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Abstract
Nanostructured piezoelectric/magnetostrictive multiferroic composite ﬁlms with a strong coupling between ferroelectric and ferromagnetic order parameters are attracting extensive attention. The coupling interaction in the nanostructured multiferroic ﬁlm should
be diﬀerent from that in bulk composite due to large residual stress/strain in the ﬁlm. In this paper, the magnetoelectric coeﬃcient of
the nanostructured BaTiO3–CoFe2O4 multiferroic ﬁlms was studied by using the modiﬁed constitutive equations where the inﬂuence
of residual stress and spontaneous polarization was considered. Our results show that the 1-3-type BaTiO3–CoFe2O4 composite ﬁlms
could exhibit a strong coupling between ferroelectric and ferromagnetic order parameters, while the 2-2-type nanostructured composite
ﬁlms were found to produce a much less coupling interaction. Magnetoelectric eﬀect of the ﬁlms is dependent on composition and residual stress in ﬁlms, and temperature. The calculations are in broad agreement with the experimental results available.
 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Multiferroic materials [1–3] made by combining ferroelectric and ferromagnetic substances together have drawn
signiﬁcant interest due to their multi-functionality, in
which the coupling interaction between ferroelectric and
ferromagnetic substances could produce new eﬀects. Typically, an extrinsic magnetoelectric (ME) eﬀect has been well
observed in the bulk multiferroic composites of BaTiO3–
CoFe2O4 [4] and lead–zirconate–titanate (PZT)–ferrite
[5,6], characterized as the appearance of an electric polarization (MEH output) on applying a magnetic ﬁeld [7,8].
This extrinsic ME response in the multiferroic composites
results from a non-intuitive composite eﬀect, i.e., a
‘‘product’’ eﬀect [9], and this response has a potential
applications including magnetic-electric sensors in radioelectronic, optoelectrics, and microwave electronic and
*
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transducers in instrumentation, for which the trend
towards miniaturization and integration makes the
length-scale reduction more and more interesting. Most
recently, some nanostructured BaTiO3–CoFe2O4 multiferroic composites were successfully deposited in a ﬁlmon-substrate geometry [10], and this work not only brought
the synthesis of complex oxides to an entirely new level but
also drove the practical application of ME devices to a
more realistic ﬁeld [11].
With the advances in technology, the shrinking of the
relevant lengths to the nanoscale produces some new physical phenomena. It has been well known that, for ferroelectric perovskite ﬁlms in nanoscale size, the ferroelectricity as
well as the dielectric and piezoelectric properties are
strongly dependent on the mechanical boundary condition
or the mechanical constraint that is caused by the lattice
misﬁt between ﬁlm and substrate [12–14]. Similarly, the
coupling interaction between the ferroelectric and ferromagnetic phases in the multiferroic ﬁlms should be signiﬁcantly inﬂuenced by the mechanical constraint eﬀects as
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well. Therefore, the study on these multiferroic nanostructures, both in theoretical and in experimental, has been of
signiﬁcant interest, which is an important need and opportunity for facilitating further breakthroughs [11].
Some theoretical methods or approaches, such as the
GreenÕs function technique [7,8,15], the ﬁnite element
method [16,17], the constitutive equation [18], and the
eﬀective medium approximation [19], have been developed
to calculate the magnetoelectric response of bulk piezoelectric/magnetostricitve composites successfully. However,
few theoretical works [20] have been carried out on the
magnetoelectric response of nanostructured piezoelectric/
magnetostricitve complex ﬁlms in spite of their signiﬁcant
importance. It has been known that the continuum theories, especially the Landau–Ginsburg–Devonshire thermodynamic theory, are useful not only for bulk and
homogenous substance on length scale much longer than
a lattice constant but also for ﬁlms and heterostructures
down to the nanoscale [11]. This provides a powerful
approach to undertake theoretical research on the multiferroic ﬁlms. Compared with those applied in the bulk cases,
the continuum theories applied in the thick ﬁlms should
consider more characteristics of ﬁlms. Taking the
BaTiO3–CoFe2O4 complex oxide system for example, the
continuum theories for the BaTiO3–CoFe2O4 bulk system
(Figs. 1(a) and (c)) consider no existence of residual strain
(RS) and neglect the spontaneous electric polarization in
BaTiO3 due to the counteraction eﬀect in spontaneous
polarization among the randomly oriented ferroelectric
domains and/or grains within itself. Whereas in the nanostructured BaTiO3–CoFe2O4 ﬁlms (Figs. 1(b) and (d)),
the RS in the ﬁlm, resulting from the lattice mismatches
between the ﬁlm and the substrate as well as between the
two constituent phases, is too giant to be neglected. For
example, the out-of-plane RS in the piezomagnetic phase
is up to 0.8% as estimated by Zheng et al. [10] for the
1-3-type complex ﬁlm. In addition, the spontaneous polarization in the BaTiO3 phase is noticeable due to the epitaxial growth. The two factors should exert signiﬁcant
inﬂuence on the properties of the ﬁlms, especially on the
coupling interaction between the ferroelectric and ferromagnetic order parameters. In a word, the continuum theories used for nanoscale ﬁlms are diﬀerent from those used
for bulk counterparts and some modiﬁcation should be
made in order to represent the characteristics of the ﬁlms.
In this paper, by considering the inﬂuences from both
the RS and the spontaneous polarization in the epitaxially
grown ferroelectric phase, we present some modiﬁed constitutive equations and calculate the coupling interaction
between the ferromagnetic and the ferroelectric phases in
the nanostructured BaTiO3–CoFe2O4 complex ﬁlms as
recently prepared by Zheng et al. [10]. Both the 2-2-type
(Fig. 1(b)) and the 1-3-type BaTiO3–CoFe2O4 multiferroic
ﬁlms (Fig. 1(d)) are calculated in the present simulation
and a tri-directional RS is considered in the 1-3-type ﬁlms.
As well known, almost all the RS in previous treatments
for ferroelectric ﬁlms were regarded as dual-directional
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Fig. 1. Sketches illustrating the geometric conﬁguration and service
conditions of (a) 2–2-type bulk BaTiO3 (p)-CoFe2O4 (m) multiferroic
composite; (b) 1-3-type bulk composite; (c) 2-2-type nanostructured
multiferroic ﬁlm; (d) 1-3-type nanostructured multiferroic ﬁlm; (e) 2-2type bulk multiferroic composite which constrained by clamper via
friction stress; (f) 1-3-type bulk multiferroic composite which constrained
by clamper via friction stress. Both in (e) and (f) the existence of springs
makes the composites move along the in 3-direction freely.

RS or in-plane RS, the present treatment of tri-directional
RS should make an attempt to improve the continuum theories for application to the new 1-3-type heterostructured
composite ﬁlms.
2. Theoretical framework
2.1. Bulk 2-2-type system
Consider the laminated 2-2-type BaTiO3–CoFe2O4 bulk
composite, as shown in Fig. 1(a). For the piezoelectric
phase BaTiO3, the electromechanical interaction is represented as
ei ¼ p sij p rj  p d ki p E k ;
p
Dk ¼ p d ki p ri þ p jkn p E n ;
p

ð1Þ

where pei and prj are, respectively, the strain and stress tensor components of the piezoelectric phase, pEk and pDk are
the vector components of electric ﬁeld and electric displacement, psij and pdki are compliance and piezoelectric coeﬃcients, respectively, and pjkn is the dielectric constant
tensor at constant strain.
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On the other hand, for the piezomagnetic CoFe2O4 with
symmetry, the magnetomechanical interaction is represented as
ei ¼ m sij m rj  m qki m H k ;
m
B k ¼ m qki m ri þ m lkn m H n ;
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Fig. 2. Sketches illustrating the diﬀerence in in-plane strain between the
embedded pillar CoFe2O4 and BaTiO3 for (a) bulk ME composite and (b)
nanostructured ME ﬁlm. In the case of (b), the most outer edge of the unit
C is ﬁxed with no mechanical displacement, i.e, Cu = 0.

mechanical boundary condition as well as other boundary
conditions same as in case A, aE33 could be expressed as
aE33 ¼ 
¼

E3
H3
2m q31 p d 31 m V

ðm s11 þ m s12 Þp j33 p V þ f ðp s11 þ p s12 Þp j33 m V þ 2f ðp d 31 Þ2 m V

.

ð4Þ
p

m

2 q31 d 31 V
ðm s

r

rp

E3
H3
m

¼

m

rm

ð2Þ

where mei and mrj are, respectively, the strain and stress
tensor components of the piezomagnetic phase, mHk and
m
Bk are the vector components of magnetic ﬁeld and magnetic induction, msij and mqki are compliance and piezomagnetic coeﬃcients, respectively, and mlkn is the permeability
tensor at constant strain. Eqs. (1) and (2) are classical constitutive equations for piezoelectric materials and piezomagnetic materials, respectively, where the electro/
magneto-mechanical interaction is described by the piezoelectric/magnetic coeﬃcients. As to the multiferroic composites, the coupling interaction between the piezomagnetic
CoFe2O4 phase and the piezoelectric BaTiO3 phase is realized by strain transference from the former to the latter and
the magneto-electro-mechanical interaction could be described by combining Eq. (1) with Eq. (2) [7].
Following the treatment of Harshe [18], the piezoelectric
phase and the piezomagnetic phase are assumed as perfectly bonded together and the magnetostrictive strain
induced in the piezomagnetic phase should be fully transferred to the piezoelectric phase. Based on the mechanical
boundary conditions of pr3 = mr3 = 0, pei = mei (i = 1, 2),
p
e1 = pe2, and pripV + mri mV = 0 (i = 1, 2) and the electric
open-circuit condition of pD3 = 0, the coupling interaction
coeﬃcient between the piezoelectric and piezomagnetic
phases or the ME sensitivity, aE33, could be expressed by
derivation from combining Eq. (1) with Eq. (2) as [18]
aE33 ¼ 

p

m

m

þ

ms

12

Þp j

33

pV

þ ðp s11 þ p s12 Þp j33 m V þ 2ðp d 31 Þ2 m V

;

ð3Þ
where pV and mV are the volume fraction of piezoelectric
phase and piezomagnetic phase, respectively, and
p
V + mV = 1. It is indicated from Eq. (3) that aE33 is dependent on the volume fraction and properties of the two constituent phases.
2.2. Bulk 1-3-type system
For the 1-3-type BaTiO3–CoFe2O4 bulk composite, in
which the piezomagnetic pillars of uniform size and spacing
are embedded in the piezoelectric phase as shown in
Fig. 1(b), the electromechanical interaction in BaTiO3
phase and the magnetomechanical interaction in CoFe2O4
phase could be still expressed by Eqs. (1) and (2), respectively. However, the mechanical boundary conditions are
somewhat diﬀerent, i.e., pei pV  mei mV = 0 (i = 1, 2) or
p
ei = mei/f with f = pV/mV (Fig. 2(a)). Based on this

2.3. Nanostructured 2-2-type system
Consider the two-layer-laminated 2-2-type BaTiO3–
CoFe2O4 nanostructured composite, where the layer of
perovskite BaTiO3 is ﬁrst epitaxilly grown on the SrRuO3
buﬀer and the layer of ferrite CoFe2O4 subsequently on
the perovskite layer (Fig. 1(c)) . In order to describe the
electromechanical interaction and the magnetomechanical
interaction in the nanostructured multiferroic ﬁlms, the
constitutive equations as shown in Eqs. (1) and (2) should
be modiﬁed to include the characteristics of ﬁlms. In detail,
the modiﬁed constitutive equations for the piezoelectric
coupling in constrained ferroelectric ﬁlm are
p

ei ¼ p sij p rj  p d ki p E k  pS ei ;

p

Dk ¼ p d ki p ri þ p jkn p E n þ P k ;

ð5Þ

where pS ei and Pk are spontaneous strain and spontaneous
electric polarization, respectively, that are closely associated with each other. The ﬁrst two items on the right
side of Eq. (5) describe the electromechanical coupling
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interaction induced by applied load, including applied
stress or applied electric ﬁeld, while the third item on the
right side of Eq. (5) indicates the pre-existed strain in the
ferroelectric ﬁlms. In simple words, the strains in the ferroelectric ﬁlm include both newly applied or produced strain
and pre-existed spontaneous strain. Although the reorientation of polarization during the poling process could
induce a change of remanent strain that is larger than that
produced by the piezoelectric eﬀect, the remanent strain
can be neglected if the poled state is taken as the reference
state and the applied ﬁelds are suﬃciently small that the
polarization does not change. Therefore, the linear piezoelectric constitutive laws could be used for the ferroelectrics. At this moment, it is necessary to note that, in the
present calculations of coupling interactions between the
magnetostrictive phase and piezoelectric phase, the magnetostrictive strain is assumed to not large enough to change
the polarization for simplicity.
The spontaneous electric polarization of the epitaxially
grown BaTiO3 ﬁlm could be evaluated by using the classical Landau–Ginsburg–Devonshire (LGD) phenomenological thermodynamic theory [12–14]
DG ¼

a1 ðP 21
þ
þ

þ P 22 þ P 23 Þ þ a11 ðP 41 þ P 42 þ P 43 Þ
a12 ðP 21 P 22 þ P 21 P 23 þ P 22 P 23 Þ þ a111 ðP 61 þ P 62 þ P 63 Þ
a112 ½P 41 ðP 22 þ P 23 Þ þ P 42 ðP 21 þ P 23 Þ þ P 43 ðP 21 þ P 22 Þ

1p
s11 ðpR r21 þ pR r22 þ pR r23 Þ
2
1
 p s12 ðpR r1 pR r2 þ pR r2 pR r3 þ pR r3 pR r1 Þ  p s44 ðpR r24
2
þ pR r25 þ pR r26 Þ  Q11 ðpR r1 P 21 þ pR r2 P 22 þ pR r3 P 23 Þ
þ a123 P 21 P 22 P 23 

 Q12 ½pR r1 ðP 22 þ P 23 Þ þ pR r2 ðP 21 þ P 23 Þ þ pR r3 ðP 21 þ P 22 Þ
 Q44 ðP 2 P 3 pR r4 þ P 1 P 3 pR r5 þ P 1 P 2 pR r6 Þ;

ð6Þ

where DG is Gibbs free function for unit area; ai, aij, and aijk
are the dielectric stiﬀness and higher-order stiﬀness coeﬃcients at constant stress, among which a1 and a11 are temperature dependent for BaTiO3 ﬁlm [12]; pR ri is the
residual stress in the BaTiO3 phase that is accompanied with
the residual strain, pui; and Qij are the cubic electrostrictive
constants in polarization notation. The LGD phenomenological thermodynamic theory has been repeatedly found
to well describe the signiﬁcant inﬂuence of the residual
stress/strain on the phase transition as well as the ferroelectric/dielectric properties (e.g., spontaneous polarization) of
ferroelectric ﬁlms especially in a quantitative manner
[12–14]. In this paper, the LGD phenomenological thermodynamic theory will be used to calculate the quantitative
dependence of the spontaneous polarization on the residual
stress/strain. We consider the case of a (0 0 1) ferroelectric
BaTiO3 ﬁlm epitaxially grown in a cubic paraelectric phase
on a cubic (0 0 1) substrate. A c-phase BaTiO3 ﬁlm
(P1 = P2 = 0, P3 6¼ 0) is supposed to be ﬁnally obtained, just
as that in Zheng et al.Õs experiment [10], due to the giant
mechanical constraint eﬀect of residual stress/strain [12].

At this moment, it reasonable to regard the spontaneous
stress/strain equal to the residual stress/strain, e.g.,
p
p
S ri ¼ ui , because the spontaneous polarization is mainly
induced by the residual stress/strain.
Because of the epitaxial growth of the ﬁlm along the
[0 0 1] direction, it is evident that pu1 = pu2 and pu6 = 0
when using the Voigt matrix notation and the rectangular
Cartesian frame of reference with the x3 axis perpendicular
to the ﬁlm/substrate interface [12]. Besides, since no traction acting on the lateral surface of the ﬁlm, the stresses
p
p
R r4 and R r5 should be zero. In summary, the mechanical
boundary conditions are oG=opR r1 ¼ oG=opR r2 ¼ p u1 ,
oG=opR r3 ¼ p u3 , oG=opR r6 ¼ 0, pR r4 ¼ pR r5 ¼ 0, somewhat
similar to what Pertsev and co-workers suggested [12].
With the aid of these mechanical boundary conditions
and the equilibrium condition of oG/oP3 = E3 = 0, P3
could be obtained from Eq. (6) by eliminating all the stress
components as [21]
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A1 þ A21  12a111 A2 A3
P 23 ¼
;
ð7Þ
6a111 A2
where A1 ¼ 2a11 A2 þ 2Q11 A4 þ 4Q12 A5  A8 ; A2 ¼ ðp s11 þ
2p s12 Þðp s11  p s12 Þ;
A3 ¼ a1 A2  Q11 A6  2Q12 A7 þ A9 ;
A4 ¼ Q11 ðp s11 þ p s12 Þ  2Q12 p s12 ; A5 ¼ Q12 p s11  Q11 p s12 ; A6 ¼
p
u3 ðp s11 þ p s12 Þ  2p u1 p s12 ; A7 ¼ p u1 p s11  p u3 p s12 ; A8 ¼
p
½ s11 ð2A25 þ A24 Þ þ 2p s12 ðA25 þ 2A4 A5 Þ=A2 ; A9 ¼ ½p s11 ð2A5 A7 þ
A4 A6 Þ þ 2p s12 ðA5 A7 þ A4 A7 þ A5 A6 Þ=A2 . Eq. (7) further
shows the close dependence of the spontaneous polarization on the residual stress/strain in the piezoelectric phase.
The total residual strain, pui, contains two parts, and both
come from the lattice mismatch. One is from the lattice
mismatch between the piezoelectric phase and the bottom
buﬀer, (pui)p–b, and the other is from the lattice mismatch
between the piezoelectric phase and the top piezomagnetic
phase, (pui)p–m.
Similarly, the modiﬁed constitutive equations for the
piezomagnetic coupling in the constrained ferromagnetic
ﬁlm are
m

ei ¼ m sij m rj  m qki m H k  m
S ei ;
m
m
m
m
m
Bk ¼ qki ri þ lkn H n þ M sk ;

ð8Þ

where the spontaneous strain in the piezomagnetic phase,
(i = 1, 2), or the residual strain, mui (i = 1, 2), includes
the misﬁt strain between the piezomagnetic phase and the
bottom piezoelectric phase, (mui)p–m, and the (pui)p–b that
is transferred from the piezoelectric phase due to the full
clamp on the in-plane or transverse plane of the nanostructured composite; M sk is the spontaneous magnetization, the
value of which is dependent on the residual stress/strain
similar to the spontaneous electric polarization.
The mechanical and electric boundary conditions are
as follows: pei = mei = 0 (i = 1, 2), pripV + mrimV = 0
(i = 1, 2, 3), (mui)p–m = (pui)p–m (i = 1, 2), mu3 = pu3 = 0,
and pD3 = 0. The relationship between pE3 and mH3 is then
deduced as
m
S ei
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h

i
2
ðf m s þ p sÞp j33 þ 2ðp d 31 Þ E3 þ ðf m s þ p sÞðp d 31 p r3 þ P 3 Þ
 2ðf m s13 þ p s13 Þp r3 p d 31  4p d 31 ðm u1 Þp–m
¼ 2p d 31 m q31 H 3 ;

ð9Þ

where ms = ms11 + ms12, ps = ps11 + ps12, and
p

r3 ¼ p r3  ð2m c13 m q31 þ m c33 m q33 ÞH 3 =f .

ð10Þ

Here p r3 is the self-consistent solution for Eq. (9) when
both E3 and H3 are equal to zero, and its physical meaning
could be understood as the longitudinal residual stress.
From Eq. (9), the induced E3 by applying H3 and subsequently the ME sensitivity of aE33 could be obtained. It is
found that, in the nanostructured ferroelectric/ferromagnetic composite ﬁlms, aE33 is dependent not only on the
volume fraction of constituent phases as in bulk composite
but also on the RS, the temperature (as represented in coefﬁcients a1 and a11), and the magnetic ﬁeld. In addition, the
dielectric constant and piezo-electric/magnetic parameters
of both BaTiO3 phase and CoFe2O4 phase in the nanostructured composite ﬁlm, e.g., pjij, pdij, mqij, etc., are distinct from those of bulk counterparts due to the eﬀect
from RS clamping, for which the detail discussion will be
carried out in Section 3.
2.4. Nanostructured 1-3-type system
Comparing with the nanostructured 2-2-type BaTiO3–
CoFe2O4 complex ﬁlm, the 1-3-type ﬁlm (Fig. 1(d)) shows
two characteristics. The one is that 1-3-type ﬁlm possesses a
longitudinal RS due to the lattice misﬁt between the
BaTiO3 and the embedded CoFe2O4 nanopillars along
the epitaxial growth direction, i.e., mu3 = pu3 6¼ 0. The
other is that the in-plane or transverse plane of the 1-3-type
complex ﬁlm is not fully clamped but partly clamped,
which means that although the most outer edge of the composite ﬁlm, C, is ﬁxed with no mechanical displacement in
the radial direction, the inner interface between the
BaTiO3and the CoFe2O4 could move in concomitance with
the limited magnetostrictive behavior of the piezomagnetic
phase under external magnetic ﬁeld, as sketched in
Fig. 2(b). Accordingly, some mechanical boundary conditions should be revised as pei pV + mei mV = 0 (i = 1, 2).
p
E3 is then related to mH3 as

 m

f s
2
p
p
p
þ s j33 þ 2ð d 31 Þ E3
F 1
 m

f s
þ p s ðp d 31 p r3 þ P 3 Þ
þ
F 1


 m

f s13 p
F 2
 s13 p r3 p d 31 þ 2p d 31 m u1
þ2
F 1
F 1
¼ 2p d 31 m q31 H 3 =ðF  1Þ

ð11Þ

and the ME sensitivity aE33 could be as well determined
after obtaining the quantitative relationship between E3
and H3 from above equation.
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3. Results and discussion
In the nanostructured 1-3-type BaTiO3–CoFe2O4 complex ﬁlm with [0 0 1]BaTiO3//[0 0 1]CoFe2O4, the CoFe2O4
nanopillars were shown to have a compressive out-of-plane
strain of 0.8 % [9], i.e., mu3 = 0.8% . It is then inferred
that the (mu1)p–m of the CoFe2O4 nanolayer should be
 1.3% in the nanostructured 2-2-type BaTiO3–CoFe2O4
complex ﬁlm with [1 0 0]BaTiO3//[1 0 0]CoFe2O4. In addition,
the (pui)p–b (i = 1, 2) is evaluated as  1.0% based on the
expression of ðp ui Þp–b ¼ ½aSrRuO3  aBaTiO3 =aBaTiO3 [12]
together with the lattice parameters of aBaTiO3 = 0.397 nm
and aSrRuO3 = 0.393 nm [22]. Some other relative properties
are list in Table 1. Here, it must be addressed that the values of dielectric constant and piezo-electric/magnetic
parameters in Table 1, i.e., pjij, pdij, and mqij, are only applicable for bulk substances, and those for nanostructures
substances should be obtained from the LGD phenomenological thermodynamic theory.
The parameters used in the present LGD thermodynamic theory calculations are list in Table 1 as well [12].
The ferroelectric properties of the BaTiO3 phase in the
nanostructured BaTiO3–CoFe2O4 complex ﬁlms will be
ﬁrst calculated by using the LGD thermodynamic theory
to compare with some available experimental results. The
agreeable validation could help to the application of the
modiﬁed constitutive equations to the nanostructured multiferroic ﬁlms. Subsequently, the coupling interaction coefﬁcient between the piezoelectric and piezomagnetic phases,
aE33, in both 1-3-type and 2-2-type bulk BaTiO3–CoFe2O4
composites and nanostructured BaTiO3–CoFe2O4 complex
ﬁlms will be calculated from Eqs. (3), (4), (9) and (11),
respectively. Special attention is paid to the dependence
of aE33 on a few important parameters, such as the volume
fraction of constituent phases (V or f), the residual strain
(u) and the spontaneous polarization (P) (see Eqs. (9)
and (11)). Moreover, because the spontaneous polarization
is temperature dependent due to the temperature sensitivity

Table 1
Parameters of CoFe2O4 and BaTiO3 for using in present calculations
[5,7,12,17]
Parameters

CoFe2O4

BaTiO3

q31 (1012 m/A)
m
q33 (1012 m/A)
p
d31 (1012 C/N)
p
d33 (1012 C/N)
s11 (1012 m2/N)
s12 (1012 m2/N)
s13 (1012 m2/N)
s33 (1012 m2/N)
e33/e0
Q11 (m4/C2)
Q12 (m4/C2)
a1 (106 V m/C)
a11 (108 V m5/C3)
a111 (109 V m5/C3)

566
1880
–
–
6.48
2.37
–
–
–
–
–
–
–
–

78 (bulk)
190 (bulk)
7.25
3.15
3.26
10.8
1345
0.11
0.043
3.3 (T – 110)a
3.6 (T – 175)
6.6

m

a

The temperature is in C.
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of the dielectric stiﬀness a1 and a11 (Table 1), the inﬂuence
of the temperature on aE33 is calculated to predict the temperature sensitivity of aE33 that may provide some references to the design consideration in practical application
of the magnetoelectric materials as magnetic-electric
sensors.
3.1. Ferroelectric properties of nanostructures ﬁlms
According the LGD phenomenological thermodynamic
theory, the relative dielectric constant pj33 of the tetragonal
BaTiO3 phase is related to the inverse of the second derivation of DG (Eq. (7)) with respect to the polarization components P3 of the phase and is given by
 2 1
p
j33
o DG
¼
ð12Þ
j0
oP 23
with j0 being the vacuum dielectric permittivity. Besides,
the piezoelectric strain coeﬃcients pdij are deﬁned as [23]
p

d 31 ¼ p b31 p j33 ;

p

d 33 ¼ p b33 p j33 ;

ð13Þ

p

where bkj is the piezoelectric polarization related
coeﬃcients
p

bij ¼ 

o2 DG
.
oP i oPR rj

ð14Þ

By using Eqs. (6), (7) and (12)–(14), the spontaneous polarization, the dielectric constant and the piezoelectric constants of BaTiO3 could be calculated as P3 = 12.6 lC/
cm2, pj33/j0 = 650, pd33 = 18.0 pm/V, and pd31 = 7.1
pm/V in the nanostructured 2-2-type systems and
P3 = 17.5 lC/cm2, pj33/j0 = 270, pd33 = 12.5 pm/V, and
p
d31 = 5.0 pm/V in the nanostructured 1-3-type systems
(Table 2). The calculated parameters for nanostructured
1-3-type systems are well agreeable with the experimentally
measured values of P3  16.7 lC/cm2, pj33/j0 < 330,
p
d33  10 pm/V [10], which means the present calculations
for BaTiO3 in nanostructured systems are reliable. At the
same time, the agreement between calculations and experimental results further verify the RS-induced variations in
the ferroelectricity, dielectric and piezoelectric parameters
of perovskite ﬁlms [12–14].
^ c has been calculated [21]
In addition, the coercive ﬁeld E
as 11.2 MV/m for the BaTiO3 in the nanostructured 1-3type BaTiO3–CoFe2O4 complex ﬁlm, in broad agreement
with the experimental result of  9.1 MV/m. All the agreements between the present calculations and experimental
results indicate that the estimation of RS-induced ferroelecTable 2
Predicted parameters for nanostructured BaTiO3 in 1-3-type multiferroic
complex ﬁlms compared with the experimentally measured values [10,21]
Parameters
2

P3 (lC/cm )
Ec (MV/m)
p
j33/j0
p
d33 (pm/V)

Predicted values

Experimental values

17.5
11.2
<330
12.5

16.7
9.1
270
10

tric properties of the ferroelectric ﬁlms by using the LGD
thermodynamic theory is still applicable even at the case
of nanostructured ferroelectric–ferromagnetic complex
ﬁlms. This conclusion provides a foundation to the application of the modiﬁed constitutive equations, such as Eq. (5),
where the spontaneous polarization is considered for the
nanostructured ferroelectric ﬁlms [20].
It has been well known that, in comparison with those of
the bulk counterpart, the dielectric constant and piezoelectric parameters of c-phase ferroelectric ﬁlms should be
signiﬁcantly decreased due to the clamping eﬀect from
compressive RS [12–14]. Similarly, the piezomagnetic
parameters of the ferromagnetic ﬁlms/nanopillars in
clamping condition should be far less than those of its bulk
counterparts. Especially, when the size of the ferromagnetic
ﬁlms/nanopillars is in only several tens nanometers, like the
embedded CoFe2O4 nanopillars of 20–30 nm in diameter
[10], they are inclined to be in single domain, where the
magnetostrictive eﬀect should be more weak. Considering
these inﬂuences, the piezomagnetic parameters of ferromagnetic CoFe2O4 phase in nanostructured complex ﬁlms,
m
q31 and mq33, are evaluated as 10 times less than those of
bulk substance in following calculations. This evaluation is
in approximate proportion to a similar evolution in ferroelectric BaTiO3from pd33 =  190 pm/V in bulk case to
p
d33 =  15 pm/V in nanostructured case.
3.2. Inﬂuence of constituent phase
It has been well known that, in the bulk ferroelectric/ferromagnetic composites, the ME sensitivity or aE33 is closely
dependent on the relative volume fraction between the constituent phases [7,8,15–17]. This is still operative in the
nanostructured ferroelectric/ferromagnetic multiferroic
complex ﬁlms, as clearly revealed from Eqs. (9) and (11).
Fig. 3 shows the dependence of ME sensitivity aE33 on
the volume fraction of ferromagnetic phase mV for both
the bulk and the nanostructured 2-2-type and 1-3-type
BaTiO3–CoFe2O4 multiferroic complex systems. All the
dependences are in a same evolution trend, i.e., with
increasing mV, aE33 ﬁrst increases monotonically up to a
peak at mV @ 0.85 whereafter decreases down to zero when
m
V = 1. This trend is in an excellent agreement with that
recent prediction by analytical GreenÕs function technique
for giant magnetoelectric (GME) PZT-Terfenol-D composite [8]. Of interest is that the nanostructured 1-3-type systems exhibit a much larger aE33 than its bulk counterpart,
while the nanostructured 2-2-type system shares nearly
the same aE33 with its bulk counterpart. Same phenomena
have been observed in experiment where the magnetoelectric coupling in vertical aligned 1-3-type nanostructure is
noticeable but that in multilayer 2-2-type nanostructure is
weak [10]. The clamping eﬀect exerted by the buﬀer or substrate is responsible for this weakness, as explained elsewhere [20].
Some available experimental results [18,24] for the ME
sensitivity of the bulk BaTiO3–CoFe2O4 multiferroic
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Fig. 3. Dependence of ME sensitivity aE33 on the volume fraction of
piezomagnetic CoFe2O4 phase for 2-2-type and 1-3-type bulk ME
composites and nanostructured ME ﬁlms. Some available experimental
values [18,24] for bulk composite are depicted as well for comparison.
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complex systems are drawn in Fig. 3 as well. The predicted
values are somewhat larger than the experimental results,
which is attributed to the inﬂuences from the practically
imperfect interface between the two constituent phases.
As well known, it is diﬃcult to make the ferrite and the
ceramic co-sintered together perfectly. A reacted intermediate layer or a bonding layer is self-formed between the two
constituent phases and discounts the stress/strain transfer
from the magnetostrictive phase to the piezoelectric phase.
The inﬂuence of bonding layer on the aE33 has been quantitatively evaluated by using the GreenÕs function technique
[15] and the ﬁnite element method (FEM) [16], both suggesting a several times reduction in the ME sensitivity after
the introduction of the imperfect bonding layer. Another
analytical approach has also been proposed [5] to counter
the inﬂuence of interface coupling parameter on aE33. Here,
a more simple treatment is presented to show the strain
transfer dependent ME sensitivity, in which the in-plain
strain of piezoelectric phase is related to that of piezomagnetic phase by a scaling factor k for describing the interfacial coupling eﬀect or the loss in strain transfer when
passing through the interface, i.e., pe1 = kme1. For bulk 22-type BaTiO3–CoFe2O4 system, the calculated dependence of aE33 on k is depicted in Fig. 4(a). The decrease
in k or the increase in strain loss at interfacial transfer is
found to signiﬁcantly depresses the ME response and the
consideration of strain loss could then be reasonable to
interpret the lower experimental aE33 than prediction, in
a similar way essentially to what has been used in explanation for GME PZT-Terfenol-D composite [15,16].
However, the inﬂuence of reacted intermediate layer in
the nanostructured BaTiO3–CoFe2O4 multiferroic complex
systems should much less signiﬁcant because the giant
clamping eﬀect is overwhelming. By comparison, the RSdependent magnetostrictive behavior of the nanopillar or

Nano 2-2 type system

0.5

0.0
0.0

0.2

b

0.4
m

V

Fig. 4. (a) Dependence of ME sensitivity aE33 on interfacial coupling eﬀect
k for 2-2-type bulk ME composites as a function of the volume fraction of
piezomagnetic CoFe2O4 phase; (b) dependence of ME sensitivity aE33 on
magnetostrictive capability coeﬃcient of nanolayer CoFe2O4 phase n for
2-2-type nanostructured ME composites as a function of the volume
fraction of CoFe2O4 phase. Some available experimental values [18,24] for
bulk composite are depicted in (a).

nanolayer piezomagnetic phase should have a more inﬂuence on the ME response. As the ratio of mq31 of the nanopillar or nanolayer CoFe2O4 to that of the bulk substance,
deﬁned as magnetostrictive capability coeﬃcient n,
decreases more and more, aE33 will be further reduced, as
indicated in Fig. 4(b). Therefore, a comprehensive understanding on the magnetostrictive behavior of the nanosized
piezomagnetic phase in giant RS is urgently necessary for
more further understanding of the coupling interaction in
nanostructured multiferroic complex system.
3.3. Inﬂuence of RS
The signiﬁcant constraint inﬂuence of RS on the ferroelectric properties of ferroelectric ﬁlms has been extensively
shown both in theoretical calculations and in experiments
[12–14]. As to the nanostructured ferroelectric/ferromagnetic multiferroic ﬁlms, it seems that the more is the
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3.4. Inﬂuence of temperature
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Fig. 5. (a) Dependence of ME sensitivity aE33 on RS (pu1)p–b for the
nanostructured 2-2-type and 1-3-type BaTiO3–CoFe2O4 multiferroic ﬁlms;
(b) dependence of ME sensitivity aE33 on friction coeﬃcient n for bulk 2-2type and 1-3-type BaTiO3–CoFe2O4 multiferroic composites.

compressive RS, the more is the clamping eﬀect and so the
weak is the magnetoelctric coupling interaction. However,
in our prediction for nanostructured multiferroic complex
system, aE33 is surprisingly found to increase with the compressive RS, as shown in Fig. 5(a). This contradiction could
be explained by the variation of spontaneous polarization
with the compressive RS. Consider ﬁrst the frictioninduced in-plane mechanical clamping eﬀect in a bulk
BaTiO3–CoFe2O4 systems with no spontaneous polarization, as sketched in Figs. 1(e) and (f). The externally
mechanical clamping strain, ui(ur, ur, 0), should be incorporated into the constitutive equations of piezemagnetic
phase that is the driver for
p

ei ¼ p sij p rj  p d ki p E k  p ui ;

m

ei ¼ m sij m rj  m qki m H k  m ui .

ð15Þ

The friction-induced in-plane clamping strain on initiator
piezomagnetic phase, mur, is related to the magnetostrictive
strain mq33H3 by a scaling factor of n, i.e., ur = nmq33H3

The temperature-dependent ME sensitivity in the
present consideration is only focused on the temperatureinduced variation of spontaneous polarization in ferroelectric phase which subsequently aﬀect the ME sensitivity.
Because the dielectric stiﬀness a1 and a11 are dependent
on temperature (Table 1), the spontaneous polarization is
temperature dependent and so is the ME sensitivity. The
temperature-dependent magnetostriction of nanopillar or
nanolayer ferromagnetic phase is with no consideration
for simplicity.

20
m

V = 0.35

15

2

( V/A )

0.7

P3 ( C/cm )

( V/A )

1.5

with n being a friction coeﬃcient. On the principle of equal
stress, pur should keep a relationship with mur as
(pc11 + pc12)pur pV = (mc11 + mc12)murmV. Based on above
conditions, the inﬂuence of friction clamping or n on aE33
is then calculated as illustrated in Fig. 5(b). It is shown that
a larger friction clamping (larger n) should induces a less
ME response in bulk ME composite, coinciding with the
common thought as mentioned at the beginning. At this
time, one could conclude that it is the existence of spontaneous polarization that makes aE33 increase with the compressive RS in the nanostructured multiferroic complex
ﬁlms. Because the compressive RS is apt to enhance the
tetragonality and then to increases the spontaneous polarization in perovskite ﬁlms (Fig. 6), a larger compressive RS
is destined to induce more electric output and then the ME
response.
The conclusion that the ME response is signiﬁcantly
dependent on RS could be suitably employed to design
some new kinds of nanostructured ferroelectric/ferromagnetic multoferroic ﬁlms that exhibit a giant ME response,
by artiﬁcially controlling the residual stress/strain in the
ﬁlms, just as in the Choi and co-workersÕ work on ferroelectric ﬁlms [13].
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Fig. 6. Variation of spontaneous polarization P3 with the RS (pu1)p–b in
the nanostructured 2-2-type and 1-3-type BaTiO3–CoFe2O4 multiferroic
ﬁlms.
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from Landau–Ginsburg–Devonshire thermodynamic theory. The calculation results show that the 1-3-type nanostructured BaTiO3/CoFe2O4composite ﬁlms exhibit a
large magnetically induced polarization, but the 2-2-type
ﬁlms exhibit much weaker magnetoelectric eﬀect due to
large in-plane constraint, which is in agreement with the
experimental observations. The dependences of magnetoelectric coeﬃcient on the composition, residual stress, and
temperature have also been revealed explicitly, which could
be used to understand the ME response of nanostructured
ferroelectric/ferromagnetic complex ﬁlms well with the aim
of promoting the ME response by artiﬁcially controlling
the inﬂuencing factors.
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Fig. 7. Temperature-dependent ME sensitivity aE33 for the nanostructured 2-2-type and 1-3-type BaTiO3–CoFe2O4 multiferroic ﬁlms.

The spontaneous polarization of the ferroelectric phase
is well known to decrease with increasing the temperature,
and at last fall sharply down to zero at Curie temperature
for a ﬁrst-order transition. Correspondingly, the ME sensitivity of nanostructured BaTiO3–CoFe2O4 multiferroic
complex ﬁlms decreases with the increase in temperature,
as depicted in Fig. 7. This trend is somewhat similar to that
of c-direction ME response in many monophase ME materials, such as TbMnO3 [25], despite of diﬀerent mechanisms
involved. Fig. 7 shows that the dependence of the ME sensitivity on the temperature is somewhat intense, which
should be taken into account in the design consideration
in practical application of the magnetoelectric materials
as magnetic-electric sensors.
Finally, we should mention that the ferromagnetic
CoFe2O4 phase is regarded as piezomagnetic, so the ME
response or aE33 varies very unnoticeable with the magnetic
ﬁeld. If the ferromagnetic phase exhibits a nonlinear magnetostrictive behavior, the dependence of aE33 on magnetic
ﬁeld is nonlinear as well, like the case in giant ME PZTTerfenol-D composites where the magnetostriction of
Terfenol-D is nonlinear [15,16].
4. Conclusions
The magnetoelectric coeﬃcient of the nanostructured
BaTiO3– CoFe2O4 multiferroic ﬁlms has been calculated
by using the modiﬁed constitutive equations, where the
characteristics of ﬁlms were considered, i.e., the residual
stress and spontaneous polarization that was determined
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