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Magnetostrictive Nanoparticles in Piezoelectric

Environments for Spatially-Confined Electric

Brain and Nerve Stimulation

Abstract

Magnetoelectric nanomaterials are investigated in view of their application in
noninvasive electrical stimulation of brain cells and nerves for the treatment of
neural diseases and pain. The interplay of physical properties in nanoparticles
comprised of a magnetostrictive core and a piezoelectric shell is described by
modeling the core as a magnetic double-well system with uniaxial anisotropy and
the shell as an array of randomly oriented piezoelectric nanocrystals. A care-
ful analysis exploiting the symmetry of magnetic anisotropy allows to calculate
the magnetostrictive deformation induced by an ac magnetic field, the resulting
electric polarization and the stray electric field of the core-shell structure. An
appropriate choice of the core is demonstrated to be crucial in eliciting a strong
magnetoelectric response. Dispersing core-shell nanoparticles in a target tissue
induces a time-dependent electric field which is always parallel to the magnetic
field, permitting the directional stimulation of brain cells. Further, the properties
of a magnetoelectric nanocomposite obtained dispersing bare magnetostrictive
nanoparticles in a piezoelectric polymer film are investigated. It is shown that
the nanocomposite submitted to an ac magnetic field generates an electric field
of proper amplitude and can be used as a single flexible electrode for electrical
stimulation of nerves in local analgesia.

Keywords: magnetoelectric nanomaterials, core-shell nanoparticles, magnetostriction,
piezoelectricity, electric brain stimulation, electric nerve stimulation

1 Introduction

Many basic functions in the human body (cognitive, behavioural, related to motor
control) are regulated by the action of transient electric fields or potentials, mostly
at a microscopic scale [1–3]. Dysfunctional regulation of native electrical signals
brings about serious diseases inducing personal discomfort and having social impact,
such as Parkinson’s disease, epilepsy, essential tremor, dystonia, Tourette syndrome,
obsessive-compulsive disorder [4–7].
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As a consequence of the rapid evolution of medicine-oriented technology and the
increasing demand for wealth, in the last decades the medical practice has been
focused on the development of techniques devised to stimulate either brain cells or
nerve endings through electric fields of suitable amplitude, range and frequency, capa-
ble to induce a triggering and/or regulating effect on the dysfunctional transmission
of native electrical signals [4, 5, 8–13]. Remarkable attention has also been devoted to
the local treatment of muscles and nerves in order to elicit pain inhibitory pathways
and local analgesia (pain relief) [14, 15]; in this case techniques of transcutaneous
electrostimulation of nerves are exploited [16–18].

Acting on the dysfunctional behaviour of native electric fields or potentials in
the brain requires that electrical stimuli be applied to a specific region; deep brain
stimulation is actuated using fixed on-site electrode implants [7, 19–21] which neces-
sitate brain surgery, with the contraindications and the patients’ discomfort typically
associated to an invasive technique [22, 23]. More recently, techniques of non-invasive
brain stimulation have been introduced [24–26]. However, in transcranial treatments
where the electrodes are placed on the scalp, the electric fields can directly affect
activity in cortical regions only; moreover, transcranial treatments often result in
limited stimulation effects and in electric fields not easily focused on the target [27].

Recently, an alternative strategy has been devised [28] and is presently the subject
of active research. Such an innovative approach makes use of multifunctional nanopar-
ticles which can be placed at a specific target inside the cerebral tissue and activated
from a distance [28–32]. Multifunctional nanoparticles may help make a breakthrough
in many therapeutic protocols owing to the concurrence of specific features such
as high dispersibility, smart targeting, cooperative effects, remote control of their
properties [30, 33, 34] which are deemed of particular relevance in many branches
of today’s nanomedicine and personalized medicine. Neural stimulation based on
the action of multifunctional nanoparticles is a largely non-invasive technique, at
least on a macroscopic scale. Although biocompatibility and metabolic clearance of
these smart particles are still under investigation [35], in vitro and in vivo studies
[29, 36–38] indicate that they have the potential to be used as a tool in advanced
therapies. In addition, neural stimulation can be actuated by a wireless transmission
of low-frequency signals, and does not induce discomfort in the patient [30, 39]).

The key factors behind the interest for a therapy based on nanoparticles are the
ability of some materials to combine multi-functional properties, and the ability of
nanoparticles to achieve such a combination at the nanometer scale. In this way, many
obstacles typically met using conventional methods can be circumvented: in particu-
lar, a controlled, suitably targeted dispersion of functional nanoparticles could allow
the operator to precisely reach and effectively cure deep regions of the human brain.

In electrical stimulation of brain cells and nerves, the multifunctional properties
of some materials act to produce electric effects in the target tissue at the right
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frequency1 through non-electric actuation. In principle, such a goal can be achieved
using different multifunctional materials.

Magnetoelectric multiferroics [40] are characterized by the coexistence of two
ferroic properties in the same phase, i.e., ferroelectricity and magnetic ordering, with
a strong coupling between them [41]. As a consequence, an electrical response can
be produced by magnetic stimulation of a multiferroic. However, these materials are
rather difficult to produce on a large scale, so that they are possibly more interesting
in fundamental than in application-oriented research. Moreover, the interesting prop-
erties of bulk multiferroics, closely related to the symmetries of their atomic lattice,
may be degraded by the structural defects typically present in a nanostructured
material [42]. This is a major hindrance to widespread application of multiferroics in
nanomedicine applied to brain cell stimulation.

A class of multifunctional materials that naturally fits the requirements for use
in biomedicine and has attracted considerable attention in recent years are the
magnetoelectric (ME) core-shell nanoparticles made by a single nanoparticle of a
magnetostrictive material such as a ferrite surrounded by a piezoelectric material
(typically barium titanate, BTO) [28, 30, 43, 44]. These nanostructures, whose total
size is of the order of 20 - 50 nm, have been prepared in different ways [45]. The
magneto-electric effect naturally stems from the interplay between magnetic core and
piezoelectric shell [11, 46]. In fact, the spontaneous magnetization in the core can be
easily driven by an ac magnetic field of given amplitude and frequency; the change of
magnetization brings about a periodic deformation (strain) of the core itself because
of the magnetostrictive behaviour of the magnetic material (i.e., the coupling between
magnetic and elastic properties). In turn, the strain is transmitted to the piezoelectric
shell where it induces a periodic electric polarization of the nanoparticle [47, 48]. As
a consequence, each ME particle becomes the pointlike source of a time-dependent
electric field in the surrounding medium. When a dispersion of ME nanoparticles is
placed in close contact with a brain cell (or group of cells) which is generating an
erratic sequence of electric pulses, it can provide periodic electrical stimuli at a fre-
quency suitable to trigger the right sequence of pulses in the dysfunctional cells [28].

The magnetoelectric effect has been demonstrated and measured in many ME
core-shell nanoparticles belonging to the ferrite-BTO family [37, 38, 49–53], and the
feasibility of a therapeutic practice based on these properties has been discussed
[28, 37, 54, 55]; however the available experimental results referring to application-
oriented properties of these nanomaterials (mostly obtained so far on ME particles
whose core is made of the strongly magnetostrictive cobalt ferrite, CoFe2O4 [49]) are
very scattered [49], indicating that the effect is dependent not only on the structure
and composition of the core-shell particle but also on its environment. In fact, a
detailed, comprehensive analysis at the nanometric scale of the behaviour of these

1Typically, low frequencies (not exceeding a few hundreds of cycles per second) are needed to stimulate
brain cells or nerves.
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core-shell nanostructures is still lacking, and the real effectiveness of the magneto-
electric conversion is still to be satisfactorily assessed.

The magnetoelectric behaviour of these nanomaterials is strongly influenced
by the interplay of physical properties of magnetic cores (magnetization, magnetic
anisotropy, magnetostriction) and of piezoelectric shells (elastic properties, polariz-
ability), as well as by the crystal structure of the shells and the quality of the core-shell
interface. Such a situation makes it difficult to single out properties or quantities
useful to define a benchmark of the magnetoelectric performance of core-shell ME
nanoparticles. Therefore, the literature is focused on supporting experimental studies
[37, 38, 49–53] by means of specific models of ideal core-shell systems [44, 46, 48] in
order to figure out their magnetoelectric properties.

In Section 2 a microscopic model of the magnetoelectric behaviour of core-shell
nanoparticles with magnetic ferrite core is proposed. The model is based on an accu-
rate representation of the magnetostrictive effects in a single-domain magnetic core,
characterized by uniaxial magnetic anisotropy and pictured as a double-well system,
according to a widely accepted description of magnetic nanoparticles (Section 3).
Different types of magnetic and magnetostrictive behaviour related to the height of
the barrier between energy minima of the double well are explored and discussed
in Section 3.1. The effect of the magnetostrictive strain on the piezoelectric shell is
studied in Section 4.1 by means of a model describing the shell as an agglomerate
of BTO nanocrystals with randomly oriented tetragonal axes. The amplitude of the
electric field generated by a single core-shell nanoparticle is analyzed in Section 4.1.1,
and the cumulative magnetoelectric effect of a uniform dispersion of identical ME
nanoparticles is finally discussed in Section 4.1.2.

An entirely different type of magnetoelectric material with potential applications
to noninvasive electrostimulation of nerve endings or muscles is introduced in Section
2 and is discussed in Section 4.2. The considered material is a piezoelectric polymer
film containing a dispersion of magnetostrictive nanoparticles. The magnetoelectric
response of the nanocomposite is explained in terms of the same underlying physical
principles as in the case of core-shell nanoparticles: when the film is submitted to
an ac magnetic field of moderate amplitude, magnetostriction brings about a defor-
mation of the embedded nanoparticles that results in a macroscopic strain of the
whole piezoelectric polymer film where a uniform electric polarization is induced.
The behaviour of the nanocomposite is modeled by taking advantage (with suitable
adjustments) of the theoretical treatment developed for core-shell particles. The ME
film behaves as a single electrode which can be placed in close contact with a target
in a patient’s body and exploited to apply a magnetically induced electric stimulation
over a large surface of the target.

As a matter of fact, core-shell nanoparticles and piezomagnetic nanocomposites
belong to different classes of nanomaterials with respect to structure, functionalities
and areas of application. However, they share the same underlying physical processes
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and principles, characterized by a strict interrelation among different physical prop-
erties at the nanometer scale. This interrelation is at the basis of their promising
properties as multifunctional systems.

2 Magnetoelectric Nanomaterials

The magnetoelectric nanomaterials investigated in this paper belong in two main
families whose common feature is the magnetostriction of magnetic nanoparticles.

a) Core-shell ME particles are typically made of a magnetostrictive core (cobalt
ferrite CoFe2O4 and to a lesser extent magnetite Fe3O4 being among the commonest
materials studied so far [49]) surrounded by a piezoelectric shell (typically made
of barium titanate BaTiO3, or BTO) [38, 49–51, 53]. Each core-shell nanoparticle
generates its own magnetoelectric signal, although biomedical applications typically
require the cooperative effect of a large number of nanoparticles, as will be discussed
in Section 4.1. As a consequence, the model will take into consideration the ME
behaviour of a single nanoparticle.

A typical core-shell particle for ME applications can be modeled as in Figure
1, panel a; the magnetic core, of diameter D, is supposed to be a single grain of a
magnetostrictive material characterized by uniaxial magnetic anisotropy. When the
magnetic core is submitted to a magnetic field, three mutually orthogonal reference
axes can be defined:

- axis 3 is parallel to the direction of the applied field;
- axis 1 lies in the plane defined by axis 3 and the direction of the easy axis of

magnetic anisotropy;
- axis 2 is perpendicular to the (1,3) plane.

In general the easy axis is not parallel to any of these three axes, its direction
being characterized by the angles θ (0 ≤ θ ≤ π) and ϕ (0 ≤ ϕ ≤ π) with respect to
the field, as shown in Figure 1, panels a and b.

The shell of the ME particle (of outer diameter Dout and typical thickness not
exceeding 10-12 nm) [37, 50, 51] is assumed to contain a number of BTO nanocrys-
tals of similar size, characterized by tetragonal symmetry; in each nanocrystal the
(X,Y, Z) axes of the tetragonal cell are oriented at random with respect to the
magnetic-core axes (1, 2, 3). The local Z−axis (i.e., the tetragonal axis of the BTO
structure) is drawn in red in the inset of Figure 1, panel a. As a matter of fact, at
nanoscale level the structure of the as-synthesized BTO tends to be of cubic or pseu-
docubic type [56]; however, the cubic-to-tetragonal transformation can be induced in
the BTO shell by proper thermal treatments at high temperatures [38].

The core is in a well-defined magnetic regime characterizing its behaviour under
the action of a driving field of frequency f applied along axis 3. At room temperature,
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a magnetic nanoparticle belongs in one of three distinct regimes defined in Section 3,
depending on size and magnetic anisotropy.

b) In a different configuration, bare magnetostrictive nanoparticles are dispersed
in a continuous film of a diamagnetic, piezoelectric polymer. In this case the magne-
toelectricity is a macroscopic effect which takes place in the whole film, whose electric
polarization is switched on not through the action of a mechanical stress but by
an ac magnetic field acting on the magnetostrictive nanoparticles. The particles are
assumed to be uniformly distributed in the polymer; two ideal cases will be explored:

- easy axis of anisotropy randomly distributed in three dimensions with respect to
the macroscopic Cartesian axes of the piezoelectric film (Figure 1, panel c);
- easy axis having the same direction in all nanoparticles; the collinear configuration
can be achieved by applying a strong magnetic field when the particles are being
dispersed in the polymer precursor solution (Figure 1, panel c).

The polarization of the piezoelectric film is a systemic effect arising from the
cumulative deformation of all nanoparticles.

3 Modelling the magnetostriction behaviour

The following assumptions about the nanoparticles are made:

1. the magnetic particles have spheroidal shape with volume V = π
6D

3, D being the
diameter (in core-shell particles, D is the diameter of the magnetic core); their
size is such that the magnetization M is always in the single-domain configuration
(i.e., neither domain walls nor closure walls are present) [57];

2. they are characterized by an effective uniaxial magnetic anisotropy [58]; the
macrospin approximation [59], good for single-domain, nanosized particles, is used
to picture the evolution of the magnetization by effect of temperature and mag-
netic field;

3. they are homogeneously dispersed in a diamagnetic host material without forming
chains or aggregates which would bring about largely unpredictable variations of
their basic magnetic properties [60];

4. the particles are noninteracting because in biomedical applications, including
magnetic hyperthermia, the nanoparticle concentration is generally low [61]; at
any rate, weak dipolar interactions can be accounted for by changing the value of
the effective anisotropy constant [62];

5. the magnetic and magnetostrictive parameters (saturation magnetization Ms,
effective anisotropy constant Keff , magnetostriction constant λs) are considered to
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Fig. 1 a: Schematic representation of a core-shell ME nanoparticle; b: (θ, ϕ) angles defining the
easy axis direction with respect to the particle axes and the magnetic field direction; c: schematic
representation of a piezoelectric polymer containing a dispersion of magnetostrictive nanoparticles
with randomly directed easy axes (above) and aligned easy axes (below); d : angles and axes in the
expression of the magnetostrictive strain (Equation 2); e: physical parameters characterizing a DWS;
f : time behaviour of the parameter τ1 (escape time from well 1 of the DWS) for magnetite nanopar-
ticles of different sizes (one half-period of the applied magnetic field is considered); the horizontal
dashed line indicates the measurement time τmeas.
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be independent of particle size and have the representative values given in Table 1;

6. the evolution of magnetization by effect of the ac magnetic field is entirely ascribed
to Néel’s relaxation, effects arising from Brown’s relaxation being excluded from the
present treatment; this is an obvious assumption when the particles are embedded
in a piezoelectric film; it holds even when they are mostly immobilized by the host
tissue during the treatment time, as experimentally checked [63, 64]. On the other
hand, it should be noted that a magnetization change arising from pure rotation
of the anisotropy axis (i.e., Brown’s relaxation) would be ineffective in producing
the magnetostrictive strain in the piezoelectric shell that is at the very basis of the
effect under study. 2

A harmonic magnetic field is applied to the magnetic nanoparticles:

H(t) = HV cos(ωt) (1)

In this work, the maximum amplitude of the driving field is HV = 400 Oe and the
frequency is f = ω/(2π) = 100 Hz. These values are typical of biomedical applications
of core-shell ME nanoparticles for brain stimulation [28, 65].

Table 1 Values of the magnetic and magnetostrictive parameters of magnetite and cobalt ferrite nanoparticles
used in this work.

Fe3O4 CoFe2O4

Ms (emu/cm3) 350 300
Keff (erg/cm3) 3 ×105 3 ×106

λs 40 ×10−6 -110 ×10−6

As an expedient approximation, the strain induced in a magnetic nanoparticle by
effect of a variation of its magnetization with respect to the esay anisotropy axis is
assumed to depend on a single, magnetization-dependent parameter λ [47] and is a
function of the angle between the direction of magnetization and the one along which
the strain is observed. The relative elongation (or contraction) ∆l/l of the particle is
evaluated along the direction of the applied field (particle axis 3) as well as along axis
1 and 2. For a particle whose easy axis makes the angle θ with the field one has [57, 66]:

(∆l/l)3 =
3

2
λ(M)

[
cos2(θ − δ)− 1

3

]
(∆l/l)1 =

3

2
λ(M)

[
sin2(θ − δ)− 1

3

]
(2)

2In pure Brown’s relaxation, the magnetization follows the variation of the magnetic field while remaining
stuck to the easy anisotropy axis, without deviating from it; therefore, the magnetic state of the particle is
not modified by the field, so that the initial strain of the particle, if any, does not change with time.
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(∆l/l)2 = −1

2
λ(M)

where δ is the angle between the magnetization and the easy axis, so that the
quantity |θ − δ| is the angle between magnetization and field (see Figure 1, panel d).
The form of Equation 2 is related to the fact that the magnetization always lies in
the (1,3) plane.

Generally speaking, the isotropic magnetostriction coefficient λ is a monotonic
function of M whose maximum (saturation) value is λs ≡ λ(M = Ms). The val-
ues of λs for both magnetite and cobalt ferrite reported in Table 1 are coincident
with the saturation magnetostriction measured in polycrystalline samples with a dis-
ordered distribution of crystal directions [57]. When the magnetization process occurs
through pure rotations of the magnetization vector without domain-wall displace-
ments, as in the case of single-domain nanoparticles, a quadratic dependence of the
magnetostriction coefficient on M is predicted [66]:

λ(M) = λs

(
M

Ms

)2

. (3)

In the present case, the relative elongations (∆l/l)i defined in Equation 2 are
the diagonal elements of a (3 × 3) strain tensor (∆l/l)i ≡ ϵii (i = 1, 2, 3) whose off-
diagonal elements are assumed to be negligible (i.e., the magnetic field is considered
not to be a source of shear strain). It can be easily checked that the trace of the ϵij
tensor is equal to zero, as expected from the requirement of volume conservation [57].

3.1 DWS and Magnetic Regimes

Magnetic nanoparticles characterized by uniaxial magnetic anisotropy are suitably
pictured as classical double-well systems (DWS) where the magnetization switches
from one energy well to the other one through barrier-crossing transitions [67] (see
Figure 1, panel e).

The magnetic behaviour of a single nanoparticle is determined by the height of the
barrier between wells and by the angles γ1, γ2 corresponding to the angular positions
of the two energy minima E1 , E2; these quantities depend on the anisotropy constant,
the particle volume and the applied field H [68]. In the presence of a magnetic field,
the energy barriers associated to the two wells are different (see Figure 1, panel e), EBi

being the height of the barrier corresponding to the i-th minimum. The corresponding
relaxation times are therefore different:

τ1,2 = τ0 exp
(EB1,2

kBTK

)
(4)

where τ0 ≈ 10−9 s is the reciprocal of the attempt frequency for activated barrier
crossing [69] and TK is the absolute temperature (in this paper, TK = 300 K). When
H = 0, EB1 = EB2 ≡ KeffV , so that the escape times are equal (τ1 = τ2) and
coincident with the Néel’s relaxation time τN [70, 71]:
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τN = τ0 exp
(KeffV

kBTK

)
(5)

It should be explicitly noted that the problem is complicated by the fact that
EB1,2 and the time constants τ1,2 generally depend not only on the magnitude of
the applied field but also on the angle between the easy axis of the particle and the
applied field direction [71].

Three different magnetic regimes can be singled out, resulting from the ratio
between the escape time from an energy well and the measurement time. When
a driving field of frequency f is applied, the characteristic measurement time is
considered to be a small fraction of the field’s period T : in fact, it is supposed
that during one period of the driving field the magnetization of the nanoparticle is
actually assessed a large number of times by the measuring setup, as typical of the
experimental practice. In this paper we take τmeas = T/100.

In a thought experiment, the magnetization is assumed to be initially in the well
1 of the DWS (when t = 0, H = +HV = 400 Oe); during one period, the particle is
assumed to switch from well 1 to well 2 if and only if the escape time τ1 becomes less
than τmeas, i.e., if the energy barrier EB1(H) becomes less than [ln(1/fτ0)kBTK ] (see
Equation 4). Three regimes emerge considering the behaviour of the magnetization
over one full period of the applied field:

- when τ1(t = 0) << τmeas, the particle is in the superparamagnetic (SP) regime
[57] and is labelled as a S-type particle. In fact, during one period of the field τ1(t)
is always lower than τ1(t = 0) (see an example in panel f of Figure 1, full curve in
blue); by symmetry reasons, τ2 behaves in the same way but for a half-period lag (i,e,
τ2(t − T

2 ) ≡ τ1(t)) so that the magnetization repeatedly switches between the two
energy minima during the measurement. In this case, the particle’s magnetization
is in thermal equilibrium and the M(H) curve is anhysteretic [72] (see Figure 2,
panel a). Owing to the small nanoparticle diameter, the curvature displayed by the
equilibrium M(H) curve in the −HV ≤ H ≤ HV interval is either very small (as in
Fe3O4) or virtually absent (as in CoFe2O4);

- in contrast, when τ1(t =
T
2 ) > τmeas, the particle is in the blocked anhysteretic

regime (BA-type particle); the magnetization is never allowed to switch from well 1
to well 2 because the escape time τ1 is always larger than τmeas (see an example in
in panel f of Figure 1, full curve in red). In this case, the M(H) curve is entirely
determined by the reversible evolution of the γi angles with the field and is therefore
fully anhysteretic (see the full lines in colour in Figure 4, panel a, corresponding to
the actual variation of the magnetization when the HV = 400 Oe);

- a case of particular interest is when the τ1(t) curve intersects the horizontal
τmeas line at some time t∗ between T/4 and T/2; there, the magnetization switches
from well 1 to well 2 (see an example in panel f of Figure 1, full line in orange).
When t = t∗ the magnetic field H has a negative value (see Equation 1) and plays
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the role of coercive field: H(t∗) ≡ −Hc; by symmetry, the magnetization will switch
back from well 2 to well 1 at H = +Hc on the return branch. The particle is the
blocked hysteretic regime (BH-type particle) (see Figure 3, panels a.1 and a.2 ).

Note that when Keff is constant the key parameter for assigning the particle to
one of the three regimes is just the particle diameter D. For magnetite, panel f of
Figure 1 shows that nanoparticles with D = 10, 17, 24 nm belong in each of the three
magnetic regimes and will therefore be taken as representative examples of the three
types of nanoparticles. A closely similar analysis for cobalt ferrite (not shown here)
indicates that the three magnetic regimes are represented by nanoparticles having
diameters D = 5, 7, 12 nm.

The magnetic and magnetostrictive behaviour of magnetite and cobalt ferrite
nanoparticles belonging in each of the three regimes is discussed in the following
Sections.

3.2 Superparamagnetic nanoparticles

In the macrospin approximation, a single magnetic nanoparticle of volume V carries
a magnetic moment µ, i.e., it is characterized by a magnetization M of modulus Ms

aligned with the easy axis when H = 0. In a S-type particle, the result of a thought
measurement of the magnetization is a time average of M which makes a very large
number of transitions between the two wells during the measurement time τmeas.
When H ̸= 0 the transitions 1 → 2 and 2 → 1 do not have the same probability of
occurring because one well is deeper than the other one. An expedient way to estimate
this probability is to imagine a set of N fictional replicas of the particle in thermal
equilibrium; at a given time the magnetization of N1 ≤ N particles will be in well
1 and the one of N2 = (N − N1) particles in well 2; in thermal equilibrium at the
temperature TK , the fractions n1eq = N1eq/N and n2eq = (1− n1eq) are given by the
Boltzmann’s statistics:

ni =
exp

(
− Ei

kBTK

)
exp

(
− E1

kBTK

)
+ exp

(
− E2

kBTK

) (6)

where the Ei’s are the energy values in the minima of the DWS.

The time average done on one S-type nanoparticle during the measurement time
τmeas is considered to be equivalent to the instantaneous average over the set of N
identical replicas of the particle. In particular, the magnetization is expected to be
in well 1 for a time (n1eq τmeas) ≤ τmeas and in well 2 for the complementary time
(n2eq τmeas) = [(1 − n1eq)τmeas]; the finite time taken by magnetization reversal [71]
is considered negligible with respect to τmeas, so that the fast transitions between
wells are assumed to occur instantaneously on the time scale considered here [71].

As a consequence, the time average of the particle’s magnetization is not equal to
zero (for H ̸= 0) and the particle appears to be magnetized by the applied field. For a
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Fig. 2 Magnetic and magnetostrictive properties of typical S-type nanoparticles made of magnetite
and cobalt ferrite; a: magnetization curves; b: magnetostrictive strain ϵ33 along the field direction
as a function of the instantaneous amplitude of the driving field for various values of the angle θ
between the easy axis and the field; c: magnetostrictive strain ϵ33 of the magnetic core and resulting
polarization component P 3 of a core-shell ME nanoparticle as functions of time (three periods of the
driving field are plotted); θ angles as in panel b.1.
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S-type particle whose easy axis makes an angle θ with the field, it can be shown that
the time-averaged magnetization M has magnitude:

M = Ms

[
(n1eq cos γ1 + n2eq cos γ2)

2 + (n1eq sin γ1 + n2eq sin γ2)
2

] 1
2

(7)

where the γi’s are the angular positions of the two energy minima of the DWS
with respect to the easy axis. The M vector makes an angle:

δ = arctan

[
n1eq sin γ1 + n2eq sin γ2
n1eq cos γ1 + n2eq cos γ2

]
(8)

with the easy axis (see the Supplementary Information for a derivation of
Equations 7 and 8). It is easy to check that Fe3O4 nanoparticles with D = 10 nm and
CoFe2O4 nanoparticles with D = 5 nm are well within the SP regime; the component
of M along the field is shown in Figure 2, panel a for both materials.

The diagonal elements of the (3 × 3) strain tensor (ϵii) are obtained through
Equations 2 and 3, where M(H) → M(H). The behaviour of ϵ33 as a function of
H is shown in Figure 2, panels b.1 and b.2, for the two magnetostrictive materials
and different θ angles; it can be noted that the magnitude of the strain along axis 3
strongly depends on the angle θ. As expected for S-type particles, the ϵ33(H) curves
are fully anhysteretic; the deformation induced by the field disappears when H = 0
because in this case the nanoparticle displays no net time-averaged magnetization.
The curves for ϵ11 and ϵ22 have similar features and are given in the Supplementary
Information. The most remarkable difference between the curves for the two materials
(apart from the upward/downward curvature arising from the different sign of λs,
and a minor difference in their shape resulting from the different M(H) curve) is the
strong reduction of the magnetostrictive strain in CoFe2O4 nanoparticles with respect
to Fe3O4 nanoparticles, in spite of the fact that |λs| is almost three times larger in
cobalt ferrite than in magnetite. In fact, the magnitude of the strain is affected by
the barrier between energy wells: the higher is the barrier, the smaller the (M/Ms)
ratio which determines λ through Equation 3. Owing to the strong difference between
the values of Keff , the energy barrier turns out to be higher in 5-nm cobalt ferrite
nanoparticles than in 10-nm magnetite nanoparticles.

The ϵ33(t) waveform is reported in Figure 2, panels c.1 and c.2 for three periods
of the driving field H(t) (the pertinent scale is on the left vertical axis). The strain
has frequency twice that of the driving field, and is in phase with H(t); the wave-
form appears to be deformed with respect to the sinusoid, particularly in magnetite
nanoparticles and for small θ angles. In S-type nanoparticles, the peak-to-peak value
of ϵ33, defined as:

∆ϵ33 = |ϵMAX
33 − ϵmin

33 | (9)

is highest for θ = 0, i.e., when the easy axis is parallel to the field direction, and
decreases with increasing θ. The behaviour of ∆ϵ33 as a function of θ is shown for both
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materials in the Supplementary Information. The average of ϵ33(t) over all values of θ
is given by:

⟨ϵ33⟩(t) =
1

2

∫ π

0

ϵ33(t) sin θ dθ (10)

The result of the average is shown in the same panels as a dashed line (in magenta).

3.3 Magnetically blocked nanoparticles

The cyclic magnetization of single-domain nanoparticles having diameter greater than
the critical size for superparamagnetism [57] displays a hysteretic behaviour [68]. In
this case, an important role is played by the coercive field H∗

c of the major hysteresis
loop3. For constant temperature and driving-field frequency, the coercive field of a
major loop is strongly dependent on nanoparticle size [57].

3.3.1 With magnetic hysteresis

A single BH-type particle is characterized by a symmetrical hysteresis loop with
rectangular vertical sides connecting the upper and lower branch and corresponding
to the 1 → 2 or 2 → 1 transitions of the magnetization, which take place when τ1 or
τ2 become less than τmeas, as stated in Section 3.1. A typical example for some values
of θ is shown in Figure 3, panels a.1 and a.2 for both magnetite and cobalt ferrite
nanoparticles. The transitions define the (θ-dependent) coercive field ±Hc which does
not exceed |HV | in magnitude. Fe3O4 nanoparticles with D = 17 nm and CoFe2O4

nanoparticles with D = 7 nm belong in this group.

In BH-type particles, the nanoparticle magnetization is not randomly fluctuating
in time as in S-type particles; therefore in the upper branch its magnitude is equal to
the saturation value Ms, whilst the angle δ between M and the easy axis is equal
to γ1 until the 1 → 2 transition takes place ; there, the angle instantaneously [71]
switches to γ2 (the opposite behaviour takes place on the lower branch).

Therefore, the diagonal elements of the (3× 3) strain tensor (ϵii) are obtained by
using Equation 2 with λ = λs. The behaviour of ϵ33 as a function of H is shown in
Figure 3, panels b.1 and b.2 for the two magnetostrictive materials and different θ
angles; even in this case, the magnitude of the strain along axis 3 strongly depends
on the angle θ. As expected for nanoparticles characterized by a well-defined magne-
tization loop (see panel a), the ϵ33(H) curves generally display a hysteretic behaviour
with jumps at ±Hc.

However, the ϵ33(H) curves do not exhibit hysteresis when the easy axis is both
perpendicular and parallel to the field: when θ = 90◦, the magnetization entirely
results from continuous rotation of Ms towards the field, independently of the energy
well where it belongs; when θ = 0, the magnetization reversal does not affect ϵ33,

3In a major loop the vertex field is such that the magnetization is able to attain the saturation value ±Ms
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Fig. 3 Magnetic and magnetostrictive properties of typical BH-type nanoparticles made of magnetite
and cobalt ferrite; a: magnetization curves or various values of the angle θ between the easy axis
and the magnetic field; b: magnetostrictive strain ϵ33 along the field direction as a function of the
instantaneous amplitude of the driving field; θ angles as in panel a.1 ; c: magnetostrictive strain ϵ33
of the magnetic core and resulting polarization component P 3 of a core-shell ME nanoparticle as
functions of time (three periods of the driving field are plotted); θ angles as in panel a.1.15
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the sample’s elongation (or contraction) not being modified by the direction of the
magnetization vector [66]. The two branches of the ϵ33 loop intersect in H = 0 where
ϵ33 = 3

2λs(cos
2 θ − 1

3 ). The curves for ϵ11 have similar features and are given in
the Supplementary Information; ϵ22 is independent of both H and θ and equal to
−2× 10−5 and 5.5× 10−5 in Fe3O4 and CoFe2O4 nanoparticles, respectively.

Even in this case, CoFe2O4 turns out to be definitely less efficient than Fe3O4 in
producing a large elastic strain along axis 3, because the strong magnetic anisotropy
hinders the rotation of the magnetization away from the easy axis. This can be
checked by comparing the ϵ33(H) curves of panels b.1 and b.2 to the M(H) curves
of panel a for both materials. It is observed that the magnitude of ∆ϵ33 is basically
determined by the greater or smaller variation of the M(H) curve in the same field
interval, which is in turn related to the rotation of the magnetization vector away
from the easy axis (such a rotation is almost inhibited in cobalt ferrite particles owing
to the large anisotropy energy).

The ϵ33(t) waveform is shown in Figure 3, panels c.1 and c.2. For θ ̸= 0, the
periodic strain has frequency twice that of the driving field and markedly differs from
a sinusoid, being affected by the jump of ϵ33 at the coercive field; when θ = 0, the
strain is constant; therefore, a BH particle whose easy axis is parallel to the field
is unsuitable in ac applications. In contrast with the behaviour observed in S-type
nanoparticles, the peak-to-peak strain ∆ϵ33 is minimum (and equal to zero) when
θ = 0 because the sample’s length is not affected by magnetization reversal on the
easy axis when this is parallel to the field. ∆ϵ33 exhibits a maximum at intermediate
angles, as shown in the Supplementary Information. The average of ϵ33(t) over all
values of θ (Equation 10) is shown in the same panels by the dashed line (in magenta).
In the case of cobalt ferrite, the average curve is barely visible on the scale of Figure 3.

3.3.2 Without magnetic hysteresis

In biomedical applications of ME nanoparticles, the maximum amplitude of the
applied field is usually considered to be of the order of a few hundreds of Oe; in
large single-domain nanoparticles (D ⪆ 20 nm for magnetite, D ⪆ 10 nm for cobalt
ferrite) the coercive field of the major loop H∗

c can be significantly larger than HV ; in
this case, no 1 → 2 transitions are expected to occur by applying a field H between
±HV in a particle whose magnetization is initially in well 1. As a consequence, both
the magnetic and the magnetostrictive response of BA-type nanoparticles do not
display hysteresis. This is made clear in Figure 4, panels a.1, a.2 and b.1, b.2 for BA-
type nanoparticles of the two materials (Fe3O4 nanoparticles with D = 24 nm and
CoFe2O4 nanoparticles with D = 12 nm belong in this group). For all θ angles, the
major loops (black dotted lines) have a coercive field much higher than |HV |, so that
when H(t) runs between +HV and −HV both the magnetization and the strain only
vary on a small portion of the upper branch of the major loop (full lines in colour).
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In this case, the magnitude of the magnetization is again equal to Ms and the
angle δ between M s and the easy axis is always equal to γ1. It should be explicitly
noted that the magnetic state described here is by no means an exceptional one: typ-
ically, a magnetic nanoparticle not submitted to any magnetic field is at remanence
rather than being in the demagnetized state, so that applying an alternate field of
amplitude less than Hc makes the magnetization to move back and forth around the
remanence value on the upper branch of the major loop.

The resulting ϵ33(t) waveform is shown in Figure 4, panels b.1 and b.2. As in a
BH-type particle, the strain is constant when θ = 0. In contrast with the previous
cases, for θ ̸= 0 the periodic strain has the same frequency of the driving field. This
is related to the peculiar behaviour of both M(H) and ϵ33(H), which remain on the
upper branch of the major loop, as previously discussed. The resulting waveform is
more regular than in S-type and BH-type particles. The curves for ϵ11 have similar
features and are given in the Supplementary Information; ϵ22 is independent of both
H and θ and equal to −2×10−5 and 5.5×10−5 in Fe3O4 and CoFe2O4 nanoparticles,
respectively.

The peak-to-peak value of the strain (∆ϵ33) takes the minimum value (equal to
zero) when θ = 0 and displays a maximum at intermediate angles, as shown in the
Supplementary Information. The average of the strain waveform over all θ values,
done according to Equation 10, is also reported in the same panels (dashed line in
magenta).

In analogy with the other cases, the peak-to-peak value of the ϵ33 waveforms for
all θ angles are very small in single-domain cobalt ferrite nanoparticles, indicating
that ME core-shell particles with a FeCo2O4 core may not be an efficient source of
magnetoelectricity, because the advantage of working with a high magnetostriction
coefficient is more than counterbalanced by the detrimental effects arising from the
large magnetic anisotropy.

4 Magnetoelectric effects

In all regimes described in Sections 3.2 and 3.3, the magnetic field has been shown
to produce - to a greater or lesser extent - a deformation ϵii along each of the three
reference axes i of the magnetic core. The ME effect arising from such a deforma-
tion is studied in different ways depending whether the magnetostrictive nanoparticle
is surrounded by a BTO shell or embedded in a piezoelectric film. Clearly, the mag-
netoelectric behaviour of both types of materials depends on the elastic properties
of the piezoelectric media surrounding the magnetostrictive nanoparticles. However,
a central role is played by the quality of the transmission of the elastic strain from
the magnetic nanoparticles to the surrounding elastic medium, that depends on how
the materials match at the interface. In this work, it is assumed that the strain is
effectively transmitted by ideally matching materials, without interface defects which
would attenuate the ME signal.
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Fig. 4 Magnetic and magnetostrictive properties of typical BA-type nanoparticles made of magnetite
and cobalt ferrite; a: full lines in colour: magnetization curves or various values of the angle θ between
the easy axis and the magnetic field (the dotted lines show the major hysteresis loops; the inset of
panel b.2 shows a magnification of the region around H = 0); b: full lines in colour: magnetostrictive
strain ϵ33 along the field direction as a function of the instantaneous amplitude of the driving field
(the dotted lines show the major hysteresis loops; the inset of panel b.2 shows a magnification of the
region around H = 0); θ angles as in panel a.1 ; c: magnetostrictive strain ϵ33 of the magnetic core
and resulting polarization component P 3 of a core-shell ME nanoparticle as functions of time (three
periods of the driving field are plotted); θ angles as in panel a.1.
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4.1 Core-shell particles

4.1.1 Properties of a single core-shell particle

In a single core-shell nanoparticle whose easy axis makes an angle θ with the magnetic
field direction, the deformation of the core produces a polarization of the BTO shell
along each of the three particle axes (1, 2, 3), as discussed in the Appendix A.1 where
it is shown that the polarization vectors along the three particle axes depend on the
time-dependent magnetostrictive strain along axis 3 only, and can be written as:

P 1(t) = P 1(t)u1 =
1

3
Aϵ3(t)u1

P 2(t) = P 2(t)u2 =
1

3
Aϵ3(t)u2 (11)

P 3(t) = P 3(t)u3 =
1

3
Bϵ3(t)u3

where ϵ3(t) ≡ ϵ33(t) and the u i’s are unit vectors along the particle axes (see
Figure 1, panel a); the values of the A,B constants (which depend on the piezoelectric
shell but not on the magnetostrictive core) are given in the Appendix A.1. It should
be noted that the magnetostrictive strain along axis 3 depends on the angle θ for all
magnetic regimes. As it turns out, the polarization vectors along axis 1 and 2 have
equal magnitude at all times; in BTO B is a positive quantity whilst A is negative,
so that the polarization along axis 3 of the particle has different sign with respect to
the polarization along the two other axes.

The behaviour of P 3(t) with time is just proportional to the one already shown
for the ϵ3(t) strain in panels b.1, b.2 of Figures 2- 4 for the three types of nanoparti-
cles and for the two considered materials (in this case, the relevant scale is reported
on the vertical axis to the right). The P 1(t) ≡ P 2(t) waveforms are given in the
Supplementary Information.

All polarization components along the particle axes oscillate in phase, so that the
total polarization displayed by the ME nanoparticle P (t) = ΣiP i(t) is a vector whose
direction is fixed in space. P (t) makes equal angles with particle axes 1 and 2, and
is tilted by an angle θ̃T from the field’s direction (axis 3); the angle of tilt, not be
confused with the angle θ between the easy axis and the field, is:

θ̃T = arccos
B√

4A2 +B2
(12)

With the values given in Table 2, it turns out that θ̃T ≈ 65◦. The angle of tilt
is always the same, independently of the value of the angle θ between the easy axis
and the field direction. Using the simple model of a dielectric sphere with uniform
polarization surrounded by a medium of relative permittivity ϵr, the electric field
inside the particle is [73] :
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Ei(t) = − P (t)

(2 + ϵr)ϵ0
(13)

which obviously reduces to the usual expression E = −P /3ϵ0 when ϵr = 1. The
peak-to-peak value of the magnitude of the electric field is

∆Ei =
1

3(2 + ϵr)ϵ0

√
4A2 +B2 ∆ϵ3 (14)

where ∆ϵ3 ≡ ∆ϵ33 was defined in Equation 9. The maximum value of the alter-
nating voltage at the surface of a ME core-shell nanoparticle with outer diameter
Dout is just the product (∆Ei Dout).

Considering a standalone ME nanoparticle embedded in a medium with ϵr ≈ 1,
and using the values of Table A1 one gets ∆Ei ≈ 1.04× 1011 ∆ϵ3.

As an example, in a ME nanoparticle with a S-type magnetite core with θ = 45◦,
∆Ei ≈ 1.56 × 106 V/m; taking Dout ≈ 30 nm [37] the maximum voltage across the
nanoparticle is expected to be ∆V ≈ 47 mV.

In the case of a ME nanoparticle with S-type cobalt ferrite core surrounded by
a medium with ϵr ≈ 1, the following values are calculated when Dout ≈ 30 nm and
θ = 45◦: ∆Ei ≈ 1.04 × 105 V/m, ∆V ≈ 3 mV. These values are in agreement with
the ones obtained on ME nanoparticles with ferrite cobalt cores using a different
modeling approach [11] which has recently been validated by in-vivo measurements.

The electric field Eo outside the nanoparticle behaves as a dipole field [74]; an
estimate of its peak-to-peak value at a distance d > Dout/2 from the center of the
nanoparticle is obtained by making the average of |Eo| over the spherical surface of
radius d:

∆Eo = 1.38∆Ei

(
Dout

2d

)3

(15)

A suitable parameter used to measure the efficiency of magnetoelectric conversion
of core-shell nanoparticles is the mean magnetoelectric coefficient αME = ∆Ei/∆H,
where ∆H is the change of magnetic field needed to obtain the peak-to-peak value
∆Ei of the internal field. In our case, ∆H = HV because one half-period of the
driving field is enough to get ∆Ei (see panel c of Figures 2 - 4). As a matter of fact, a
wide variety of values of the αME coefficient have been measured [49–51], suggesting
that this parameter is influenced by the intrinsic properties of the core-shell structure
and by the nature of the particle’s environment.

The electric field inside the nanoparticle is affected by the relative permit-
tivity of the surrounding medium (Equation 14); as a consequence, the product
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[(2 + ϵr)αME ], which is independent of the external medium, is a more appropri-
ate parameter to characterize the magnetoelectric response of the nanoparticle. The
permittivity-independent coefficient is defined as:

[(2 + ϵr)αME ] =
1

3ϵ0

√
4A2 +B2

∆ϵ3
HV

(16)

Typical values of this quantity are reported in Table 2 for three types of magnetic
cores and the considered materials.

Table 2 Values (in mV/cm/Oe) of the permittivity-independent product [(2 + ϵr)αME ] of core-shell
nanoparticles for two magnetostrictive materials and three types of magnetic cores.

Type Fe3O4 CoFe2O4

S 8.2× 104 5.4× 103

BH 8.6× 104 1.8× 104

BA 1.1× 105 2.3× 104

According to Table 2, when the ME nanoparticles are surrounded by a dielec-
tric medium with ϵr ≈ 1, the mean magnetoelectric coefficients take values around
3× 104 in nanoparticles with magnetite core and in the range 2− 8× 103 in particles
with cobalt ferrite core. These values can be compared with the experimental results
obtained on real core-shell ME particles, that range between 2-3 mV/cm/Oe [75]
and 1 × 104 mV/cm/Oe [51]. 4 It should be noted that core-shell nanoparticles with
αME values closely similar to the results reported in Table 2 have been shown to be
effective in inducing electrical stimuli in the brain of mice [30]. On the other hand,
even when core-shell particles with significantly smaller αME coefficients were used,
stimulation effects in mice were observed as well [29].

It can be concluded that for a given host medium the value of the magneto-
electric coefficient of core-shell nanoparticles with single-domain magnetic cores is
strongly affected by the magnetic material (magnetite being favoured with respect
to cobalt ferrite), while the type of magnetic regime in the core plays a marginal
role, particularly in the case of magnetite. This means that the magnetoelectric
performance is not particularly influenced by the size of the magnetic cores, which is
an important feature in applications making use of magnetic nanoparticles produced
through chemical routes [76], where different magnetic regimes coexist because of
a wide distribution of particle sizes. Of course, a crucial role in determining the
actual efficiency of core-shell particles is played by the piezoelectric response of the
BTO shell, which strongly depends on the quality and the arrangement of the BTO
nanocrystals. However, the values reported in Table 2 indicate that the right choice

4The large scatter of measured αME values found in the literature is possibly related to the quality of
the BTO shell structure and of the core-shell interface.

21

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



of the magnetic material has comparable importance.

In living tissues a wide distribution of values of ϵr have been measured [77]. The
matter is complicated by the fact that reliably estimating the relative permittivity of
living tissues al low frequency (f ≤ 10 kHz) is still a debated issue [78]. According to
recent views [78], ϵr can be of the order of 1× 105 in brain (gray matter) at f = 100
Hz. In this case, Equations 14 and 15 indicate that in a 30-nm core-shell nanoparticle
with a superparamagnetic magnetite core, the internal electric field has value Ei

would be of the order of 50 V/m; as a consequence, the field generated by the ME
nanoparticle in the tissue would still have a value of more than 0.1 V/m at a distance
as large as about 100 nm from its surface. Such an amplitude is sufficient to elicit
the response of neurons submitted to repetitive electrical stimuli [79], to activate
neuronal networks [8] and to evoke neural spikes [8].

4.1.2 Dispersion of core-shell particles in a dielectric medium

In biomedical applications such as neural stimulation, a large number of identical
nanoparticles are needed to produce a significant effect in the living tissue.

In this Section, we propose a simplified model of the electrical stimulation by
an uniform dispersion of identical ME nanoparticles. Let us single out a spherical
region of diameter DR inside a dielectric medium with a low-frequency permittivity
ϵr ≈ 1 × 105, i.e., comparable to the one of the cerebral tissues. Let us imagine that
the volume of such a sphere is populated by a large number of evenly distributed
core-shell nanoparticles of diameter Dout ≪ DR, fixed in space, and with volume
fraction fV ; no particles are instead supposed to be present outside the sphere.
Typically, in a particle dispersion there is no way to control the direction of the easy
axes of the magnetic cores, so that the nanoparticles are assumed to have randomly
distributed easy axes.

In general, the easy axis direction of a magnetic core is characterized by the angle
of tilt θ from the magnetic field direction and by the azimuth ϕ around the the same
direction, as shown in Figure 1, panel b. It should be noted that axis 3 of all nanopar-
ticle cores is always coincident with the magnetic field direction; in contrast, axes 1
and 2 are randomly distributed around the magnetic field direction, so that the (1,3)
plane takes all orientations in space. The total electric polarization of the system is
obtained by making an average over both θ and ϕ angles of the single-particle polar-
ization vectors P i defined in Equation 11. It is easily checked that the average over ϕ
cancels out the polarization vectors along axes 1 and 2 (P1 and P2) whilst P3 is left
unaffected (in fact, u1 = u2 = 0, u3 = u3); therefore:

P 1 = P 2 = 0 ; P 3 = P 3. (17)

The average of P3(θ) with respect to the angle θ (denoted by brackets) is done
recalling that ϵ3 is a function of this angle. By definition, ⟨P 3⟩ = 1

3B⟨ϵ3⟩u3, where
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⟨ϵ3⟩ was defined in Equation 10. The magnitude of ⟨P 3⟩ for all types of ME nanopar-
ticles is shown in Figures 2, 3, and 4 as dashed lines (in magenta; the values are
reported on the right axis). Therefore, the whole spherical region may be thought as
characterized by a uniform polarization vector P tot = fV ⟨P 3⟩, which is parallel to
the magnetic field and oscillates in time.

In other words, a magnetic field H (t) is able to generate in the spherical region a
uniform electric field E(t) having the same direction of H (t) because of the presence
of dispersed ME nanoparticles. This result paves the way to a user-guided technique
of directional neural stimulation in a target region. The magnitude of the uniform
electric field inside the sphere is:

Ei(t) =
Ptot(t)

(2 + ϵr)ϵ0
≈ fV

⟨P3⟩(t)
ϵrϵ0

(18)

Considering core-shell nanoparticles with a S-type magnetite core, one has ⟨P3⟩ ≈
1.2×10−5 C/m2 (see Figure 2, panel c.1 ), so that Ei ≈ 13.6 fV V/m everywhere inside
the sphere. Therefore, a volume fraction fV ≈ 7×10−3 would be enough to generate in
the spherical region an electric field larger than the lower neuronal activation threshold
in the brain. Equation 18 clearly indicates that the local permittivity of the tissue plays
a critical role on the ME response of this material. The ME effect is maximized when
the BTO is put in direct contact with the target tissue, as supposed here. Such an
assumption is supported by the low toxicity of BTO ceramics [80] that can avoid using
a biocompatible coating of the core-shell nanoparticles. Such a coating would partially
shield the electric field generated by the nanoparticle, jeopardising the treatment’s
effectiveness.

4.2 Nanoparticles embedded in a piezoelectric polymer

In ME core-shell structures, each nanoparticle acts as an individual, point-like source
of electrical field (or voltage), although significant effects on a target tissue can only
be achieved by introducing a suitable dispersion of ME nanoparticles, as discussed in
Section 4.1.2. Of course, this is not always the technique of election, particularly in
treatments involving large zones of the body surface [14, 17].

In this Section a different strategy will be explored, based on the cumulative effect
of magnetic nanoparticles embedded in a piezoelectric polymer. This nanocomposite
can used as a single, non-invasive, flexible, reusable electrode which can be directly
applied to the target.

Dispersing bare magnetostrictive nanoparticles in a uniaxially oriented film of
polyvinylidene fluoride (PVDF) could be an interesting approach. PVDF is a com-
mercial piezoelectric polymer having excellent piezo-, pyro-, and ferroelectric activity
and a great potential in different applications [81, 82]. In particular, the β phase of
PVDF guarantees an optimal piezoelectric response [83], which is usually stimulated
by the action of a mechanical stress [83], resulting in applications such as wearable
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tactile sensors or force/pressure sensors [83, 84].

In those cases, the electrical effects produced by the film are a sensitive tool to
measure a mechanical disturbance. However, the electrical response of the piezoelec-
tric film is interesting per se when the focus is on the electrical stimuli which can be
produced in living tissues from an electrical field source placed in close contact with
a specific area of a patient’s body. It is therefore important to ascertain whether and
how much the piezoelectric response of the PVDF film can be stimulated not by the
action of a mechanical stress but by the magnetostrictive response of an assembly
of embedded magnetostrictive nanoparticles driven by an ac magnetic field. Some
measurements have been done on PVDF films filled with magnetite and cobalt ferrite
nanoparticles [85, 86] demonstrating the magnetoelectric effect in these nanocompos-
ites.

PVDF films may have rectangular shape with a thickness tF of the order of a
few hundreds of micrometers, while length and width of the film may be of the order
of one centimeter (Figure 1, panel c). The draw direction of the polymer film [83]
defines the X-axis; the Y-axis is perpendicular to the draw direction and lays in the
plane of the film and the Z-axis is normal to the plane of the film. The ac magnetic
field is applied along the Z-axis; therefore, this direction also corresponds to axis 3 of
nanoparticles, as said in Section 2.

In the following analysis, the active magnetic particles are assumed to be super-
paramagnetic (S-type) and made of magnetite. In Section 4.1.1 it was shown that
Fe3O4 nanoparticles present a good compromise between a sufficiently high mag-
netostriction constant and a moderate magnetic anisotropy; moreover, panels c of
Figures 2, 3, 4 indicate that the magnetostrictive response of S-type magnetite
nanoparticles is comparable to the one of magnetically blocked particles, and some-
what easier to treat.

It is assumed that a volume fraction fV of bare magnetite particles of diameter
D = 10 nm are uniformly distributed in the polymer matrix. The particles are
mechanically immobilized in the film, so that the magnetic behaviour is uniquely
determined by Néel’s relaxation. Under the action of the driving field, each nanopar-
ticle induces a local deformation in the surrounding piezoelectric film, as described
by Equations 2 and 3.

The average distance dave between the centers of two adjacent nanoparticles of
diameter D is:

dave ≈
(

π

6fV

)1/3

D (19)

For very low volume concentrations, dave can become much larger than the diam-
eter D, thereby preventing the transmission at long distance of the local deformation
field generated around each individual nanoparticle. However, when fV ≈ 0.1 (a value
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such that the mechanical and piezoelectric properties of the host film are expected
not to be strongly modified [85]) the (dave/D) ratio is of the order of 1.7, so that the
distance [dave −D] between adjacent particle surfaces is less than D. In such a case,
the deformation fields generated by the individual nanoparticles are expected to over-
lap, resulting in the transmission of the magnetostrictive strain at long distance. In
the case of a uniform distribution of nanoparticles throughout the film, the nanocom-
posite can be viewed as uniformly deformed along each of the principle directions
(X,Y,Z) by the cumulative action of the magnetostrictive nanoparticles. This case
will be treated in the next Sections for two possible configurations of the easy axes
of nanoparticles; in both cases the nanocomposite is assumed to be submitted to a
harmonic driving field directed along the Z-axis (see Equation 1) with the values of
frequency and amplitude given in Section 3.

4.2.1 Random distribution of easy axes

Usually, the easy axes of the embedded nanoparticles are randomly oriented with
respect to the principle axes of the film. The piezoelectric response of a nanocomposite
containing a volume fraction fV = 0.1 of magnetite nanoparticles is studied in detail in
the Appendix A.2. The main result of such a treatment is that the polarization vector
P(t) is aligned to the magnetic field, with magnitude proportional to the average
magnetostrictive strain ⟨ϵ3⟩ along the field’s direction:

PZ ≡ P 3 = fV G ⟨ϵ3⟩uZ (20)

where uZ is the unit vector directed along the Z axis, the brackets denote an aver-
age done on all angles between the easy axis and the Z axis, and G = −8.03 × 10−2

C/m2 for PVDF. The angle-averaged strain ⟨ϵ3⟩ is reported in Figure 2, panel c.1 for
a magnetite nanoparticle with D = 10 nm (dashed curve in magenta).

As a first approximation, the PVDF film can be compared to a parallel-plate
capacitor of finite size immersed in medium of relative permittivity ϵr, so that the
oscillating electric field inside the film has peak-to-peak value:

∆Ei ≈
∆PZ

ϵ0ϵr
= fV |G| |⟨ϵ3⟩

MAX − ⟨ϵ3⟩min|
ϵ0ϵr

(21)

where ⟨ϵ3⟩MAX ≈ 1 × 10−5, ⟨ϵ3⟩min ≈ 0 for the dispersion of S-type magnetite
nanoparticles (see Figure 2, panel c.1 ). As it turns out, the electrical field inside
the film is ∆Ei ≈ 9.1 × 103 V/m when ϵr ≈ 1 and fV = 0.1. The main magne-
tostrictive coefficient is αME ≈ 230 mV/cm/Oe, a value comparable to the results
of measurements on similar magnetoelectric polymers [85, 87]. With a film thickness
tF ≈ 200µm, the voltage across the film is of the order of 1.8 V, a value larger than
the one produced in a PVDF film of comparable thickness submitted to a mechanical
stress in an impact testing setup (≈ 0.7 V) [88].

These results have been obtained using a fairly low amplitude of the driving field
and a small nanoparticle size; both quantities could be increased without technical
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difficulties and without affecting the magnetic regime of the nanoparticles (HV can
be easily increased to 800-1000 Oe and D to 13-14 nm), with an improvement of
the voltage. The present results indicate that acting on a PVDF film through a
magnetic field instead than by applying a mechanical stress can be an alternate,
efficient method to produce a fairly high voltage in the film and an electric field in
the neighborhood of the nanocomposite.

In order to assess the potential use of this non-invasive magnetoelectric technique
in tissue stimulation, an order-of-magnitude estimate of the electrical fields generated
within a medium of relative permittivity ϵr can be made by considering the PVDF
film as a single electrode applied on the surface of the region to be treated. The
electrical value of E(z) at a distance z from the outer surface and along the direction
perpendicular to the film’s plane can be estimated assuming that the nanocomposite
is a parallel-plate capacitor of length 3 cm, width 1.5 cm, thickness 200 µm. In this
case one gets [89] E(z) ≈ 90 V/m on the capacitor’s outer surface, while the electrical
field inside a medium of mean relative permittivity ϵr is equal to 63/ϵr, 33/ϵr, 17/ϵr
V/m at 0.5, 1, 1.5 cm from the nanocomposite-target interface.

4.2.2 Collinear easy axes

An independent way to obtain a better magnetoelectric performance without modi-
fying the magnetic field nor the particle size is to act on the distribution of easy axes
of the embedded particles. A significant improvement can be obtained by suitably
orienting the easy axes during the formation of the polymer by means of a strong dc
magnetic field. The best performance is expected when the common direction of the
easy axis is parallel to the applied field.

As discussed in the Appendix A.2, in the collinear case the polarization is simply
given by PZ(t) = GfV ϵZ(t), the time behaviour of ϵZ ≡ ϵ33 (θ = 0) being reported
in panel c.1 of Figure 2. Therefore, all electrical quantities, such as ∆E and the
voltage across the film, are simply to be multiplied by a factor 3.4 corresponding

to the ratio between the peak-to-peak values ∆ϵ
(θ=0)
33 and ∆ϵ

(ave)
33 (see Figure 2). In

particular, a voltage of about 6.8 V would appear across the PVDF film, a value an
order of magnitude larger than the one resulting from the application of an impulsive
mechanical stress on a film of same size [88].

5 Conclusion

Two magnetoelectric nanomaterials designed for electrical stimulation of brain and
nervous tissues (i.e., core-shell nanoparticles and ME nanocomposites) have been
investigated with the aim of optimizing their performance. Both materials exploit the
interplay of functional properties which occur in separate components of a composite,
biphasic structure. It has been shown that optimizing the ME response requires an
accurate knowledge of the magnetostrictive properties of the magnetic nanoparticles
as well as of the electro-elastic behaviour of the piezoelectric component. Although
the magnitude of magnetostriction is an important parameter, it is by no means the
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sole factor determining the magnetostrictive strain produced by the ac magnetic field.
As a matter of fact, magnetite nanoparticles have been shown to provide a definitely
better magnetostrictive signal than cobalt-ferrite nanoparticles in spite of their lower
magnetostriction.

Such a rather counterintuitive result is related to the deep connection existing
between magnetostriction and magnetic anisotropy of nanoparticles: a large magne-
tostriction constant almost always corresponds to a large magnetic anisotropy, i.e.,
to a high barrier between energy wells of the DWS. The latter brings about a weak
magnetic and magnetostrictive response in the presence of an ac field of moderate
amplitude (a few hundreds of Oe, as in the case of magneto-electrical stimulation)
and a correspondingly weak deformation of the nanoparticle: such an effect overcomes
the advantage given by the large magnetostriction constant.

The polarization of a single core-shell nanoparticle whose shell is composed of
randomly oriented BTO nanocrystals has been shown to be uniquely related to
the magnetostrictive deformation of the core along the direction of the magnetic
field. Such a vector produces a periodic electric field both inside and outside the
nanoparticle, whose value depends on the permittivity of the dielectric medium which
surrounds the ME nanoparticle; a permittivity-independent magnetoelectric coeffi-
cient of core-shell particles has been proposed and evaluated in all magnetic regimes
and for both ferrite cores.

The ac polarization of an assembly of identical nanoparticles with random easy
axes evenly dispersed in a dielectric volume has been shown to be parallel to the
applied magnetic field. This interesting result indicates that the direction of the stim-
ulating electric field could be freely varied by merely changing the orientation of the
target with respect to the magnetic field (or viceversa), paving the way to directional
stimulation of a specific region of the brain.

Another strategy for realizing a non-invasive electrical stimulation of nervous
tissues has been investigated by evaluating the magnetoelectric performance of a
polymer film containing a uniform dispersion of magnetite nanoparticles. Such a
nanocomposite could be used as a single flexible magneto-electrode directly applied
at the surface of the target tissue and activated in a wireless fashion without any
disturbing circuitry to wear.

It has been shown that the electric field in the film (which can be considered a
parallel-plate capacitor of finite size) is parallel to the applied magnetic field; the
electric field generated outside the film, whose magnitude depends on the permittivity
of the target medium, has been calculated at various distances from the film-tissue
interface and shown to be of magnitude suitable to generate electrical stimuli or
elicit electrical currents in a resistive medium. The efficiency of the ME film can be
increased by a factor of more than three by aligning the easy axes of the nanoparticles
by means of a strong dc magnetic field during the formation of the nanocomposite.
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In conclusion, the multifunctional properties of nanostructures such as core-shell
ME nanoparticles and ME nanocomposite films have the potential for a break-
through in advanced applications of personalized medicine such as brain cell and
nerve stimulation. It has been shown that the inherent complexity of the interplay
between magnetic and piezoelastic effects requires an in-depth knowledge of the
mechanisms underlying the action of these magnetoelectric nanomaterials. A deeper
understanding of physical effects is the key to creating tailor-made magnetoelectric
nanostructures eligible for use in in-vivo applications.

Supplementary information.
- explicit expression of the mean magnetization vector of a superparamagnetic

nanoparticle and of a set of nanoparticles;
- behaviour of the magnetostrictive strains ϵ11 and ϵ22 for S-type, BH–type, BA-type
nanoparticles made of magnetite and cobalt ferrite;
- behaviour of the peak-to-peak value of the magnetostrictive strain along the field’s
direction as a function of angle θ in magnetite and cobalt ferrite nanoparticles for all
magnetic regimes;
- behaviour of the electric polarization along axes 1 an 2 (P1 and P2) as a function of
time in S-type, BH–type, BA-type nanoparticles made of magnetite and cobalt ferrite.
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Appendix A

A.1 Polarization of a single core-shell nanoparticle

Let us consider a single ME nanoparticle composed of a magnetostrictive core and a
piezoelectric shell, as in Figure 1, panel a. The reference axes of the magnetic core
are labeled (1, 2, 3) as in Section 2. Assuming negligible off-diagonal elements of the
magnetostrictive strain tensor and using the Voigt contracted notation, the (6 × 1)
strain vector ϵ of the magnetic nanoparticle is:

ϵ =


ϵ1
ϵ2
ϵ3
0
0
0

 (A1)
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where ϵi ≡ ϵii; (i = 1, 2, 3), the ϵii’s being the magnetostrictive strains along the
particle axes obtained in Section 3. If the strain is transmitted without significant
attenuation from the magnetic core to the surrounding BTO shell, the changes in
length along the three axes (1, 2, 3) result in changes along the axes (X,Y, Z) of the
cell of each tetragonal BTO nanocrystal. When the (X,Y, Z) axes make the angles α
and β with the (1, 2, 3) axes of the magnetic core (Figure A1, panel a), the following
expressions hold:

ϵX = ϵ1 cosα cosβ − ϵ2 cosα sinβ + ϵ3 sinα cosβ

ϵY = ϵ1 cosα sinβ + ϵ2 cosα cosβ + ϵ3 sinα sinβ (A2)

ϵZ = ϵ1 sinα+ ϵ2 sinα+ ϵ3 cosα

The (6× 1) strain vector in the reference frame of the BTO nanocrystal (ϵL) is:

ϵL =


ϵX
ϵY
ϵZ
0
0
0

 (A3)

The (6× 6) stiffness/elastic matrix [C ] appropriate to a tetragonal (P4mm) BTO
single crystal is of the type [90, 91]:

[C ] =


C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 C66

 (A4)

where C66 ≡ 1
2 (C11 − C12). Applying [C ] to ϵL results in the (6 × 1) internal stress

vector σ:

σ = [C ] · ϵL =


C11ϵX + C12ϵY + C13ϵZ
C12ϵX + C11ϵY + C13ϵZ
C13ϵX + C13ϵY + C33ϵZ

0
0
0

 (A5)

Finally, the (3× 1) polarization vector P is obtained by applying to the vector σ
the 3rd rank direct piezoelectric matrix [d ] of dimensions (3×6) appropriate to BTO:
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[d ] =

 0 0 0 0 d15 0
0 0 0 d15 0 0
d31 d32 d33 0 0 0

 (A6)

The numerical values of the Cij , dij matrix elements used in this paper are listed in
Table A1, where the stiffness matrix elements Cij and the piezoelectric matrix elements
dij for a BTO single crystal have been obtained by averaging the experimental values
reported in Ref. [92].

Table A1 Stiffness matrix elements Cij in BTO single crystals (109 N/m2);

piezoelectric matrix elements dij (10−12 C/N); values of the A and B constants
defined in Equation A8 (C/m2).

C11 = 242.9
C12 = 138.1
C13 = 129.4
C33 = 157.6
d31 = -39.3
d33 = 86.7

A = -3.75
B = 3.49

The polarization of a single nanocrystal of BTO in the shell is therefore given by:

P =


0
0

d31[C11ϵX + C12ϵY + C13ϵZ ]+
d31[C12ϵX + C11ϵY + C13ϵZ ]+
d33[C13ϵX + C13ϵY + C33ϵZ ]

 =

 0
0

AϵX +AϵY +BϵZ

 (A7)

where:

A = d31(C11 + C12) + d33C13

B = 2d31C13 + d33C33 (A8)

The numerical values of the A,B constant are reported in Table A1 for BTO. In the
present case, A < 0 and B > |A| > 0. According to Equation A7, each BTO nanocrys-
tal in the shell acquires a net polarization along the local Z−axis. The projections of
the P vector on the particle axes are:

P1 = PZ sinα cosβ

P2 = PZ sinα sinβ (A9)

P3 = PZ cosα

30

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



The ME particle is polarized along each one of the three reference axes by effect
of the considered BTO nanocrystal; the total polarization along the (1, 2, 3) axes is
obtained by summing the contributions from all BTO nanocrystals comprised in the
shell.

Fig. A1 a: (α,β) angles involved in the transformation from the local (X,Y, Z) reference frame of a
single BTO nanocrystal in the piezoelectric shell and the (1,2,3) axes of the magnetic core of a ME
core-shell nanoparticle; b: (θ,ϕ) angles giving the direction of the easy axis of a magnetic nanoparticle
with respect to the (XYZ) reference frame fixed to a piezoelectric film; γ is the angle between the
direction of the magnetization M of the dispersed nanoparticles having in common the same easy-
axis direction and the applied field.

In the presence of a large number of nanocrystals whose (X,Y, Z) axes are ran-
domly oriented with respect to the (1, 2, 3) axes, the sum can be substituted by an
integral over the (α, β) angles. Taking into account Equations A2 and A7, it can be
recognized that all components of the polarization vector defined in Equation A9 are
functions of the type F = F (α, β) of both angles. As an example, the quantity P3 can
be explicitly written as:

P3 = A
[
ϵ1 cos

2 α cosβ − ϵ2 cos
2 α sinβ + ϵ3 cosα sinα cosβ

]
+

+A
[
ϵ1 cos

2 α sinβ + ϵ2 cos
2 α cosβ + ϵ3 cosα sinα sinβ

]
+ (A10)

+B
[
ϵ1 sinα cosα+ ϵ2 sinα cosα+ ϵ3 cos

2 α
]

and similar expressions hold for P1 and P2.

The average of F (α, β) on the spherical angles is:
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F =
1

4π

∫ 1

−1

d(cosα)

∫ 2π

0

F (α, β) dβ. (A11)

It can be checked that the integrals of most of the terms of Equation A10 are equal
to zero; the only surviving term is:

P 3 =
1

2
Bϵ3

∫ 1

−1

cos2 α d(cosα) =
1

3
Bϵ3. (A12)

In a similar way, it can be easily shown that:

P1 = P2 =
1

3
Aϵ3, (A13)

Note that ϵ3 is the variation of the magnetic core’s length along the field direction,
which is still a function of the angle θ between the easy axis and the magnetic field
direction (see panel b of Figures 2, 3 and 4). It can be concluded that each nanoparticle
carries in general a nonzero polarization along each of the directions corresponding to
the (1,2,3) axes. The magnetoelectric effects of core-shell nanoparticles are studied in
Section 4.1.

A.2 Polarization of a PVDF film containing magnetite
nanoparticles

A set of superparamagnetic nanoparticles of magnetite with D = 10 nm are evenly
dispersed with volume fraction fV = 0.a in a rectangular PVDF film; their easy axes
are randomly directed with respect to the reference axes of the film.

In the (X,Y,Z) reference frame of the PVDF film, the easy-axis direction of each
nanoparticle is characterized by the polar angles (θ,ϕ), as sketched in in Figure A1,
panel b. The Z-axis is coincident with axis 3 of the particle frame; the magnetic field
induces the rotation of the mean magnetization vector M (see the Supplementary
Information) by the angle δ in the (1, 3) plane. The angle between M and the Z-axis
is (θ − δ), so that according to Equation 2:

ϵZ ≡ ϵ33 =
3

2
λs

(
M

Ms

)2 [
cos2(θ − δ)− 1

3

]
(A14)

The magnetostrictive strain along the X-axis. ϵX , is given by the expression:

ϵX =
3

2
λs

(
M

Ms

)2 [
cos2 γ − 1

3

]
(A15)

where γ is the angle between the magnetization and the X-axis (Figure A1b). Using
the standard expression of the cosine of the angle γ between two directions in space
characterized by polar angles (θ1, ϕ1) and (θ2, ϕ2),

cos γ = cos θ1 cos θ2 + sin θ1 sin θ2 cos(ϕ1 − ϕ2) (A16)

and taking into account that in the examined case: θ1 = (θ − δ);ϕ1 = ϕ; θ2 =
π/2, ϕ2 = 0, one gets:
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ϵX =
3

2
λs

(
M

Ms

)2 [
sin2(θ − δ) cos2 ϕ− 1

3

]
(A17)

In a similar way it can be easily shown that:

ϵY =
3

2
λs

(
M

Ms

)2 [
sin2(θ − δ) sin2 ϕ− 1

3

]
(A18)

In a film containing nanoparticles with random easy axes, these strains are to be
averaged over the (θ, ϕ) angles. Let do the average on ϕ first: this angle is evenly
distributed between 0 and π and appears in the expressions of ϵX , ϵY only. Therefore,
the average over ϕ leaves ϵZ unchanged: ϵZ ≡ ϵZ , whereas:

ϵX =
3

2
λs

(
M

Ms

)2 [
sin2(θ − δ)cos2 ϕ− 1

3

]
ϵY =

3

2
λs

(
M

Ms

)2 [
sin2(θ − δ)sin2 ϕ− 1

3

]
(A19)

Using cos2 ϕ = sin2 ϕ = 1/2, it can be immediately observed that ϵX = ϵY = − 1
2ϵZ ,

as indeed expected. The average of ϵZ over the angle θ (which takes all values between
0 and π) is:

⟨ϵZ⟩ =
1

2

∫ π

0

ϵZ(θ) sin θ dθ (A20)

Therefore, the strains generated by embedded nanoparticles with random easy axes
along the three principle directions of the film are ⟨ϵZ⟩ and ⟨ϵX⟩ = ⟨ϵY ⟩ = − 1

2 ⟨ϵZ⟩, so
that only one independent quantity is needed to fully characterize the (6 × 1) vector
ϵP in the piezoelectric film:

ϵP =



− 1
2 ⟨ϵZ⟩

− 1
2 ⟨ϵZ⟩
⟨ϵZ⟩
0

0

0


(A21)

The polarization of the PVDF film can be obtained along the same lines discussed
in the Appendix A.1, i.e., by forming the (6× 1) stress vector σP = [C ] · ϵP and the
(3× 1) polarization vector P = [d ] · σP , using appropriate values for the elements of
the stiffness constant [C ] [93] and of the direct piezoelectric matrix [d ] (the values of
the matrix elements relevant to our calculations are reported in Table A2).

As in the case of core-shell structures, the polarization vector is characterized by
one nonzero component:
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Table A2 Stiffness matrix elements Cij in PVDF (109 N/m2) calculated from the elastic

constants reported in Ref. [82]; piezoelectric matrix elements dij (10−12 C/N) taken from
Ref. [82]; values of the G constant defined in Equation A23 (in C/m2).

C11 = 6.43
C12 = 4.25
d31 = 18
d32 = 5
d33 = -26

G = −8.03× 10−2

P =

 0
0

G⟨ϵZ⟩

 (A22)

where the constant G (which only depends on the piezoelectric film) is given by:

G =

(
d33 −

d31 + d32
2

)[
C11 − C12

]
(A23)

and takes the value G = −8.03× 10−2 C/m2 in PVDF.

Finally, when the easy axes are collinear and directed along the Z-axis, both θ and
δ are equal to zero and there is no need to perform the average over the polar angles,
so that the three magnetostrictive strains reduce to:

ϵZ = λs

(
M

Ms

)2

ϵX = −ϵZ
2

(A24)

ϵY = −ϵZ
2
.
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