
MRS BULLETIN • VOLUME 46 • FEbrUary 2021 • mrs.org/bulletin              123

M agn eto ele ctr icity in vertically aligned 
nanocomposites: Past, present, 
and future
Min Gao,* Yaodong Yang, Wei‑Feng Rao, and D. Viehland

Vertically aligned magnetoelectric nanocomposites (ME VANs) self-assembled from 
piezoelectric perovskite and magnetostrictive spinel phases are appealing due to their unique 
pillar-array-like morphologies and enhanced ME properties. The strain-mediated ME effect 
leads to various field-dependent characteristics that are tunable, which provides application 
pathways in microelectronics. The microstructure formation mechanisms of ME VANs have 
been explored by phase field simulations. Several effective approaches to modify and improve 
the ME properties of VANs are discussed, including orientations, deposition conditions, and 
substrate types. Potential applications are also discussed, such as field tunable “adaptive” 
microelectronics and multistate memory devices.

History and background
The magnetoelectric (ME) effect refers to the interaction 
between ferroelectric and ferromagnetic order parameters in 
a material, which allows control of the magnetization (M) by 
electric fields (E), or conversely control the polarization (P) by 
magnetic fields (H).1–5 Therefore, ME materials have poten-
tial in various electronic devices such as sensors, gyrators, 
and memory devices.4–8 The ME coefficient and converse ME 
coefficient can be defined by Equations 1 and 2, respectively:

where D is the dielectric displacement.1,4 This definition can 
be explained by free energy polynomial expressions using 
Landau theory.1,9–12

Single-phase ME materials have low ME coefficients. Con-
sequently, much effort has focused on developing ME com-
posites of piezoelectric and magnetostrictive components, 

(1)αME =

dD

dH

(2)αCME =

dM

dE

,

where the two phases are coupled together through strain that 
produces enhanced ME coefficients, via product tensor prop-
erties.1,2,4 In order to foster integration in microelectronics, 
ME composites have been miniaturized to the nanoscale.13–15 
Among the approaches, ME vertically aligned nanocomposites 
(VANs) are appealing due to their unique phase distribution 
morphologies, and enhanced ME properties.1,15–17 These ME 
VANs are self-assembled from piezoelectric perovskite and 
magnetostrictive spinel phases by minimization of the strain 
energy and surface/interfacial energy.17–20 Figure 1a shows 
a schematic that demonstrates the morphology difference 
between traditional multilayer thin films and ME VANs.16 
Instead of a classic layer-by-layer structure, ME VANs of two 
phases are usually nanopillars of one phase self-assembled 
into a continuous matrix of the other phase. Increased inter-
facial surface area for the ME VANs and a weaker substrate-
clamping effect lead to an enhanced strain-mediated ME 
effect.17,21 However, because the magnetostrictive nanopillars 
that penetrate the piezoelectric matrix usually have a much 
lower resistivity, leakage problems have been reported.22 To 
overcome this limitation, a buried ME VAN structure has 
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been proposed, as shown in Figure 1b, where ME VANs are 
sandwiched between two additional thin piezoelectric lay-
ers.22 Since the magnetostrictive nanopillars are completely 
covered, the leakage current could be significantly reduced.22 
Figure 1c, d show transmission electron microscope (TEM) 
images for normal and buried  BiFeO3-CoFe2O4 (BFO-CFO) 
VANs, respectively.22,23

An important feature for ME 
VANs is the adjustable morphology-
related properties.2,3,20 For example, 
Figure 1e, f show the surface mor-
phologies of BFO-CFO VAN and 
 BiFeO3-CuFe2O4 (BFO-CuFO) VAN 
on (001) oriented Pb(Mg1/3Nb2/3)O3- 
PbTiO3 (PMN-PT) single-crystal sub-
strates, respectively.24 The CFO nano-
pillars lay vertical to the substrate, 
whereas the CuFO forms nanobelts 
that are horizontal to the substrate, 
but perpendicular to each other.24 The 
vertically aligned ferromagnetic nano-
pillars have an out-of-plane magnetic 
anisotropy (see Figure 1g), whereas the 
in-plane perpendicular ferromagnetic 
nanobelts exhibit a fourfold in-plane 
magnetic anisotropy. By control of 
the morphology of ME VANs, one can 
then tune the magnetic anisotropy from 
out-of-plane to in-plane direction.25–28 
Furthermore, ME VANs have enhanced 
ME properties, compared to ME het-
erostructural thin films.5,22,29,30 This 
yields field tunable ME properties with 
either E or H (see Figure 1h), offer-
ing ME VANs potential for E-tunable 
inductors and H-tunable capacitors.26,31

S ince  the  f i r s t  r epor t  o f 
 BiTiO3-CoFe2O4 (BTO-CFO) VANs 
in 2004, many other VAN sys-
tems with different combinations of  
perovskite and spinel phases have been 
reported, such as  PbTiO3-CoFe2O4 
(PTO-CFO),32,33 Pb(Ti,Zr)O3-CoFe2O4 
(PZT-CFO),34,35 and  BiFeO3-NiFe2O4 
(BFO-NFO).36 To provide a univer-
sal and distinct understanding of ME 
VANs, the BFO-CFO based VAN sys-
tem is chosen as an example in this 
article, whereas ME VANs with other 
compositions and the material selection 
strategies can be found in some recent 
reviews.2,5,7,14,17,29 Pulsed laser depo-
sition (PLD) is a reliable method for 
VAN growths because it offers high-
quality epitaxial growth for complex 
oxides, which facilitate self-assembly. 

Recently, a unique method called fast switching PLD (FSPLD) 
has been reported, where multiple single-phase targets can be 
frequently switched during the deposition process and VANs 
with different components and volume ratio can be controlled. 
By utilizing FSPLD, there is no need to fabricate targets of 
different components and volume fractions.24,26,28,37,38 If the 
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Figure 1.  Structural schematics and characteristic properties of vertically aligned mag-
netoelectric nanocomposites (ME VANs). (a) Schematic of multilayer thin film (top) and 
self-assembled VAN (bottom);16 (b) schematic of the growth process for  CoFe2O4 (CFO) 
nanopillars buried inside a  BiFeO3 (BFO) matrix;22 (c) transmission electron microscope 
(TEM) images of BFO-CFO VAN;23 (d) TEM and EDS images of CFO nanopillars buried 
inside a BFO matrix;22 (e, f) atomic force microscope images of nanopillars of CFO and 
nanobelts of CuFO embedded inside a BFO matrix, respectively;24 (g) M–H loops of self-
assembled BFO-CFO VAN that shows out-of-plane magnetic anisotropy;27 (h) converse 
ME coefficient for a BFO-CuFO VAN as a function of DC E,26 and ME coefficient for a 

BFO-CFO VAN as a function of AC H.31
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target is switching fast enough, the thickness of individual 
phase layers will be so thin that the multilayer thin films will 
self-assemble into two-phase mixed VAN structure because 
the latter has lower formation energy.28,37,38 By choosing vari-
ous targets and controlling the ablation time, one can conveni-
ently adjust the components and volume fractions in VANs. 
For potential large-scale fabrication requirements, sputtering 
has also been studied.5,21,39,40

In the following sections, we will focus on (1) the phase 
distribution in ME VANs; (2) diverse approaches to adjust the 
morphology and ME performances; and (3) the potential in 
various microelectronic applications.

Simulating the phase distribution morphology 
of ME VANs
Observation of the phase distribution in ME VANs is crucial 
to understand their ME properties. Although it is difficult to 
observe in situ the dynamics of phase distribution and the for-
mation of vertically aligned interfaces, appropriate simulation 
methods can provide key insights.

The formation of ME VANs is an energy-reducing process 
involving the simultaneous evolution of structural, polar, and 
magnetic order parameters. In order to correctly describe the 
thermodynamics and kinetics of a system, the total free energy 
has to include at least (1) the local chemical free energies char-
acterizing the stress-free crystal lattices of both inclusion and 
matrix phases as functions of composition, and temperature; 
(2) the interfacial energies describing the short-ranged interac-
tions across interfaces separating the film and substrate, the 
inclusion and matrix phases, and the symmetrically equiva-
lent structural/polar/magnetic variants/domains; and (3) the 
long-ranged elastic, electrostatic and magnetostatic energies 
caused by the highly heterogeneous distribution of structural, 
polar, and magnetic order parameters, and their reactions to 
externally applied fields. Therefore, simulating the microstruc-
ture formation and corresponding properties of ME VANs is 
a challenging task beyond the capabilities of most simulation 
methods.

The phase-field method (PF) is, however, very suitable 
for this task because it can explicitly consider all energies 
contributions. For example, the local chemical energy is usu-
ally described in PF by Landau polynomials fitted to available 
material constants, physical properties, and phase diagrams; 
and the elastic energy introduced by lattice-misfit inclusions of 
arbitrary shapes can be exactly calculated based on Khachatu-
ryan–Shatalov theory.41,42 Furthermore, a generalized equiva-
lency principle in a unified PF framework has been developed 
to exactly solve the strain, polarization, and magnetization 
fields in magneto-electro-elastic solids with arbitrary micro-
structures under applied loadings.43 No a priori assumption is 
needed in PF about the evolution of microstructure: the move-
ments of phase/domain boundaries/interfaces are described by 
the temporal and spatial changes of order parameters that are 
directly driven by the energy reduction.

PF is especially suitable for investigating self-assembling 
microstructure formation. This method has been used to sys-
tematically investigate the effects of lattice misfits, elastic 
properties, and relative fractions of constituent phases, and 
film thickness on the morphology of self-assembling nano-
structures in constrained films.44,45 Figure 2a shows the micro-
structure of films obtained by simulating the pseudo-spinodal 
decomposition in PF, demonstrating the possibility of forming 
a vertically aligned nanoscale morphology by adjusting the 
energy competition among different origins (e.g., interfacial 
versus elastic energies).46

Understanding what controls ME VANs, and rich 
approaches to adjustments via film growth
It is critical to understand the underlying parameters control-
ling ME couplings in VANs. PF simulation reveals several 
important factors, such as the distribution of each phase, the 
size of each phase, and the strain effect in ME VANs. Indeed, 
functional properties in VANs are often strongly tied to inter-
face, defect, and strain at the vertical interfaces in a variety of 
VANs.47 Meanwhile, advanced probe microscopes have been 
employed to directly observe and verify these phase/polariza-
tion distributions (with/without fields) of each domain at the 
micron/nanoscale.48–50 It has been reported that the pillar size 
plays a critical role in controlling ME coupling in BTO-CFO 
VANs as it is determined by the competition between the ver-
tical interface coupling effect and the bulk volume conserva-
tion effect.51,52 Moreover, experiments have also been widely 
performed to improve the phase distribution morphologies 
and to enhance the properties of ME VANs. In addition to 
various piezoelectric and magnetostrictive phase combina-
tions,16,20,28,32–36,53 studies (theory and experiments) reveal 
that the VAN morphology and properties can be controlled by 
shape and orientations,3,20,25,54,55 deposition conditions,19,56–59 
and substrate constraints.24,60–63

Shape and orientation effects
As a numerical tool specializing in mesoscale phenomena, PF 
is powerful in understanding domain-level mechanisms/effects 
in nanostructured composites. It has been employed to study 
the polarization distributions in ME VANs comprised of tri-
angle, square, circle, or polygon-shaped BTO rods embedded 
in a CFO matrix.55 Results show that the polarization domain 
structure changes from normal multidomain states to single-
vortex structures, as the sizes of rods are decreased from ~ 100 
to ~ 10 nm (see Figure 2b).55 The geometrical shapes and the 
aspect ratio of rods, as well as the magnetization orientation 
in the magnetic matrix, can strongly affect the ferroelectric 
domain structures, and phase distributions.

Experimentally, since the ME coefficient is a third-rank 
product tensor property, its value is highly anisotropic and 
dependent on shape.64–66 For example, considering BFO-CFO 
VANs, the (001)-oriented one has the largest ME coefficient 
because of its largest piezoelectric constant d33.3 Moreover, 
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on (001) and (011)  SrTiO3 (STO) substrates, rectangular CFO 
nanopillars and maze-like CFO nanobelts are embedding in a 
BFO matrix, respectively; whereas on (012) and (013) STO 
substrate, a mixed CFO nanopillar morphology forms.20,54 
However, on (111) STO substrate, CFO becomes the matrix 
phase decorated with triangular BFO nanopillars.20,25,54 
Because of these various morphologies, the magnetic anisot-
ropy for differently oriented VANs can be controlled via the 
shape anisotropy contribution.3,25

Arrangement, aspect ratio, and volume fraction 
effects
In ME VANs consisting of square-shaped CFO rods embed-
ded in a BTO matrix, PF reveals that, while domain struc-
tures within rods are relatively simple, hierarchical ultrafine 
nanodomains are formed in the ferroelectric matrix (see Fig-
ure 2c).67 There is thus an extremely high density of domain 
walls that are susceptible to an externally applied H, lead-
ing to a high ME effect (see Figure 2d).67 It has also been 
shown that, with maintaining the shapes and volume fraction 
of magnetic rods, the distribution of constituent phase, or the 
geometrical arrangement (square, honeycomb, and triangular 
arrays) of rods, strongly affects the final domain configuration 

(domain wall density) and thus the ME 
coefficient.67

PF can also be used to simulate 
ME VANs with periodically aligned 
cuboid-shaped CFO inclusions embed-
ded in a BTO matrix.68 By changing the 
aspect ratio, r = c/a, of the cuboids, the 
effects of phase connectivity on the ME 
coefficient can be systematically con-
sidered.68 It has been shown that both 
ME charge and voltage coefficients are 
significantly larger at large values of r, 
where the highest values are obtained 
at magnetic phase fractions of ~ 65% 
and ~ 93%, respectively.68

Experimentally, the deposition 
conditions of epitaxial growth (e.g., 
target volume fraction, growth tem-
perature, growth rate, and gas pressure 
for PLD) control the stoichiometry,56,57 
pillar shape,58 pillar size,59 and pillar 
distance.69

The target volume fraction of  
perovskite and spinel phases directly 
determines the stoichiometry of VANs, 
which further affects their morpholo-
gies, and thus the magnetic anisotropy 
and ME properties.19,34 The rich phase 
usually becomes the matrix. Accord-
ingly, to achieve enhanced out-of-plane 
magnetic anisotropy, perovskite-rich 
targets are preferred.25,34 By increasing 
the volume fraction of the pillar phase, 

the pillar distance decreases, which affects the coupling effect 
between the nanopillars.23,69

Other deposition parameters work together to control the 
growth kinetics, contributing to the stoichiometry, morphol-
ogy, and properties of VANs.19,56 For example, higher growth 
temperatures and slower growth rates benefit the diffusion 
process, and thus result in large pillar sizes.19 The pillar size, 
on the other hand, affects the coupling behavior amongst 
the pillars, and the coupling behaviors between pillars and 
matrixes.25,58,59,70

Substrate constraint effects
When simulating thin films, due to the presence of the sub-
strate, more parameters need to be considered. The ME effect 
in epitaxial ME VANs can also be investigated by PF that 
takes into account the substrate constraint and the long-range 
magnetic, electric, and elastic interactions.71–73 It has been 
suggested that the direction of applied H and the morphology 
of VANs strongly affect the magnetic-field-induced electric 
polarization (MIEP).71 It has also been shown that the MIEP 
is strongly dependent on the film thickness and the substrate 
constraints.71,72 The highly heterogeneous vertical stress field 
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Figure 2.  Simulated microstructures and responses of vertically aligned magnetoelec-
tric nanocomposites (ME VANs). (a) Simulated top view (upper) and side view (lower) of 
a VAN;46 (b) schematic (upper left) and simulated domain structures projected on the 
x–y plane (others) of  BiTiO3-CoFe2O4 (BTO-CFO) VANs with differently shaped inclu-
sions.55 (c) Simulated hierarchical ferroelectric domain structure with single ferromagnetic 
domains in bulk composites with square arrays of CFO rods, and (d) ME coefficients of 
bulk composites with differently arranged CFO rods.67
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suggests that besides the lateral misfit strains between the film 
and substrate, the vertical strains between the ferroelectric and 
ferromagnetic phases may also play an important role in deter-
mining the ME effects.72 In fact, the lateral strain is important 
when the film thickness is below the critical thickness (a few 
tens of nanometers). The strain status in VANs is dominated 
by the vertical lattice coupling if the film is thicker than the 
critical thickness.74,75 For example, magnetic anisotropy and 
ferroelectricity in thick VANs are dominantly controlled by 
the vertical strain.

Experimentally, although self-assembled VANs greatly 
reduce the clamping effect from substrates, the epitaxial strain 
with the substrate can still modify the VANs’ morphology.60,63 
For example, the diverse morphologies of BFO-CFO VANs on 
(011)  DyScO3 (DSO), (001) STO, and (011)  NdGaO3 (NGO) 
lead to unique magnetic anisotropy.61 Moreover, the selection 
of (001)  LaAlO3 (LAO) as a substrate, with a dramatic lattice 
mismatch with BFO, can induce crystal structure changes in 
BFO, forming a stable tetragonal-like (T-like) phase that can 
still be self-assembled with CFO in spite of the enhanced ver-
tical strains.60,62,76 Interestingly, it has been reported in (001) 
T-like BFO matrix that the CFO nanopillars are (111) oriented 

octahedrons, and consequently, have a unique magnetic ani-
sotropy compared to normal (001) CFO nanopillars embed-
ded in a rhombohedral-like (R-like) BFO matrix, due to the 
magnetocrystalline anisotropy.60,62

Piezoelectric single crystals (e.g., PMN-PT) have been 
used as substrates to deposit ME VANs.24,26,30 Due to the out-
standing piezoelectric property of the substrate, the ME coef-
ficient of BFO-CFO/PMN-PT system can reach 1.3 × 10−7 s/m, 
which is about three orders of magnitude larger than BFO-
CFO/STO VANs.30,77,78 Moreover, the magnetization changes 
exhibit a characteristic “butterfly-like” curves (see Figure 3a), 
demonstrating the feasibility to reversibly obtain multiple non-
volatile magnetic states (i.e., more than four stable states in 
Figure 3b).24,26,30

Potentials in devices and applications
Because of the interaction between magnetic and electric order 
parameters, the characteristic properties of ME VANs (mag-
netizations, magnetic anisotropy, polarizations, and ME coef-
ficients) are all tunable by applying H and/or E.4,7,29 This tun-
ability imparts to ME VANs the potential to be used as active 
microelectronics.4,7,24,79 Some ME VANs have been proposed 

for memory and logic devices, taking 
advantages of their unique nanopil-
lar structures and orientations.24,30,80 
Recently, periodic ME VANs have also 
been reported to fulfill some industrial 
application demands.81,82

Tunable electronics
The tunability of ME materials have 
been studied for various applications, 
such as sensors,83,84 convertors,85,86 
and gyrators.8,87,88 Although most of 
these studies use bulk ME composites, 
researchers are trying hard to achieve 
the same functionalities in ME thin 
films, in order to integrate them with 
silicon-based microelectronics.4,7,24,79 
Progress has been realized in ME thin 
films for sensors,89 tunable inductors,90 
and antennas.91 Going forward, consid-
ering their larger ME coefficients, ME 
VANs offer more promise than ME thin 
films.

Memory devices
The field-dependent nature of the ME 
VANs makes them a promising can-
didate for next-generation memory 
devices. Both the E-controlled ME 
random access memory (MeRAM) 
and resistant memory (memris-
tor) have been proposed.79,92 Fig-
ure 3c shows for BFO-CFO VAN 
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Figure 3.  Experimental field-dependent responses of vertically aligned magnetoelectric 
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PT substrate as a function of DC E.30 (b) Different magnetization states under various E 
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reveal the change of effective Young’s modulus under reverse H of 8000 Oe.50
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that the local magnetization can be gradually switched with 
increasing H and E, respectively.79 Figure 3d shows for the 
 Na0.5Bi0.5TiO3-CoFe2O4 (NBT–CFO) VAN that the ME coef-
ficient and resistance are adjustable with fields.92 Figure 3e 
shows for BFO-CFO VANs that the effective Young’s modulus 
measured by piezoresponse force microscope (PFM) are tun-
able by reverse H.50

By depositing ME VANs on piezoelectric PMN-PT sub-
strates, in addition to enhancing their ME coefficient, non-vol-
atility has been reported to provide access to multiple (N > 2) 
remnant states.24,30 Accordingly, ME VANs on PMN-PT have 
been suggested as multilevel cell (MLC) memories, where 
each single cell can store more than a single binary bit. Such 
nonbinary memories offer an approach to much higher storage 
density and a much lower cost-per-bit.24 By varying the binary 
input values (both H and E), more than four magnetic outputs 
can be obtained (see Figure 3b). Such multilevel nonvolatile 
states have been reported for both BFO-CFO VANs and BFO-
CuFO VANs on PMN-PT substrates, even though both PMN-
PT and CFO/CuFO have volatile properties.24

To use the geometry advantage of the VAN structure to 
the maximum, each individual nanopillar could naturally be 
treated as a basic memory element. But a challenge is the par-
tially controllable nanopillar distribution by self-assembly.

Patterned ME VANs
To improve the control of the phase distribution in ME VANs, 
lithography and seeding techniques have been explored to gen-
erate templates and to assist in the growth of ordered/patterned 
ME VANs.19–21,74,93–96 Figure 4a shows a schematic of a tem-
plating procedure for ordered periodic CFO nanopillars in a 
BFO matrix.21 Figure 4b–e shows the detailed morphologies 
of well-ordered BFO-CFO VANs made by such a templating 

procedure.93 Experiments have dem-
onstrated notable ME effects in such 
patterned ME VANs.93

Other templating methods include 
using electron beam lithography (EBL) to 
pattern the CFO nucleation sites,97 porous 
anodic aluminum oxide (AAO) film as a 
mask to pattern hexagonal CFO,35,98 and 
self-assembled triblock terpolymer to 
guide the self-assembly of VANs.95

To simplify the processing and reduce 
the contamination, VANs with spontane-
ous ordering have also been reported. A 
systematic review can be found in Ref-
erence 99. Although the spontaneous 
ordering self-assembly requires much 
stricter material and substrate selec-
tions, it is promising to be adopted in the 
ordered ME VAN fabrication.

Summary and outlook
ME VANs are attractive due to unique phase distribution mor-
phologies and enhanced strain-mediated ME properties, which 
provide abundant application potential in microelectronics. PF 
simulations have been developed to explain and predict the 
phase distribution and interaction behaviors in ME VANs, 
leading to several feasible experimental approaches, includ-
ing shape and orientation adjustments, deposition condition 
optimizations, and material/substrate selections, to modify 
and improve the final properties. Consequently, more appli-
cations and devices such as tunable electronics and memory 
devices are proposed based on ME VANs. However, there are 
still many challenges and opportunities such as (1) achiev-
ing higher ME coefficients in ME VANs; (2) understanding 
the ME effect in ME VANs from a more fundamental level; 
(3) designing real micro-/nano-electronic devices using ME 
VANs; (4) utilizing individual nanopillars as the basic elec-
tronic component; and (5) developing more convenient meth-
ods to produce ordered ME VANs. We hope the previously 
discussion can help readers to capture key issues in this field.
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