall energy, and electrostatic
energy are exactly the same as those given in Refs. 16 and
17.

The temporal evolution of the magnetization configura-
tion is described by the Landau-Lifshitz-Gilbert equation,

�1+�2�
�M

�t
= −�0M�Heff−

�0�

Ms
M��M�Heff� , �4�

where �0 is the gyromagnetic ratio, � is the damping con-
stant, and Heff is the effective magnetic field, which is given
by Heff=−�1/�0Ms���F /�m�.

The temporal evolution of the polarization field is de-
scribed by the time-dependent Ginzburg-Landau equation,

�Pi

�t
= − L

	F

	Pi
, �5�

where L is a kinetic coefficient related to the domain evolu-
tion.

We used a BaTiO3–CoFe2O4 nanocomposite film as an
example for our numerical simulations. The coefficients em-
ployed in the simulations are listed in Ref. 18.19–23 The sys-
tem was modeled by discretizing it into a three-dimensional
array of cubic cells of 64
x�64
x�128
x, and periodic
boundary conditions were applied along the x1 and x2 axes.
The cell size in real space was chosen to be 
x= l0, where
l0=�G110/�0 and �0= ��1�T=25 °C. We chose the gradient en-
ergy coefficient as G11/G110=0.6. If l0=1 nm, G110=3.71
�10−11 C−2 m4 N, and the domain wall energy density is
about 5�10−3 J m−2 for 180° domain wall, which is in line
with existing experimental measurement and theoretical
calculation.24 In this work, we ignored the misfit strain along
the ferroelectric-magnetic interface due to the lattice constant
difference between the two phases for simplicity.

One measure of magnetoelectric response is the appear-
ance of electric polarization upon applying an external mag-
netic field. The initial polarization of BaTiO3 phase was
chosen to be along the x3 axis �P1= P2=0, P3�0�, which
corresponds to the epitaxially grown single tetragonal
c-phased BaTiO3 under in-plane compressive substrate
strain.25 An external magnetic field He is applied, which is
large enough to saturate the magnetic phase. By rotating the
magnetic field from x1 axis to x3 axis, we simulated the evo-
lution of the polarization in the ferroelectric phase, from
which the MIEP, i.e., 
P3= P3− P3�He x1�, was calculated,
where P3 is the effective �average� polarization of the entire
composite film.

We started with 1-3 type BaTiO3–CoFe2O4 nanocom-
posite film, with the CoFe2O4 pillars embedded in the
BaTiO3 matrix as shown in Fig. 1�a�. The volume fraction of
CoFe2O4 is chosen to be f =0.35 �similar to those studied in
the experiments in Ref. 8�, the thickness of the film is h
=16 nm, and only one magnetic pillar was included in our
model; therefore the distance between neighboring magnetic
phases is d=64 nm and the radius of the pillar is r
=21.4 nm. The constraint strains from the substrate were
�11

s =�22
s =−0.005. The calculated effective �average� polar-

ization of the composite was P3�He x1�=0.180 C m−2 when
the applied magnetic field was along the x1 axis, which is
larger than that of a bulk single crystal sample �0.65
�0.260 C m−2=0.169 C m−2� due to the compressive sub-
strate strains. As shown in Fig. 1�b�, with the rotation of the
applied magnetic field, the effective �average� polarization of

the composite increases gradually. To clarify the origin of
MIEP, the stress distributions in the nanocomposite film were
calculated. Since the film consists of single ferroelectric/
magnetic domains, stress components �11 and �22 are almost
constant along the film thickness direction. However, as can
be seen in Fig. 2�a�, component �33 varies significantly with
the film thickness, as it has to be zero at the film surface to
satisfy the stress-free boundary condition. The change of the
stress along the cross section at one-half of the film thickness
with the applied magnetic field rotating from x1 axis to x3
axis is plotted in Figs. 2�b�–2�d�. It is seen that the rotation
of the applied magnetic field changes the stress distribution
in the ferroelectric phase. As a result of the magnetostrictive
effect, the magnetic phase deforms its shape with a change in
magnetization. As �100 is negative for CoFe2O4, the length of
the magnetic phase increases along the x1 axis and decreases
along the x3 axis after the rotation of the applied magnetic
field, and consequently, the stress distribution in the neigh-
boring ferroelectric phase changes through the elastic inter-
action between the two phases. Because of the piezoelectric
effect, the change in stress distribution leads to a change in
the polarization of the ferroelectric phase. For the electros-
trictive constants we used, the decrease of �11 ��22�
�
�11,
�220� in the ferroelectric phase increases the po-
larization along the x3 axis �P3�, while the decrease of �33

FIG. 1. �a� Schematic illustration of 1-3 type BaTiO3–CoFe2O4 nanocom-
posite film with CoFe2O4 pillars �shaded� embedded in BaTiO3 matrix
�white�. The applied magnetic field He is in the x1-x3 plane, and � is the
angle between He and x1 axis. �b� Dependence of the magnetic-field-induced
electric polarization 
P3= P3− P3�He x1� on the direction of the applied
magnetic field �f =0.35, h=16 nm, d=64 nm, and �11

s =�22
s =−0.005�.

FIG. 2. �Color online� �a� Stress distribution ��33� when He x1 and ��b�–�d��
the change of stress distributions �
�11, 
�22, and 
�33� when the applied
magnetic field rotates from x1 axis to x3 axis �
�ii=�ii�He x3�−�ii�He x1�,
f =0.35, h=16 nm, d=64 nm, and �11

s =�22
s =−0.005�.
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�
�330� reduces it. Therefore, 
P3 is determined by the
competition of 
�11 �
�22� and 
�33. In this example, 
�11

is dominant in enhancing the polarization of the nanocom-
posite film.

The dependence of MIEP on the film thickness was stud-
ied, and the results of 
P3

*= P3�He x3�− P3�He x1� were
presented in Fig. 3�a�. With the increase of the film thick-
ness, the effect of 
�33 becomes more important as the in-
fluence of the film surface is less significant. It was seen that
the 
P3

* decreases with the increase of the film thickness,
and even becomes negative above a certain critical film
thickness, since the decrease of �33 �
�330� reduces P3 as
we discussed above. Recent studies26–28 have shown that dif-
ferent morphologies of epitaxial nanocomposite films could
be obtained by controlling the volume fractions of the phases
or the substrate’s thickness and orientation. Therefore, we
studied as well the MIEP for two stripelike nanocomposites
as shown in the inset of Fig. 3�a�. �The volume fraction of
CoFe2O4 was fixed to be f =0.35.� From Fig. 2�b� we can see
that the change of �11 is mostly along the sides of the mag-
netic phase in the x1 direction. The stripelike morphologies
could enhance or decrease the effect of 
�11 depending on
the orientation of its periodic distribution. As shown in Fig.
3�a�, compared to the 1-3 type nanocomposite with magnetic
pillars in a ferroelectric matrix, 
P3

* becomes larger for the
stripelike morphology that distributes periodically along the
x1 axis, while 
P3

* is smaller for the stripelike morphology
that distributes periodically along the x2 axis. The difference
is more significant for thin films for which the effect of 
�11
dominates.

It is expected that the constraint of the substrate will also
play an important role in the MIEP since it can affect the
stress distribution in the film dramatically. Figure 3�b� shows

P3

* obtained under various compressive substrate strains
for 1-3 type nanocomposite films with two different thick-
nesses. With the increase of the magnitude of compressive
substrate strains, the magnitude of 
P3

* decreases for both
films. This indicates that under a large substrate compressive
strain, it becomes difficult to change the polarization of the
ferroelectric phase through elastic coupling.

It should be emphasized that the phase-field approach
presented here is three-dimensional and considers the micro-
structure of the nanocomposite that is proved to be critical to
the magnetoelectric coupling in the nanocomposite. The elas-
tic energy in the constrained thin film was incorporated, in-
cluding the effect of free film surface and the constraint from
the substrate. All prior studies essentially considered two-

dimensional structures and the effect of thin film boundary
condition was included only approximately.

In summary, we have developed a phase-field model to
predict the magnetoelectric coupling in a nanocomposite
thin film made up of ferroelectric and magnetic materials.
The magnetic-field-induced electric polarization �MIEP� in
BaTiO3–CoFe2O4 nanocomposite films was analyzed. The
simulation showed that the MIEP is highly dependent on the
film thickness, morphology of the nanocomposite, and sub-
strate constraint, which provide a number of degrees of free-
dom in controlling coupling in nanocomposite films.
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=−0.005�. �b� Dependence of the magnetic-field-induced electric polariza-
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* on the substrate strains �f =0.35 and d=64 nm�.
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