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ABSTRACT

Misfit strain delivered from single-crystal substrates typically modifies the ground states of transition metal oxides, generating increasing
interest in designing modern transducers and sensors. Here, we demonstrate that magnetotransport properties of La0.67Sr0.33MnO3 (LSMO)
films were continuously tuned by uniaxial strain produced by a home-designed bending jig. The electrical conductivity and Curie tempera-
ture of LSMO films are enhanced by bending stresses. The resistivity of u-shape bended LSMO decays three times faster than that of n-shape
bended LSMO as a response to the same magnitude of strain. The asymmetric magnetic states in uniaxially strained LSMO are attributed to
the dual actions of Jahn–Teller distortion and strain gradient mediated flexoelectric fields in an adjacent ferroelectric layer. These findings of
multi-field regulation in a single material provide a feasible means for developing flexible electronic and spintronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0092134

Flexible electronics have witnessed impressive progress in wear-
able sensing, environmental monitoring, energy chemistry, and bio-
medicine.1–7 As listed in one of the top ten scientific and technological
projects, flexible materials and their related devices inevitably promote
a major industrial revolution in the future.8 By then, our daily life and
work will be greatly benefited from these innovation technologies.9

Typically, electronic devices mainly make use of their single physical
properties of existing flexible materials such as high conductivity and
high transmission.10–12 The integration of complex materials with
multiple properties is essential for developing smaller, smarter, and
low-power consuming devices. To date, the flexible devices based on
the complex oxides have not been explored extensively due to the limi-
tation of their rigid and single-crystalline substrates.13 Typically, these
substrates are used for oxide thin film growth due to the compatible

crystallographic symmetry and small lattice mismatch. However, these
single crystal substrates are extremely fragile and non-foldable. The as-
grown thin films are inflexible even though the thickness of substrates
was reduced to the sub-micrometer scale. This fact inevitably limits
the investigations of wide-range strain effects on their physical proper-
ties and prevents their potential applications toward flexible devices.

van der Waals (vdW) heteroepitaxy has been proposed initially
to demonstrate the epitaxial growth of two-dimensional (2D) layered
materials on other 2D layered materials. This method has been
extended to describe the epitaxial growth of functional oxides on 2D
materials.14–16 For instance, Chu’s group had successfully fabricated
various oxides on the layered fluoropolytic-mica (Mica) sub-
strates.17–20 One of the key advantages of vdW epitaxy is the weak
interaction between films and substrates, leading to a large tolerance in
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the lattice mismatch and crystallographic symmetry.21 Therefore,
oxides with different crystallographic structures can be epitaxially
grown on mica with relatively high quality.22–25 These oxide films are
no longer clamped by mica substrates, resulting in a nearly strain-free
virgin state. Most importantly, the layered character of mica makes it
very flexible and easy to be folded under large bending stress, provid-
ing a playground for studying strain effects on the physical properties
of transition metal oxides. The high thermal and chemical stability
also allows mica to be used as appropriate high-temperature substrates
for thin-film growth.21 In this Letter, we fabricated the heterostruc-
tures composed of ferromagnetic La0.67Sr0.33MnO3 (LSMO) and ferro-
electric BaTiO3 (BTO) layers. The magnetoelectric characteristics of
LSMO were investigated by applying uniaxial strain ranging from
�2% to 2% using a home-designed bending jig. We find that the con-
ductivity and Curie temperature (TC) exhibit an asymmetric response
under the same magnitude of bending stress. The unique behavior is
attributed to both intrinsic structural distortions induced electronic
modification and extrinsic ferroelastic effects from an adjacent ferro-
electric layer.

The heterostructures composed of BTO and LSMO were grown
on (001)-oriented mica and (111)-oriented STO substrates simulta-
neously using pulsed laser deposition (PLD).26 The LSMO/BTO and
BTO/LSMO/BTO trilayers were fabricated for strain-tuning. The
thicknesses of BTO and LSMO thin layers are 15 and 50nm, respec-
tively. The BTO layer was used as a buffer layer to minimize misfit

strain between LSMO and mica.27 During deposition, the substrate’s
temperature was kept at 750 �C, and oxygen partial pressure was
maintained at 200 mTorr. The laser frequency and energy density
were kept as 5Hz and �1.0 J/cm2, respectively. The samples were
cooled down slowly to room temperature at a rate of �5 �C/min
under the oxygen partial pressure of 100Torr. X-ray diffraction (XRD)
measurements were performed using a Bruker D8 Discovery high-
resolution diffractometer with Cu Ka1 radiation (Fig. S1, supplemen-
tary material). XRD h–2h scans reveal that all layers are epitaxially
grown without impurity phases. Reciprocal space mapping around
mica substrate’s 00l reflections was measured using a Panalytical
X’Pert MRD four-circle x-ray diffractometer. RSM results demonstrate
that LSMO/BTO bilayers are epitaxially grown along the (111) orien-
tation. We calculate the inter-planar spacings for LSMO (111) and
BTO (111) layers on (111)-STO substrates are 2.224 Å (�2.254 Å for
LSMO bulk) and 2.281 Å (�2.314 Å for BTO bulk), respectively. The
LSMO film is under the substrate-induced tensile-strain, leading to the
out-of-plane lattice constant shrinks by �1.3%. In contrast, the BTO
and LSMO films grown on mica are almost strain-free, similar to the
previous reports. Therefore, the virgin strain state of as-grown LSMO
films on mica substrates is close to its bulk form.28

The electrical transport and magnetic properties of LSMO films
on (111)-STO and mica substrates were measured using a physical
properties measurement system (PPMS) and magnetic property mea-
surement system (MPMS), respectively. Figure 1(a) shows the M–T

FIG. 1. Transport properties of LSMO/BTO bilayers at virgin states. Temperature dependent (a) in-plane magnetization (M) and (c) resistivities (q) of LSMO/BTO bilayers on
STO (black lines) and mica (red lines) substrates. M–T curves were recorded at 1 kOe after field-cooling. q�T curves were measured at 0 T(solid line) and 9 T (dashed line).
Inset shows the geometry of electrical measurements using the van der Pauw method. Field dependent (b) M (300 K) and (d) magnetoresistances [MR ¼ (qH�q0)/q0] for
LSMO/BTO bilayers on STO and mica substrates at 10 and 300 K.
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curves of LSMO/BTO bilayers at an in-plane magnetic field of 1 kOe.
The TC of LSMO films on mica is �350K, whereas the TC of LSMO
films on (111)-STO is �370K, which is close to the TC of bulk
LSMO.29 The lower TC of LSMO films on mica is likely due to differ-
ent microstructures and strain states in the as-grown films. Room-
temperature magnetic hysteresis loops yield that the coercive fields of
both LSMO/BTO bilayers are around 100Oe [the inset of Fig. 1(b)].
The LSMO films grown on (111)-STO show a higher saturation
moment than those of LSMO films grown on mica. The resistivities
(q) and magnetoresistances [MR¼ (qH�q0)/q0] were measured using
the van der Pauw method, where q0 and qH are the resistivities under
magnetic fields of 0 and 9T, respectively. The resistivities of LSMO
films obtained from two geometries, i.e., one is the current passed
along the bending direction and another is the current passed perpen-
dicular to the bending direction, are almost equivalent. Thus, the resis-
tivities of LSMO films were averaged from those values. Figure 1(c)
shows the q–T curves of both LSMO/BTO bilayers. The LSMO layers
exhibit a clear insulator-to-metal transition with decreasing tempera-
ture. This is a typical characteristic of the hole-doped manganites.30–32

The LSMO films on mica exhibit a larger q than that of LSMO on
(111)-STO substrates. At 10K, q of LSMO on mica is more than one
order of magnitude larger than that of LSMO on STO. The field-
dependent MR at 10 and 300K were present in Fig. 1(d). The MR of
LSMO films shows negative values under external fields, demonstrat-
ing the ferromagnetic characteristic of LSMO. At 10K, the MR shows
symmetric peaks at small fields corresponding to its coercive fields

(HC). When T increases to 300K, the MR of LSMO on mica reduces
slightly, and the butterfly like hysteresis loop disappears. Instead, the
MR keeps nearly unchanged at small fields and starts to decrease line-
arly when the magnetic fields exceedHC.

Typically, mica can be mechanically exfoliated down to 10lm in
thickness due to the interlamellar vdW bonding characteristics.21,33 The
ultrathin mica allows them to be bended substantially. We designed a
mechanical bending jig to apply uniaxial strain to the samples. The
strain states of as-grown films can be in situ controlled and maintained
by bending forces during the measurements (Fig. S2, supplementary
material). The center position of samples was bended in “u-shape” or
“n-shape.” A high-resolution camera with a fixed position was used to
capture the sample’s positions and bending curvatures under different
strain states (Fig. S3, supplementary material).26,34 We quantified the
uniaxial strain of LSMO films induced by mechanical forces using bend-
ing parameters, e.g., the length of sample’s bending part and the defor-
mation displacement at the center positions. The strain states are
directly linked to their physical properties. Figures 2(a) and 2(b) show
the zero-field q–T curves of LSMO films under switchable bending
stresses. The maximum bending stresses were achieved up to �2% and
1.8%, respectively. The q of LSMO films reduces progressively by
increasing uniaxial stress. Figure 2(c) summarizes the change rate of
resistivity [Dq¼ (qstrain� qvirgin)/qvirgin] as a function of stress at 150,
300, and 350K. Compared to the tensile strain cases, the q of LSMO
films decays rapidly when the uniaxial stress reduces from the virgin
state to �1% and slows down when compressive strain beyond �1%.

FIG. 2. Tunable ground states of LSMO/BTO bilayers under various uniaxial stresses. Zero-field q-T curves of LSMO/BTO bilayers under various (a) compressive and (b) ten-
sile stresses. Insets show the schematic of sample status, i.e., u-shape and n-shape bendings correspond to compressive and tensile stresses, respectively. (c) The resistivity
ratios [Dq¼ (qstrain�qvirgin)/qvirgin] and (d) Curie temperatures (TC) were plotted as a function of stress. The Dq at 150, 300, and 350 K exhibit the similar asymmetric stress
dependency.
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The Dq(e) in a compressive stress regime is almost three times larger
than that of a tensile stress regime. TC enhances at nearly a constant
ratio of �5K per 1% as the bending stress increases [Fig. 2(d)].

Intriguing magnetotransport properties of LSMO films were fur-
ther investigated when LSMO films were under different stresses.
Figure 3(a) shows the typical butterfly like hysteresis loops of MR at
10K when the stress switches from the compressive state (e¼�2%)
to the tensile state (e¼ 1.8%). MR measured at different stress states
exhibits similar variation trends, i.e., positive MR at small fields and
negative MR at high fields. We deriveHC from the symmetric peaks of
MR. Figure 3(b) presents the HC of LSMO films as a function of stress
at various temperatures. With increasing temperature and stress, HC

decreases distinctly. Generally, the HC of LSMO films under compres-
sive stresses is smaller than that of the tensile-stressed LSMO films. In
particular, we observe unique double symmetric peaks on MR loops
when e¼ –2%.35–37 We hypothesize that the LSMO films break into
two magnetic layers that exhibit different HC when the uniaxial strain
exceeds 2%. Figure 3(c) summarizes the MR as a function of stress at
10K when l0H¼ 0.5 and 3T. The stress reduces MR(l0H¼ 3 T) by a
factor of two, and this effect decreases at small magnetic fields.

The stress dependent asymmetric behaviors in magnetotransport
properties of LSMO films demonstrate that additional impact factors
control the ground states of LSMO films. The basic unit cell of mica
contains two silicate tetrahedral sheets (SiO4) on both sides of an alu-
minum octahedron (AlO6). The layers with strong covalent bonding,
however, are weakly stacked together by interlayer cations, resulting in

a vdW gap of �1nm. The cleavage of mica along the vdW gap layer
produces the fresh, atomically flat surface with randomly distributed
cations. These cleaved mica substrates preserve the charge neutral sur-
faces, which are ideal for vdW oxide epitaxy. Experimentally, we deter-
mine that the BTO films grown on mica exhibit an intrinsic upward
ferroelectric polarization using a piezoelectric force microscope
(Asylum Research MFP3D) (Fig. S4, supplementary material).
Mechanically bending forces will generate a strain gradient along the
in-plane direction, resulting in a flexoelectric field perpendicular to the
surface plane. The magnitude of the flexoelectric field is proportional
to the strain gradient, i.e., the bending curvature.38–40 Apparently, the
u-shape and n-shape bending statuses produce opposite flexoelectric
fields, which are responsible for the asymmetric ground states of
LSMO under compressive and tensile strains. The flexoelectric modu-
lation to transport properties of LSMO is similar to the ferroelectric
control of conductivity at the BTO/LSMO interface. In the u-shape
bending status, the flexoelectric field in BTO layers points upward;
thus, the electrons accumulate at the LSMO/BTO interfaces. Thus, the
q reduces rapidly and TC enhances dramatically in the compressively
stressed LSMO films compared to those of tensile-stressed LSMO
cases (corresponding to the hole accumulation). However, although
the flexoelectric field effects play a significant role in the small strain
regime, we believe the modulation of q should be dominated by uniax-
ial strain-induced Jahn-Teller distortion instead of the flexoelectric
polarization in a large strain regime. Therefore, the reduction of q is
almost the same under both maximum bending stresses.

FIG. 3. Magnetotransport properties of a LSMO/BTO bilayer under various stresses. (a) Field dependent MR at 10 K for the uniaxial stress changes from �2% to 1.8%. The
MR is up-shifted for clarification. Stress dependent (b) coercive fields (HC) and (c) MR. HC was derived from hysteresis loops recorded at 10, 50, 100, and 150 K. MR was
recorded at 10 K under magnetic fields of 0.5 and 3 T.
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To eliminate the flexoelectric effects on the transport properties
of LSMO films, we sandwiched a LSMO film between two BTO layers
with equal thicknesses. The top and bottom BTO layers generate iden-
tical flexoelectric polarization within the layers. Therefore, one inter-
face of LSMO layers is hole accumulation, while the other interface is
hole depletion, or vice versa, depending on the bending status. The
magnitude of interfacial charge doping effects is equal when LSMO
films are in both bending statuses. Figure 4(a) shows the q–T curves of
BTO/LSMO/BTO trilayers at a virgin state, a compressive strain state,
and a tensile strain state. The virgin LSMO film presents an insulator-
to-metal transition at a temperature of �347K, which is identical to
that of LSMO/BTO bilayers. The q of a BTO/LSMO/BTO trilayer is
three times larger than the resistivity of LSMO/BTO bilayers, and
meanwhile, it exhibits a low-temperature upturn. These results may
attribute to the structural distortion induced weak localization.41,42 We
notice that the q of BTO/LSMO/BTO trilayers reduces only 10% and
the TC increases only �1K upon the mechanical bendings in sharp
contrast to the results of LSMO/BTO bilayers, further highlighting the
previously discussed flexoelectric effects at the small stress regime. The
genuine uniaxial strain effects on magnetotransport properties of
LSMO films were further investigated under different strain states
(Fig. S5, supplementary material). Similar to the bilayer’s results, HC

reduces with increasing uniaxial stress. Figure 4(b) presents MR as a
function of magnetic fields when e ¼ �1%, 0%, and 1%. The symmet-
ric peaks at small fields appear in the hysteresis loop when the trilayer
is in the virgin and compressive-stress states. However, we notice that
the MR curves of tensile-strained LSMO films exhibit four distinct
peaks. These results suggest that the LSMO films possibly break into

two magnetic layers under large uniaxial tensile strains. Different parts
of LSMO films exhibit independent magnetic switching behaviors.
Thus, the MR curves possess multiple peaks, corresponding to differ-
entHC in the hysteresis loops.

In summary, we report the dual actions of uniaxial stress and
flexoelectric fields on the transport properties of LSMO films in prox-
imity to ferroelectric materials. The uniaxial stresses were in situ
continuously controlled in a wide range from �2% to 1.8% using a
home-designed bending jig. We find that the stress effect on the elec-
trical conductivity and magnetoresistance is nonlinear. We hypothe-
size that the asymmetric magnetoelectric responses can be attributed
to the flexoelectric fields generated by uniaxial stress, which manifests
the carrier density of LSMO films. Our results shed intensive insight
on the strong competition between the charge and lattice degrees of
freedom in the functional oxides. Additionally, the design of highly
stress-sensitive flexible devices paves a potential route toward the neo-
teric strain sensors.

See the supplementary material for additional information about
the structural characterizations, bending jig photograph, calibration of
bending stress, piezoresponse force microscopy characterizations, and
magnetoresistance measurements.
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