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Introduction

� Multiferroics are simultaneously ferroelectric and ferromagnetic

– Ferromagnets (FM) → Possess spontaneous magnetization, possible to be
reoriented by an external magnetic field H

– Ferroelectrics (FE) → Possess spontaneous polarization, which can be reori-
ented by an external electric field E

Fig. 1: Multiferroic familytree (Nature Materials, 2019)

� Multiferroicity can stem from different roots...

– FE LuFeO3 & ferrimagnetic LuFe2O4 superlattice

– lone pair FE & d-electron magnetism, e.g., BiFeO3

– Magnetoelectric (ME) composite branch is explored further due to the fol-
lowing reasons; Simultaneous occurrence of magnetism and ferroelectricity
in materials is constrained by the conflicting classic chemical requirements
regarding electronic orbital occupancy [3]. In such a situation, one should
envisage only a moderate ME coupling though. Only few examples exist
of materials possessing intrinsic ME coupling at room temperature [2]. A
plausible resolution to circumvent this chemical ’contraindication’ is by jux-
taposing an FE and FM material artificially into strain-mediated multiphase
composites combining the two phases, that thereby yields substantial ME
effect [3]. Moreover, the composites do not need to adhere to the symmetry
restrictions of single phase materials and consequently do possess the freedom
of choice from a wide variety of ferroics existing above room temperature.

Objectives

� Impact of applied electrical/magnetic fields on an ME composite.

� Identify the optimum texture, stress level and efficient control of the same to
achieve targeted properties.

� The effect of local texture in a 1–3 composite, tantamount to the architecture
used in Zheng et al., [4] to map its local field distributions upon applying an
external field.

� Average polarization and magnetization post application of fields are computed.

Model

Estimation of the equilibrium macroscopic magneto-electro-electric properties of the ME com-
posite,have been done using the mathematical homogenization method [1]. A ME multiferroic
composite occupying a volume Ω of coordinates x (or xi) is considered and the material prop-
erties are assumed to change periodically and that period ε is characterized by the dimension
of an elementary cell Y of coordinates y (or yi) of the body. This lead us to examine fields for
unknown physical quantities in the form of two-scale asymptotic expansion in powers of ε as

ζε(x) = ζ0(x,y) + εζ1(x,y),with y = x/ε (1)

and the equivalent macroscopic behaviour is estimated to be first order by the behaviour of ζ0.
Here ζ stands in lieu of the fields viz., u, the displacement, ϕ and ψ, the scalar electrical/magnetic
potentials respectively of a multiferroic composite [1]. Here the functions ζ1(≡ u1, ϕ1 or ψ1)
are the local variations (or field perturbations) describing the heterogeneous part of the solu-
tions and are associated with y = x/ε. Applying calculus of variations, utilising the asymptotic
Eq. (1) and its derivatives, the homogenization method essentially culminates in the character-
ization of effective magneto-electro-elastic moduli when the characteristic length of the period
ε −→ 0. The model quantifies all the local fields and potentials besides stress (σ) and strain
(ε) fields, magnetization (via magnetic flux density, B), polarization (via electric displacement,
D as well as von-Mises stress upon the application of an external field (either electric/magnetic
or mechanical). The macroscopic averages 〈σij〉, 〈Di〉, and 〈Bi〉 can be computed once the

homogenized solution for u0, ϕ0 and ψ0 and that of the corresponding fields viz.,
∂u0j(x)

∂xk
,
∂ϕ0(x)
∂xj

and
∂ψ0(x)
∂xj

are prescribed.

This postulate is equally applicable for the cases when magnetic field H = 0, the applied
macroscopic electric field 〈Ei〉 generates average magnetization

〈Mk〉 = α̃ik〈Ei〉 (2)

and when electric field E = 0, the applied macroscopic magnetic field 〈Hi〉 generates average
electrical polarization

〈Pi〉 = α̃ik〈Hk〉 (3)

Results

Results

The FE matrix of the ME composite is composed of polycrystalline BaTiO3. The
orientation of the BaTiO3 grains in the composite is characterized using Euler an-
gles. The three Euler angles are modelled as statistically distributed in a normal
distribution after poling obeying the probability distribution function f (α | µ, σ) =
1/(σ

√
2π)exp − [(α − µ)2/2σ2]. Here α is the random variable representing the

orientations (i.e., the Euler angles) (φ, θ, ψ) and µ and σ are the mean and the
standard deviation, respectively. The fibres embedded in the matrix is composed of
the FM material CoFe2O4 which is treated as bulk material without assigning any
orientation whatsoever. The numerical model developed is implemented in finite
element method.

Fig. 3: Average fields for the multiferroic ME 1–3 composite BTO–CFO. (a) shows the average dielectric displacement

〈Di〉. (b) is the average magnetic flux density, 〈B3〉 (c) shows the average magnetization 〈Mi〉 and (d) show the

relevant tensor components of the average stress 〈σIJ〉 upon applying an external magnetic field 〈H3〉 along the y3–axis

of the composite (i.e., along the normal to the composite plane). Here the x–axes is representative line separating the

quantities plotted on the y–axes. i.e., the data points in the plot have no abscissae.

Remarks

In summary, strong magnetoelectric coupling is resulted while a polycrystalline
ME composite of 1–3 BaTiO3–CoFe2O4 is subjected external electric/magnetic
fields. The averages of polarization and magnetization of the polycrystalline
BaTiO3–CoFe2O4 exceeds that of the single crystal version. The depiction of local
fields corresponding to the polycrystal configuration suggests nontrivial role played
by randomness in better cross-coupling mediated by anisotropic and asymmetric
strains.
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