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Abstract: Vertically aligned nanocomposite (VAN) thin film has attracted tremendous research
interests owing to its multifunctionality, enhanced physical properties and multi-field coupling.
However, VAN has rarely been demonstrated in flexible form, which hinders its further application in
flexible devices. In this work, Lag 6751 33MnO3-CeO, (LC) VAN film has been deposited on flexible
mica with or without a buffer layer. The LC nanocomposite films show high quality following
textured growth and form a typical, vertically aligned nanostructure. Magnetic, transport and
magnetoresistance properties have been explored for flexible nanocomposite thin films. Furthermore,
flexible LC films maintain their properties after numerous mechanical bending tests, presenting
promising future applications in flexible electronics and spintronics.
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1. Introduction

Functional oxide thin films have great potential in electronic and spintronic device
applications, owing to their rich physical properties and couplings, which involve ferro-
electrics, magnetism, dielectrics, photonics, superconductors, etc. [1]. In addition to the
conventional one-phase oxide thin films, vertically aligned nanocomposite (VAN) thin films
have aroused tremendous research interests because of their unique nanostructure, as well
as multifunctionality and multi-field coupling induced by the vertical heterointerface [2—4].
For example, multiferroicity has been discovered in very limited single-phase materials,
such as BiFeOj3 (BFO) [5,6] and TbMnOj3 (TMO) [7,8]. On the other hand, nanocomposite
thin film provides a perfect platform to design multiferroic materials by growing ferro-
magnetic (antiferromagnetic) and ferroelectric phases into one layer [9,10]. Furthermore,
enhanced ferroelectricity [11], perpendicular exchange bias [12], tunable low-field magne-
toresistance (LFMR) [13] and novel electrical /ionic properties [14] have also been explored
in nanocomposite thin films. To date, different VAN systems have been investigated, such
as oxide-oxide [2,3], metal-oxide [15], metal-nitride [16], as well as the recently developed
oxide-alloy [17] systems.

To obtain VAN thin films, single-crystal substrates with certain lattice parameters
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should be selected. The most used ones include SrTiO; (STO), LaAlO; (LAO), MgO,
etc. [2-4]. Considering their potential in Si-based devices, VANs have also been integrated
on Si wafers with sets of buffer layers to overcome lattice mismatch and possible inter-
diffusion [18-20]. However, due to the contradiction of the required high deposition
Attribution (CC BY) license (https://  temperature of VAN thin films and the low melting point of the flexible polymer substrates,
creativecommons.org,/licenses/by/ flexible VAN has not been widely achieved, which hinders its further applications in flexible
40/). devices [21-23]. Recently, mica has been employed to realize flexible functional oxide thin
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films because of its high melting point (1300 °C) and flexible nature after being cleaved into
ultrathin form. Various epitaxial oxide thin films have been successfully demonstrated on
flexible mica, such as CoFe,O4 (CFO) [24], Lag 6751 33MnO3 (LSMO) [25], VO, [26], Pb (Zr,
Ti) O3 (PZT) [27], SrRuO;3 (SRO) [28] and so forth. However, very limited attempts have
been conducted to integrate VANs on mica [21-23], possibly due to its complicated growth
mechanism with two phases being simultaneously involved during its growth.

Here, in this work, LSMO:CeO; (LC) nanocomposite thin films have been deposited
on mica with or without a buffer layer, and BaTiO3 (BTO) has been selected as the buffer
because of its high epitaxial quality on mica [28]. Therefore, the introduction of BTO buffer
might improve the quality of the LC film and consequently tailor its physical properties.
LC has been demonstrated on STO with a typical VAN nanostructure, which presents
a tailorable LEMP property by tuning the phase composition [29]. Furthermore, the LC
system can even be grown into a 3D nanocomposite form, which shows an enhanced LFMR
effect through film architecture design [13,30]. Therefore, we selected this well-studied
nanocomposite system as a model to explore the feasibility of integrating VANSs on flexible
mica. The magnetic and LFMR properties of LC/mica and LC/BTO/mica have been
investigated and compared. This work demonstrates the feasibility of fabricating flexible
VAN thin films via mica integration, which lays the foundation for their future applications
in flexible devices.

2. Results and Discussion

The LSMO-CeO, nanocomposite films were grown on mica and BTO-buffered mica
using pulsed laser deposition (PLD) with a KrF excimer laser (A = 248 nm). Before de-
position, the chamber was vacuumed to a base pressure lower than 1.0 x 10~° mbar.
During deposition, the deposition conditions were as below: deposition temperature of
750 °C, oxygen pressure of 200 mTorr and laser frequency of 5 Hz. After deposition, the
chamber was cooled down at a cooling rate of 10 °C/min under an oxygen pressure of
266 mbar. First, standard 6-20 XRD scans of LC nanocomposite thin films on mica with
(LC/BTO/mica) or without (LC/mica) buffer layer were carried out and are shown in
Figure 1. For LC/BTO/mica (blue line), only the BTO (111) peak was observed for the
buffer layer, which illustrates the high quality of the buffer and is consistent with the
reported BTO buffer for the growth of LSMO and SRO thin films [28,31]. For the LC layer,
only CeO; (002) and LSMO (111) peaks existed, which indicate the textured growth of both
phases on BTO-buffered mica. Furthermore, the lattice parameters of the two phases can
be calculated to be dcepp(200) = 2.72 A and drsmo(iit) = 2.22 A, which correspond to 0.74%
(dputk ce02(200) = 2.706 A) tensile strain and —0.45% (dpyx LsMo(111) = 2.24 A) compressive
strain in out-of-plane directions for CeO, and LSMO, respectively. For LC/mica (red line),
only CeO; (111) and LSMO (lI0) peaks were observed, which suggests the textured growth
of both phases directly on mica. However, the growth orientations of CeO, and LSMO
are different while being integrated on BTO/mica or mica. For the LC/mica sample, the
substrate clamping effect played a non-critical role in film growth; therefore, CeO, and
LSMO favor the (111) and (//0) growth directions with the lowest surface energy [32]. As
reported previously, both LSMO (//0) and (00I) appeared while being directly grown on
mica [25]. The incorporation of CeO; phase could stabilize the phase to grow along the
(1I0) direction. Furthermore, in LC/mica, dceoz(111) and dismo(i10) could be estimated to
be 3.15 A and 2.73 A, which correspond to 0.94% (dpuix ceo2(111) = 3-124 A) tensile strain
and —0.36% (dpuix tsMO(110) = 2-74 A) compressive strain in the out-of-plane direction for
CeO; and LSMO, respectively. Such a strain could play an important role in the physical
properties of the nanocomposite thin film, which will be discussed in a later section. Other
than the peaks from the films, there are mica (00/) peaks marked by “#”. It is also worth
noting that extra peaks exist, which are from the holder rather than the samples.
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Figure 1. Standard 6-26 XRD scans of LC/BTO/mica and LC/mica samples, “#” corresponds to the
mica (00!) peaks.

We then investigated the microstructure of the LC nanocomposite thin films. Atomic
force microscopy (AFM) was employed to explore the surface morphology of the LC/mica
and LC/BTO/mica samples, as shown in Figures 2a and 2b, respectively.

£Ra=0.346 nm |~

Figure 2. AFM images of (a) LC/mica and (b) LC/BTO/mica to show the surface morphology;
(c) low-mag and (d) medium-mag TEM images of the LC/BTO/mica sample.

The LC/mica sample exhibits a relatively rough surface with a surface roughness
of 1.541 nm, and a large amount of particles could be observed on the film'’s surface.
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The LC/BTO/mica film presents a much smoother surface with a surface roughness of
0.346 nm, and very few particles exist on the film’s surface, which indicates that the buffer
layer could provide an ideal platform for nanocomposite growth. To further explore the
cross-sectional view of the LC/BTO/mica sample, transmittance electron microscopy (TEM)
was conducted, as shown in Figure 2c. The thicknesses of the BTO and LC layers can be
identified as ~10 nm and ~75 nm, respectively, while a clean LC/BTO heterointerface was
presented. By focusing on the local area exhibited in Figure 2d, a typical VAN structure of
alternate growth of CeO, and LSMO phases was observed, which confirms the successful
integration of LC VAN thin film on mica.

Next, we explored the magnetic properties of LC/mica and LC/BTO/mica sam-
ples. Figure 3a presents the magnetic hysteresis loops (M-H) measured at 10 K under an
out-of-plane (OP, perpendicular to the film surface) field (—1 T to 1 T). As is seen, the
saturation magnetization (Ms) of LC/mica (~295 emu/cm?) is higher than LC/BTO/mica
(~202 emu/cm?). Considering CeO, is a nonmagnetic material, LSMO is the origin of the
magnetic performance in this case. The My difference could be attributed to the different
strain condition in the LSMO phase. Specifically, LSMO in LC/mica obtains smaller OP
strain (corresponds to larger in-plane strain), which could shorten the Mn-O-Mn bond
length and enhance the double-exchange interaction between Mn** and Mn** ions, and
consequently increase the Mg value of LSMO [33,34]. On the other hand, the coercivity (H)
value of LSMO in LC/BTO/mica shows a larger value of ~1150 Oe than ~300 Oe for the
LC/mica sample (shown in Figure 3b), which could be due to multiple aspects, such as
the magnetic anisotropy in LSMO [35], the amount of grain boundaries [36], and the strain
state [37]. Specifically, the LSMO (111) phase exists in LC/BTO/mica with larger OP strain,
while the LSMO (110) phase appears in LC/mica with a smaller OP strain. In addition,
more grain boundaries (smaller grain size) could be observed in LC/BTO/mica, which
could act as domain-pinning sites to hinder magnetization reversal and hence enhance the
H, value.
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Figure 3. (a) M-H curves of LC/BTO/mica and LC/mica samples, with (b) the local area to determine
Hc; (¢) M=T measurements under FC and ZFC conditions; (d) dM/dT curves to determine the Curie
temperature.
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Temperature-dependent magnetization (M—T, 5-400 K) measurements under field
cooling (FC, applied magnetic field of 100 Oe) and zero-field cooling (ZFC) were also
performed and are plotted in Figure 3c. For both samples, the magnetization monotonically
decreases as temperature increases under FC, while it increases gradually to a maximum
value (blocking temperature: Tg) before decreasing monotonically with increasing tem-
perature under ZFC. Furthermore, a bifurcation between the ZFC and FC curves was
observed at ~210 K, termed as irreversibility temperature (Tj;). To determine the Curie
temperature (T¢) of the samples, dM/dT, dependent on the temperature curves, is plotted
in Figure 3d, and T¢ values of 295 K and 320 K can be identified for LC/BTO/mica and
LC/mica, respectively. The T¢ values in LC thin films are lower than their bulk value of
370 K [38]; such a reduction could be ascribed to the suppressed double-exchange coupling
by the disordered phase and the large amount of grain boundaries [39]. Furthermore, the
OP compressive strain of LSMO in LC nanocomposite thin films could lead to an increase
in the Mn-O-Mn bond length, inhibiting eg electron hopping and thus reducing Tc [40].

To resolve the transport and magnetoresistance (MR) properties in the flexible LC
thin films, the temperature-dependent resistance (R-T) curves under zero field (Ry—T:
solid lines) or 1 T field (Ry—T: dashed lines) are shown and compared in Figure 4a. It
should be noted that the metal-insulator transition temperature (Tpy) of LC/BTO/mica
(red line) is lower than LC/mica (pink line), which could be attributed to a smaller domain
size and increased disorder in the former [41]. The MR values were calculated based on
Ro—T and Ry —T curves using the equation MR = Ry — Ry /Ry x 100%, and the MR-T
curves are presented in Figure 4b. It is evident that both films show large MR values at low
temperature, e.g., ~38% for LC/BTO/mica and ~34% for LC/mica at 20 K, which is higher
than the same LC films on single-crystal STO [29,42], as well as other perovskite-based
bulk composites and nanocomposite thin films [41,43]. Lastly, considering the practical
application of the flexible LC films, the samples were mechanically bent 500 times and
the same measurements were carried out, as shown in Figure 4a for the R-T curves and
Figure 4b for the derived MR-T curves. The bending condition was realized by attaching
the samples on a curved plastic mode (radius of ~14 mm). Apparently, the films exhibited a
similar trend and Ty after being bent 500 times, and the MR values were also maintained
along all measured temperatures. Overall, both LC/BTO/mica and LC/mica films present
excellent LEMR effects with high mechanical stability, which could be promising for future
flexible device integration.

30
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Figure 4. (a) The temperature-dependent resistance (R-T) curves under zero field (Rg—T: solid lines)
or 1T field (Ry-T: dashed lines) for LC/BTO/mica and LC/mica with or without bending; (b) MR-T
curves derived from the R-T data.

3. Conclusions

LSMO-CeO; nanocomposite thin films have been deposited on mica substrates with
or without a BTO bulffer layer. Both films present high texture growth, and LSMO (111)
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and CeO, (002) phases exist in LC/BTO/mica while LC/mica contains LSMO (110) and
CeO; (111) phases, without any impurity phases. Different magnetic, transport and magne-
toresistance properties have been explored for LC/BTO/mica and LC/mica, e.g., higher
saturation magnetization, smaller coercivity and higher metal-insulator transition temper-
ature were determined in LC/mica. Both films show high low-field magnetoresistance
values at a low temperature. Furthermore, the flexible LC nanocomposite thin films present
excellent mechanical stability after bending.

4. Experimental

Target preparation: The LSMO-CeO, with a molar ratio of 1:1 composite target was
prepared via a conventional ceramic sintering process. Specifically, a stoichiometric mixture
of La;O3, MnO;, SrCO3 and CeO, powders was mixed, ground and pressed into a disk
(1 inch diameter), and then the disk was annealed at 1300 °C in air for 12 h. A commercial
BTO target was used for the deposition of the BTO buffer layer.

Thin-film deposition: The LSMO-CeO, nanocomposite films were grown on mica
and BTO-buffered mica using pulsed laser deposition (PLD) with a KrF excimer laser
(A = 248 nm). Before deposition, the chamber was vacuumed to a base pressure lower than
1.0 x 10~® mbar. During deposition, the deposition conditions were as below: deposition
temperature of 750 °C, oxygen pressure of 200 mTorr and laser frequency of 5 Hz. After
deposition, the chamber was cooled down at a cooling rate of 10 °C/min under an oxygen
pressure of 266 mbar.

Property characterizations: The crystal structure and microstructure of the films were
characterized by X-ray diffraction (XRD) (Panalytical X'Pert X-ray diffractometer, Malvern
Panalytical Ltd., Malvern, UK) atomic force microscopy (AFM) (CSPM5500, Being Nano-
Instruments, Beijing, China) and transmission electron microscopy (TEM) (FEI Tecnai
F30, FEI Company, Hillsboro, USA). Magnetic hysteresis (M-H) loops and temperature
dependence of magnetization (M-T) were measured using a SQUID magnetometer (MPMS:
Quantum Design). Resistance dependent on temperature (R-T) measurement was carried
out using a physical property measurement system (PPMS: Quantum Design).
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