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Abstract
Self-assembled nanocomposite films containing ferroelectric and ferromagnetic phases have attracted enormous
research interest because they are the most promising candidates for practical multiferroic applications. However,
obtaining a genuine magnetoelectric (ME) coupling effect is still challenging in this research area. To substantially
improve the ME effect, new heterostructure designs with efficient strain control between two phases are urgently
needed. Herein, a novel three-dimensional (3D) nanocup architecture of a heterostructure film is developed. To
establish the unique architecture, a heavily Co, Fe-doped ferroelectric Bi3.25La0.75Ti3O12 (BLT) target was used during
the growth of BLT thin films via pulsed laser deposition. Consequently, 3D nanocup-structured CoFe2O4 (CFO) particles
formed inside the BLT via spontaneous nucleation and agglomeration. The 3D nanocup BLT-CFO film exhibited
magnetically controlled reversible dielectric switching, which is direct evidence of strong ME coupling caused by the
efficient interfacial strain coupling and low leakage of the novel nanocup architecture. The obtained results strongly
suggest that the 3D nanocup heterostructure film significantly improves the ME coupling effect. In addition, we
propose a new paradigm in the architecture design of self-assembled nanocomposite films for diverse multifunctional
devices.

Introduction
Over the past decades, the ability to synthesize self-

assembled nanocomposite films of complex oxides has
paved the way for creating new physical phenomena1–5.
Until now, these self-assembled nanocomposite films have
demonstrated a variety of fascinating physical phenom-
ena, including enhanced flux pinning in high-temperature
superconductors6,7, strain-enhanced ferroelectricity and
multiferroics8,9, enhanced ferromagnetism10,

magnetoresistance11, novel electronic/ionic transport12,
and coupling of dielectric and optical effects13. Further-
more, many other areas remain to be explored for
potential practical applications in various materials
systems.
Self-assembled nanocomposite films containing ferro-

electric and ferromagnetic phases have attracted con-
siderable attention because they can be used in
applications such as high-density memories, highly sen-
sitive magnetic sensors, and electrically tunable spin-
tronics14,15. Despite the possible applicability to various
ME devices, a single-phase multiferroic rarely exists in
nature or has weak multiferroism at room temperature14.
Hence, many researchers have attempted to overcome
this problem with a variety of approaches, which include
substituting magnetic impurities or cations and making
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heterostructure materials based on ferroelectric and fer-
romagnetic materials16,17. In single-phase multiferroics,
barium hexaferrites have attracted attention because of
their interesting magnetic structure, in which electric
polarization can be induced at room temperature, and
their high resistivity. By controlling the compositional
ratio and substituted divalent ions in hexaferrite, various
crystal structures have been found; consequently, the
room-temperature magnetoelectric effect18 and the con-
verse magnetoelectric effect19 were realized for the first
time in a single multiferroic material. Since the discovery
of self-assembled BaTiO3–CoFe2O4 films with strong
multiferroism at room temperature8, many studies on
such multiferroic heterostructure films have been con-
ducted14,20–23. However, it is still challenging to investi-
gate an intrinsic ME coupling effect by eliminating other
artifacts due to the structural limitation of conventional
heterostructure films8,24,25. Therefore, new hetero-
structure designs are urgently required to obtain a reliable
ME effect14,15.
Figures S1a–c (Supplementary Information) show

schematics of the most common architectures of multi-
ferroic heterostructure films: 0–3 (particulate hetero-
structure), 2–2 (layered heterostructure), and 1–3
(vertically aligned nanocomposite, VAN)20,21. Among
these, 1–3 VAN films exhibit a relatively large ME effect
owing to the reduced clamping effect of the substrate; in
addition, efficient strain coupling is achieved via the larger
interfacial area with intrinsic three-dimensional (3D)
heteroepitaxy14. However, unlike the 0–3 and 2–2 types,
1–3 VAN films are susceptible to leakage, which results
from the low resistance of the magnetic pillars penetrating
the film matrix. Eventually, efficient epitaxial strain con-
trol between ferroelectric and ferromagnetic phases
through both large interfacial areas and excellent inter-
facial lattice coherence may substantially enhance the ME
coupling effect; thus, a reliable ME effect can be achieved
by overcoming the leakage issue. However, various recent
heterostructures, such as the NiFe2O4–CoFe2O4 mixed
phase26,27, well-ordered nanodot arrays28,29, and quasi
(0–3) nanocomposites25, cannot fulfill the requirements
specified above. Furthermore, these structures require
complicated fabrication processes, which are not suitable
for potential practical applications. Hence, a new archi-
tecture for multiferroic heterostructure films should be
developed via simple and innovative approaches.
In this study, we propose a newly designed 3D nanocup

heterostructure film (Fig. S1d, Supplementary Informa-
tion) that exhibits reversible and genuine ME switching.
To fabricate such a unique 3D nanocup architecture, we
used a Co, Fe-incorporated ferroelectric Bi3.25La0.75Ti3O12

(BLT) ceramic target. During pulsed laser deposition
(PLD), 3D nanocup-structured CoFe2O4 (CFO) particles
were formed by spontaneous nucleation and

agglomeration inside the BLT film. Because of the for-
mation of ferromagnetic CFO nanocups inside the fer-
roelectric BLT matrix, the obtained heterostructure film
exhibited room-temperature multiferroism. Furthermore,
the 3D nanocup BLT–CFO film showed magnetically
controlled reversible dielectric switching originating from
its structural characteristics, namely, the large interfacial
area, excellent interfacial lattice coherence, and low
leakage.

Materials and methods
Density functional calculations
Electronic structure calculations were performed using

the projector-augmented-wave method implemented in
the Vienna ab initio simulation package30,31. The method
is explained in detail in our previous study32. For the
simulation of the substrate strain, we varied the in-plane
lattice parameter of SrTiO3 by up to 4%, considering both
tensile and compressive strains. Full atomic relaxation was
performed for all studied ranges at the corresponding in-
plane lattice parameter. The most likely Co and Fe sites in
the incorporated BLT were identified by comparing all
possible sites and combinations. The most stable config-
uration was used for the energetics comparison shown in
Fig. 1a.

Sample preparation
The Co, Fe-incorporated BLT ceramic was synthesized

via a solid-state reaction. The chemical concentrations
were precisely controlled to obtain Bi3.25La0.75Co0.5Fe0.5-
Ti2O12. The ceramic target had a pristine BLT phase, as
indicated by the XRD θ–2θ results33,34. 3D BLT–CFO
films with a thickness of 10–180 nm were fabricated on
SrTiO3 (001) substrates at a high temperature of 850 °C,
oxygen pressure of 100mTorr, and laser fluence of 2 J/
cm2 using PLD (KrF, λ= 248 nm).

Structural characterizations
The structural properties were analyzed via XRD (D8

Advance, Bruker) using Cu Kα radiation. RSM was per-
formed using the 3 A beamline at the Pohang Light
Source. Surface morphologies were observed using a field-
emission scanning electron microscope (Hitachi S-4700)
and atomic force microscope (Park Systems NX10). The
structural characteristics and elemental mapping were
investigated using a high-resolution transmission electron
microscope (TecnaiTM G2 F30 S-Twin, 300 KeV, FEI).

Measurements of physical properties
The MFM image was measured with a magnetic

coating tip using a magnetic force microscope (PSIA,
XE-100). After the topographic profile was obtained, the
MFM measurement was performed at a lift height of
50 nm with a magnetic tip. The magnetic properties
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were characterized using an MPMS (Quantum Design
5 T). For electrical measurements, Pt electrodes were
deposited with a thickness of ~100 nm on all samples
using an RF sputter. The electrodes have a circular
shape with a diameter of 140–150 μm, and the number
of CFO nanocups was calculated to be approximately
36000 ea per top electrode based on the SEM image.
The P–E loops were measured using a ferroelectric
analyzer (Precision Multiferroic, Radiant Technologies,
Inc.). For the measurement, the BLT and 3D BLT-CFO
films (both 270 nm thickness) were fabricated on STO
(001) and STO (110) substrates covered with SrRuO3

(SRO). The dielectric constants were measured using an
LCR Meter (Keysight, E4980A). For the MD measure-
ment, the dielectric constants were measured for the
BLT and 3D BLT-CFO films (both 270 nm thickness)
using an LCR Meter (Agilent, 4284A) under a magnetic
field (PPMS, Quantum Design 9 T).

Results and discussion
Emergence of the BLT-CFO heterostructure film
Ferroelectric BLT, i.e., La-doped Bi4Ti3O12 (BiT), is a

well-known material used for the implementation of
nonvolatile ferroelectric random access memory. BLT has
robust polarization and virtual resistance to polarization
fatigue35. Nevertheless, BLT self-assembled nanocompo-
site films have not yet been reported. Previous attempts to
fabricate a self-assembled BiT-CFO nanocomposite film
resulted in a Bi5Ti3FeO15 (BTFO) phase despite the use of
a conventional BiT-CFO mixed target24; such a phase was
obtained because of the easily tunable characteristics of
the layered perovskite structure of BiT. We also con-
firmed that a self-assembled BTFO-CFO film can be
formed via the methods shown in Fig. S2a (Supplementary
Information). To fabricate a BLT-CFO heterostructure
film, we devised an entirely new approach, which resem-
bles exsolution trends and is dissimilar to conventional

Fig. 1 Emergence of BLT-CFO heterostructure films. a DFT calculations for both pristine BLT and Co, Fe-incorporated BLT films. The green arrow
indicates the strain relaxation of the films with increasing thickness. b XRD θ–2θ patterns of BLT-CFO heterostructure films with thicknesses of
10–180 nm. (Here, the BLT phases are represented by a number, and the SRO and CFO phases are represented by a symbol to easily distinguish each
phase.) The green dotted line shows the strain relaxation of CFO (004). c RSM data for the 180-nm-thick film. d, e SEM images of the 180-nm-thick
film. e Magnified image of d.
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approaches. Exsolution of transition metals was proposed
for designing functional catalyst nanoparticle-supported
perovskite materials35,36. In particular, exsolution of B-site
dopants on layered perovskite PrBaMn1.7T0.3O5+δ (T=
Mn, Co, Ni, and Fe) has recently been verified37,38. Based
on these studies, we grew BLT with heavy codoping of Co
and Fe on a SrTiO3 (STO) substrate, which led to spon-
taneous formation of the CFO phase inside the BLT
matrix39. This novel approach allowed us to obtain a 3D
nanocup BLT-CFO heterostructure film.
First, we studied the stability of pure and Co, Fe-

incorporated BLT film phases via density functional the-
ory (DFT) calculations. In Fig. 1a, the energy differences
between the bulk BLT and film phases on STO are
examined. As shown in this figure, fully strained films on
STO (in-plane lattice misfit:+1.7%) are located at 0
points; when the film thickness increased, the epitaxial
strain decreased to a negative value because of strain
relaxation. The Co, Fe-incorporated film showed more
instability than the pure film, as indicated by the energy
difference with respect to the bulk phase (38 and 17meV
per transition-metal atom at 0 points of epitaxial strain,
respectively). Furthermore, we found that the energetics
of the Co, Fe-incorporated BLT phase are highly sus-
ceptible to the epitaxial strain with STO (001), which
makes the codoped phase even more unstable against the
misfit strain from the substrate. According to this ener-
getics argument, we can conclude that the Co, Fe-
incorporated BLT phase is highly unstable and suscep-
tible to a secondary phase, which is demonstrated by the
separation of the BLT and CFO phases.
As shown in Fig. 1b, we successfully fabricated BLT-

CFO heterostructure films of various thicknesses ranging
from 10 to 180 nm on STO substrates from a Co, Fe-
incorporated BLT target using PLD. The X-ray diffraction
(XRD) θ–2θ patterns reveal that both the BLT and CFO
phases were highly (00 l)-oriented in all the samples. The
CFO phase, which was not observed in the ultrathin
sample, was found in the samples with thicknesses greater
than or equal to 20 nm with the gradual relaxation of the
epitaxial strain following the green dotted line in Fig. 1b.
The phase separation of BLT and CFO was verified for the
180-nm film through reciprocal space mapping (RSM), as
shown in Fig. 1c. The XRD results show that the orien-
tation relationships of BLT and CFO to the STO substrate
are as follows: BLT[110]//STO[100]; CFO[100]//STO
[100]. The in-plane and out-of-plane lattice misfits
between BLT (orthorhombic, a= 5.41 Å, b= 5.45 Å, c=
32.83 Å) and CFO (cubic, a= 8.40 Å) are 2.30% and
8.92%, respectively. Despite the large lattice misfits, the
two phases were self-assembled by the intrinsic simila-
rities in crystal chemistry of the perovskite and spinel
phases8. We directly identified the uniformly dispersed
nanocomposite film via SEM (see Fig. 1d, e). We

emphasize that the BLT-CFO nanocomposite film can be
realized without phase transformation of the pristine
ferroelectric phase by utilizing a magnetic cation-
incorporated target (Fig. S2b, Supplementary
Information).

Spontaneous nucleation and agglomeration
To investigate the growth mechanism of the nano-

composite films, atomic force microscopy (AFM) mea-
surements were performed on 10-, 20-, 50-, and 180-nm
films (Fig. 2a–d). Small CFO nanoparticles nucleated in
the initial stage. As the thickness increased, larger CFO
nanoparticles formed via the agglomeration of CFO
nuclei. The results confirm that the CFO nanoparticles
uniformly formed through spontaneous nucleation and
agglomeration (see Fig. 2d). In Fig. 2e, the noncontact
mode AFM topography for the 180-nm film is shown.
After obtaining a topographic profile, we measured the
magnetic force microscopy (MFM) amplitude and phase
with a magnetic coating tip (Fig. 2f, g). The MFM
amplitude and phase images show that the magnetic
signals were detected only on the CFO nanoparticles and
not on the BLT matrix.
In conventional VAN films, CFO is generally formed as

nanopillars with a width of 20 to 200 nm; for example,
CFO nanopillars in the BaTiO3 matrix have circular
shapes with diameters of 20–30 nm8, and those in the
BiFeO3 matrix have square shapes with widths of
50–200 nm40. The difference in shapes is caused by the
different binding energies between various perovskite
ferroelectrics and CFO. However, in this study, large
nanoparticles (width: 500 nm–1 μm) were formed by the
aggregation of CFO nuclei with small widths (~20 nm)
rather than CFO nanopillars (Fig. 2f). The growth
mechanism of such nanoparticles can be represented by
three main stages: (i) nucleation, (ii) coalescence, and (iii)
aging. These stages constitute the general process of
nucleation41. According to the general nucleation theory,
the shape and size of nucleated clusters are strongly
affected by the surface. Conventional CFO nanopillars are
grown on the STO substrate using a two-phase separated
target, whereas our CFO nanocups were grown on the
BLT matrix via spontaneous nucleation. In other words,
these CFO nanoparticles grew in combination with BLT
on a BLT surface; thus, they have different surface and
binding energies than the nanopillars formed in VAN
films. As a result, these energy differences enable forma-
tion of the unique architecture of CFO in a BLT-CFO
heterostructure film. The TEM data in Fig. 3 support this
claim by identifying the exact structure of the CFO. These
results indicate that the CFO nanoparticles obtained
through spontaneous nucleation have a different mor-
phology and growth mechanism than the conventional
VAN films.
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3D nanocup-structured nanocomposites
For a detailed investigation, we performed a cross-

sectional transmission electron microscopy (TEM) analy-
sis. The results are shown in Fig. 3a–d. The cross-sectional
sample of the CFO composite was cut across the center of
the structure using a focused ion beam, as depicted in Fig.
3e. The bright-field (BF) TEM images in Fig. 3a, b indicate
that the nanocomposites consistently formed ~10 nm above
the STO substrate. To examine the area where the three
materials were closely located, which is marked by the box
in Fig. 3a, we obtained a high-resolution TEM (HRTEM)
image with the corresponding fast Fourier transform (FFT)
patterns for each material, as shown in Fig. 3c. These results
establish that the crystal structures of STO, BLT, and CFO
were simple cubic (lattice parameter: a= 3.91 Å), pseudo-
tetragonal (a= b= 5.45 Å, c= 32.83 Å), and cubic (a=
8.40 Å), respectively. The diffraction pattern acquired from
the area including the three materials of Fig. 3a is shown in
Fig. 3d, revealing that BLT and CFO were single-crystal
materials with no observable defects; they were grown
epitaxially with the STO substrate, which is reflected by the
parallel diffraction spots of the three materials to [002],
[111], and [220] with respect to the transmitted beam. This
epitaxial BLT-CFO heterostructure film had excellent
coherence at both the in-plane and out-of-plane interfaces,
as shown in Fig. S3 (Supplementary Information), regard-
less of the large in-plane (2.30%) and out-of-plane (8.92%)
misfit strains.

To estimate the shape of the CFO particles, we char-
acterized the structure using HRTEM and high-angle
annular dark field scanning TEM (STEM), as shown in
Fig. 3f, along with energy-dispersive X-ray spectroscopy
(EDS). The HRTEM image with the FFT pattern
obtained from the area specified by the circle on the
composite in Fig. 3a shows that the material is tetra-
gonal BLT, which indicates that the inside of the com-
posite is filled with BLT. The EDS line scan (Fig. 3g
along the line marked in the STEM image in Fig. 3h
shows that the inside of the composite contains sig-
nificantly lower concentrations of Co and Fe than the
edge, confirming that the inside comprises BLT. The
EDS map in Fig. 3h identifies the extent of the BLT area
(see the Co and Fe maps), indicating that the shape of
the CFO particles resembles a nanosized cup with a wall
thickness of 20–30 nm.

Ferroelectric and ferromagnetic properties
The multiferroic property of the 3D nanocup BLT-CFO

heterostructure film was characterized at room tempera-
ture. To confirm the ferroelectricity of the nanocomposite
film, we fabricated (117)-oriented films on STO (110)
covered with SrRuO3 bottom electrodes, as shown in Fig.
S4a and b (Supplementary Information). It was particu-
larly difficult to analyze the ferroelectricity of a (00 l)-
oriented film because the primary polar axis of BLT lies
along the in-plane direction42,43. The polarization of a

Fig. 2 Spontaneous nucleation and agglomeration. a, b, c, d AFM images of BLT-CFO heterostructure films with thicknesses of a 10 nm, b 20 nm,
c 50 nm, and d 180 nm. The nucleation and agglomeration of CFO nanoparticles were observed in the BLT matrix. e AFM topography, f MFM
amplitude, and g MFM phase for the 180-nm-thick film.
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(117)-oriented film is tilted by 60.7° from the normal of
the film plane. As shown in Fig. 4a, ferroelectric hysteresis
loops were maintained at various frequencies. The hys-
teresis loop becomes depressed with a low remnant
polarization compared with that of pristine BLT, which
can be explained by the dilution effect based on the
incorporation of paraelectric CFO14. Nevertheless, as
shown in Fig. S4c and d (Supplementary Information),
dielectric switching for the BLT and 3D BLT-CFO films
was observed depending on the positive or negative sign
of the electric field; furthermore, the value of permittivity
(εr: ~270) was similar to the reported value of BLT, while
the dielectric loss (tanδ) was <0.1. The low dielectric loss
was also identified in the (001)-oriented 3D BLT-CFO
film, as shown in Fig. 4b. We believe that the low
dielectric loss may be due to the disconnect between
magnetic CFO nanocups and the bottom electrode.
Therefore, CFO does not act as a conducting path, and
only the electric charges flowing through the BLT matrix

are measured (Fig. S2d, Supplementary Information).
These results demonstrate the robustness of the ferro-
electric property of the 3D nanocup BLT-CFO films and
indicate that there might be less leakage when such a film
is applied in a device. The magnetic properties were
analyzed using a magnetic-property measurement system
(MPMS). Figure 4c shows that the 3D nanocup hetero-
structure film had strong out-of-plane ferromagnetism
(Ms: 140 emu/cm3, Mr: 110 emu/cm3, Hc: 0.04 T) at room
temperature under a magnetic field ranging from −1 to
1 T. The magnetization values were normalized to the
volume fraction of CFO, i.e., 27% from the surface ima-
ges8. Additionally, the temperature-dependent magneti-
zation reveals that the 3D nanocup heterostructure film
had stronger in-plane ferromagnetic properties than the
paramagnetic BLT film shown in Fig. 4d. These results
directly demonstrate the ferroelectricity and ferro-
magnetism of the 3D nanocup heterostructure film at
room temperature.

Fig. 3 Structural and compositional analyses of nanocomposites. a HRTEM image of the nanocomposite film on the STO substrate with the
diffraction pattern for BLT. b Broad-view BF image of the nanocomposite film on STO. c HRTEM image of the boxed area in Fig. 3a with the FFT of
each layer. d Diffraction pattern of the area in Fig. 3a. e Schematics of the 3D BLT-CFO nanocomposite film. f STEM image of the nanocomposite film
on the STO substrate. g EDS line scan data following the line marked in the STEM image in Fig. 3h. h STEM image of a nanocomposite film with the
EDS maps for each element.
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Magnetoelectric coupling effect at room temperature
To verify the ME coupling effect of the system, we

performed magnetodielectric (MD) measurements at
room temperature. Using MD measurements, we can
analyze the variation in the dielectric constant (ε) as a
function of the magnetic field (H). The ME coupling effect
is assessed to conveniently quantify Δε (%), according to
the following equation44:

Δεð%Þ ¼ ½fεðHÞ � εð0Þg=εð0Þ� ´ 100: ð1Þ

where ε(H) is the dielectric constant under a static
magnetic field H, and ε(0) is that under a zero-bias field.
To minimize the external resistivity, a sample for MD
measurement was prepared, as schematically shown in
Fig. 5a. The ε(H) for the sample was measured by applying
a magnetic field along the c-axis.
In heterostructure films, the MD values can be sig-

nificantly affected by the magnetoresistance (MR) effect
combined with the Maxwell–Wagner effect, which is a
change in the resistance in the charge-depletion region
due to a magnetic field45. Such a large MR effect makes it
difficult to investigate the intrinsic ME coupling effect.

Hence, it is important to eliminate such an MR effect by
investigating the dielectric loss and frequency dependence
for identification of the intrinsic ME coupling effect. At a
relatively high frequency (800 kHz), symmetrical switch-
ing of the dielectric constant (Δε: 0.01%) was observed
without any variation in the dielectric loss (tanδ < 0.1); the
magnetic field was varied from −2 to+ 2 T (Fig. 5b).
Notably, reversible ME switching was consistently
observed even during repeated tests (Fig. 5c). In addition,
similar MD variations (Δε: 0.01%) were clearly observed at
various frequencies, and the absence of leakage was
confirmed, except for a slight fluctuation in the dielectric
loss at 10 kHz (Fig. 5d and Fig. S5, Supplementary
Information). Furthermore, we investigated the MD effect
for the pristine BLT and did not observe any MD varia-
tions, except for a continuous decrease in the dielectric
constant over time (Fig. S6, Supplementary Information).
As the continuous decrease in the dielectric constant was
also observed for the 3D BLT-CFO film (insets of Fig. S5,
Supplementary Information), the reduction in the
dielectric constant in pristine BLT might be due to elec-
tric charge accumulation on the top and bottom elec-
trodes caused by the AC electric field. Consequently, the

Fig. 4 Ferroelectric and ferromagnetic properties at room temperature. a P–E loops for the 3D BLT-CFO nanocomposite films with thicknesses
of 270 nm on the STO (110) substrate at various frequencies. b Dielectric constant and dielectric loss for the films with thicknesses of 270 nm on STO
(001) substrate depending on the frequency. c In-plane and out-of-plane MH curves for the 3D BLT-CFO film on STO (001). d MT curves for the
pristine BLT and 3D BLT-CFO film on STO (001) at H= 0.5 T.
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3D nanocup BLT-CFO film exhibited ME coupling at
room temperature, which was not observed in BLT films.
The magnetic field control of the ferroelectric behavior of
the 3D nanocup film can be explained by strain-mediated
ME coupling, as mostly observed in multiferroic hetero-
structure films. Hence, the magnetostriction generated on
the ferromagnetic CFO nanocups by the magnetic field
transformed the lattice of the ferroelectric BLT phase
through their coherent interface, and then, the lattice-
strained BLT changed the MD values via piezoelectric
properties. These results imply that the 3D nanocup film
has an effective strain mediation between ferroelectric and
ferromagnetic phases based on its excellent interfacial
coherence.
In addition, based on the MD variation, which was

proven from the MR artifacts combined with the
Maxwell–Wagner effect, we calculated the magneto-
electric (ME) susceptibility (χME) for the 3D nanocup
heterostructure film using the following equation44:

fεðHÞ � εð0Þg=εð0Þ ¼ ðχME � HÞ=E0 ð2Þ

where the amplitude of the probing AC field E0 is
37.0 KV/cm. We obtained χME= 0.185 mV/Oe ∙ cm for a
magnetic field between 0 and 20 kOe. Although the

degree of ME susceptibility is not as pronounced as that
(11.4 mV/Oe ∙ cm) of a polycrystalline BiFeO3 film

44, it is
comparable to that (0.16 mV/Oe ∙ cm) of typical multi-
ferroic composites (BaTiO3–CoFe2O4)

46 for probing
frequencies higher than their conductivity cutoff. Notably,
reversible MD switching in our 3D nanocup film was
reported for the first time. At the beginning of the MD
measurement, the MD values have been reported without
proof of the variation in the dielectric loss and frequency
dependence, although the MR effect combined with the
Maxwell–Wagner effect may be included. However,
dielectric loss and frequency dependence should be
verified to confirm genuine ME coupling because Catalan
published a paper titled “Magnetocapacitance without
magnetoelectric coupling” in 200645. Recently, verification
of reversible and reproducible MD variation has also been
required for practical device applications. For a brief
overview of the above, we summarized some reports that
have the most reliable MD values via various verifications
from past to present in Table 147–51. Compared with the
reported data in Table 1, we validated not only the
intrinsic MD variation in which the MR artifacts
combined with the Maxwell–Wagner effect were almost
eliminated but also the reversible MD switching at room
temperature. The reversible ME switching is noteworthy

Fig. 5 Reversible magnetoelectric switching at room temperature. a Schematic illustration of the MD measurement system and sample
configuration of the 3D BLT-CFO film on STO (001). b Magnetic field-dependent MD curve of the film at a frequency of 800 kHz. c Time-dependent
MD curve of the film during the retention test from −2 T to 2 T. d Magnetic field-dependent MD curve of the film at various frequencies.

An et al. NPG Asia Materials (2019) 11:68 Page 8 of 10



because it is difficult to investigate a genuine ME coupling
effect owing to the relatively large MR artifacts and
leakage issues in self-assembled nanocomposite films49.
Therefore, our result may support the feasibility of ME
devices because the reliable and sustainable ME effect is
one of the fundamental requirements for practical devices.
How does reversible ME switching appear? As explained

in the introduction, it is derived from the structural benefits
of the 3D nanocup architecture. From the structural point
of view, the 3D nanocup heterostructure film has excellent
interfacial lattice coherence along both the in-plane and
out-of-plane directions because BLT and CFO phases are
self-assembled during PLD, similar to 0–3 and 1–3 type
films (Fig. S2, Supplementary Information). In addition, our
nanocomposite film has a larger interfacial area than con-
ventional 1–3 type films because the CFO nanoparticles
inside the BLT film consist of aggregates of small nano-
particles, as shown in Fig. 2. Notably, the 3D nanocup
architecture can overcome leakage through magnetic
nanopillars, which is a limitation of 1–3 type films because
the CFO nanocups are not in electrical contact with the
substrate, as shown in Fig. S2c and d (Supplementary
Information). Consequently, the 3D nanocup architecture
enables overcoming the structural limitations of conven-
tional heterostructure films (the bad dispersion of 0–3 type
films, the substrate clamping effect of 2–2 type films, and
the leakage problem of 1–3 type films14).

Conclusion
In summary, we fabricated a 3D nanocup BLT-CFO film

by inducing spontaneous nucleation and agglomeration of
CFO during PLD. We demonstrated that the film had
strong multiferroism without phase transformation of the
pristine ferroelectric phase at room temperature, which,
to the best of our knowledge, is the first report of its kind.
In particular, the novel architecture of the 3D nanocup
heterostructure film enables magnetically controlled
reversible dielectric switching via overcoming the leakage
issue, as well as the large interfacial area and excellent
interfacial lattice coherence. We believe that the devel-
opment of 3D nanocup heterostructure films facilitates
the vitalization of a practical ME device in the near future.

Furthermore, considering the simplicity of our approach,
fabrication of the innovative nanocup architecture can be
widely applied for various complex oxides, ultimately
leading to a variety of 3D nanocup-grafted hetero-
structure films for diverse multifunctional applications.
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