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Flexible magnetoelectric complex oxide heterostructures on
muscovite for proximity sensor
Yong-Jyun Wang1, Jia-Wei Chen2, Yu-Hong Lai2, Pao-Wen Shao2, Yugandhar Bitla3, Yi-Chun Chen 4 and Ying-Hao Chu 1,2✉

In modern technology, recent advances in multi-functional devices are rapidly developed for the diverse demands of human
beings. Meanwhile, durability and adaptability to extreme environmental conditions are also required. In this study, a flexible
magnetoelectric (ME) heterostructure based on CoFe2O4/Pb(Zr,Ti)O3 composite thin film on muscovite is presented, with two
geometries of the constituents, namely laminar heterostructure, and vertical nanostructure, adopted for the comparison. On the
other hand, credited to the mechanical flexibility of muscovite, the impact of flexibility on ME properties is also discussed with a
series of bending tests. Moreover, the ME response sustains for 10,000 times bending without significant decrease, validating the
mechanical durability of this heterostructure on muscovite. With these advantages, a flexible proximity sensor based on this
heterostructure is demonstrated for motion detection. It is expected to offer a pathway for creating the next-generational flexible
devices, showing potential for future practical application.
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INTRODUCTION
In the mighty torrent of history, the development of material
technology usually determines the era’s trend. With the evolution
of time, the demand for contemporary technology is getting
more and more diverse. Thus, exploring material systems is
crucial to open ages for creating next-generational electronics.
Recently, the exploration and discovery of ME systems have
triggered intensive research due to their intriguing features and
potential for practical applications. With rapid development, the
manipulation of magnetic and electric orders is getting faster and
more precise, which can also be applied to the Internet-of-things
(IoT) field. This program delivers an idea for the revolution of
rapid computation, offering a practical breakthrough for intelli-
gent devices. Recent advances in the technologies involved with
soft materials and system integration have paved the way for
designing various types of flexible devices for practical applica-
tions, such as wearable electronics or flexible displays. With a
combination of material systems and soft technology1–3, many
technical difficulties will be circumvented, and more potential
applications can be delivered.
The magnetoelectric (ME) effect4–6, defined as the coupling of

electric and magnetic orders, allows the alternation of electrical
polarization (magnetization) by an applied magnetic (electric)
field. The multi-phase ME materials composed of magnetostrictive
and piezoelectric components have triggered intensive attention
due to their large strain-mediated magnetoelectric coupling over
single-phase ones delivering a feasible way for practical applica-
tions in broadband sensors7, actuators8, memories9 and energy
storage devices10. The ME property can further be tuned by the
choice and volume fractions of the constituents and the
composite architecture. In many ME-related studies, ceramic
materials are best known for their intriguing properties11,12.
However, the fatal flaws of ceramic materials are their fragility and
undesirable interface, hindering device performance13. Thus, there
are two critical factors: mechanical flexibility and interfacial

quality. Recent advance in the flexible ME system has demon-
strated the tremendous response with the combination of alloy14,
polymers15, and some composite16 materials. Nonetheless, this
work aims to build a flexible ceramic ME system using the two-
dimensional (2D) layered muscovite as the substrate due to its
superior mechanical flexibility and high thermal and chemical
stability. These advantages enable muscovite to be a platform for
studying the impact of flexibility on ME coupling. Moreover, the
epitaxial growth of numerous materials on muscovite via quasi-
van der Waals epitaxy has been demonstrated17–19. This fact
assures the interfacial quality for 3D/2D heterostructures20. On the
other hand, highly flexible functional materials are needed to
acquire material properties. Among them, spinel cobalt ferrite
(CoFe2O4, CFO) and perovskite lead zirconate titanate
(PbZr0.52Ti0.48O3, PZT) are selected due to their high lattice
compatibility21,22. First, to increase the sensitivity to an external
magnetic field, CFO with a strong magnetostriction effect is a
suitable material as the magnetic component. Besides, CFO has
more considerable electrical resistance than other alloy systems,
reducing the negative impact on output voltage caused by
leakage current; Piezoelectricity in PZT has been studied for
decades and demonstrated to be solid and stable23,24. In addition,
PZT with a high Curie temperature (~390 °C) enables itself to
sustain external thermal disturbance25. The combination of PZT
and CFO is chosen as a model system to exhibit magnetoelectric
coupling on the muscovite substrate.
The inherent qualitative coupling between CFO and PZT phases

induces an output voltage by an external magnetic field. The
schematic diagram of the proximity sensor based on this ME
system is illustrated in Fig. 1a. The architecture covers the
magnetic and electric orders and SrRuO3 (SRO) bottom electrodes
for signal detection. However, a wide variety of oxide architectures
can be obtained by process tuning26, providing a pathway to
explore the impact of different microstructures. The ME coupling
effect happens at the interfaces between CFO and PZT, which
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means that the performance is strongly affected by different
geometries and material arrangements. The different design of
the ME composite architecture depends on the connectivity of
materials, such as 0-0, 0–3, 1–3, 3-1and 2-2, where the number
indicates the dimension of the ferroelectric and magnetic
components. The most commonly used ME architecture with
successfully proven enhanced ME properties is 0–3 particle
composite (the magnetic nanoparticles dispersed in the ferro-
magnetic matrices), 1-3 vertical composite (the nanopillars
embedded in the matrices), and 2-2 layered composite (the
composite with alternate stacking of ferroelectric and magnetic
layers). Thus, three architectures are designed, as shown in Fig. 1b,
including 2-2 epitaxial, polycrystalline, and 1–3 nanostructure
heterostructures. X-ray diffraction (XRD) and transmission electron
microscopy (TEM) were used for structural characterization in this
work. Electrical polarization and magnetization were studied on
three ME heterostructures through the polarization-electric field
(P-E) and magnetic-hysteresis (M-H) measurements. For the
measurement of ME response, the magnetoelectric coefficient
can be achieved by the electrical measurement system with an
external DC magnetic field. Moreover, the influence of flexibility
on ME response is also discussed in this work, which was
implemented using the static and dynamic bending stages. In
addition to the fundamental multiferroic study of CFO and PZT, a
focus on the application of ME coupling was also carried out. A
flexible ME-type proximity sensor is presented for motion
detection application, suggesting potential for practical use. In
conclusion, this work successfully uses the 2D muscovite to
investigate the ME response of three different heterostructures

along with the influence of flexibility, offering an opportunity to
explore the intriguing mechanism inside.

RESULTS AND DISCUSSION
Structural analyses
In the first part, structure characteristics were examined to prove
the correctness of phases. The XRD θ-2θ scan of the black line in
Fig. 1c results from PZT/CFO/PZT/SRO/CFO/muscovite along the
out-of-plane (OOP) direction. The observation of a series of
diffraction peaks, including muscovite{001}, SRO{111}, CFO{111},
and PZT{111}, indicates the possible epitaxial feature of the
heterostructure. The CFO buffered layer was removed from
the mezzanine of SRO and muscovite substrate to obtain the
polycrystalline growth. The OOP XRD pattern of PZT/CFO/PZT/
SRO/muscovite (the blue line in Fig. 1c) shows PZT (001), (101),
(111), and CFO (511) diffraction peaks, revealing the polycrystalline
nature of the constituents with multi-orientations. A dual-target
deposition of PZT and CFO was adopted to grow the nanos-
tructure. The red line in Fig. 1c shows the XRD pattern of (PZT,
CFO)/SRO/CFO/muscovite. There exist only SRO (222), CFO (222),
and PZT (111) diffraction peaks without a secondary phase. In-
plane (IP) Φ-scan measurement of the epitaxial system was
conducted to confirm the epitaxial relationship further. The Φ-
scans of muscovite{001}, SRO{111}, CFO{111}, and PZT{111} were
used to determine the IP orientation, as shown in Fig. 1d. The
three-fold symmetry along (111) orientation is observed, and
three sets of peaks at 120° intervals are displayed. The feature of

Fig. 1 Structure and device design. a Schematic interaction between magnetostriction and piezoelectric parts and the design of proximity
sensing device. b Crystal structure of 2-2 (layer-by-layer PZT/CFO/PZT) and 1-3 (PZT, CFO) nanostructure with two different growth
mechanisms. c Out-of-plane XRD 2θ-θ scan of the heterostructures. d Phi scans of muscovite {202}, CFO {200}, SRO {200} and PZT {200}.
e Rocking curves of PZT (222), SRO (111), and CFO (111).
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aligned peaks leads to the epitaxial relationship of the hetero-
structure as (111) PZT//(111) CFO// (111) PZT //(111) SRO//(111)
CFO//(001) muscovite. Moreover, the performance of thin film
dramatically depends on the crystal quality. Thus, the rocking
curve measurements were conducted, and the full width at half
maximum (FWHM) of PZT (111), SRO (111), and CFO (111) peaks
are ~0.8°, ~0.8°, and ~0.6°, respectively, as shown in Fig. 1e,
proving the crystal quality of the thin film.
Further, the microstructure of all the heterostructures was

examined by transmission electron microscopy (TEM), as shown in
Fig. 2. Meanwhile, the observation of the overall multilayer stack
and the vertical structure can be seen in the low mag images in
Supplementary Fig. 1, offering an opportunity to compare the
interface quality. The cross-sectional TEM images of the epitaxial
sample are shown in Fig. 2a, b, revealing the clear interfaces. The
reciprocal lattices in the fast Fourier transform (FFT) patterns of
PZT, CFO, SRO, and muscovite in the insets are indexed, delivering
epitaxial features. The polymorphism of another sample was
identified next. The corresponding FFT pattern in Fig. 2c, d
presents the diffraction rings related to PZT, CFO, and SRO,
indicating the polycrystalline feature of the heterostructure.
Finally, the phases of CFO and PZT in the nanostructure were
observed. From Fig. 2e, f, the FFT patterns of SRO, CFO (buffered
layer), and muscovite are identical to the epitaxial one. As for the
nanostructure sample, the EDS mapping of the whole structure in
Supplementary Fig. 2 indicates no clear phase separation in the
cross-sectional TEM images. However, the FFT pattern for PZT and
CFO can still be captured. Such observation is constructive for the
comparison and discussion in the later parts.

Electrical and magnetic properties
Since the feature of crystal structure has been confirmed after a
series of structural analyses, attention is now paid to the physical
properties of the heterostructures. First, the ferroelectricity of the
PZT phase should be examined to characterize the existence of
electric polarization. According to the linear relation between
electric polarization and piezoelectricity27,28, the polarization’s
magnitude suggests the electrical contribution to magnetoelectric

coupling. Therefore, P-E loops were measured in the unbent and
bent conditions29. The maximum magnitude of the applied
electric field was ~ ±560 kV cm−1. The typical P-E hysteresis loops
in Fig. 3a with a sharp change in polarization show a practical
switching of dipoles. The epitaxial (red line) and polycrystalline
(yellow line) heterostructures exhibit maximum polarization
(Pmax) of 61 µC cm−2 and 61.2 µC cm−2, respectively, while the
nanostructure (blue line) has a lower Pmax of 28.1 µC cm−2.
Different performance among these three samples is attributed to
structural order differences. There is no noticeable difference in
the saturation polarization between the epitaxial and polycrystal-
line PZT layers. However, the coercive field of the epitaxial
sample (102.5 kV cm−1) is smaller than the polycrystalline form
(145.5 kV cm−1), indicating that the ability of dipole-switching
depends on the uniformity of dipoles. As for the Pmax of the
nanostructure, there is a 54% reduction compared to the epitaxial
and polycrystalline samples. This decline originates from the
chaotic arrangement of internal dipoles that hinders the net
polarization. Furthermore, the switching behavior of ferroelectric
domains in three architectures was investigated via piezoresponse
force microscopy (PFM), as shown in Supplementary Fig. 3. The
butterfly-shaped curves are indicative of domain switching.
Furthermore, the information of positive d33 can be obtained
through PFM loops, providing strong evidence of piezoelectricity.
After realizing the basic ferroelectricity, the stability of a flexible
device to withstand mechanical bending is essential. Figure 3b
shows the P-E hysteresis loops of PZT layers on muscovite under
compression and tension. The stable remnant and maximum
polarization (Pr and Pmax) values were observed under a bending
radius of 5 mm. This result indicates that the flexible hetero-
structures could retain their original ferroelectricity even under
mechanical constraints.
Having demonstrated the electrical properties, the magnetism

in the designed systems was further investigated. The room
temperature magnetic hysteresis loops were measured by
vibrating sample magnetometer (VSM) by applying the mag-
netic field parallel (IP) and perpendicular (OOP) to the plane of
the heterostructures. The typical magnetic hysteresis loops are
shown in Fig. 3c and exhibit isotropic magnetic properties.

Fig. 2 The cross-sectional TEM images with the FFT diffraction patterns and the EDS mapping of three structures. The TEM images with
the FFT diffraction patterns of a, b epitaxial, c, d polycrystalline, and e, f nanostructure heterostructures.
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This is attributed to the growth direction of the CFO as it needs
to be fully aligned to the magnetic easy axis along [001]30.
The saturation magnetization for the epitaxial and polycrystal-
line samples is around ~400 emu cm−3, close to bulk value,
while the nanostructure displays ~280 emu cm−3. This result is
consistent with the observation of distributed magnetic
domains in the magnetic force microscopic (MFM) images, as
shown in Supplementary Fig. 4. Furthermore, the effect of
mechanical strain (compressive and tensile) on the magnetic
properties of these heterostructures is depicted in Fig. 3d. It can
be noticed that there is no significant change in the magnetic
behavior of heterostructure no matter how it bends due to the
mechanical flexibility and extraordinary extensibility supplied by
the muscovite substrate. In addition, the high-temperature
resilience and chemical stability of underlying muscovite
substrates allow the heterostructure operation in such con-
straints not possible with the heterostructures realized on
conventional polymer-based flexible substrates. From device
programming, the isotropic electric and magnetic properties
would make the device more comprehensive without consider-
ing the orientation issue.

Magnetoelectric properties
After validating the electric and magnetic properties, the ME
coupling of these heterostructures was investigated. The ME effect
usually emerges due to intimate elastic coupling across the
interfaces between the magnetostriction effect of CFO and the
piezoelectric effect of PZT31. In general, the magnetoelectric
coefficient αE is given by32,

αE ¼ ΔE ΔH�1 ¼ ΔV ΔH�1 t�1

Where V is the output voltage, H is the applied magnetic field,
and t is the total thickness of the thin film. This equation provides
a macroscopic view of the ME coupling effect. The performance
on the αE of three heterostructures and their corresponding
output voltage in the unbent state, along with the increasing DC
magnetic field, is shown in Fig. 4a–c. The maximum values of αE in
the epitaxial, polycrystalline, and nanostructure systems are 84.3,
74.4, and 34.5 mV Oe−1 cm−1. Among these, the epitaxial one
exhibits the most significant macroscopic ME coupling coefficient,
which can be attributed to the uniformity of its crystal structure.
Furthermore, the stacking feature of a 2-2 layered structure is
more beneficial for longitudinal ME coupling than other

Fig. 3 The PE loop and MH loop measurements for three samples on the muscovite substrate. a, b PE loop measurement for PZT in unbent
conditions and under compressive and tensile constraints. c MH loop for CFO along OOP and IP directions without bending. d MH loop for
CFO under bending condition along OOP direction.
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architectures due to the interfacial anisotropy. Besides, both αE
and output voltage first increase and then decrease along with
the increasing DC-triggered magnetic field. This phenomenon is
due to the saturating magnetostriction, which can be observed in
the MH loops in Fig. 3c. On the other hand, the influence of
flexibility on αE is also investigated in this study. The result of
bending tests shown in Fig. 4d–f provides information on how
these three heterostructures work against mechanical constraints.
The samples were placed on a series of solid bending stages with
curvature from 15mm to 5mm (Supplementary Fig. 5). According
to the result, a progressive decay of αE along with the decrease of
bending radius can be observed in each architecture. Although
there is no remarkable difference in the P-E and M-H loop
measurements, the maximum deviation of αE is 16, 19, and 28% in
epitaxial, polycrystalline, and nanostructure, which can be
attributed to the different pathways for sustaining the mechanical
strain. The various interface designs between 2-2 and 1-3
heterostructures significantly impact the sensitivity of αE to
bending radius, reflecting the different performance in the ME
coupling. For the ME coupling, it happens at the interfaces
between the magnetic (CFO) and electrical (PZT) phases. The
strain induced by the bent state strongly influences the ME
coupling, which may hinder the interaction between PZT and CFO.
As a result, the increasing mechanical strain along with the
bending curvature corresponds to the progressive decay of αE
under the bent state in the results. This can be used as an
indication of how the mechanical strain influences the αE for
different heterostructures. Moreover, the result of the cycling
test is also provided in Supplementary Fig. 6 to examine the
stability of properties. The decay of αE is no more than 8% after
10000 cycles of bending in three heterostructures, implying that
the αE is robust against the mechanical constraint due to the
epitaxy nature of muscovite.

Demo of motion detection
After analyzing magnetoelectric properties, it is critical to explore
the potential application of this flexible magnetoelectric hetero-
structure on muscovite for further commercialization or practical
use. Thus, a flexible proximity sensor demo is presented, with the
schematic diagram shown in Fig. 5a. The proximity sensor can be
further applied in motion detection with mechanical flexibility.
Figure 5b depicts the result of the demonstration corresponding
to the pictures in Fig. 5c. The film was mounted on one side of
the finger, while the external magnet was installed on the
opposite side. Once the two fingers are approaching and
removing, the signal can help to distinguish the motion. The
opposite tips of the signal represent the swing of two fingers back
and forth for about 30 s. This implies that the directional
interpretation of our proximity sensor is precise and instant,
increasing the accuracy of gesture detection and invoking more
potential applications in motion detection. Such performance can
be attributed to the mechanical strength and extensibility of the
muscovite substrate, decreasing the damage to the structure and
retaining its optimal behaviors.
In summary, we have demonstrated a flexible ME system in

three distinct architectures, including epitaxial, polycrystalline, and
nanostructure, on muscovite consisting entirely of ceramic
materials (CFO and PZT) and its potential application as a
proximity sensor. The crystal structure, crystalline quality, and
microstructure of these ME heterostructures were characterized
and compared through the analysis of XRD and TEM. In this part,
the three different peak sets in XRD help to initially distinguish the
crystal planes with their symmetry and prove the correctness of
phases. The 2-2 layered architecture of epitaxial and polycrystal-
line heterostructures and the 1-3 nanostructure with intertwined
PZT and CFO can be observed from the cross-sectional TEM
images. Moreover, with the help of FFT diffraction patterns, the

Fig. 4 ME coupling effect measurement with reliable and bending tests. a–c αE, the corresponding output voltage in three heterostructures,
and the increasing DC magnetic field. d–f Deviation for epitaxial, polycrystalline, and nanostructure samples under compressive and tensile
strains from the bending radius of 15mm to 5mm.
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microstructural properties of three heterostructures were also well
characterized. The P-E and M-H loop measurements reveal the
three heterostructures’ electrical and magnetic properties to
identify the polarization of PZT and the magnetization of CFO,
respectively. Based on the results, the maximum polarization and
magnetization of epitaxial and polycrystalline heterostructures
are about the same, and the difference between them is at the
coercive fields; At the same time, the nanostructure sample
presents the smaller values in the maximum polarization and
magnetization. We conclude that the reason can be attributed to
the arrangement of crystals, which strongly influences the flip of
domains. Meanwhile, the results of P-E and M-H loop measure-
ments under bent conditions suggest robust properties even
under mechanical constraints. The performance of strain-
mediated ME coupling in three architectures is compared after a
series of measurements. Among them, the αE in the epitaxial one
is the highest and lowest in the nanostructure. Due to the
interfacial anisotropy, we believe that the respectively continuous
interfaces in the 2-2 architecture are more beneficial for the ME
coupling. On the other hand, the interfaces in the 1-3
nanostructure are much vaguer than the 2-2 one, hindering the
interaction of magnetic and electrical orders. For the discussion of
αE against mechanical constraint, the bending and cycling tests on
ME properties were implemented. From the result, a systematic
bending test can analyze the impact of mechanical strain on αE.
The progressive decay and increasing bending curvatures can be
observed, though this phenomenon was not presented in the P-E
and M-H, respectively. Such a phenomenon results from the
compressive and tensile strain induced by the bending condition.
The applied strain will significantly hinder the coupling between
the PZT and CFO, contributing to the decrease of the αE value in
the three architectures. The durability of this heterostructure on
muscovite is relatively high due to the stability after 10000 times
of cycling bending. In a nutshell, this work delivers an idea to
explore the ME properties based on the heterostructures of
flexible muscovite. Furthermore, the demonstration of flexible
proximity sensors applied in motion detection shows potential in
practical use, which is compatible with intelligent wearable

systems in magnetoception, healthcare, security, internet-of-
things, and energy harvesting.

METHODS
Sample preparation
Three different heterostructures were all fabricated on (001)
muscovite substrate using pulsed laser deposition33,34. The
polycrystalline PZT, CFO, and SRO targets were prepared by the
solid-state reaction method. Mica substrates cut into 1 cm × 1 cm
with 30 µm thickness were purchased from Taiwan Epitaxial Thin
Film Corporation Limited. A CFO interfacial buffer layer was
deposited initially, followed by the SRO bottom electrode and the
PZT-CFO layers to fabricate the epitaxial sample. As for the
polycrystalline sample, the same approach without a CFO buffer
layer was followed. The nanocomposite structure was obtained by
the sequential dual-target deposition method. Using a KrF excimer
laser (λ= 248 nm, Lambda Physic) operated at a 20 Hz repetition
rate. The energy density of 2.5 J cm−2, the deposition process of
2-2 structure was carried out in 100 mtorr and 630 °C for SRO, 120
mtorr and 570 °C for PZT, 20 mtorr and 650 °C for CFO. The oxygen
atmosphere and substrate temperature during the dual-target
deposition method were 100 mtorr and 590 °C. PZT and CFO
targets were allowed to be hit by desired laser pulses, alternatively
using a computer-controlled rotation stage. At last, the Pt top
circular electrode with a diameter of 200 µm was deposited at
room temperature by the radio frequency sputter method.

Structural analysis
The room temperature θ−2θ normal direction scan, phi scan, and
rocking curve measurements were conducted by the Bruker D8
Discover XRD System, which uses Cu Kα radiation to obtain
structural information. The cross-sectional TEM images were
captured on specimens fabricated using the focused ion beam
technique in the FEI Helios G4 system, including a low-pressure
polishing process at 5 and 2 keV.

Fig. 5 Demonstration for remote motion detection via intelligent gloves. a The schematic diagram of the layout. b, c The result and
corresponding figures for motion detection show that two fingers swing back and forth for about 30s.
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Electrical properties
The P-E loop measurements were performed under 100mV
alternating voltage, 5 kHz AC frequency, and the electric field
was applied from −560 kV cm−1 to 560 kV cm−1.

Magnetic properties
The room temperature M-H loop measurements were performed
by Quantum design VSM in magnetic fields.

Magnetoelectric measurements
Two enameled wires were connected to samples by Ag paste, with
one side connecting to the bottom electrode part and the other
relating to the functional element. ME coupling measurements were
then performed by Laboratory Virtual Instrumentation Engineering
Workbench (LabVIEW) along with the applied DC magnetic field.

DATA AVAILABILITY
The corresponding author’s data supporting this study’s findings are available upon
reasonable request.
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