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ABSTRACT: Flexible electronics integrating spintronics are of
great potential in the areas of lightweight and flexible personal
electronics. The integration of ferromagnetic and other functional
oxides on flexible mica substrates is crucial for the proposed
computer technology. In this work, we demonstrate the successful
integration of a ferromagnetic−antiferromagnetic nanocomposite
of La0.67Sr0.33MnO3 (LSMO)/NiO with unique perpendicular
exchange bias properties on a flexible mica substrate. Utilization of
multiple sets of buffer layers has been attempted to overcome the
large mismatch between the film and the substrate and to achieve
high-quality nanocomposite growth on mica. Exchange bias of
∼200 and ∼140 Oe for the applied magnetic field perpendicular
and parallel to the film surface, respectively, has been achieved and
attributed to the strongly coupled vertical ferromagnetic/antiferromagnetic interfaces. Such nanocomposite thin films exhibit
excellent structural robustness and reliability under a cyclic bending test. This work demonstrates the enormous potential of
integrating complex two-phase multifunctional oxides on mica for future flexible wearable personal devices.
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■ INTRODUCTION

The design and fabrication of flexible, portable, and wearable
devices are of great interest in the past few years.1−3

Meanwhile, functional oxide thin film is one of the major
material candidates for various electronic, spintronic, and
photonic devices. However, high-quality oxide thin film always
involves high-temperature growth process, which typically
requires single crystalline oxide substrates with high thermal
stability.4−6 Such rigid single crystal oxide substrates are not
ideal for the flexible device applications. To overcome this
issue, two effective approaches have been demonstrated, that
is, “thin film transferring” and “substrate treatment”. For the
former method, oxide thin films have been first deposited on a
buffered substrate, then the buffer layer is dissolved or
removed in certain solutions (e.g., water, etc.) to obtain a
freestanding film, and finally, the freestanding film will be
transferred on flexible substrates for further device integration
and fabrication.7−9 For the later method, oxide thin films were
deposited on flexible metal foils, which have been fine-polished
in advance.10−12 However, it typically requires a set of buffer
layers to overcome the large mismatch, inter-diffusion, and
other issues. There is a great need to search for a flexible
substrate with a high melting point for direct deposition of
oxides.
Mica, a layered oxide material with a high melting point of

1300 °C, can be peeled off into thin layers with few atomic

layers, become flexible, and thus can be considered as an
effective solution. Various oxide thin films have been
successfully deposited on mica with excellent film quality and
interesting physical properties, including Sn-doped In2O3
(ITO),13 La0.67Sr0.33MnO3 (LSMO),14 SrRuO3 (SRO),15

CoFe2O4 (CFO),16 Pb(Zr,Ti)O3 (PZT),17 and so forth.
However, multifunctional nanocomposite thin films on mica
are rarely deposited or reported; up to date, only Amrillah et al.
has grown BiFeO3−CoFe2O4 nanocomposite on mica18

because of the challenges of the cogrowth of two oxides.
Thus, integrating nanocomposite thin film on mica is of great
importance for coupling multifunctionalities on flexible mica
substrates.19−21

In this work, we have deposited a nanocomposite of
(LSMO)0.5/(NiO)0.5 (L5N5) on flexible mica substrates with
or without buffer layers. The basic concept is shown in Figure
1. The left and middle panels present an actual photograph and
a schematic illustration of the sample on a bended mica,
respectively, while the right schematic illustration demonstrates
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the exchange bias (EB) effect of the deposited L5N5
nanocomposite. As known, LSMO is ferromagnetic (FM)22

and NiO is antiferromagnetic (AFM),23 and therefore, EB
effect takes place by the spin interaction between the FM
LSMO phase and AFM NiO phase, which has been
demonstrated on SrTiO3 (STO)24 and Si substrates.25 It is
believed that a glass-like state (resulting from the competition
between magnetic orders and spin frustration in the
heterointerface) could pin the FM ordering and result in EB
effect, which has been realized in the previous reported
SrMnO3/LSMO bilayer26 and LSMO/La2CuO4 superlattice.

27

EB effect has extensive potential in various device applications,
such as magnetic recording head for hard disk drive, magnetic
field sensor, and magnetic random access memory.28−30 The
demonstration of such LSMO/NiO nanocomposite thin film
on flexible mica is quite different from the prior reported
nanocomposite systems on rigid single crystalline sub-
strates.24,25,31,32 The deposition on mica requires special care
and a buffer layer stack to enable the high-quality growth.
Robust perpendicular exchange bias has been achieved, which
is different from the reported lateral exchange bias of Fe3O4/
BiFeO3 multilayer on mica.33 This work paves a way toward
future flexible EB-based devices and lays a foundation for the
fabrication of other complex nanocomposite thin film on
flexible mica substrates.

■ RESULTS AND DISCUSSION

We first deposited L5N5 thin film directly on mica as a
reference sample. The green curve in Figure 2 presents its θ−
2θ XRD result. Only mica (0 0 l) peaks and no obvious film
peaks can be observed, except a minor peak at around 40.5°
from LSMO (1 1 1), which suggests low crystallinity in the
film. To achieve better film quality, a set of buffer layers have
been explored, such as STO, STO/CFO and SRO/CFO. The
XRD results in Figure 2 show LSMO (1 1 1) and NiO (1 1 1)
peaks, despite the fact that LSMO (0 1 1) and LSMO (0 0 1)
have been observed in L5N5 on STO buffer mica, which
indicates the polycrystalline LSMO phase in the sample.
However, in L5N5/SRO/CFO/mica and L5N5/STO/CFO/
mica samples, the LSMO phase could be considered as
textured because only the LSMO (1 1 1) peak is obtained. It is
also noted that there is a set of small periodical peaks in
between the major periodical peaks from mica (0 0 l), which
could be attributed to mica (0 0 2.5), (0 0 3.5), and so on.
These small periodical peaks have only been observed in some
of the mica substrates, which is because the quality of the
original mica substrates varies slightly from piece to piece.

These results indicate that the buffer layers could effectively
improve the film quality of L5N5; in addition, SRO can also
serve as the bottom electrode for further device integration.
TEM characterization has been carried out to explore the

microstructure of the L5N5 films on mica with different
buffers. Figure 3a presents a low-magnification cross-sectional
TEM image of L5N5 on SRO/CFO buffered mica; the
thickness of each layer can be estimated to be ∼15, ∼35, and
∼180 nm for CFO, SRO, and L5N5, respectively. The L5N5
film exhibits a vertically aligned nanocomposite (VAN)
structure, which is, very fine NiO nanopillars appear in the
LSMO matrix, as marked by the white arrows in Figure 3b.
Figure 3b enlarges the interface region of the layers; clean and
abrupt interfaces have been observed between each layer,
which suggests that no or very limited interdiffusion occurs
between different layers, and each layer exhibits excellent
crystal quality. Coupled with the TEM and XRD data above,
the LSMO/NiO nanocomposite has grown in the VAN form
on mica. Figure 3c presents a low-magnification TEM image of
L5N5 thin film on STO buffered mica, which also shows a
VAN structure with a clean interface (note that in such TEM
samples, the mica layer and most of the STO layer have been

Figure 1. Conceptual demonstration of this study. The left panel presents a photograph of an actual sample in a bending condition, the middle
panel exhibits a schematic illustration of the sample in a bending condition, and the right panel shows the exchange bias effect in the interface of
LSMO and NiO with applied field (H) perpendicular to the film surface.

Figure 2. Standard θ−2θ XRD scans of L5N5 thin films on various
buffered mica substrates.
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damaged by ion milling process). A high-magnification TEM
image in Figure 3d exhibits a typical local area; the two phases
of LSMO and NiO are grown separately and alternatively; the
phases of LSMO and NiO can be identified by the contrast of
the image (the contrast is typically inverse to the atomic
number Z of the material in the TEM mode). The
microstructure of the L5N5 film grown on STO/CFO buffered
mica is also shown in Figure S1, VAN-like structure is also
observed, and the thickness of each layer can be estimated to
be ∼30, ∼35, and ∼220 nm for CFO, SRO, and L5N5,
respectively. Furthermore, the surface morphology of all the
samples have been explored by atomic force microscopy
(AFM) characterization, as shown in Figures S2−S5 for
L5N5/SRO/CFO/mica, L5N5/STO/CFO/mica, L5N5/
STO/mica, and L5N5/mica, respectively. The surface
morphology of the samples mostly remain the same after
100 times of bending. It is also noted that the measured
samples are small pieces cut from the large virgin pieces, which
might also cause minor difference from different areas.

Then, EB effect of the L5N5 nanocomposite thin films
deposited on different buffered mica has been investigated by
measuring the magnetization-field (M-H) hysteresis loops, the
measurements were taken after a field cooling of 1 T down to
10 K. Magnetic field (−8000−8000 Oe) has been applied in
either OP (perpendicular to film surface) or IP (parallel to film
surface) direction, and the results are plotted in Figure 4a,b,
respectively. Based on the M-H curves, the HEB value can be
calculated by HEB = |H+ + H−|/2 (here, H+ and H− represent
the positive and negative values of coercivity, where the
magnetization becomes zero). All the films exhibit EB effect,
with the one on STO/CFO buffered mica obtaining the
highest OP HEB value of ∼210 Oe and IP HEB value of ∼140
Oe (as shown in the inset of Figure 4a,b), which is in the same
range of LSMO/NiO nanocomposite films on single crystalline
STO or Si substrates.24,25,31,32 The reason is that such sample
obtains the best crystallinity with the STO/CFO buffer layers,
and the lattice mismatch induced tensile strain for LSMO
domains could also stabilize the FM ordering and hence lead
to higher EB values.34 The TEM images of the buffers in
Figure S6 further confirms that the crystallinity of the STO/
CFO buffer layer stack (Figure S6a) is better than SRO/CFO
(Figure S6b). The relatively low crystallinity of the SRO layer
could be due to the potential interdiffusion between the CFO
and SRO layers and the ion milling damage during the final
ion-polishing step during TEM sample preparation. The STO/
CFO shows excellent crystallinity. Furthermore, the surface
uncompensated magnetic moment of the AFM NiO nano-
pillars could also contribute to the overall EB properties.35 On
the other hand, for all the measured films, the OP HEB value is
higher than IP HEB value owing to the OP anisotropic nature of
the L5N5 film, and the EB effect is dominant at the vertical
interface, which has the same trend compared to the LSMO−
NiO nanocomposite films grown on rigid STO and Si
substrates.25,31

The major advantage of flexible devices over rigid devices
(such as Si based device) is their flexibility, which means it can
undergo bending upon usage. Therefore, it is critical to explore
the robustness and stability of L5N5 film under bending
conditions, that is, concave or convex bending. Taking the
sample of L5N5 on STO/CFO buffered mica as an example,
we first peeled off the mica substrate into few layers to make it
bendable, and then the flexible samples were attached on
curved plastic models (radius of ∼14 mm). Either convex or
concave condition has been applied, as illustrated in the inset
of Figure 5a,b, respectively. M-H measurement was conducted
and compared for the virgin sample and the same sample

Figure 3. Microstructure characterization on the L5N5 thin film on
buffered mica substrates. (a) Low-magnification and (b) medium-
magnification TEM images taken near the interface region of L5N5
on SRO/CFO buffered mica; (c) low-magnification and (d) high-
resolution TEM images of L5N5 on the STO buffered mica substrate.

Figure 4. Normalized magnetic hysteresis loops of L5N5 thin films grown on different buffered mica substrates measured at 10 K with applied
magnetic field in (a) OP and (b) IP directions. The inset shows the central enlarged area of the L5N5 on STO/CFO buffered mica sample to show
the exchange bias value.
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under bending conditions. To investigate the long-term
stability and reliability, the sample was further bent 100
times before taking another measurement. All M-H curves are
plotted in Figure 5a for applying OP magnetic field and Figure
5b for applying IP magnetic field. As seen, there is no
significant change in the M-H curves even after bending 100
times for both OP and IP, which reveals the robustness of the
L5N5 nanocomposite on mica. However, the shape of M-H
curves under OP and IP magnetic field is very different, which
is related to the nanostructure of VANs. The results of all the
samples with or without bending are compared in Figure 5c
(left axis, green solid triangle for OP and green hollow triangle
for IP). The HEB value of the sample after bending (1 time or
100 times) remains similar to that of the virgin sample, ∼210
Oe for OP and ∼140 Oe for IP, which again demonstrates the

stability and reliability of the mica integration. Lastly,
coercivity (HC) values of virgin L5N5 and under bending
conditions were calculated by HC = |H+ − H−|/2 and are
compared in Figure 5c (red solid square for OP and red hollow
square for IP). The OP HC also obtains a much higher value of
∼865 Oe than the IP HC of ∼575 Oe, which is also due to the
out-of-plane preferred anisotropy of the L5N5 film. Overall,
the L5N5 nanocomposite film on flexible mica exhibits obvious
EB effect resulting from the spin interaction at the FM-AFM
interface, and such EB effect is very robust and reliable under
bending conditions, which indicates its promising potential for
future flexible device integration.
The quality of L5N5 nanocomposite thin film directly grown

on mica is not as good as the one deposited on the single-
crystal STO substrate, from the crystallinity point of view.24,31

After introducing the buffer layers, the film quality greatly
improves and its HEB value is even higher than the previous
reported 77 Oe for the L5N5 on single-crystal STO.31

Furthermore, selected conductive oxides could serve as buffer
layers for the nanocomposite thin film growth; meanwhile, it
can also work as the bottom electrode for flexible device
integration. The successful demonstration of L5N5 with
exchange bias effect on flexible mica is quite promising as
only the BiFeO3/CoFe2O4 nanocomposite has been previously
deposited on mica for multiferroics.18 This study provides the
strategy to design other multifunctional nanocomposite thin
films for future flexible electronic integration and for
appropriate buffer selection for achieving desired performance.

■ CONCLUSIONS
LSMO/NiO nanocomposite thin films have been successfully
deposited on flexible mica substrates for potential flexible
device applications. Different buffer layers have been explored
and compared to satisfy the lattice matching and thus obtain
high-quality thin films. Exchange bias (EB) effect has been
induced because of the spin interaction at the vertical
heterointerface of the FM LSMO phase and the AFM NiO
phase. The EB value in the perpendicular direction (∼200 Oe)
is higher than that of the parallel direction (∼140 Oe), owing
to the nanopillar-in-matrix structure of the film. Furthermore,
no obvious reduction in the EB value has been observed after
different bending conditions, which reveals excellent robust-
ness and reliability of the nanocomposite thin film. The
complex nanocomposite thin films integrated on mica could be
further developed for other systems beyond exchange bias-
based flexible devices.

■ EXPERIMENTAL SECTION
The (LSMO)0.5(NiO)0.5 nanocomposite target was made by conven-
tional solid-state mixing; LSMO and NiO powders were mixed at a
molar ratio of 50:50. Then, the mixed powders were pressed into a
pellet (1 in. diameter) and sintered at 1200 °C for 6 h. The LSMO−
NiO nanocomposite thin films were deposited on mica (2 cm × 2
cm) with or without buffers using the pulsed laser deposition
technique with a KrF excimer laser (Lambda Physik, λ = 248 nm).
Before deposition, the base pressure was below 1 × 10−6 Torr. The
deposition parameters are as follows: deposition temperature was 700
°C, the target−substrate distance was 4.5 cm, the deposition
frequency was 5 Hz, oxygen pressure was 100 mTorr, and the sample
was cooled in 200 Torr oxygen at 10 °C/min after the deposition.
The deposition condition for the CFO, SRO, and STO buffers is
listed below: deposition temperature of 700 °C, the target−substrate
distance was 4.5 cm, the deposition frequency was 10 Hz, and oxygen
pressure was 20 mTorr for CFO and 100 mTorr for SRO and STO.

Figure 5. Normalized magnetic hysteresis loops at 10 K with applied
field in (a) OP and (b) IP directions of the virgin sample and with
bending (concave or convex) once and 100 times for L5N5 on STO/
CFO buffered mica; (c) comparison of exchange bias value and
coercivity value of the sample with (once or 100 times) and without
bending conditions.
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The crystal structure and microstructure of the films were studied
by XRD (Panalytical X’Pert X-ray diffractometer) and TEM (FEI
Talos-200X). The magnetic hysteresis loops were measured by a
SQUID magnetometer (MPMS: Quantum Design) using cut samples
(5 mm × 5 mm).
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McCord, J.; Quandt, E.; Meyners, D. Exchange Biased Magneto-
electric Composites for Magnetic Field Sensor Application by
Frequency Conversion. J. Appl. Phys. 2015, 117, 17B513.
(31) Zhang, W.; Li, L.; Lu, P.; Fan, M.; Su, Q.; Khatkhatay, F.;
Chen, A.; Jia, Q.; Zhang, X.; MacManus-Driscoll, J. L.; Wang, H.
Perpendicular Exchange-Biased Magnetotransport at the Vertical
Heterointerfaces in La0.7Sr0.3MnO3:NiO Nanocomposites. ACS
Appl. Mater. Interfaces 2015, 7, 21646−21651.
(32) Ning, X. K.; Wang, Z. J.; Zhao, X. G.; Shih, C. W.; Zhang, Z. D.
Exchange bias in La0.7Sr0.3MnO3/NiO and LaMnO3/NiO inter-
faces. J. Appl. Phys. 2013, 113, 223903.
(33) Zheng, W. C.; Zheng, D. X.; Wang, Y. C.; Li, D.; Jin, C.; Bai, H.
L. Flexible Fe3O4/BiFeO3 multiferroic heterostructures with uniaxial
strain control of exchange bias. J. Magn. Magn. Mater. 2019, 481,
227−233.
(34) Fang, Z.; Solovyev, I. V.; Terakura, K. Phase Diagram of
Tetragonal Manganites. Phys. Rev. Lett. 2000, 84, 3169.
(35) Huang, X. H.; Ding, J. F.; Zhang, G. Q.; Hou, Y.; Yao, Y. P.; Li,
X. G. Size-dependent Exchange Bias in La0.25Ca0.75MnO3 Nano-
particles. Phys. Rev. B: Condens. Matter Mater. Phys. 2008, 78, 224408.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c12935
ACS Appl. Mater. Interfaces 2020, 12, 39920−39925

39925

https://dx.doi.org/10.1002/adfm.201000373
https://dx.doi.org/10.1016/j.actamat.2012.09.072
https://dx.doi.org/10.1016/j.actamat.2012.09.072
https://dx.doi.org/10.1103/physrevb.75.054408
https://dx.doi.org/10.1103/physrevb.75.054408
https://dx.doi.org/10.1103/physrevb.75.054408
https://dx.doi.org/10.1103/physrevlett.105.077402
https://dx.doi.org/10.1103/physrevlett.105.077402
https://dx.doi.org/10.1002/adfm.201400735
https://dx.doi.org/10.1002/adfm.201400735
https://dx.doi.org/10.1002/adfm.201400735
https://dx.doi.org/10.1021/acs.cgd.8b00366
https://dx.doi.org/10.1021/acs.cgd.8b00366
https://dx.doi.org/10.1021/acs.cgd.8b00366
https://dx.doi.org/10.1103/physrevb.87.054428
https://dx.doi.org/10.1103/physrevb.87.054428
https://dx.doi.org/10.1002/admi.201500676
https://dx.doi.org/10.1002/admi.201500676
https://dx.doi.org/10.1038/nmat2024
https://dx.doi.org/10.1038/nmat2024
https://dx.doi.org/10.1038/nature05833
https://dx.doi.org/10.1038/nature05833
https://dx.doi.org/10.1063/1.4913814
https://dx.doi.org/10.1063/1.4913814
https://dx.doi.org/10.1063/1.4913814
https://dx.doi.org/10.1021/acsami.5b06314
https://dx.doi.org/10.1021/acsami.5b06314
https://dx.doi.org/10.1063/1.4811227
https://dx.doi.org/10.1063/1.4811227
https://dx.doi.org/10.1016/j.jmmm.2019.02.068
https://dx.doi.org/10.1016/j.jmmm.2019.02.068
https://dx.doi.org/10.1103/physrevlett.84.3169
https://dx.doi.org/10.1103/physrevlett.84.3169
https://dx.doi.org/10.1103/physrevb.78.224408
https://dx.doi.org/10.1103/physrevb.78.224408
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c12935?ref=pdf

