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 A B S T R A C T

Magnetoelectric 0-3 type nanocomposites for biomedical applications comprised of a piezoelectric polymer 
and homogeneously dispersed magnetostrictive nanoparticles are investigated with the aim of enhancing the 
electrical effects elicited by an ac magnetic field. Magnetically blocked magnetite and cobalt ferrite nanopar-
ticles are modelled by means of the rate-equation method, and the magnetoelectric effect is calculated from 
the elastic and piezoelectric properties of the host polymer. A high value of the nanoparticle magnetostriction 
constant is shown not to be an essential prerequisite for generating a large electric signal. The magnetoelectric 
response is improved by adding a magnetic bias field and by varying the amplitude of the ac field, so that 
the nonlinear region of the magnetostrictive strain can be effectively explored and an optimum working point 
assuring the best magnetoelectric performance can be defined for each material. The electric response of the 
nanocomposites is significantly enhanced by collinear instead of randomly directed easy axes of the dispersed 
nanoparticles; in the collinear case, an analytic expression of the magnetoelectric effect is derived.

1. Introduction

The huge development of advanced materials with multifunctional 
properties at the nanoscale, such as associations of nanoparticles, 
nanostructures and nanocomposites, makes it possible to exploit the 
interplay of diverse effects to achieve a specific aim with unprecedented 
efficacy. This opportunity plays a pivotal role in activities intended to 
cure human diseases on novel grounds, like personalized medicine and 
nanomedicine [1–4]: advanced therapies and cell-culture techniques 
can now be envisaged, based on the combination of ad hoc properties 
of nanoscale materials [5–7].

Electroactive media are a promising class of multifunctional bio-
materials [8] eligible for a variety of therapeutic applications stem-
ming from controlled electrostimulation of cells [9,10] and including 
nerve regeneration [11], bone and cardiac tissue engineering [12] 
and stem-cell fate regulation [13]. In particular, biomaterials based 
on the piezoelectric effect have attracted much attention in recent 
years [14] owing to their ability to positively affect the behaviour 
of cells and tissues [10]. The electrical properties mechanically or 
magnetically elicited in a piezoelectric biomaterial are credited to play 
a major role in nerve regeneration, bone healing [15], skin repair [16] 
and to stimulate proliferation, differentiation and connection of cells, 
therefore easing self-repair processes in the body [14,17,18].

In magnetoelectric materials the electric polarization is mediated by 
the elastic strain generated by magnetostrictive nanostructures driven 
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by a magnetic field [19–21]. These nanomaterials include 0-0 type 
magnetoelectric particles comprised of a magnetostrictive core and a 
piezoelectric shell [21–24], whose role in non-invasive brain cell stimu-
lation has been envisaged [25], demonstrated [26] and elucidated [27]. 
Core–shell magnetoelectric nanoparticles have been exploited as well 
in the catalytic degradation of organic compounds [28]. However, 
the performance of core–shell systems may be affected by the imper-
fect transmission of the magnetostrictive strain to the piezoelectric 
shell [27]. In principle, the magneto-piezoelectric transduction which is 
at the basis of the functional behaviour of these materials can be more 
easily controlled in two-phase, 0-3 type magnetoelectric nanocompos-
ites comprised of a piezoelectric host (typically, a flexible polymer film) 
loaded with a dispersion of magnetostrictive nanoparticles. In this way 
a cheap, non-metallic, flexible membrane with good magnetoelectric 
properties can be obtained [10,19,29].

Recent applications of magnetoelectric membranes or scaffolds are 
based on the electric charge magnetically induced at the surface of the 
material, which activates cell regeneration for bone defect repair [30] 
and can have antimicrobial effects in cell cultures [31]. Likewise, cell 
proliferation is enhanced by the presence of positively or negatively 
charged membrane surfaces [32]. Magnetoelectric membranes drive 
the dynamic response of cells in the process of osteogenic differ-
entiation [33]. The time-dependent electric polarization of a piezo-
electric film can favour the controlled release of drugs [34]. Finally, 
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Fig. 1. (A,B) configuration of the PVDF film and direction of the total magnetic field for random (A) and collinear (B) directions of the nanoparticle easy axes; (C) 
applied field waveform; (D,E) waveforms of the resulting elastic strain/polarization of the film for random and collinear easy axes, respectively. The peak-to-peak 
value of elastic strain/polarization of the polymer is defined in panel D.

magnetoelectric membranes may find application in transcutaneous 
stimulation of peripheral nerves and in local treatment of pain [35,36]. 
Although most applications of magnetoelectric nanocomposites are in 
biomedicine, a rollable, piezoelectric polymer loaded with magnetic 
nanoparticles has been demonstrated to act as an energy harvester 
able to capture the environmental magnetic noise produced by home 
appliances and to store energy in a commercial capacitor [37,38].

Theoretical models of the behaviour of 0-3 polymer matrix mag-
netoelectric nanocomposites include approaches based on the solu-
tion of the mechano-electrical constitutive equations through either 
the Green’s function method [39,40] or finite element analysis [41]. 
Another approach is based on the representative volume element 
method [42,43] and includes a treatment of magneto-rotational ef-
fects also; the ensuing calculations are made numerically using the 
finite-element method. All models bring new elements towards full 
understanding of the magnetoelectric response, paying however little 
attention to the details of the magnetic processes underlying the magne-
tostrictive behaviour of the nanoparticles. In particular, the dependence 
of magnetization on the applied magnetic field is considered to be 
either linear or non-hysteretic, which is an oversimplification of a more 
complex behaviour [27,44].

As a matter of fact, the role of magnetic effects at the nanome-
ter scale on the magnetoelectric behaviour of 0-3 polymer matrix 
nanocomposites is still to be clarified. In particular, there is no clear 
understanding of the actual impact of different mechanisms which can 
be envisaged as main sources of the magnetoelectric effect, which 
include pure magnetostriction of magnetic nanoparticles and the me-
chanical reaction of the host polymer to the tendency of particles to 
rotate under the effect of an applied field [42,43] or the one of small 
particle aggregates to rearrange under the combined effect of dipolar 
interaction and applied field [45].

The reason for conducting the present theoretical research is ex-
actly to investigate the magnetoelectric effect in 0-3 polymer matrix 
nanocomposites which results from pure magnetostriction of nanopar-
ticles, starting from the knowledge of their magnetic properties and 
behaviour. Such a standpoint will serve to clarify how the performance 
of these magnetoelectric materials can be effectively enhanced. In this 
paper, the strategies resulting in an enhancement of the magnetoelec-
tric effect are explored by modelling both the behaviour of the filler 
under a magnetic field of arbitrary amplitude and the magnetic-to-
electric signal conversion mediated by the piezoelectric and elastic 
properties of the polymer host. The following Sections will investigate 
the diverse conditions allowing to optimize the magnetoelectric perfor-
mance in terms of choice of magnetic nanoparticles, configuration of 

magnetic fields and direction of the particle anisotropy axis.  A central 
role will be shown to be played by the amplitude of the ac magnetic 
field, allowing to explore the nonlinear region of the magnetostrictive 
response of dispersed magnetic nanoparticles. 

2. General framework

2.1. Materials, properties and design

The magnetoelectric material under study is a film of piezoelec-
tric polymer containing a volume fraction 𝑓𝑉  of monodisperse, non-
aggregated magnetostrictive nanoparticles, assumed not to appreciably 
modify the elastic properties of the host material. The physical di-
mensions of the film are in the centimeter range in the (𝑋, 𝑌 ) plane, 
whereas the thickness is of the order of a few hundreds of micrometers 
as sketched (not to scale) in Fig.  1(𝐴,𝐵). A time-dependent magnetic 
field 𝐻𝑡(𝑡) is applied perpendicular to the film. As a consequence of 
the interplay between the magnetostrictive properties of nanoparticles 
and the piezoelectric response of the host polymer, a time-dependent 
electric polarization is generated within the film, so that an ac voltage 
(of frequency twice the one of the magnetic field) appears between 
the planar surfaces and can be measured (see Fig.  1(𝐴,𝐵), where two 
alternative configurations of the easy axes of magnetic anisotropy of 
the embedded nanoparticles, indicated by the arrows, are shown).

The magnetic nanoparticles are assumed to be spheroidal and mag-
netically blocked at room temperature. Generally speaking, blocked 
(i.e., non superparamagnetic) nanoparticles display a magnetic hystere-
sis [44]; at zero magnetic field the magnetization of each nanopar-
ticle lies along the local easy axis of magnetic anisotropy [46]. All 
nanoparticles are tightly embedded in the host polymer, so that their 
physical translation or rotation are forbidden and the magnetic prop-
erties can only evolve through Néel’s relaxation [47], a feature that 
allows to use a rate-equation formalism for magnetic double-level 
systems (DWS) [48] to predict the time-dependent magnetic and mag-
netostrictive properties in equilibrium and off-equilibrium systems of 
nanoparticles. A summary of principles and validity of the rate-equation 
method can be found in the Supporting Information.

The magnetoelectric properties of these nanocomposites are of 
course to be optimized with an eye of regard for practical applications, 
including the biomedical ones; such an aim can be achieved in different, 
if somewhat intermingled, ways: 𝑎 by selecting the magnetostrictive 
nanoparticles that perform best in the operating conditions typical of 
each considered application, and 𝑏 by looking for the most effective 
distribution of their easy axes within the nanocomposite. Most of the 
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Table 1
Size, volume fraction and magnetic/magnetostrictive parameters of magnetite 
and cobalt ferrite nanoparticles used in this work.
 Fe3O4 CoFe2O4  
 Size (nm) 16 7  
 𝑓𝑉 0.1 0.1  
 𝑀𝑠 (emu/cm3) 350 300  
 𝐾𝑒𝑓𝑓  (erg/cm3) 3 × 105 3 × 106  
 𝜆𝑠 40 × 10−6 −110 × 10−6 

Table 2
Stiffness matrix elements 𝐶𝑖𝑗 in PVDF (109
N/m2); piezoelectric matrix elements 𝑑𝑖𝑗 (10−12
C/N); values of the 𝐺 constant defined in Eq. 
(13) (C/m2).
 𝐶11 6.43  
 𝐶12 4.25  
 𝑑31 18  
 𝑑32 5  
 𝑑33 −26  
 𝐺 −8.03 × 10−2 

research works of the recent literature on magnetoelectric biomateri-
als [23,49] deal with nanoparticles of cobalt ferrite (CoFe2O4), mainly 
because this material is characterized by a high isotropic magnetostric-
tion constant 𝜆𝑠 ≈ −110 × 10−6; in some cases, nanoparticles made of 
magnetite (Fe3O4, 𝜆𝑠 ≈ 40 × 10−6) have been investigated also [23,24].

Both magnetic nanoparticles will be dealt with in this paper; their 
size, volume fraction and properties are given in Table  1. It should 
be reminded that the effective anisotropy constant 𝐾𝑒𝑓𝑓  associated to 
a nanoparticle can take into account, in a simplified way, the weak 
dipolar interaction among distant magnetic dipoles [50]. It is easy to 
check that magnetite and cobalt ferrite nanoparticles of the selected 
diameters and characterized by the values of 𝐾𝑒𝑓𝑓  reported in Table  1 
are indeed magnetically blocked at room temperature.

The piezoelectric host is assumed to be a uniaxially oriented film 
of polyvinylidene fluoride (PVDF), a commercial piezoelectric poly-
mer having very good piezo-, pyro-, and ferroelectric activity with 
prospective applications in various sectors [51]. The 𝛽 phase of PVDF 
guarantees an optimal piezoelectric response by effect of a mechanical 
stress applied from outside [52], with applications including wearable 
tactile sensors and force/pressure sensors [52,53]. The piezoelectric 
properties of PVDF allow make this polymer attractive in applications 
such as tissue engineering, surgery techniques, drug delivery, implants 
as well as in energy harvesting [54]. The values of the mechanical and 
piezoelectric of the PVDF film of interest for us are given in Table  2; the 
film is assumed to have a rectangular shape and a uniform thickness 
of 200 nm. The properties of two magnetoelectric nanocomposites 
containing a volume fraction 𝑓𝑉 = 0.10 of either magnetite or cobalt 
ferrite nanoparticles embedded in the 𝛽 phase of PVDF will be studied; 
they will be referred to as ME𝑚 and ME𝑐 , respectively.

The typical magnetoelectric behaviour of these nanocomposite ma-
terials is sketched in Fig.  1(𝐶 − 𝐸). An ac magnetic field of the type 
𝐻𝑎𝑐 (𝑡) = 𝐻𝑣 cos𝜔𝑡 (in this example 𝐻𝑣 = 400 Oe, 𝑓 = 𝜔∕2𝜋 = 100
Hz, panel C) generates in the film a periodic elastic strain along the 
𝑍 direction and consequently an ac polarization 𝑷  directed along 𝑍
whose modulus is proportional to the strain (Fig.  1(𝐷,𝐸) refers to 
the different configurations of the easy axes shown in panels (𝐴,𝐵), 
respectively; see Sections 3 and 4). The exact shape of the induced 
strain/polarization signal depends on many factors, including the fea-
tures of the applied magnetic field (amplitude and frequency) and the 
ones of the magnetostrictive nanoparticles, such as the shape of the 
hysteresis loop and the distribution of the easy axis directions in the 
film; the frequency of the electric signal is twice that of the magnetic 
field. A central role is played by the peak-to-peak value of the strain 
generated by the nanoparticles in the nanomaterial, 𝛥𝜖𝑃 . which is 

proportional to the peak-to-peak amplitude of the polarization 𝛥𝑃 , both 
defined in Fig.  1𝐷.

A parameter measuring the quality of the magnetoelectric effect is 
the average magnetoelectric (ME) coefficient which can be defined as: 

𝛼𝑀𝐸 = 𝛥𝐸
𝛥𝐻

= 1
2𝜖0𝜖𝑟

𝛥𝑃
𝐻𝑣

(1)

where 𝛥𝐸 is the peak-to-peak value of the electric field inside the 
material and 𝜖𝑟 is the relative permittivity of the medium around the 
piezoelectric film. The second equality holds because in this case 𝛥𝐸 =
𝛥𝑃∕𝜖0𝜖𝑟 (see Section 3.1) and 𝛥𝐻 = 2𝐻𝑣.

The design of the magnetoelectric nanocomposite examined in this 
paper implies a perfect transduction of the mechanical effect from 
magnetic nanoparticles to the polymer, as resulting from ideal, flawless 
interfaces between magnetostrictive and piezoelectric phases. As a 
matter of fact, the problem of the degradation of the 𝛼𝑀𝐸 coefficient in 
biphasic magnetoelectric materials by effect of a non-ideal mechanical 
contact at the interfaces [55] has been debated since the development 
of sintered ME composites [56,57]. The factors affecting mechanical 
contact between the functional phases are mainly of crystallographic 
and elastic nature (including lattice mismatch, dissimilar elastic com-
pliances [57], mechanical defects such as pores at the interface between 
the two phases [55]). The influence of the interface has been specif-
ically analysed in the case of magnetostrictive–piezoelectric bilayers, 
where the friction between the contacting films plays an important 
role [58]. In this case, owing to the simpler geometry, a theoretical 
study of the quality of the mechanical transduction has been done, and 
a single interface coupling parameter has been defined [58]. In partic-
ular, the ME coefficient was predicted to be linearly reduced from the 
ideal value with decreasing the coupling parameter, which is basically 
a measure of the differential deformation between magnetostrictive and 
piezoelectric layers.

Presumably even in nanocomposites where the polymeric piezo-
electric phase incorporates the magnetostrictive nanoparticles, the con-
dition of ideal interfaces is hardly fulfilled in practice, so that the 
amplitudes of the effects analysed in this paper should be viewed as 
upper limit values.

2.2. Condition for maximum magnetostrictive strain

The ME behaviour of 0-3 nanocomposites is strongly dependent 
on the amplitude of the magnetostrictive strain generated in mag-
netic nanoparticles. It is possible to evaluate the maximum strain 
produced in a magnetostrictive nanoparticle by a magnetic field able 
to rotate the magnetization vector away from the easy axis. As dis-
cussed elsewhere [27], the magnetostrictive deformation 𝜖 of a blocked 
nanoparticle along the field’s direction is assumed to depend on a 
single-valued magnetostriction constant 𝜆𝑠 and on the squared cosine 
of the angle between 𝑴 and the direction 𝒖𝑡 of the applied field 𝑯 𝑡 =
𝐻𝑡 𝒖𝑡, according to the expression: 

𝜖 ≡ (𝛥𝑙∕𝑙) = 3
2
𝜆𝑠

[

cos2 𝑴𝒖𝑡 −
1
3

]

(2)

Therefore 𝜖 takes its maximum value (𝜖∞ = 𝜆𝑠), when 𝑴 is parallel 
to 𝒖𝑡, i.e., at magnetic saturation (in principle, for 𝐻𝑡 → ±∞). The 
magnetostrictive strain at 𝐻𝑡 = 0 (𝜖0) depends on the angle between 
the easy axis (where the magnetization lies) and 𝒖𝑡; the lowest possible 
value corresponds to the condition 𝑴 ⟂ 𝒖𝑡, in which case 𝜖0⟂ = − 1

2𝜆𝑠. 
As a consequence, the maximum possible strain of a magnetostrictive 
nanoparticle along the direction of the applied field is 𝛥𝜖 = |𝜖∞ − 𝜖0⟂| =
3
2 |𝜆𝑠|.
As a matter of fact, such an ideal result can only be attained by 

applying to the nanoparticle a harmonic field of very large ampli-
tude ensuring that magnetic saturation is reached; in other words, 
the ac field 𝐻𝑎𝑐 (𝑡) should explore the whole major hysteresis loop of 
the nanoparticle. However, meeting such a condition (which implies 
producing an ac magnetic field of several thousands of Oe) can be 
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both technically difficult and energy consuming. One could therefore 
investigate if it is possible to attain, or at least closely approach, the 
maximum value of the peak-to-peak strain of a set of nanoparticles 
(i.e., 3

2 |𝜆𝑠|) without making use of a very large ac field. In fact, an 
effective strategy is to apply a collinear dc bias field 𝐻𝑏 so that the 
total field along 𝑍 becomes: 
𝐻𝑡(𝑡) = 𝐻𝑏 +𝐻𝑎𝑐 (𝑡) = 𝐻𝑏 +𝐻𝑣 cos𝜔𝑡 (3)

A dc bias field of magnitude up to several thousands of Oe can be 
easily produced at low costs and can be tuned to produce a total field 𝐻𝑡
that explores different regions of the 𝑀(𝐻𝑡) curve of the nanoparticles. 
Such a device has been already discussed and implemented in actual 
measurements on magnetoelectric films [26,59–61].

The effect of the interplay between bias and ac field will be shown 
in the following Sections, where two configurations respectively cor-
responding to random and collinear directions of the easy axes of the 
nanoparticles embedded in the PVDF film will be separately treated.

3. Random easy axes of nanoparticles

When the nanoparticles are dissolved in the fluid precursor of the 
polymer without applying an external magnetic field, their easy axes 
are expected to point along all directions of space in the polymerized 
material, as depicted in Fig.  1𝐴. An order-of-magnitude calculation 
reveals that a weak dipolar interaction among magnetic nanoparticles 
of the considered sizes is not able to keep their easy axes aligned during 
the process of polymerization.

The total magnetic field 𝐻𝑡(𝑡) defined in Eq.  (3) is assumed to be 
perpendicular to the film. In present-day biomedical applications of 
piezoelectric and magnetoelectric nanomaterials, the frequency of the 
driving force (either mechanical or magnetic) producing the biologi-
cally relevant polarization of the material is between a few Hz to about 
10 kHz [10]. The magnetostrictive response of both magnetite and 
cobalt ferrite nanoparticles has been preliminarily tested by us in the 
interval 1 ≤ 𝑓 ≤ 1 × 104 Hz, and found not to be a strong function 
of the ac field frequency, as shown in the Supporting information 
(Figures S1 and S2). Therefore, the ensuing calculations will be all 
done using an ac field of frequency 𝑓 = 100 Hz, an intermediate value 
deemed to be representative of the magnetostrictive response in the 
entire range of frequencies used in applications. It is assumed that the 
amplitudes of both the bias field and the ac field can be independently 
varied. The bias field 𝐻𝑏 is taken as positive and can vary from zero to 
several thousands of Oe, a range easily attained by standard laboratory 
techniques.

An ac magnetoelastic strain 𝜖𝑃 (𝑡) of frequency 2𝑓 = 200 Hz is 
generated in the polymer along the field direction (the 𝑍 axis), so 
that an ac polarization 𝑷  parallel to 𝑯 𝑡 and of amplitude proportional 
to 𝜖𝑃  appears in the piezoelectric film; a detailed calculation of the 
magnetoelectric effect is given in the following Section.

3.1. Magnetoelectric effect

Magnetite or cobalt ferrite nanoparticles of diameters 𝐷 = 16 and 
𝐷 = 7 nm respectively are assumed to be uniformly dispersed in 
the 𝛽 phase of a PVDF film with easy axes pointing in all directions; 
the nanoparticles are both physically constrained by the polymer and 
magnetically blocked, so that for zero magnetic field the magnetization 
vector is everywhere aligned to the particle’s easy axis.

The piezoelectric film lies in the (𝑋, 𝑌 ) plane and the total magnetic 
field 𝑯 𝑡 = 𝐻𝑡 𝒖𝑍 is applied along the 𝑍 axis, as shown in Fig.  2. 
Each nanoparticle is characterized by three local Cartesian axes (1,2,3) 
defined as follows:

(a) axis 3 is directed along the field;
(b) axis 1 is in the plane defined by the particle’s easy axis and axis 

3;
(c) axis 2 is perpendicular to both axis 1 and axis 3.

As a consequence, axes (1,2) randomly point along all directions in 
the (𝑋, 𝑌 ) plane, whereas axis 3 is always parallel to the applied field. 
The easy-axis direction of a particle is defined by two angles (𝜃, 𝜙) with 
respect to the (𝑋, 𝑌 ,𝑍) axes: 𝜃 (0 ≤ 𝜃 ≤ 𝜋) is the colatitude measured 
from the 𝑍 axis, 𝜙 (0 ≤ 𝜙 ≤ 2𝜋) is the azimuth measured from the 𝑋
axis.

Under a magnetic field, the magnetization vector of each nanopar-
ticle rotates away from the easy axis towards the field by an angle 
𝛿 = 𝛿(𝜃,𝐻𝑡); the rotation is always in the (1,3) plane. For a given value 
of 𝐻𝑡 and for a given 𝜃, the angle 𝛿 is obtained by solving the DWS 
model.

The general expression of the magnetostrictive strain 𝜖𝑢 of each 
nanoparticle along any direction 𝒖 is: 

𝜖𝑢 ≡ (𝛥𝑙∕𝑙)𝑢 =
3
2
𝜆𝑠

[

cos2 𝑴𝒖 − 1
3

]

(4)

which applies when the particles are magnetically blocked, i.e., not 
in the superparamagnetic state [27]. In particular, when the strain 
𝜖𝑢 ≡ 𝜖𝑍 is measured along the field direction (𝒖 ≡ 𝒖𝑡 ≡ 𝒖𝑍 ), Eq.  (4) 
becomes equal to Eq.  (2), which can be easily rewritten as: 

𝜖𝑍 (𝜃,𝐻𝑡) =
3
2
𝜆𝑠

[

cos2
(

𝜃 − 𝛿(𝜃,𝐻𝑡)
)

− 1
3

]

(5)

(see Fig.  2). Applying the same rule it is possible to find the strain 
along the other two local Cartesian axes; the strain along the 𝑋-axis is:

𝜖𝑋 (𝜃, 𝜙,𝐻𝑡) =
3
2
𝜆𝑠

[

cos2 𝛾 − 1
3

]

= 3
2
𝜆𝑠

[

sin2
(

𝜃 − 𝛿(𝜃,𝐻𝑡)
)

cos2 𝜙− 1
3

]

(6)

The second equality is obtained expressing cos 𝛾 in terms of angles 
(𝜃, 𝜙) [27]. By analogy: 

𝜖𝑌 (𝜃, 𝜙,𝐻𝑡) =
3
2
𝜆𝑠

[

sin2
(

𝜃 − 𝛿(𝜃,𝐻𝑡)
)

sin2 𝜙 − 1
3

]

(7)

Averaging 𝜖𝑋 , 𝜖𝑌  over all values of angle 𝜙 and taking into account 
that cos2 𝜙 = sin2 𝜙 = 1∕2, it can be immediately observed that 
𝜖𝑋 (𝜃,𝐻𝑡) = 𝜖𝑌 (𝜃,𝐻𝑡) = − 1

2 𝜖𝑍 (𝜃,𝐻𝑡), as expected.
The average of 𝜖𝑍 (𝜃,𝐻𝑡) over the colatitude 𝜃 is: 

⟨𝜖𝑍 (𝐻𝑡)⟩ =
1
2 ∫

𝜋

0
𝜖𝑍 (𝜃,𝐻𝑡) sin 𝜃 𝑑𝜃 (8)

This quantity is the average strain along the 𝑍 axis of the magnetite 
nanoparticles generated by the applied magnetic field 𝑯 𝑡 = 𝐻𝑡 𝒖𝑍 . 
In order to simplify the notation, let us call ⟨𝜖𝑍 (𝐻𝑡)⟩ = 𝜖. Assuming 
that the strain produced by a fraction 𝑓𝑉  of nanoparticles dispersed in 
the PVDF film is effectively and evenly transmitted to the piezoelectric 
material [27], the deformation 𝜖𝑃  of the polymer along the direction 
of 𝑯 𝑡, is expected to be 𝜖𝑃 = 𝑓𝑉 𝜖. It should be explicitly recalled that 
the oscillation frequency of 𝜖𝑃  is twice the one of 𝐻𝑡 ≡ 𝐻𝑏+𝐻𝑣 cos(𝜔𝑡).

The off-diagonal elements of the (3 × 3) strain tensor 𝜖𝑖𝑗 (𝑖, 𝑗 = 1, 
2, 3) in the PVDF film are equal to zero because the magnetic field is 
assumed not to be a source of a significant shear strain neither in the 
nanoparticles nor in the polymer [27], whereas the diagonal elements 
are 𝜖11, 𝜖22 = −𝑓𝑉 𝜖∕2, 𝜖33 = 𝑓𝑉 𝜖; using the Voigt contracted notation, 
the (6 × 1) strain vector 𝝐𝑃  of the PVDF film is therefore: 

𝝐𝑷 =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

− 1
2𝑓𝑉 𝜖

− 1
2𝑓𝑉 𝜖
𝑓𝑉 𝜖
0
0
0

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

(9)
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Fig. 2. Sketch of three magnetic nanoparticles having different easy-axis directions in the polymer. The (1,2,3) axes define the reference frame attached to each 
nanoparticle; the local easy axis is always in the (1,3) plane. The (𝑋, 𝑌 ,𝑍) axes are the principle axes of the polymer film. The quantities used in the calculations 
of Section 3.1 are defined for the nanoparticle in the foreground.

The (6 × 1) stress vector 𝝈𝑷 = [𝑪] ⋅ 𝝐𝑷  is obtained using the 
(6 × 6) stiffness/elastic matrix [C] appropriate to PVDF, whose struc-
ture is [62]: 

[𝑪] =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

𝐶11 𝐶12 𝐶12 0 0 0
𝐶12 𝐶11 𝐶12 0 0 0
𝐶12 𝐶12 𝐶11 0 0 0
0 0 0 𝐶33 0 0
0 0 0 0 𝐶33 0
0 0 0 0 0 𝐶33

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

(10)

Therefore: 

𝝈𝑷 = [𝑪] ⋅ 𝝐𝑷 =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

− 1
2 (𝐶11 − 𝐶12)𝑓𝑉 𝜖

− 1
2 (𝐶11 − 𝐶12)𝑓𝑉 𝜖
(𝐶11 − 𝐶12)𝑓𝑉 𝜖

0
0
0

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

(11)

Finally, the (3 × 1) polarization vector in the polymer is obtained by 
applying to the vector 𝝈𝑷  the 3rd rank direct piezoelectric matrix [𝒅]
of dimensions (3 × 6), whose structure in the present case is: 

[𝒅] =
⎛

⎜

⎜

⎝

0 0 0 0 𝑑15 0
0 0 0 𝑑15 0 0
𝑑31 𝑑32 𝑑33 0 0 0

⎞

⎟

⎟

⎠

(12)

As it turns out, 

𝑷 = [𝒅] ⋅ 𝝈𝑷 =

⎛

⎜

⎜

⎜

⎝

0
0

[

𝑑33 −
1
2 (𝑑31 + 𝑑32)

]

(𝐶11 − 𝐶12)𝑓𝑉 𝜖

⎞

⎟

⎟

⎟

⎠

≡
⎛

⎜

⎜

⎝

0
0

𝐺𝑓𝑉 𝜖

⎞

⎟

⎟

⎠

(13)

Therefore, a uniform polarization directed along the 𝑍 axis is generated 
in the PVDF film. The numerical values of the 𝐶𝑖𝑗 have been calculated 
using the elastic constants for the 𝛽 phase of a PVDF film [63]; the 
𝑑𝑖𝑗 matrix elements have been taken from Ref. [63]; the constant 𝐺 is 
calculated using its definition (Eq.  (13)) and are listed in Table  2.

The magnetization 𝑀𝑃  of the nanocomposite film as well as the 
peak-to-peak values of the elastic strain 𝛥𝜖𝑃  and of the associated 
polarization 𝛥𝑃  generated within the polymer film (graphically defined 
in panel d of Fig.  1) are related in a simple way to the magneti-
zation 𝑀 and magnetostrictive strain 𝛥𝜖 of the embedded magnetic 

nanoparticles: 
⎧

⎪

⎨

⎪

⎩

𝑀𝑃 = 𝑓𝑉 𝑀
𝛥𝜖𝑃 = 𝑓𝑉 𝛥𝜖
𝛥𝑃 = 𝑓𝑉 |𝐺|𝛥𝜖𝑃

(14)

where 𝑓𝑉 = 0.10 and |𝐺| is the piezoelectric parameter calculated 
for the 𝛽 phase of PVDF (see Table  2).

Therefore, the polarization vector is proportional to 𝜖 and oscillates 
in phase with the strain of the set of nanoparticles. Considering the 
PVDF film similar to a parallel-plate capacitor immersed in a medium 
of relative permittivity 𝜖𝑟, the oscillating electric field inside the film 
has peak-to-peak value 𝛥𝐸 = 𝛥𝑃∕𝜖0𝜖𝑟. Using 𝜖𝑟 ≈ 1, the magnetoelectric 
coefficient 𝛼𝑀𝐸 of the nanocomposite polymer turns out to be: 

𝛼𝑀𝐸 = 𝛥𝐸
𝛥𝐻𝑣

= 9.07 × 109 𝑓𝑉
𝛥𝜖
𝛥𝐻𝑣

(15)

where 𝛥𝐻𝑣 is expressed in Oersted.

3.2. Symmetric curves of magnetization and polarization

Let us start by studying the ME effect of the ac magnetic field in 
the absence of bias field (𝐻𝑏 = 0). When the amplitude of the driving 
field is very small, the ME behaviour can be approximately described 
in terms of the linear response theory (corresponding to the limit 
𝐻𝑣 → 0) [64–67]. However, nonlinearities inherent to the magnetic 
and magnetostrictive behaviour of the embedded nanoparticles [27,44] 
develop when the ME material is submitted to an ac magnetic field 
of arbitrary amplitude. In the considered frequency region (≈ 100 Hz) 
the ac field amplitude 𝐻𝑣 can in principle be increased up to values 
of the order of 1 × 104 Oe; the maximum value is basically suggested 
by technical limitations and cost reasons. Exiting the linear regime 
makes the problem more difficult to deal with but paves the way to 
a significant improvement of the ME response.

The hysteresis loops of the magnetization 𝑀𝑃  and of the strain 𝜖𝑃
of the nanocomposite film along the field direction (obtained using 
Eq.  (2)) are calculated by solving the rate equations for the random 
distribution of easy axes. The results for 𝑀𝑃  are shown in Fig.  3(𝐴,𝐵)
(orange lines), whereas the 𝜖𝑃  curves are reported in Fig.  3(𝐶−𝐹 ) (black 
lines). The upward/downward curvature of 𝜖𝑃  curves is ascribed to the 
different sign of the magnetostriction constant in the two materials. The 
strain/field curves turn out to be fully reversible above the so-called
closure field of the magnetization, i.e., when the nanoparticle magne-
tization begins to change through fully reversible processes only [46]. 
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Fig. 3. (A,B) magnetic hysteresis loops of the nanocomposites loaded with magnetite and cobalt ferrite nanoparticles for 𝐻𝑏 = 0 and 𝐻𝑣 = 10 kOe; (C,D) examples 
of the elastic strain/polarization curves as functions of the total applied field for some pairs of bias and ac field amplitudes; (E,F ) enlargements of panels (C,D) 
showing the hysteresis at low fields.

Hysteresis of 𝜖𝑃 (𝐻𝑡) appears in the low-field region, as shown in panels 
(𝐸, 𝐹 ) (black lines).

According to the discussion of Section 2.2, the maximum (in abso-
lute value) 𝛥𝜖𝑃 𝑀𝑎𝑥 of the magnetostrictive strain in the nanocomposite 
is expected to occur for 𝐻𝑡 → ∞ and is equal to the product 𝑓𝑉 |𝜆𝑠|
(i.e., 4 × 10−6 in ME𝑚 and 11 × 10−6 in ME𝑐). It can be observed that 
in the first case (panels 𝐴,𝐶) the field 𝐻𝑡𝑀 ≡ 𝐻𝑣𝑀  is enough to bring 
both the magnetization and the elastic strain almost to saturation, so 
that the maximum of the 𝜖𝑃 (𝐻𝑡) curves for 𝐻𝑡 = 𝐻𝑡𝑀  is very close 
to 4 × 10−6. This is no longer true in the film containing cobalt ferrite 
nanoparticles (panels 𝐵,𝐷), mostly owing to the much larger value of 
the magnetic anisotropy 𝐾𝑒𝑓𝑓 : the value of 𝜖𝑃  measured at 𝐻𝑡𝑀  is far 
from the ideal maximum 𝑓𝑉 |𝜆𝑠| = 11 × 10−6.

The magnetostrictive strain and the polarization of the nanocompos-
ite are hysteretic functions of the applied field because both effects stem 
from the hysteretic behaviour of magnetically blocked nanoparticles. 
The two branches of the symmetric loop of 𝑃  cross in 𝐻𝑡 = 0, 
where 𝜖𝑃 = 0 (when 𝐻𝑡 = 0, i.e., at the magnetic remanence of the 
magnetization, the mean value of the squared cosine in Eq.  (2) is equal 
to 1/3). In the ME𝑚 nanocomposite, the minimum of the 𝜖𝑃 (𝐻𝑡) curve 
(which is observed to occur when 𝐻𝑡 is close to the coercive field of the 
magnetization loop) is slightly negative (panel 𝐸), so that the maximum 
amplitude of the strain variation 𝛥𝜖𝑃 𝑀𝑎𝑥 is slightly larger than 𝑓𝑉 |𝜆𝑠|. 
Although a similar behaviour, with reversed signs, is observed in ME𝑐 , 
in this material the largest observed value of 𝛥𝜖𝑃  turns out to be 
considerably less than the product 𝑓𝑉 |𝜆𝑠|.
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3.3. Effects of bias and ac field. Optimum working conditions.

As observed in Section 2.2, the region of total fields investigated 
by setting 𝐻𝑏 = 0 and 𝐻𝑣 = 𝐻𝑣𝑀  can be explored in a different (and 
energetically more convenient) way by exploiting the bias field. The 
effect of independently varying the bias field amplitude as well as the 
ac field amplitude is shown in Fig.  3(𝐶−𝐹 ) for both ME𝑚 and ME𝑐 . Even 
in this case, the results were obtained following the calculation scheme 
outlined in Section 3.1 and numerically solving the rate equations of 
the DWS model.

Changing the bias field, different intervals of the total field are 
explored, centred at different values of 𝐻𝑡; as a consequence, the 𝜖𝑃 (𝐻𝑡)
curves are now asymmetric with respect to the vertical axis (the only 
symmetric curve being the one at 𝐻𝑏 = 0). Three examples of results 
obtained by using different values of both 𝐻𝑏 and 𝐻𝑣 are given in Fig. 
3(𝐵,𝐶) for each material (short lines in colour). The explored segments 
of the 𝜖𝑃 (𝐻𝑡) curves exactly overlap to the master curve obtained when 
𝐻𝑏 = 0 (black line), at least for fields larger than the closure field 
of the 𝑀𝑃 (𝐻𝑡) curve. This effect is explained considering that in this 
region the strain is a reversible function of the total magnetic field 
𝐻𝑡 = 𝐻𝑏 + 𝐻𝑎𝑐 (𝑡). On the other hand, the curves no longer overlap 
in the low-field region where the hysteresis of 𝜖𝑃  appears, as shown in 
panels (𝐸, 𝐹 ).

The shape of these asymmetric curves is related to the one of the 
loops of 𝑀𝑃 , which are shown in Figure S3 of the Supporting Infor-
mation. Generally speaking, with increasing 𝐻𝑏 the hysteresis loops of 
both 𝑀𝑃  and 𝜖𝑃  become increasingly asymmetric and narrower; above 
the closure field the strain 𝜖𝑃  becomes a fully reversible function of the 
total field. During each cycle of the driving field, 𝜖𝑃  (and 𝑃 ) follow back 
and forth the paths in colour of Fig.  3(𝐶 − 𝐹 ), as it becomes apparent 
when the behaviour of both quantities is reported in the time domain 
(as in Figure S4 of the Supporting Information).

To our knowledge, experimental results on 0-3 type magnetoelectric 
polymers have been taken so far by using small ac field amplitudes 
(up to 25 Oe) [45,65–71]. The curves of Fig.  3 show that the mag-
netoelectric effect may be substantially enhanced by increasing the ac 
field amplitude and concurrently using a bias field of proper amplitude. 
In principle, there are no technical limitations to build coils able 
to generate ac magnetic fields up to several hundreds of Oe at low 
frequencies (≈ 100 Hz); in such a frequency region, an ac field of 
large amplitude does not produce harmful or discomforting effects 
in the human body [72]. Our results suggest that new regions of 
the strain/field curve should be experimentally explored in order to 
improve the magnetoelectric response.

The behaviour of the peak-to-peak values 𝛥𝜖𝑃  and 𝛥𝑃  as functions 
of the bias field 𝐻𝑏 is shown in Fig.  4(𝐴,𝐵) for the two polymer films 
and for selected values of the amplitude of 𝐻𝑎𝑐 (𝑡).

In the ME𝑚 nanocomposite (panel 𝐴), the 𝛥𝑃 (𝐻𝑏) curves calculated 
for 𝐻𝑣 ⪅ 2 × 103 Oe display a substantial increase up to a single 
maximum (𝛥𝑃 ∗) when 𝐻𝑏 is increased from zero, and a slow decrease 
towards zero for larger 𝐻𝑏 values. When the ac field amplitude is 
increased, 𝛥𝑃 ∗ increases and its position 𝐻∗

𝑏  shifts towards right, as 
also shown in Figure S5 of the Supporting Information. The shape of 
the 𝛥𝑃 (𝐻𝑏) curves significantly changes with changing 𝐻𝑣, reflecting 
the complex effect of varying both the width and the centre of the 
explored region of the hysteresis loop.

When 𝐻𝑣 ⪆ 2 × 103 Oe, the magnetoelectric effect becomes increas-
ingly less dependent on the bias field; in particular, the 𝛥𝑃 (𝐻𝑏) curve 
reduces to a horizontal straight line when 𝐻𝑣 = 𝐻𝑣𝑀 . In this case the 
peak-to-peak values of both strain and polarization in the polymer are 
already saturated for 𝐻𝑏 = 0 (i.e., 𝛥𝜖𝑃 ≡ 𝛥𝜖𝑃 𝑀𝑎𝑥 and 𝛥𝑃 ≡ 𝛥𝑃𝑀𝑎𝑥 =
𝑓𝑉 |𝐺| 𝜆𝑠), as shown by looking at the black curve in panel 𝐶 of Fig. 
3; therefore, adding a bias field does not have any further effect on 
the magnetoelectric response. The saturation value 𝛥𝜖𝑃 𝑀𝑎𝑥 is equal 
to about 4.2 × 10−6 for a volume fraction of nanoparticles 𝑓𝑉 = 0.10. 
This value results from the difference between the maximum positive 

strain of magnetite nanoparticles (corresponding to 𝜆𝑠 = 40×10−6) and 
the negative strain around the coercive field, which turns out to be 
≈ −2 × 10−6 for 𝐻𝑣 = 𝐻𝑣𝑀 .

On the other hand, in ME𝑐 a field as large as 𝐻𝑣𝑀  is still not enough 
to saturate the magnetoelectric signal (Fig.  4𝐵), as already observed 
in Fig.  3𝐷, so that all the 𝛥𝑃 (𝐻𝑏) curves show a single maximum 
at intermediate 𝐻𝑏 values. Even in this case the shape of the curves 
changes with increasing 𝐻𝑣, the magnitude of 𝛥𝑃 ∗ increases and its 
position 𝐻∗

𝑏  is displaced towards right, as shown in Figure S5 of the 
Supporting Information.

By comparing the results for the two materials, the following con-
clusions can be drawn:

(a) in both piezoelectric nanocomposites, a suitable choice of 𝐻𝑏
enhances the ME effect with respect to the case 𝐻𝑏 = 0 (at least when 
the amplitude of 𝐻𝑎𝑐 (𝑡) is not enough to bring 𝛥𝑃  to saturation);

(b) the positions 𝐻∗
𝑏  of the maxima of the ME effect 𝛥𝑃 ∗ are in 

quite different regions; as a rule, much lower bias fields are needed 
to maximize the effect in ME𝑚;

(c) departing from the linear regime ensures that the induced po-
larization 𝛥𝑃  may take values comparable to the maximum theoretical 
value 𝛥𝑃𝑀𝑎𝑥;

(d) in the nonlinear regime, when 𝐻𝑣 is below ≈ 1×103 Oe, the peak-
to-peak value of 𝛥𝑃  at 𝐻𝑏 = 0 turns out to be systematically higher in 
the ME𝑚 nanocomposite than in ME𝑐 , in spite of the larger value of the 
magnetostrictive constant in cobalt ferrite; for instance, for 𝐻𝑣 = 400
Oe and 𝐻𝑏 = 0 the magnetoelectric effect is 20 times higher in ME𝑚; the 
same feature is preserved when a bias field is applied (when 𝐻𝑣 = 400
Oe 𝛥𝑃 ∗ is still four times higher in ME𝑚);

Therefore, for the same volume fraction of embedded nanoparticles 
and for an ac field of amplitude not exceeding a few hundreds of Oe, 
dissolving magnetite nanoparticles in the PVDF film is preferable to 
choosing cobalt ferrite nanoparticles. Such a counterintuitive conclu-
sion is not unexpected [27], the physical reason being that cobalt ferrite 
nanoparticles have not only a high magnetostriction but also a high 
magnetic anisotropy (the two properties are of course correlated [46]). 
As a consequence, in cobalt ferrite nanoparticles the applied field is not 
able to appreciably rotate the magnetization away from the local easy 
axis, resulting in a very small strain along the 𝑍 direction; for the same 
reason much larger fields are needed to trigger the rotation.

The positive effect of the dc bias field on the response of a magne-
toelectric material was already experimentally observed [26,64,73,74]; 
the present model allows us to give a quantitative description of the 
effect. It should be stressed that for each choice of 𝐻𝑣 an optimum value 
(or an optimum region of values) of the bias field exists, corresponding 
to the maximum of the ME effect, so that for each magnetoelectric 
nanocomposite an optimum working point can be defined; such a condi-
tion is basically determined by the magnetic properties of the dispersed 
magnetic nanoparticles. Knowing such an optimum working point al-
lows the user to tune the amplitudes of both applied fields in order to 
get the best magnetoelectric response at the minimum possible energy 
cost for a given type of dispersed nanoparticles. In this way a significant 
ME effect can be generated by substituting a single dynamic field of 
large amplitude (difficult to produce and rather energy-consuming) 
with the effect of the interplay of a small dynamic field and a static 
field of large amplitude, both easier to produce and operate.

A pictorial representation of the behaviour of the magnetoelectrical 
effect in the (𝐻𝑏,𝐻𝑣) plane and of the optimum working point is shown 
in Fig.  4(𝐶, 𝐷). There, the surfaces represent the values of 𝛥𝑃 (𝐻𝑏,𝐻𝑣)
calculated when the amplitudes of the two fields are continuously 
varied within ranges typical of normal operating conditions.

The difference between the effects of the two types of magne-
tostrictive nanoparticles is apparent by comparing panels 𝐶 and 𝐷: 
the lower magnetic anisotropy of magnetite nanoparticles results in a 
much faster approach to the saturation value 𝛥𝑃𝑀𝑎𝑥 as the amplitude 
of the ac field is increased, as indicated by the steep rise of the effect 
in Fig.  4𝐶. At saturation, a large plateau is observed, indicating that 
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Fig. 4. Random easy axes. (A,B) Peak-to-peak values 𝛥𝜖𝑃 , 𝛥𝑃  of elastic strain and polarization of nanocomposites containing magnetite (A) and cobalt ferrite (B) 
nanoparticles as functions of the bias field amplitude 𝐻𝑏 and for different values of the ac field amplitude 𝐻𝑣; (C,D) surfaces showing the behaviour of the 
magnetoelectric effect 𝛥𝑃  in the (𝐻𝑏,𝐻𝑣) plane for the two materials; the black line is the locus of the optimum working point for each pair of (𝐻𝑏,𝐻𝑣) values; 
(E,F ) behaviour of the magnetoelectric coefficient 𝛼𝑀𝐸 (𝐻𝑏,𝐻𝑣) at the optimum working point for the two materials.

the magnetoelectric effect is no longer influenced by the amplitude 
of either the bias field or the ac field. On the other hand, the large 
magnetic anisotropy of cobalt ferrite nanoparticles results in a smoother 
surface associated to a gentle rise of the effect with increasing both 𝐻𝑏
and 𝐻𝑣 (Fig.  4𝐷).

The black dots superimposed to each surface indicate the locus of 
the maxima of the magnetoelectric effect for each choice of the ac field 
amplitude, i.e., the optimum working point. In the case of ME𝑚 (Fig. 
4𝐶) the line is interrupted as soon as the plateau of 𝛥𝑃  is reached, 

i.e., for 𝛥𝑃 → 𝛥𝑃𝑀𝑎𝑥. In this case the bias field is unable to further 
modify the magnetoelectric response of the polymer, and can be set to 
zero. As expected, the ME𝑚 nanocomposite gives a better ME response, 
at least in the range of magnetic-field amplitudes corresponding to ac-
tual measurements and applications; in particular, the quantity 𝛥𝑃𝑀𝑎𝑥

becomes higher in ME𝑐 than in ME𝑚 only for ac field amplitudes 𝐻𝑣 ⪆ 4
kOe, a value much higher than the ones used in typical measurements 
(see Figure S5 of the Supporting Information).
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Table 3
Experimental values of the magnetoelectric coefficient of some 0-3 polymer 
matrix ME nanocomposites.
 ME nanocomposites 𝛼𝑀𝐸 (Vm−1Oe−1) Ref.  
 CoFe2O4/PVDF 0.2 [77] 
 CoFe2O4/P(VDF-TrFE) 4 [78] 
 CoFe2O4/P(VDF-TrFE) 0.2 – 1 [65] 
 CoFe2O4/PVDF 0.65 – 0.75 [79] 
 ZnFe2O4/PVDF 0.06 [80] 
 Zn0.2Co0.8Fe2O4/PVDF 1.4 [69] 
 CoFe2O4/P(VDF-TrFE) 1 – 4.5 [66] 
 Zn0.2Co0.8Fe2O4/P(VDF-TrFE) 1.5 [81] 
 NiFe2O4/P(VDF-TrFE) 1.1 – 1.5 [68] 
 Fe3O4/P(VDF-TrFE) 4.5 – 6.7 [70] 
 Fe3O4/P(VDF-TrFE) 0.9 [67] 
 YFeO3/PVDF 0.32 – 0.52 [82] 
 LaYFe2O6/P(VDF-HFP) 0.29 [83] 
 LiFe5O8/PVDF-HFP 2.0 [84] 

The maximum of the induced polarization 𝛥𝑃 ∗ obtained at the opti-
mum working point for each choice of 𝐻𝑣 (black dots in Fig.  4(𝐶,𝐷)), 
results in an ac voltage 𝛥𝑉 = 𝛥𝑃 ∗𝑡𝐹 ∕(𝜖0𝜖𝑟) across the nanocomposite 
(whose thickness is assumed to be 𝑡𝐹 = 200 μm; see Section 3.1). Taking 
𝜖𝑟 ≈ 1, the resulting voltage turns out to be in the 1.4 V - 7.8 V range in 
ME𝑚 and between 0.6 V and 15.4 V in ME𝑐 for the investigated range 
of bias and ac field amplitudes. In the low-field region these values 
are comparable to the voltage generated in a PVDF film of comparable 
thickness submitted to a mechanical stress [75,76].

The behaviour of the average magnetoelectric coefficient 𝛼𝑀𝐸 at 
the optimum working point is shown in Fig.  4(𝐸, 𝐹 ) for the two 
nanocomposites. The magnetoelectric coefficient turns out to be sig-
nificantly higher in ME𝑚 than in ME𝑐 , as expected. These results are 
in line with the ones of similar composite systems reported in the 
recent literature [8,21]. The curves display a single absolute maximum 
corresponding to the optimal choice of both 𝐻𝑏 and 𝐻𝑣. In ME𝑚 the 
𝛼𝑀𝐸 (𝐻𝑏,𝐻𝑣) curve is peaked around the maximum at 𝐻𝑣 = 386 Oe, 
𝐻𝑏 = 550 Oe where it takes a value as high as ≈ 20 V/m/Oe and 
quickly drops towards zero; in ME𝑐 the curve is much less structured, 
its maximum (≈ 4.5 V/m/Oe) being at 𝐻𝑣 = 2110 Oe ,𝐻𝑏 = 3836 Oe. In 
the latter case the choice of the best pair of (𝐻𝑣,𝐻𝑏) values is not so 
critical as in ME𝑚.

As a matter of fact, for both nanocomposites the maximum 𝛼𝑀𝐸
in the nonlinear regime turns out to be not dramatically larger than 
the value calculated in the linear regime (𝐻𝑣 → 0) under a suitable 
bias field (see Figure S6 of the Supporting Information). Therefore, 
in regard to the ME material’s ability to efficiently respond to the 
driving field, entering the nonlinear regime does not result in a striking 
improvement with respect to the linear case; however, it should be 
stressed that the important parameter in applications is the magnitude 
of the electrical polarization induced in the material, which is greatly 
enhanced when operating in nonlinear conditions (at the cost of making 
use of a significantly larger driving field).

Typical experimental values of the magnetoelectric coefficient 𝛼𝑀𝐸
in 0-3 polymer matrix ME nanocomposites are reported in Table  3.

The results were mainly obtained on nanocomposites containing 
cobalt-ferrite nanoparticles; both the intrinsic properties of magnetic 
particles (size, composition, concentration, aggregation) and the ex-
perimental conditions (ac field amplitude and frequency, bias field 
amplitude) were considerably different from case to case. This cir-
cumstance contributes to the high dispersion of values,  which can be 
noticed even in materials with the same nominal composition, as in the 
cases discussed below:

• the magnetite nanoparticles dispersed in P(VDF-TrFE) (see Table 
3) strongly differ in size and consequently in their magnetic 
behaviour: the nanoparticles of Ref. [67] have a size of 20 nm 
and are in the dc superparamagnetic regime, whilst the ones of 

Ref. [70] have a size of 50 nm and are in the magnetically blocked 
state. The different magnetic regimes bring about markedly differ-
ent responses to the ac field [27], whose amplitude is in addition 
twice larger in Ref. [70] (10 Oe) than in Ref. [67] (5 Oe). 
This circumstance results in different magnetostrictive strains and 
consequently in different ME coefficients;

• on the other hand, the cobalt-ferrite nanoparticles dispersed in 
PVDF (see Table  3) have strongly different diameters (about 
10 nm in Ref. [79] and in the range 20–100 nm in Ref. [77]); this 
fact entails a completely different effect of the bias field on the ME 
coefficient: the higher ME coefficient of Ref. [79] is reported to 
correspond to the absolute maximum of the 𝛼𝑀𝐸 (𝐻𝑏) curve at ≈1 
kOe, whereas in Ref. [77] the absolute maximum of the 𝛼𝑀𝐸 (𝐻𝑏)
curve is not yet attained in the explored bias field range (up to 5 
kOe);

• in P(VDF-TrFE) containing cobalt-ferrite nanoparticles (Refs. [65,
78] in Table  3) the same fillers were used; in this case the different 
measured values can be mainly ascribed to the different amount 
of dispersed particles (20% and 72%, respectively).

Although the magnetoelectric effect is enhanced by operating at 
the optimum working point, this is not enough to reach the high-
est theoretical value of the magnetoelectric effect, 𝛥𝑃𝑡ℎ. Using  and 
recalling the discussion of Section 2.2, it is immediate to show that 
𝛥𝑃𝑡ℎ = 3

2 |𝜆𝑠|𝑓𝑉 |𝐺| = 4.82 × 10−7 C/m2 in the ME𝑚 nanocomposite and 
𝛥𝑃𝑡ℎ = 13.25 × 10−7 C/m2 in ME𝑐 .

Inspection of Fig.  4(𝐴−𝐷) shows that even at the optimum working 
point the highest 𝛥𝑃  values are far below 𝛥𝑃𝑡ℎ in both nanocomposites. 
For instance, the highest magnetoelectric effect generated in the ME𝑚
nanocomposite turns out to be only about two thirds of 𝛥𝑃𝑡ℎ. This 
is explained by realizing that the maximum magnetoelectric effect 
generated in the film by a set of nanoparticles with random easy axes 
is intrinsically limited to a value close to |𝜆𝑠|𝑓𝑉 |𝐺|.

As the limiting effect is inherently related to the random distribution 
of the nanoparticles’ easy axes, a further enhancement of the magne-
toelectric response is only possible by achieving a different easy-axis 
configuration in the polymer.

4. Collinear easy axes

As previously determined, the peak-to-peak strain of a single mag-
netic nanoparticle is maximized when the angle between the direction 
of the magnetization at zero applied field (coincident with the easy 
axis of the nanoparticle) and the magnetic field 𝑯 𝑡 is equal to 𝜋∕2 (see 
Eq.  (4)). If the magnetic nanoparticles dispersed in the PVDF film have 
random easy axes, such a condition is in general not fulfilled. Therefore, 
an efficient method to get a good performance of a magnetoelectric 
nanocomposite based on PVDF is to control the directions of the easy 
nanoparticle axes during the process of fabrication of the material; in 
particular, the easy axes should be collinear and parallel to the film, as 
sketched in Fig.  1𝐵. In principle, such a configuration can be obtained 
by applying a strong static magnetic field 𝑯𝑎 during the process of for-
mation of the material. In this Section only the ME𝑚 nanocomposite will 
be studied, owing to the many advantages of magnetite nanoparticles 
with respect to cobalt ferrite nanoparticles, particularly at low values 
of the ac field amplitude.

As a matter of fact, a perfect alignment of the easy axes can only be 
achieved by applying a very large magnetic field; however, fields of the 
order of some thousands of Oe should be enough to give rise to substan-
tially collinear magnetite nanoparticles with 𝐷 = 16 nm; here, the ideal 
condition of perfect alignment will be discussed. The nanoparticles are 
supposed to be evenly separated in the polymer matrix; in fact, with 
the considered values of size, magnetization and volume fraction of 
the particles, and taking into account the high viscosity of the fluid 
precursor of the polymer, the formation of nanoparticle chains with 
aligned easy axes by effect of long-range particle displacements can be 
ruled out [85,86].
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When the nanoparticle axes are collinear and perpendicular to 𝑯 𝑡, 
the magnetization and the magnetoelectric effect of the nanocomposite 
have simple analytic solutions, as discussed in next Section.

4.1. Magnetization and magnetoelectric effect

All easy axes are now assumed to be aligned with the 𝑋 axis, 
i.e., they are perpendicular to 𝑯 𝑡. Such a configuration, corresponding 
to 𝜃 = 𝜋∕2, gives the maximum magnetostrictive effect of magnetically 
blocked nanoparticles. On the contrary, in the parallel configuration 
(𝜃 = 0) the magnetization of a blocked particle always lies on the 
easy axis, independent of the value of the applied field, and no strain 
variation is measured along the 𝑍 direction. Both 𝑀(𝐻𝑡) and the 
magnetostrictive strain 𝜖 of the nanoparticles are now represented by 
analytical expressions.

As known [44], when 𝜃 = 𝜋∕2, 𝜙 = 0 the populations of the 
two energy wells of the DWS are always equal to each other and the 
magnetization of nanoparticles coherently rotates towards the 𝑍 axis 
by an angle 𝛿(𝐻𝑡) according to the expressions [46]: 
⎧

⎪

⎪

⎨

⎪

⎪

⎩

sin 𝛿 = −1 (𝐻𝑡 ≤ −𝐻𝑡)

sin 𝛿 =
𝑀𝑠𝐻𝑡
2𝐾𝑒𝑓𝑓

=
𝐻𝑡

𝐻𝑡

(|𝐻𝑡| ≤ 𝐻𝑡)

sin 𝛿 = 1 (𝐻𝑡 ≥ 𝐻𝑡)

(16)

where 𝐻𝑡 = 2𝐾𝑒𝑓𝑓∕𝑀𝑠. The magnetization along the field direction is 
equal to 𝑀𝑠 sin 𝛿, so that: 
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑀(𝐻𝑡) = −𝑀𝑠 (𝐻𝑡 ≤ −𝐻𝑡)

𝑀(𝐻𝑡) =
𝑀2

𝑠𝐻𝑡

2𝐾𝑒𝑓𝑓
= 𝑀𝑠

𝐻𝑡

𝐻𝑡

(|𝐻𝑡| ≤ 𝐻𝑡)

𝑀(𝐻𝑡) = 𝑀𝑠 (𝐻𝑡 ≥ 𝐻𝑡)

(17)

Therefore, the magnetization is a linear, anhysteretic function of the 
applied field with constant slope between the limits ±𝐻𝑡; for larger 
positive/negative fields 𝑀 takes the saturation value 𝑀 = ±𝑀𝑠, 
respectively (see Fig.  5𝐴). Using the values of Table  1, 𝐻𝑡 ≈ 1710 Oe for 
magnetite. The magnetization of the polymer film is 𝑀𝑃 = 𝑓𝑉 𝑀 and is 
shown in Fig.  5𝐴, where the 𝑀𝑃 (𝐻𝑡) curve (blue line) is compared with 
the one obtained in the case of random easy axes (thin orange line).

Using Eq.  (5) with 𝜃 = 𝜋∕2, one has: 
⎧

⎪

⎨

⎪

⎩

𝜖𝑍 (𝐻𝑡) =
3
2
𝜆𝑠

[

sin2 𝛿 − 1
3

]

= 3
2
𝜆𝑠

[(

𝐻𝑡

𝐻𝑡

)2
− 1

3

]

(|𝐻𝑡| ≤ 𝐻𝑡)

𝜖𝑍 (𝐻𝑡) = 𝜆𝑠 (|𝐻𝑡| ≥ 𝐻𝑡)

(18)

The parabolic behaviour of 𝜖𝑃 (𝐻𝑡) = 𝑓𝑉 𝜖𝑍 (𝐻𝑡) is shown in Fig.  5𝐵. 
Similarly one gets:

𝜖𝑋 = 1
2
𝜆𝑠 − 𝜖𝑍 (19)

𝜖𝑌 = −1
2
𝜆𝑠

so that 𝜖𝑋 + 𝜖𝑌 + 𝜖𝑍 = 0, as expected. Calling 𝜖𝑧 = 𝜖 and following 
the same steps as in Section 3.1, one gets an identical formal expression 
for the peak-to-peak polarization value 𝛥𝑃 = |𝐺|𝑓𝑉 𝛥𝜖; however, in the 
present case 𝛥𝜖 can be expressed in an analytical form as a function of 
the bias field 𝐻𝑏 for any amplitude of the ac field 𝐻𝑣. Two different 
sets of expressions apply to different regions of the ac field amplitude:

I. When 𝐻𝑣 ≤ 𝐻𝑡∕2 (≈ 855 Oe for magnetite nanoparticles):
(𝑎)𝐻𝑏 ≤ 𝐻𝑣 : 

𝛥𝜖 = 3
2
𝜆𝑠

(

𝐻𝑏 +𝐻𝑣

𝐻𝑡

)2
(20)

(𝑏)𝐻𝑣 ≤ 𝐻𝑏 ≤ 𝐻𝑡 −𝐻𝑣 : 

𝛥𝜖 = 6𝜆𝑠
𝐻𝑣 𝐻𝑏

𝐻𝑡
2

(21)

(𝑐)𝐻𝑡 −𝐻𝑣 ≤ 𝐻𝑏 ≤ 𝐻𝑡 +𝐻𝑣 : 

𝛥𝜖 = 3
2
𝜆𝑠

[

1 −
(

𝐻𝑏 −𝐻𝑣

𝐻𝑡

)2]

(22)

(𝑑)𝐻𝑏 ≥ 𝐻𝑡 +𝐻𝑣 : 

𝛥𝜖 = 0. (23)

It can be easily verified that the strain of the ME𝑚 nanocomposite 
𝛥𝜖𝑃 = 𝑓𝑉 𝛥𝜖 is a continuous function of 𝐻𝑏 everywhere, although 
its derivative is discontinuous. The cusp-like behaviour of 𝛥𝑃 (𝐻𝑏) =
|𝐺|𝑓𝑉 𝛥𝜖(𝐻𝑏) is shown in Fig.  5𝐶. The value corresponding to the cusp 
𝛥𝑃 ∗ is attained for 𝐻∗

𝑏 = 𝐻𝑡 −𝐻𝑣 and has value: 

𝛥𝑃 ∗ = 6𝜆𝑠 |𝐺| 𝑓𝑉
𝐻𝑣

𝐻𝑡

(

1 −
𝐻𝑣

𝐻𝑡

)

. (24)

For a given dispersion of magnetic particles, the above expression only 
depends on 𝐻𝑣. It is therefore possible to find the amplitude of the 
ac field which maximizes 𝛥𝑃 ∗. The form of Eq.  (24) suggests that the 
absolute maximum of 𝛥𝑃 ∗ is attained when 𝐻𝑣∕𝐻𝑡 = 1

2 , i.e., 𝐻𝑣 =
𝐻𝑡∕2, which is the upper limit of the region of 𝐻𝑣 values investigated 
so far. In this case, the polarization of the nanocomposite reaches the 
value 𝛥𝑃𝑀𝑎𝑥 = 3

2𝑓𝑉 |𝐺| 𝜆𝑠 (light blue curve in Fig.  5𝐶) .
The ac field amplitude 𝐻𝑣 can of course be freely increased above 

the value 𝐻𝑡∕2. In this case, the quantity 
(

𝐻𝑡 − 𝐻𝑣
) becomes smaller 

than 𝐻𝑣, so that the analytical expressions for 𝛥𝜖 (Eq.  (20) to (23)) 
should be rearranged:

II. When 𝐻𝑣 ≥ 𝐻𝑡∕2
𝑎)𝐻𝑏 ≤ 𝐻𝑡 −𝐻𝑣 : 

𝛥𝜖 = 3
2
𝜆𝑠

(

𝐻𝑏 +𝐻𝑣

𝐻𝑡

)2
(25)

𝑏)𝐻𝑡 −𝐻𝑣 ≤ 𝐻𝑏 ≤ 𝐻𝑣 : 

𝛥𝜖 = 3
2
𝜆𝑠 (26)

𝑐)𝐻𝑣 ≤ 𝐻𝑏 ≤ 𝐻𝑡 +𝐻𝑣 : 

𝛥𝜖 = 3
2
𝜆𝑠

[

1 −
(

𝐻𝑏 −𝐻𝑣

𝐻𝑡

)2]

(27)

𝑑)𝐻𝑏 ≥ 𝐻𝑡 +𝐻𝑣 : 

𝛥𝜖 = 0 (28)

Even in this case 𝛥𝑃 = 𝑓𝑉 |𝐺|𝛥𝜖 is a continuous function of 𝐻𝑏 with 
discontinuous derivative. The cusp is substituted by a large plateau at 
𝛥𝑃 ∗ ≡ 𝛥𝑃𝑀𝑎𝑥 = 3

2𝑓𝑉 |𝐺| 𝜆𝑠, as shown in Fig.  5𝐶.
It should be noted that while in the case of randomly directed 

easy axes the maximum peak-to-peak value of the polarization of 
the nanocomposite is basically equal to 𝑓𝑉 |𝐺| 𝜆𝑠 (see Fig.  3), for 
collinear easy axes this quantity is enhanced by a factor 1.5, pointing 
to a definitely better magnetoelectric performance of the piezoelectric 
polymer. Using collinear easy axes gives the further advantage that 
full saturation of magnetization and polarization can be attained for 
a rather small value of the total field.

In the collinear case, an analytic expression can be obtained for the 
magnetoelectric coefficient 𝛼𝑀𝐸 too. Taking into account Eqs.  (24) and 
(26), the magnetoelectric coefficient takes the form: 
⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝛼𝑀𝐸 =
3𝜆𝑠|𝐺|𝑓𝑉

𝜖0𝜖𝑟
1
𝐻𝑡

(

1 −
𝐻𝑣

𝐻𝑡

)

(𝐻𝑣 ≤ 𝐻𝑡∕2)

𝛼𝑀𝐸 =
3𝜆𝑠|𝐺|𝑓𝑉
4𝜖0𝜖𝑟

1
𝐻𝑣

(𝐻𝑣 ≥ 𝐻𝑡∕2)
(29)
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Fig. 5. Collinear easy axes. (A) Behaviour of the magnetization with the applied field for the nanocomposite containing magnetite nanoparticles (blue line; the 
thin orange line is the 𝑀(𝐻𝑡) curve for random easy axes); (B) elastic strain/polarization curve as a function of the applied field; (C) peak-to-peak values 𝛥𝜖𝑃 , 𝛥𝑃
of elastic strain and polarization as functions of the bias field amplitude 𝐻𝑏, for different values of the ac field amplitude 𝐻𝑣; (D) surface showing the behaviour 
of the magnetoelectric effect 𝛥𝑃  in the (𝐻𝑏,𝐻𝑣) plane; the black line is the locus of the optimum working point for each pair of (𝐻𝑏,𝐻𝑣) values; (E) behaviour 
of the magnetoelectric coefficient 𝛼𝑀𝐸 (𝐻𝑏,𝐻𝑣) at the optimum working point.

Therefore 𝛼𝑀𝐸 is a continuous function of 𝐻𝑣, monotonically de-
creasing towards zero from the value:

𝛼𝑀𝐸,𝑀𝑎𝑥 =
3𝜆𝑠|𝐺|𝑓𝑉

𝜖0𝜖𝑟
1
𝐻𝑡

≈ 63.6 V/m/Oe

corresponding to the limit 𝐻𝑣 → 0. In this case, the amplitudes of 
the bias field and the ac field corresponding to the optimum working 

point are linearly related by the condition 𝐻∗
𝑏 = 𝐻𝑡−𝐻𝑣. The behaviour 

of 𝛼𝑀𝐸 is shown in Fig.  5𝐸.

4.2. Interplay of bias and ac fields

The whole strain/polarization curve of Fig.  5𝐵 can be explored by 
exploiting the interplay between a bias field and the ac field, with the 
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advantage that analytical expressions exist. The peak-to-peak variation 
of the magnetostrictive strain of the magnetite nanoparticles (𝛥𝜖), is 
given in terms of both 𝐻𝑏 and 𝐻𝑣 by Eqs. (20)–(23) and (25)–(28). 𝛥𝜖
is everywhere a continuous function of 𝐻𝑏, although its derivative is 
discontinuous in places. The resulting behaviour of 𝛥𝑃  as a function 
of 𝐻𝑏 for the ME𝑚 nanocomposite is shown in Fig.  5𝐶 for different 
values of 𝐻𝑣. The overall behaviour of 𝛥𝑃  as a function of 𝐻𝑏 can be 
summarized as follows:

- for 𝐻𝑣 ≤ 𝐻𝑡∕2 = 855 Oe, the 𝛥𝑃 (𝐻𝑏) curves obtained from 
Eqs. (20)–(23) display a rise of the magnetoelectric effect up to a 
cusp-like maximum whose value increases with increasing 𝐻𝑣, whilst 
its position on the 𝐻𝑏 axis moves towards left; beyond the cusp the 
magnetoelectric effect decreases and goes to zero;

- when 𝐻𝑣 = 855 Oe (light blue line in Fig.  5𝐶), the 𝛥𝑃  value 
at the cusp reaches the absolute maximum 𝛥𝑃𝑀𝑎𝑥 corresponding to 
𝛥𝜖𝑃 𝑀𝑎𝑥 = 6 × 10−6 (this is the maximum possible strain variation in 
magnetite nanoparticles);

- for higher values of 𝐻𝑣 the cusp transforms into a plateau, whose 
width increases with increasing 𝐻𝑣 and where the magnetoelectric 
effect is maximized; before the plateau 𝛥𝑃  still increases from the initial 
value; beyond the plateau 𝛥𝑃  decreases to zero.

It should be remarked that in the present case the cusp of the 
𝛥𝑃 (𝐻𝑏) curves is gradually displaced towards left with increasing 𝐻𝑣
(Fig.  5𝐶), whereas the opposite behaviour was found in the case of a 
random distribution of easy axes (Fig.  4(𝐴,𝐵)).

The overall behaviour of 𝛥𝑃  in the (𝐻𝑏,𝐻𝑣) plane is shown by the 
colour map of Fig.  5𝐷, where the optimum working point is indicated 
by the dotted black line. Once the plateau of the magnetoelectric effect 
is attained, both the bias and the ac field are ineffective in further 
changing the magnetoelectric response of the material, so that one is 
free to choose the most convenient (e.g., the less energy-consuming) 
values of the applied fields. It should be taken into account that the 
plateau of 𝛥𝑃  can be attained using rather low values of both 𝐻𝑏
and 𝐻𝑣, indicating that magnetite nanoparticles with collinear axes are 
particularly suitable to elicit at low costs a large magnetoelectric effect 
from the host piezoelectric polymer.

In the collinear case, the voltage generated across the ME𝑚
nanocomposite film is between 4.5 and 10.9 V for the considered 
range of bias and ac field values (to be compared with the interval 
1.4 V–7.8 V for randomly distributed easy axes). The magnetoelectric 
coefficient 𝛼𝑀𝐸 is a monotonically decreasing function of the sole ac 
field amplitude 𝐻𝑣, as shown by Eq.  (29). The behaviour of 𝛼𝑀𝐸 in the 
(𝐻𝑏,𝐻𝑣) plane is shown in Fig.  5𝐸.

5. Conclusion

We have developed a theoretical framework tailored to 0-3
nanocomposites containing a fraction of magnetically blocked nanopar-
ticles dispersed in piezoelectric PVDF, with the aim of predicting the 
magnetoelectric response elicited when the material is operating off the 
linear region, i.e., for arbitrarily large values of the ac magnetic field 
which drives the effect.

The main results of this study are:

• in the nonlinear regime, the ME behaviour of both nanocompos-
ites is strongly enhanced with respect to the linear case;

• departing from the linear regime, the electrical polarization in-
duced in the ME material can become comparable to the max-
imum value predicted by theory; even in the nonlinear regime 
such a result is best achieved by exploiting the interplay of the ac 
and bias fields;

• an optimum working point where the magnitude of the induced 
polarization and the magnetoelectric coefficient are maximized is 
determined in both nanocomposites for an appropriate choice of
both bias-field and ac-field amplitudes;

• the magnetic nanoparticles eliciting a large magnetoelectric sig-
nal are not necessarily the ones having the highest value of 
the magnetostriction, because the ME response is determined 
by a complex interplay between the intrinsic magnetic proper-
ties of nanoparticles (𝐾𝑒𝑓𝑓 , 𝜆𝑠) and the amplitude of the applied 
magnetic field(s);

• the degree of order of the easy-axis directions of nanoparticles 
plays a significant role; when the easy axes are aligned, the 
magnetoelectric effect of the nanocomposites is further enhanced 
with respect to the case of randomly distributed easy axes.

Although the present theoretical approach only depicts the proper-
ties of an idealized, flawless structure, it may help clarify the features 
of the behaviour of 0-3 type magnetoelectric nanocomposites with 
the dual aim of explaining the outcomes of new experiments and 
showing how to enhance the magnetoelectric effect in view of practical 
applications. To our knowledge, no account of the degradation of the 
ME coefficient by effect of a less-than-ideal quality of the nanoparticle-
polymer interface has been proposed so far. As a matter of fact, the 
actual degree of structural/mechanical matching at the interface is still 
an open issue, and an assessment of the quality of the interface should 
be an important task of future investigations.
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