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Mechanical Modulation of Colossal Magnetoresistance  
in Flexible Epitaxial Perovskite Manganite
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Heteroepitaxially flexible oxide systems have been intensely developed 
and considered as the most promising materials for leading the creation 
of next-generation flexible electronic devices. Among them, perovskite 
manganites have attracted significant attention with their abundant and novel 
properties such as colossal magnetoresistance (CMR) and metal-insulator 
transition. However, the requirement of high quality samples hampers 
this field, not to mention the advanced nanoengineering. In this study, 
fluorophlogopite mica (F-mica) is selected as a flexible substrate to fabricate 
heteroepitaxial Pr0.5Ca0.5MnO3 (PCMO) with a nanocolumn structure. 
Through a precise control of thickness, different morphologies are realized 
to manipulate the magnetotransport properties (reduction of melting field). 
Moreover, thanks to the excellent flexibility of F-mica, mechanical modulation 
of CMR (≈1000%) can be achieved in different flex modes while the magnetic 
properties remain unaffected. Detailed bending tests are performed to study 
the behavior of resistive change (≈30%). Through the combination of high 
flexibility, high quality PCMO, and well-designed nanocolumn structure, the 
study exhibits the significant controllability of CMR via mechanical bending, 
and manifests the potential of such a heteroepitaxially flexible oxide system 
which can be applied on flexible magnetoresistive devices and sensors.
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silicon-based semiconductor materials.[1] 
Afterward, as the advancement of nano-
technology and the arising requirement 
of flexible electronics,[2] researchers have 
widely studied and developed heteroepitaxi-
ally flexible oxide systems which can retain 
high-performance of features. During the 
development, scientists suffered from two 
main obstacles: Instability to heat and 
lower-performance in comparison to rigid 
counterparts. Very recently, fluorophlo-
gopite mica (F-mica),[3] one sort of mica, 
is proposed as flexible substrate which 
exhibits excellent flexibility and allows high-
temperature processes to develop desirable 
flexible electronics. The lattice constants 
of F-mica are a  = 5.308 Å, b  = 9.183 Å, 
c = 10.139 Å, α = 90°, β = 100°, and γ = 90°. 
As shown in many mica related studies, the 
integration of oxide materials and flexible 
mica demonstrated superior-performance 
such as transparent conductive indium-
doped tin oxide[4] and aluminum-doped 
zinc oxide,[5] ferroelectric lead zirconate 
titanate[6,7] and BaTiO3,[8] spintronic Fe3O4

[9] 
and ferromagnetic SrRuO3,[10] etc.

In the meanwhile, perovskite manganites, Re1-xAexMnO3 
(Re is a trivalent rare-earth ion and Ae is a divalent alkaline-
earth ion), have been considered as the most promising mate-
rials for achieving the manipulation of electromagnetic prop-
erties such as low-field MR[11] and colossal magnetoresistance 
(CMR),[12,13] and leading the creation of next- generation elec-
tronic devices.[14] Among them, Ca doped PrMnO3 has attracted 
people’s attentions due to its abundant features ranging from 
CMR, the charge-ordering (CO), the first-order phase transi-
tion[15,16] to the magnetocaloric effect.[17] Due to the narrow 
bandwidth, the electron hopping between Mn3+ and Mn4+ is 
severely restricted and results in the insulating behavior in 
entire doping range. Pr0.5Ca0.5MnO3 (PCMO) bulk reveals the 
CO state below 250 K and further shows antiferromagnetism 
(AFM) around 170 K.[18,19] Noteworthily, this AFM/CO state can 
be transformed into a ferromagnetic metallic state by applying 
a magnetic field (melting field) to melt the CO state.[20–22] How-
ever, the melting field of bulk requires a large magnetic field 
of ≈27 T,[23] which hampers both studies and practical applica-
tions. The reduction of melting field becomes an important 
issue to realize the modulation of the spin-charge coupling 
with lower energy consumption. The progress greatly moved 

1. Introduction

For the past decades, heteroepitaxial oxide systems have 
been intensely explored not only because of a variety of out-
standing physical properties but also, the potential for replacing 
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forward when PCMO thin film was successfully grown on 
SrTiO3 (STO) with a shrinkage of the melting field to 5 T.[24–26] 
Despite the mechanisms of reducing melting field are under 
debate, the increasement of disorder is viewed as a root reason.

In this work, the heteroepitaxial structure of PCMO/F-mica 
is developed with STO buffer layer by pulsed laser deposi-
tion.[27] With the nanoengineering on the structure[28–30] and 
precise control of thickness, a nanocolumn structure is formed 
on the surface of PCMO layer with different domain sizes. 
Besides the capability of tunable morphology, mechanical 
bending measurements were performed to investigate MR and 
magnetic properties. It exhibits a giant tunability of MR but no 
influence on magnetization and coercivity under mechanical 
bending. Our study not only explores a mechanically tunable 
CMR effect by such a designed heteroepitaxially flexible struc-
ture, but also demonstrates the obvious phase-change property 
of PCMO for future applications such as flexible magnetoresis-
tive devices and sensors.

2. Results and Discussions

In our designed heteroepitaxial structure as shown in Figure 1a, 
F-mica plays as a flexible substrate for the growth of PCMO, 
and STO buffer layer is required to achieve the heteroepitaxy 
of PCMO layer, otherwise polycrystalline film will be formed 
(Figure S1, Supporting Information). In the beginning, PCMO 
layer was grown as normal thin film with the root-mean-square 
average of height deviation (Rq) about 5.7 nm (Figure S2, Sup-
porting Information). After an increasement of thickness to 
500 nm, nanocolumn structure emerged as shown in Figure 1b. 

To characterize the structural information of PCMO/STO/F-
mica, X-ray diffraction (XRD) analysis was performed. Starting 
from normal scans, the out-of-plane information from Figure 1c 
shows the pristine phase of PCMO, STO and F-mica substrate. 
Only (111) series signals of PCMO and STO appear along with 
(00L) signals of muscovite. The d-spacing of PCMO(111) and 
STO(111) were extracted to be 2.27 and 2.24 Å, respectively, close 
to bulk materials. Due to the perovskite structure of PCMO and 
STO, it is reasonable that atoms arrange with the lowest surface 
energy during growth and turn into a triangle figuration.[31,32] 
As shown in Figure 1d, the omega scan of PCMO exhibits the 
full width of half maximum of 0.72° suggesting the good crys-
tallinity of PCMO layer. In comparison to other similar sys-
tems of manganites on mica, our system exhibits outstanding 
quality.[33–35] Phi scans were employed to study the in-plane 
structural information. As shown in Figure  1e, PCMO (002), 
STO (002) and F-mica (202) were detected every 60° showing 
a sixfold symmetry. The well alignment between PCMO (002) 
and F-mica (202) at every 60° intervals indicates the excel-
lent heteroepitaxy. The XRD reciprocal space mapping (RSM) 
records the signals of PCMO (002), STO (002), and F-mica 
(202), which agrees with the results from the Phi scans. The 
in-plane relationship can be determined as PCMO [1-10] || STO 
[1-10] || F-mica [010]. In addition, the figuration of signals in the 
RSM implies strain-free states of PCMO and STO layers, which 
are coincident with the results of normal scan.

In order to study the microstructure of PCMO/F-mica, scan-
ning electron microscopy (SEM) was employed to investigate 
the change of morphology. From Figure 2a,b, 40 and 100 nm of 
average domain sizes can be obtained with the film thickness 
of 500 and 1000  nm, respectively. The surficial morphologies 

Figure 1. a) Schematic graph of the epitaxial structure of PCMO/F-mica and b) enlarged surficial region showing nanocolumn structure. XRD analyses 
of PCMO/F-mica including c) the normal scan of (00L) series of F-mica with PCMO (111) and (222), d) the omega scan of PCMO (111), e) the phi scans 
of F-mica (202), STO (002), and PCMO (002) and f) RSM of F-mica (202) with STO (002) and PCMO (002).
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remain triangular shape with the increase of thickness, which 
are attributed to the lowest formation energy to stabilize whole 
epitaxial structure. The further detailed structural information 
of PCMO/STO/F-mica was investigated by high-resolution 
transmission electron microscopy. From the cross-sectional 
TEM image as shown in Figure 2c, taken along [010]F-mica, we 
observe that different forms of PCMO layer including the con-
tinuous film (close to STO) and the separated nanocolumn 
structure (close to the surface) while the STO layer shows a 
standard continuous film. The top of PCMO layer reveals the 
formation of triangular pyramid, in agreement with the SEM 
results. In addition, the cross-sectional TEM image in Figure 2d 
reveals the clear and sharp interface between STO and F-mica, 
a crucial role in this epitaxial structure. The fast Fourier trans-
form patterns from the regions of PCMO, STO, and F-mica can 
directly and obviously provide the epitaxial relationships. The 

out-of-plane epitaxial relationship can be determined as PCMO 
(111) || STO (111) || F-mica (001) while the in-plane epitaxial 
relationship is PCMO [1-10] || STO [1-10] || F-mica [010]. All the 
results demonstrate this well designed structure in epitaxy and 
are consistent with the XRD analyses.

PCMO has a valence state of mixing Mn3+ and Mn4+ ions. 
With different ratios of Mn3+ and Mn4+, the double- or super- 
exchange mechanism exhibits and further presents distinct 
features on transport and magnetic properties. Therefore, it 
is important to investigate the valence states in our system. 
To determine the valence state of the Pr and Mn ions in this 
heteroepitaxy, we resort to the soft X-ray absorption spectros-
copy (XAS), which is extremely sensitive to the spin, orbital, 
and valence states of ions.[36,37] Figure  3a displays the iso-
tropic Pr M4,5 XAS spectrum of PCMO layer taken at 300 K 
together with that of Pr2O3,[38] a standard Pr3+ reference. The 

Figure 2. The surficial morphology of PCMO/F-mica with the thickness of a) 500 nm and b) 1000 nm. c) The cross-sectional HR-TEM image and d) the 
region of interface between STO and F-mica. The FFT patterns of e) PCMO, f) STO, and g) F-mica.

Figure 3. X-ray absorption spectroscopy of a) M-edge of Pr and b) L-edge of Mn.
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very similar spectral features of PCMO film and Pr2O3 indi-
cate that Pr ions in the PCMO layer have a valence state of 
3+. Figure 3b shows the isotropic Mn L2,3 XAS spectra of the 
PCMO layer and a MnO bulk crystal which were measured 
simultaneously in an upstream chamber. Apparently, the MnO 
(Mn2+) spectrum is different from that of the PCMO layer. 
The lowest energy peak of MnO at 639  eV is characteristic 
for an octahedral Mn2+ which has an energy well below that 
of Mn3+ and Mn4+ spectral features.[39–42] This indicates that 
our PCMO is free of Mn2+ ions. In terms of the Mn L3 peak 
width of the PCMO layer, it is noticeably broader than that of 
single valence-state ions such as the spectra of the Mn2+ in 
MnO and the Pr3+ in Pr2O3. Moreover, the central gravity of 
the spectrum of PCMO is higher in energy than that of MnO. 
This infers that the Mn ions have multiple valence states 
which are higher than Mn2+. In Figure  3b, we also include 
the Mn L2,3 spectra from those of published PCMO[43] and 
La0.5Sr0.5MnO3.[44] The striking similarity between the spec-
trum of PCMO and those of well characterized PCMO and 
La0.5Sr0.5MnO3 indicates that our PCMO thin film consists of 
50% of Mn3+ and 50% of Mn4+ ions. We have also measured 
X-ray photoelectron spectroscopy (XPS) on the PCMO film in 
order to remove the concern of impurity formations when the 
nanocolumn structure reveals (Figure S3, Supporting Infor-
mation).[45] In the wide scan of XPS, all peaks can be indexed 
by the composed elements of Pr, Ca, Mn, and O, no impurities 
are observed except C 1s (Figure S3a, Supporting Information).  
In Figure S3b, Supporting Information, to complement the 
valence sate of Ca, we show the Ca 2p core level spectrum 

which gives a typical Ca2+ spectrum. Together with the XAS 
results, the valence states of each element are determined as 
Pr3+, Ca2+, and Mn3.5+.

The transport properties of perovskite manganites have been 
the charming part when they could be modulated by various 
parameters including element, doping amounts, magnetic field, 
thickness, and lattice constant. In PCMO system, the plentiful 
properties are ascribed to the results of the strong entangle-
ment between the exchange interactions of manganese ions 
(double- or super- exchange), the coulomb interaction and the 
coupling of electron and lattice (the Jahn–Teller distortion). To 
mainly investigate CO and the melting field of PCMO/F-mica 
structure, magneto-transport measurements were performed. 
In Figure  4a,b, obvious metal-insulator transitions at 115 and 
92 K are observed when applying an external magnetic field of 
5 T to the film with thickness of 1000 and 500 nm, respectively. 
Higher magnetic field as 7 T increases the metal-insulator tran-
sition temperature (TMI) to 139 and 115 K when the thickness 
of film is thicker than 500 nm. The metal-insulator transition 
induced by a magnetic field indicates the collapse of CO transi-
tion and generally is accompanied with the transformation of 
magnetic states. In previous studies of PCMO grown on STO 
substrate, they presented no TMI when the external magnetic 
field is 9 T. With the intentional processes such as annealing or 
an inserted buffer layer, the melting field could be reduced to 5 T  
and TMI occurred below 100 K.[20,21,24] In comparison to those 
studies, our PCMO/F-mica system shows the lowest melting 
field of 5 T at 115 K. However, the melting field reached back 
to 7 T at 95 K when the thickness of PCMO was reduced to 

Figure 4. Temperature dependent resistance with different magnetic fields while the thickness of PCMO layer are a) 1000 nm, b) 500 nm, c) 250 nm, 
and d) 100 nm.

Adv. Funct. Mater. 2020, 30, 2004597



www.afm-journal.dewww.advancedsciencenews.com

2004597 (5 of 8) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

250 nm (Figure 4c). As the thickness of PCMO further reduced 
to 100 nm, the system showed no transition even with a mag-
netic field of 7 T (Figure  4d). The trend suggests an increase-
ment of the melting field by reducing thickness of PCMO 
layer, and is accordant with the counterpart on rigid STO 
substrate.[20,21,46–48]

Mechanical flexibility is an essential factor which can mod-
ulate properties of nanostructure system dynamically. In our 
PCMO/F-mica system, with nanocolumn structure on the 
surficial area, different bending modes can highly congregate 
or separate columns and further strongly modulate transport 
properties. As shown in Figure  5a,b, the corresponding flex-
in and flex-out modes were conducted in homemade bending 
stages with the bending radii of inward/outward 5 mm to per-
form the magneto-transport measurements. With applications 
of two different flexible modes, the melting fields in both cases 
appear from a magnetic field of 5 T. Moreover, TMI shifts to 
higher temperature in the flex-in mode and lower temperature 
in the flex-out mode. This phenomenon can be explained by 
the thickness effect of PCMO layer. From the contrast between 
Figure  4a,b, TMI moves from 139 to 115 K when the PCMO 
thickness is decreased from 1000 to 500 nm. When the flex-out 
mode was applied, the column became much separated, thus 
the transport proceeded at deeper region. Thinner case is used 
to explain the decreasing transition of 24 K with the external 
magnetic field of 7 T, and vice versa. Our results show that 
the CMR properties of PCMO can be modulated by mechan-
ical bending. Figure 5c shows the data by summing up above  

transport curves. We can observe a bending-controlled modula-
tion of CMR ratio, (R-R0)/R × 100%, achieved near 1000% at 110 K.  
Due to the limitation of instrument, calculations of CMR can 
only allow to 110 K. Temperature dependent CMR ratios, from 
300 to 110 K, are shown in Figure S4, Supporting Informa-
tion. In addition, the phase separation is another noticeable 
phenomenon in the manganite system with CMR.[49,50] In the 
comparison of Figure S5a,b, Supporting Information, presents 
non-linear current–voltage (IV) curves below 100 K with an 
external magnetic field of 7 T. It indicates the formation of ferro-
magnetic phase and its associated metallic phase reducing the 
threshold current. This competition of insulating and metallic 
phases results in non-linear IV curves. Moreover, in Figure S5c,  
Supporting Information, we observe that this non-ohmic con-
duction can be also modulated by bending. There is more 
metallic phase in the flex-in mode while more insulating phase 
in the flex-out mode. The result implies the control of the tran-
sition between metallic and insulating phases. Figure S5d, Sup-
porting Information, is extracted from Figure S5c, Supporting 
Information, and clearly shows the insights of non-ohmic 
conduction. Furthermore, to demonstrate more practical appli-
cations, detailed bending tests were performed at room tem-
perature and exhibited near 30% of tunability (Figure 5d). The 
tunability is calculated as: (R-R0)/R0 × 100%. The cycling tests 
were measured to demonstrate the endurance of PCMO/F/mica 
as shown in Figure S6, Supporting Information. The excellent 
stability under both flex-in and flex-out modes is presented at 
the bending radii of 5 mm.

Figure 5. Temperature dependent resistance of PCMO film on F-mica with a) the flex-in mode and b) flex-out mode. c) Temperature dependent CMR 
ratios of 1000 nm-thick sample with the flat, flex-in and flex-out modes. d) Bending radius dependent resistive tunability at room temperature.
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The magnetic phase in PCMO is rich due to the strong com-
petition between AFM and FM exchange coupling. From pre-
vious studies, many factors including strain, oxygen vacancies, 
defects, and doping amounts would cause dramatically changes 
of its magnetic behaviors.[21,47,48,51,52] In Figure 6a, the magnetic 
hysteresis loops appear below 100 K implying the formation 
of ferromagnetic phase in our PCMO/F-mica. A coercivity of 
800 Oe can be detected at 10 K. As the temperature increases 
from 10 to 200 K, the hysteresis loops gradually change to lin-
earity indicating a paramagnetic behavior. Different flex modes 
were performed as shown in Figure  6b. Three modes show 
almost the same magnetization and coercivity. With the for-
mation of the nanocolumn structure, the inside void can act 
as buffer in the flex-in mode, only surficial region really suf-
fers from compression, and results in the similar loop as the 
flat one. For flex-out mode, the nanocolumn structure suffers 
nearly no strain effect. In the temperature dependent mag-
netic moment measurements (Figure  6c), the magnetization 
increases sharply below 120 K, an indication on the onset of fer-
romagnetism. The transition of CO phase shows an indistinct 
signal around 230 K in Figure S7a,b, Supporting Information. 
It accompanies the CO breaking, turns the insulator phase into 
the metallic one, and is followed by the appearance of ferro-
magnetism.[53] The Curie temperature (≈90 K) is defined by the 
first derivatives of the field cooling (FC) curve and shown in the 
inset of Figure  6c. In Figure  6c, the zero field cooling (ZFC) 
curve shows that the ferromagnetic cluster is frozen randomly 
by ZFC first. With heating, the freezing effect is reduced and 
therefore it increases the magnetization before the bifurcation 
of ZFC and FC curves. Such a bifurcation is generally regarded 
as the coexistence of ferromagnetic and antiferromagnetic 
phases. Aiming at the investigation of changes between dif-
ferent flexible states, in short, we concludes that PCMO/F-mica 
retains its magnetic properties under the mechanical bending 
due to the formation of nanocolumn structure.

3. Conclusions

In summary, the heteroepitaxial PCMO/F-mica with nano-
column structure is realized by thickness control. The heter-
oepitaxy was confirmed by XRD and TEM indicating PCMO 

(111) || STO (111) || F-mica (001) and PCMO [1-10] || STO [1-10] 
|| F-mica [010]. Thickness dependent domain sizes of 40 and 
100  nm were observed by SEM. Analyses of chemical compo-
sitions, 50% doped Ca in PrMnO3, were verified by XAS and 
XPS measurements. With the designed thickness of structure, 
our PCMO/F-mica system can demonstrate better transport 
properties (the smallest melting field ≈5 T) than the counter-
part on STO substrate. Furthermore, via the combination of 
nanocolumn structure and the excellent flexibility of F-mica, 
our system presents the outstanding tunability of CMR ratio 
(≈1000%) showing the potential in future flexible magnetore-
sistive devices. Besides, near 30% of resistive tunability is car-
ried out through bending exhibiting another application of 
mechanical sensors. Moreover, with the nanocolumn structure, 
PCMO/F-mica retains its magnetic properties under different 
bending states. Overall, our system demonstrates excellently 
mechanical modulation of electrical properties with a superior 
flexible characteristic, and offers a pathway to develop flexible 
functional devices.

4. Experimental Section
Thin Film Synthesis: PCMO thin films were prepared on F-mica 

substrate by pulsed laser deposition. STO was chosen as buffer layer. 
The deposition temperature was controlled at 750  °C with the O2 
pressure of 100 mTorr. The KrF excimer laser (λ  = 248  nm) was used 
at the repetition frequency of 10 Hz with the laser fluence of 2 J cm-2. 
After growth, a post-annealing process was implemented at 750  °C 
with O2 pressure of 300 Torr for 30 min and then cooled down to room 
temperature at the cooling rate of 0.4 °C s-1.

Structural Identification: The identification was characterized by 
synchrotron based XRD techniques at the beamline 13A and 17B in 
National Synchrotron Radiation Research Center. The cross-sectional 
TEM specimens were prepared by focus ion beam technique (Hitachi 
NX2000). High resolution TEM images were obtained in JEOL JEM-F200 
microscope.

Chemical Composition Identification: XAS were performed at TPS 45A 
beamline of the Taiwan Photon Source at NSRRC, Taiwan. The Mn L2,3 
and Pr M4,5 spectra were taken in the total electron yield mode with a 
photon energy resolution of 0.05 and 0.1 eV, respectively. XPS datum were 
collected by the commercial ESCALAB Xi+ instrument (Thermo Fisher 
Scientific) which used an Al anode as the monochromatic X-ray source.

Transport and Magnetism Measurements: The temperature-dependent 
MR was measured in physical property measurement system from 

Figure 6. a) The magnetic hysteresis loops of PCMO/F-mica at 10, 50, 100, 150, and 200 K in the flat state. b) The magnetic hysteresis loops of PCMO/ 
F-mica at 10 K in the flex-in, flex-out, and flat states. c) Temperature dependent moment curves of PCMO/F-mica in the flat state. The inset shows the 
first derivatives of FC curve.
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Quantum Design. Silver paste was used as electrical contacts and 
fabricated on the samples in the four-probe configuration. Home-made 
bending stages as shown in Figure S10c, Supporting Information, were 
used to fix the curvature of samples. The setup of magneto-transport 
measurements is showed in Figure S8a,b, Supporting Information. 
Temperature dependence of magnetization and magnetic hysteresis 
loop were measured by vibrating sample Magnetometer. The setup 
of magnetic measurements is showed in Figure S9, Supporting 
Information.

Bending Tests: Bending radius dependent resistance was performed 
by a homemade bending stage which allowed to precisely control the 
displacement as small as 100 µm of sample (Figure S10a,b, Supporting 
Information). The electrical properties were collected by Keithley 2400 
Source Meter.The two-theta scan of PCMO/F-mica without STO buffer 
layer is shown in Figure S1, Supporting Information. The morphology 
was probed by the atomic force microscopy and showed the flat surface 
of PCMO layer when it was below 30 nm. From Figure S2, Supporting 
Information, the roughness of about 5.7 nm was determined by the root-
mean-square average of height deviation (Rq). XPS spectra including 
the wide scan of PCMO layer and Ca 2p core level were measured and 
shown in Figure S3, Supporting Information. Temperature dependent 
CMR ratios, from 300 to 110 K, are shown in Figure S4, Supporting 
Information. By means of applying different flex modes, the tunability 
of CMR ratios reaches near 1000% at 110 K with the magnetic field of  
7 T. Non-ohmic conduction behavior is shown in Figure S5, 
Supporting Information. The cycling test of PCMO/F-mica is shown 
in Figure S6, Supporting Information. The transition at 230 K of 
CO phase can be observed in Figure S7, Supporting Information. 
Figures S8–S10, Supporting Information, show the setups of magneto-
transport, magnetic and bending measurements, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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