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The integration of functional oxide thin films on flexible substrates is critical for their
application in flexible electronics. Here, to achieve flexible perovskite manganite oxide film
with excellent low-field magnetoresistance (LFMR) effect, textured La0.67Sr0.33MnO3

(LSMO):ZnO nanocomposite film was deposited on a flexible mica substrate with ZnO
buffer using pulsed laser deposition (PLD). Compared to the polycrystalline LSMO:ZnO
nanocomposite film directly deposited on mica without buffer, the LSMO:ZnO/ZnO/mica
sample exhibits larger saturation magnetization (164 emu/cm3) and higher Curie
temperature (~319 K), which results from the crystallinity and strain in the LSMO
phase. In addition, the LSMO:ZnO/ZnO/mica film presents a high MR value of ~39%
at 10 K under 1 T. Furthermore, the good mechanical stretchability and property stability of
the nanocomposite thin films have been demonstrated with mechanical bending.
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INTRODUCTION

Owing to the novel physical properties and potential applications in advanced electronic and
spintronic devices, perovskite manganite with the generic formula of RE1−xAExMnO3 (RE = rare
earth, AE = Ca, Sr, Ba, and Pb) has attracted intensive research interests (Wang et al., 2014; Zheng
et al., 2019).The strong coupling of spin, charge, orbital, and lattice degrees of freedom results in
exotic magnetic and transport properties in perovskite manganite (Zhang et al., 2022; Moshnyaga
et al., 2003). For example, colossal magnetoresistance (CMR) has been achieved in doped perovskite
manganite, despite the fact that a high magnetic field (several Tesla) is required, which limits its
further application (Kang et al., 2012; Wang et al., 2016). Therefore, extensive research efforts have
been devoted to exploring magnetoresistance (MR) under low field, termed low-field
magnetoresistance (LFMR). The LFMR effect results from spin-polarized tunneling, and spin-
dependent scattering occurs at grain/phase boundaries (Hwang et al., 1996; Wu et al., 2018), which is
different from the double exchange mechanism, magnetopolaron mechanism, and Jahn–Teller effect
for CMR (Tokura and Tomioka, 1999; Liu et al., 2013). Various approaches have been employed to
improve the LFMR value in manganites, such as introducing artificial grain boundaries, magnetic
domain walls, and secondary phases (Ning et al., 2014; Wu et al., 2018).

Incorporating an insulating secondary phase in both composite bulk and thin film has been widely
adopted as an effective approach to improve the LFMR effect (Yao et al., 2003; Navin and Kurchania,
2018). Till date, various composite materials involving manganites and insulating secondary phases
have been reported to effectively enhance the LFMR effect, such as LSMO:NiO (Ning et al., 2015;
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Zhang et al., 2020), LSMO:MgO (Chen et al., 2016), and LSMO:
Mn3O4 (Bi et al., 2011). For example, a vast enhancement of the
LFMR value of ~34.3% has been achieved in (La0.7Sr0.3MnO3)0.5:
(CeO2)0.5 composite film under 1 T at 45 K (Fan et al., 2015).
Recently, 3D nanocomposite thin films have also been developed
to further improve the LFMR value via 3D strain engineering
(Sun et al., 2018; Sun et al., 2019).

However, most of the nanocomposite thin films with the
enhanced LFMR effect have been deposited on rigid substrates
(Si, SrTiO3, Al2O3, etc.) (Tiwari et al., 2003; Valencia et al., 2003;
Zhang et al., 2013; Liao and Zhang, 2019; Carrero et al., 2020),
which is not applicable for flexible device integration. Due to the
contradiction of the low melting point of flexible organic
substrates and the high-temperature process for high-quality
oxide thin film deposition, it is challenging to achieve high-
quality flexible nanocomposite thin films. Recently,
fluorophlogopite mica (F-mica) has been considered as an
ideal flexible substrate for the high-temperature process
because of its high melting point (1,300°C), cleavable layered
structure, and ultrasmooth surface (Liu and Wang, 2020).
Various complex oxide thin films have been demonstrated on
mica with high film quality, such as La0.7Sr0.3MnO3,
Pr0.5Ca0.5MnO3, and BiFeO3 (Fan et al., 2019; Zhang et al.,
2019; Ma et al., 2020; Yen et al., 2020; Hou et al., 2021), as
well as several nanocomposite thin films of La0.67Sr0.33MnO3:NiO
(Huang et al., 2020), BaTiO3:Cu (Liu et al., 2020), and BiFeO3:
CoFe2O4 (Amrillah et al., 2017).

To realize the LFMR effect of nanocomposite thin films on
flexible substrates, in this study, La0.67Sr0.33MnO3 (LSMO):ZnO
nanocomposite films have been grown on mica substrates using

the pulsed laser deposition (PLD) technique as this is the most
used method for depositing nanocomposite thin films. The films
were deposited on mica with or without a ZnO buffer layer, to
achieve textured and polycrystal quality, respectively. Then the
magnetic andmagnetoresistance properties of the films have been
explored, and the bending stability has been tested. This work
paves a route toward the application of LFMR in nanocomposite
thin films for flexible electronic and spintronics.

RESULTS AND DISCUSSION

Standard θ-2θ X-ray diffraction (XRD) was first characterized for
the samples, as shown in Figure 1A; the black, green, red, and
blue curves present the patterns of mica, LSMO:ZnO/mica, ZnO/
mica, and LSMO:ZnO/ZnO/mica, respectively. For the LSMO:
ZnO/mica sample, LSMO (110), (220), and (111) diffraction
peaks were identified, which indicates the polycrystalline
nature of this sample. In order to achieve the out-of-plane
preferred growth of LSMO:ZnO composite films on mica, a
ZnO buffer layer was introduced, as ZnO can grow epitaxially
on mica (red curve). For the LSMO:ZnO/ZnO/mica sample, only
LSMO (ll0) and ZnO (00L) peaks were observed, which indicates
the textured growth of the nanocomposite film (blue curve).
Then, the d-spacing values of LSMO and ZnO can be calculated
based on Bragg’s equation, for example, dLSMO(110) � 2.76Å,
dZnO(002) � 2.62Å, which induces a tensile strain of 0.495% in
LSMO along the (110) direction and a compressive strain of
–0.769% in ZnO along the (001) direction. The strain is mainly
caused by the lattice mismatch between LSMO and ZnO along the

FIGURE 1 | (A) X-ray diffraction (XRD) θ-2θ pattern of the mica, LSMO:ZnO/mica, ZnO/mica, and LSMO:ZnO/ZnO/mica samples. (B)Reciprocal spacemap (RSM)
of the LSMO:ZnO/ZnO/mica sample.
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vertical interface, which could affect the physical properties of the
nanocomposite thin film. The reciprocal space map (RSM) of the
LSMO:ZnO/ZnO/mica sample in Figure 1B further confirms the
textured growth of both LSMO and ZnO phases in the
nanocomposite film.

Then, to explore the microstructure of the LSMO:ZnO/ZnO/
mica sample, transmission electron microscopy (TEM)
characterization has been carried out. Figure 2A presents a
low-magnification cross-sectional TEM image, and the
thickness of the ZnO buffer layer and the LSMO:ZnO
composite layer can be estimated to be ~20 and ~70 nm,
respectively. The LSMO:ZnO film exhibits a typical vertically
aligned nanocomposite (VAN) structure with ZnO nanopillars
embedded in the LSMOmatrix, as marked by the white arrows in
Figure 2B, which also shows a clear and sharp LSMO/ZnO
interface with limited inter-diffusion. Figure 2C shows a high-
resolution TEM (HRTEM) image of the LSMO phase and ZnO
phase, which reveals out-of-plane preferred growth of the LSMO
and ZnO on ZnO buffered mica substrate. The out-of-plane

d-spacing of the LSMO phase and the ZnO phase can be
determined to be 0.27 nm and 0.26 nm, respectively, which is
inconsistent with the XRD results.

In addition, physical properties of the nanocomposite thin films
on mica were investigated, and the robustness of the properties with
the bending process was explored. Mica substrate was first cleaved
into a thin layer form in order to gain enhanced flexibility, and then
the flexible LSMO:ZnO nanocomposite films were made to endure
various bending cycles with a radius of 10 mm, as shown in the inset
of Figure 3A. Figure 3A shows theM-H curves measured at 10 K of
the LSMO:ZnO thin films with the applied magnetic field
perpendicular (OP: out-of-plane) to the film surface. As is seen,
the textured film exhibits larger saturation magnetization (~164
emu/cm3) than its polycrystalline counterpart (~131 emu/cm3),
which is caused by the different strain state in LSMO for the two
films, as well as the crystallinity and growth orientation of the films
(Wang et al., 2017). In the polycrystal sample, tension strains of
0.75% and 0.826% were induced in the LSMO (110) and LSMO
(111) phases, both larger than 0.495% in the LSMO (110) phase of

FIGURE 2 | Microstructure characterization on the LSMO:ZnO thin film on buffered mica substrates. (A) Low-magnification, (B) medium-magnification, and (C)
high-resolution TEM images of LSMO:ZnO on the ZnO buffered mica substrate.
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the textured sample. The stronger tensile strain may increase the
volume fraction of the antiferromagnetic phase that makes little
contribution to the magnetization, which decreases the
ferromagnetic order and reduces the saturation magnetization
(Shen et al., 2012). We also measured the M-H curves of the
LSMO:ZnO/ZnO/mica sample with 100 and 500 bending cycles
and no apparent change was observed, which indicates the
robustness of the film with the bending process. Figure 3B is the
enlarged area to show the coercivity of the samples (HC, ~349 Oe),
which is comparable to the reported values (Haque et al., 2019). It is
also noted that the polycrystal LSMO:ZnO exhibits slight higher
coercivity, which indicates that the increase in lattice distortion in
polycrystal LSMO:ZnO film causes stronger pinning centers for the
magnetic domains, thus leading to an enhancement in the coercivity
(Gu et al., 2012; Yin et al., 2017).

Figure 3C compares the temperature-dependent magnetization
(M-T, 5–400 K) curves under 1,000 Oe field-cooling (FC) and zero-
field cooling (ZFC) of the LSMO:ZnO nanocomposite thin films.
The magnetization monotonically decreases with increasing
temperature under FC, while under ZFC, it increases gradually to
a maximum value (blocking temperature: TB) before decreasing
monotonically as temperature increases. Furthermore, a bifurcation
between the ZFC and FC curves has been observed at an
irreversibility temperature (Tirr), which is slightly higher than TB.
Such bifurcation might be caused by the existence of the spin glass
state and/or the non-uniformity of the magnetic phase (Wang et al.,
2021; Wang et al., 2015). Then, the Curie temperature (Tc) could be

determined by the M-T curves where magnetization starts to
increase dramatically, which is also the magnetic phase transition
temperature. Here, Tc can be determined to be ~315 K and ~291 K
for the textured and polycrystalline LSMO:ZnO composite films,
respectively, derived from the peak in the dM

dT − T curves shown in
Figure 3D. Such deviation of Tc can be interpreted using the
Jahn–Teller distortion theory by considering a stain-induced
distortion of the MnO6 octahedra (Millis et al., 1998).

Last, the magnetoresistance (MR) property of the flexible LSMO:
ZnO textured composite films has been investigated. The
temperature-dependent resistivity (R-T) curves with a magnetic
field of zero or 1 T are plotted in Figure 4A, which present the
same trend for the bent samples as the virgin film. Based on the R-T
data, MR values were derived using the equation of MR �
(R0−RH)

R0
× 100% and plotted in Figure 4B. The MR value

decreases with increasing temperature and minor difference was
observed after the bending process, which indicates the strong
durability of the textured LSMO:ZnO composite film on mica.
The polycrystal sample presents slightly different MR values
throughout the entire measured temperature, which might be a
result of the different microstructures and strain states between the
two samples. ThemaximumMR value of the samples is ~40% at low
temperature, which is higher than those of the reported LSMO:ZnO
composite films on rigid substrates, such as Si (~32%, 20 K) (Zhang
et al., 2013), STO (31%, 154 K) (Chen et al., 2011), and Al2O3 (12%,
77 K) (Kang et al., 2006) under an applied field of 1 T. Overall, the
LSMO:ZnO on mica presents strong MR effect compared to the

FIGURE 3 |Magnetic properties of the LSMO:ZnO thin films on mica. (A)M-H curves measured at 10 K and (B) enlarged area to show the coercivity; (C) FC and
ZFC M-T curves and (D) dM/dT versus temperature under a 1T field.
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same films on other substrates, and the property is stable after
bending, which indicates its promising potential for flexible device
applications.

CONCLUSION

In summary, we have fabricated LSMO:ZnO nanocomposite thin
films on mica substrates with or without ZnO buffer, which
results in textured or polycrystal films. The nanocomposite films
show excellent ferromagnetic and magnetoresistance properties.
For example, strong magnetic response and high MR value of
~40% at 10 K have been achieved, and minor deterioration was
observed after the bending process, which indicates the great
mechanical stability of the flexible LSMO:ZnO nanocomposite
thin films. Our study paves the way for an exciting new avenue to
the next-generation flexible smart electronics or spintronics.

EXPERIMENT DETAILS

Target Preparation
The LSMO:ZnO composite target (molar ratio of 1:1) was
prepared using a conventional solid-state sintering process. A
stoichiometric mixture of La2O3, MnO2, SrCO3, and ZnO
powders were grounded, pressed into a disk, and annealed at
1,200°C in air for 6 h. The commercial ZnO target was used to
deposit the ZnO buffer layer.

Thin Film Growth
The ZnO buffer layer and LSMO-ZnO composite film were
grown on F-mica substrate via a pulsed laser deposition (PLD)
approach using a KrF excimer laser (λ = 248 nm). Before
deposition, the chamber was pumped to a base pressure of 3.0
× 10−6 mbar or more. During deposition, the ZnO and LSMO-
ZnO layers were deposited at 650°C, 6.66 × 10−2 mbar O2 and
750°C, 2.66 × 10−2 mbar O2, respectively. The laser fluence and

repetition frequency were controlled at 0.65 mJ/cm2 and 5 Hz,
respectively, for all the depositions. After deposition, the samples
were cooled down at a cooling rate of 10°C min−1 under an
oxygen pressure of 266 mbar.

Characterizations
The crystal structure andmicrostructure of the films were conducted
by X-ray diffraction (XRD) (Panalytical X’Pert X-ray diffractometer)
and transmission electron microscopy (TEM) (FEI Tecnai F30).
Temperature dependence of magnetization and magnetic hysteresis
curves were measured using a SQUID magnetometer (MPMS:
Quantum Design). Resistance in dependence of temperature
(R-T) measurement was conducted using a physical property
measurement system (PPMS: Quantum Design).
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