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Boosting ferromagnetism in freestanding electronically phase separated manganite thin films
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The physical properties of manganites depend sensitively on their lattice degree of freedom. While lattice
parameter can be controlled by growing epitaxial thin films on substrates with different lattice constants or
application of high pressure, the range of lattice variation is limited to 2—-3% before dislocations start to emerge.
In contrast, fabrication of freestanding thin films allows one to change the uniaxial lattice parameter up to 8.2%,
which opens up a new platform to investigate emergent phenomena under large lattice-constant change. In this
work, we fabricate freestanding (Lay/3Pry3)5 /BCa3 ,sMnO; (LPCMO) thin films and investigate how the physical
properties are affected by the absence of substrate. We find large length-scale electronic phase separation is
greatly suppressed in the freestanding film after being released from the tensile strain of the SrTiO; substrate.
Consequently, the ferromagnetism is boosted in the freestanding film. The physical properties of the freestanding
LPCMO thin film are observed to be comparable to those of LPCMO thin film epitaxially grown on nearly
strain-free substrate, revealing that freestanding thin film retains the intrinsic physical properties of LPCMO
system, which provides a reliable platform to study effects of large strain and strain gradient (by curvature) in

manganite systems.

DOI: 10.1103/PhysRevMaterials.8.054417

I. INTRODUCTION

Electronic phases intertwining in quantum materials with
strong electronic correlation is not only intriguing from a
scientific point of view, but also promising in exploring novel
functional materials and electronic devices, which have been
widely studied in high-temperature superconductors, heavy
fermions, and colossal magnetoresistance (CMR) materials
[1]. Strain and pressure are often utilized to manipulate these
quantum materials in which the electrons and their interac-
tions are closely coupled to the lattice. To clarify the evolution
of intertwined phases upon changing of lattice, investigation
of the same piece of sample (even on the same area (atoms)
[2]) offers the most ideal methodology. However, tunability
of lattice degree of freedom in correlated oxide materials is
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limited on single-sample platform, especially compatible with
characterization tools for various physical properties.

Take CMR perovskite manganites for example; multiple
phases are tightly coupled to lattice in this strongly cor-
related electron system. At different carrier concentration,
various magnetic and electronic ground states can be stabi-
lized in corresponding bond network configuration formed by
the MnOg octahedra with structural Jahn-Teller distortions.
The structure modification is believed to result in mediat-
ing the magnetic-exchange interaction between 3d electrons
on the neighboring sites, while the magnetic field turns the
insulating phases into ferromagnetic metallic (FMM) state, re-
sulting in the CMR phenomena. Among the CMR manganites,
(Laj_yPry),  Ca,MnO; (LPCMO) stands as a prototypi-
cal system for the strikingly large length-scale electronic
phase separation (EPS) between FMM and antiferromagnetic
(AFM) charge-ordered insulating (COI) phases, as schemati-
cally shown in Fig. 1(a). The lattice strain [3] and quenched
disorder [4] have been proposed theoretically to understand
such a large-scale electronic phase separation (EPS) in the
presence of short-range exchange interaction and long-range
Coulomb repulsion force. The recent experiments have shown

©2024 American Physical Society
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FIG. 1. Fabrication of the freestanding LPCMO film. (a) The electronic phase separation state in LPCMO system with COI domains
embedded in FMM domains. (b) Schematic illustrating the epitaxial films grown on substrates. The epitaxial films are strained by the substrates.
(c) The RHEED patterns of the STO substrate and SAO, SCAO, and LPCMO films. (d) The schematical release procedure of the freestanding
LPCMO film onto the Si wafer. After the sacrificial layers SAO and SCAO being dissolved by deionized water, the LPCMO film was separated
with STO substrate and supported by PPC. Then, the LPCMO/PPC can be attached to Si wafer. By dissolving the PPC via acetone, LPCMO
film is successfully transferred to Si wafer. (e) Optical microscope image of the freestanding LPCMO film transferred to Si wafer.

that the fully chemically ordered LaMnO3/CaMnQO3/PrMnQOs3
superlattice has an AFM insulating ground state without EPS
[5]. However, FMM EPS nanonetwork forms again as a con-
sequence of an internal strain relaxation triggered by the
structural domain formation of the underlying SrTiO3 (STO)
substrate at low temperatures [6], which implies that both the
lattice strain and quenched disorder are important.
Application of pressure is ideal to compress the lattice
on the same sample; however, it remains challenging to ac-
cess the magnetic properties and microscopic structure at
nanoscale resolution during experiments [7,8]. By lattice mis-
match between a thin film and its underlying substrate as
shown in Fig. 1(b), the LPCMO thin film can be modu-
lated by epitaxial strain [9-13]. Thin film on substrates is
ideal for the physical property characterization and accessible
for nanoscale imaging experiments [14,15]; however, strain-
dependent experiments are not accessible to perform on the
same thin film since they are grown on the different substrates
with discrete lattice parameter. The strain of thin film can
also be tuned by piezoelectric substrate which is compatible
with real-space experiment [16—19]; however, the polariza-
tion of substrate may also change interface and bulk state of
manganite by proximity effect [20]. Recently, by developing
freestanding oxide membrane [21-24], the FMM state can be
successfully tuned into insulating state on the same freestand-
ing Lay7Cap3MnO; membrane by applying tensile strain. It
is believed that freestanding LPCMO membrane with EPS
would bring an ideal platform to investigate how elastic strain
fields affect the correlated states; however, it is unknown if
such freestanding LPCMO membrane has been achieved yet.

In this work, we focus on (Lay/3Pry3), /8Ca3 ,sMnO3, and
find the large-scale EPS is suppressed in freestanding LPCMO
film, as the tensile strain is released from the as-grown sam-
ple, unambiguously clarifying that the EPS can be tuned by
lattice strain in LPCMO system. Moreover, by carrying out
experiments with spatial resolution, we also demonstrate that
freestanding LPCMO film may provide a platform to study
the EPS phenomena upon strain engineering.

II. EXPERIMENTS

To prepare a freestanding LPCMO membrane, multilayer
heterostructure consisting of sacrificial buffer layers and
76.8-nm-thick LPCMO on the single-crystalline STO (001)
substrate by using pulsed laser deposition (PLD). The lattice
of LPCMO is around 3.84 10\, much smaller than that of
the water-soluble buffer layer Sr;Al,O¢ (SAO). To reduce
the giant lattice mismatch between SAO and the LPCMO
films [22,25], another water-soluble SrCa,Al,O¢ (SCAO,
Ca-substituted SAO) thin layer with reduced lattice con-
stant is inserted between SAO and LPCMO layer. Reflection
high-energy electron diffraction (RHEED) was used to mon-
itor the layer-by-layer growth, and the RHEED patterns of
each type of layer are in Fig. 1(c). Figure 1(d) shows the
schematical release procedure of the freestanding LPCMO
film onto the Si wafer. The polypropylene carbonate (PPC)
was used to support the LPCMO film during the release
process. As the PPC/LPCMO/SCAO/SAO/STO stack was im-
mersed in deionized water at room temperature, SAO and
SCAO buffer layers were selectively etched so that LPCMO
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FIG. 2. Comparation between the as-grown and freestanding LPCMO films. Temperature-dependent (a) magnetization and (b) resistivity
curves of the as-grown LPCMO film (black dotted lines), before being released from STO substrate, and the freestanding LPCMO film (red
dotted lines). The cooling and warming magnetizations are measured in 200 Oe with in-plane magnetic field. The resistivity is measured
at zero magnetic field. The in-plane magnetic field-dependent magnetization curves of the (c) as-grown and (d) freestanding LPCMO films.
The out-of-plane magnetic field-dependent magnetization curves of (e) the as-grown and (f) freestanding LPCMO films. The red dotted lines

represent the initial magnetization curves.

film was separated from STO substrate and then left on the
PPC. Then, PPC/LPCMO was stamped on Si wafer. Af-
ter dissolving the PPC, the freestanding LPCMO film was
transferred and released onto Si wafer. Figure 1(e) presents
the typical freestanding LPCMO sample transferred onto Si
wafer. The electrodes were deposited on the freestanding
LPCMO sample to characterize the electric properties. To get
intrinsic magnetic properties, the magnetic characterizations
of LPCMO film were done before electrode deposition.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the temperature dependence
of magnetization (M-T) and resistivity (R-7) curves of the
freestanding film. For comparison, the behavior of the same
LPCMO film grown on substrate before release (dubbed
“as-grown” LPCMO thin film) was also investigated. The
most unique feature in as-grown LPCMO thin film is the
dramatic thermal hysteresis in both R-T and M-T curves,
remarking the famous large-scale EPS of FMM and COI
states’ transition from paramagnetic insulating state [14,26].
As shown in the M-T curve, the FMM phase grows with de-
creasing temperature and forms the long-range ferromagnetic
order at 174 K (Tc ~ 174 K, determined by the derivative of
M-T curve). The percolation of the FMM phase also leads to
the insulator-to-metal transition around 7¢ in the R-T curve.
Some FMM states are transited from COI states upon cooling
to base temperature, while they are not reversely transited into

COI upon warming from base temperature at same tempera-
ture, resulting in the dramatic hysteresis of M-T and R-T. After
release from the substrate, this dramatic hysteresis almost
disappeared in the freestanding LPCMO sample, indicating
a strong suppression of large-scale EPS. Moreover, the T¢
of long-range ferromagnetic order and the metal-insulating
transition temperature (Zyyr) are both significantly increased
in freestanding LPCMO film, revealing the enhancement of
FMM state. As to the freestanding film, 7co and 7c are 260
and 203 K, respectively, determined by the derivation of M-T
curve (Fig. S3 in Supplemental Material [27]). The magnetic
moments of FM clusters (7c < T < Tco) [28] and uncompen-
sated spin at the edges of CO clusters (T > Tco) [15,29-31]
give the small magnetic signal above Tc and Tco in Fig. 2(a),
respectively. To get further detailed information about the
magnetic and electronic state of freestanding LPCMO film,
field dependence of magnetization in freestanding and as-
grown LPCMO film is investigated at base temperature after
zero-field cooling. Figure 2(c) shows the magnetic anisotropy
of the as-grown LPCMO films with both in-plane and out-
of-plane magnetic hysteresis measured by a superconducting
quantum interference device (SQUID). The hysteresis loops
show that the easy magnetization axis of the thin films lies in
the film plane which is attributed to the shape anisotropy of the
thin films. The peculiar initial magnetization curve of the as-
grown LPCMO film [red curve in Fig. 2(c)] shows that upon
application of magnetic field, the COI phase melted into FMM
phase, indicating the coexistence of COI and FMM states even
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FIG. 3. The MFM phase images of the (a) as-grown, and (b) freestanding LPCMO films. The MFM images were acquired after the system
was zero-field cooled down to around 10 K. The scale bar here is 1 um. When magnetic field increased from 0.1 to 7 T, the FMM phase
domains (negative signal) merged, and the COI phase domains (positive signal) gradually melt into FMM phase.

at 10 K [14,26,32]. The postinitial magnetization curve has no
hysteresis representing a typical behavior for a ferromagnetic
system, different from the initial magnetization curve, since
the EPS almost disappears as COI state melts into FMM state.
After release, the initial magnetization curve shows no sign
of COI melting for the freestanding LPCMO film as shown
in Fig. 2(d), revealing nearly the absence of COI state and
thus strong suppression of EPS. In addition, the FMM phase
volume fraction can also be estimated in the initial magne-
tization curves [33,34]. The FMM volume fraction of the
as-grown LPCMO film is smaller than that of the freestanding
LPCMO film. Overall, the hysteresis of M-T and R-T curves
and the characteristic initial magnetization curves feature the
EPS in manganites [26,35]. By comparison with as-grown
LPCMO film, the behavior of freestanding sample (we remind
that the comparison is done on the same sample) reveals that
the COI states are suppressed after the sample is released,
indicative of enhancement of FMM states and suppression of
EPS as well.

To further uncover the microscopic magnetic structure of
the as-grown and freestanding LPCMO films, magnetic force
microscope (MFM) [14] is used to map out the real-space
magnetic domain distribution at base temperature (10 K) af-
ter zero-field cooling. For MFM imaging, soft (coercivity

~100 Oe) magnetic tips have been used. The detailed
principle of the MFM measurements is explained in the Sup-
plemental Material [27]. When an out-of-plane magnetic field
is applied, the magnetization of the FMM regions will have
a component in the out-of-plane direction, which applies an
attraction force to the MFM tip leading to a negative shift in
phase. Due to the closed loop of the magnetic flux, the COI
regions will generate a zero or positive phase shift [14,15].
Figure 3(a) shows the magnetic-field dependent MFM images
of the as-grown LPCMO film, capturing the evolution of
magnetic state with large-scale EPS. Various FMM domains
are visualized at nearly zero field. As the magnetic field is
applied along hard axis (out-of-plane direction), more and
more FMM domains (red patch) line up in the initial magne-
tization procedure (0.1 — 7T) and fully polarize at 7 T. The
almost identical MFM pattern at 1 and —1 T in postinitial
magnetization shows more FMM than that observed in 1 T
in the initial magnetization, indicating there are COI states
melted into stable FMM state in the magnetization [14]. In
contrast to as-grown LPCMO, the FMM domain in the free-
standing LPCMO film as shown in Fig. 3(b) is dominant,
illustrating the enhancement of ferromagnetic order. Nearly
no blue patches are observed at 1 T, indicating the absence of
COI state. These results are consistent with the macroscopic
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TABLE 1. The in-plane and out-of-plane lattice constant and the Curie temperature (7c) of the as-grown, freestanding, and strain-free

LPCMO films.

LPCMO film Lattice constant in plane (nm) Lattice constant out of plane (nm) Curie temperature 7c (K)
As-grown 0.386 0.382 174
Freestanding 0.384 0.385 203
Strain-free 0.385 0.384 206

magnetization measurements, illustrating the suppression of
COI phase and the enhancement of FMM phase in the free-
standing LPCMO film.

The lattice constant is determined to understand the origin
of the suppression of EPS in freestanding LPCMO film, as
the freestanding sample is released from the as-grown one.
Table I summarizes the in-plane and out-of-plane lattice con-
stants obtained from x-ray reciprocal-space maps (RSM). The
in-plane lattice constant of as-grown LPCMO film is around
3.86 A, because of tensile strain from the sacrificial layers
with in-plane lattice constant slightly larger than that of bulk
LPCMO. After release, the in-plane lattice constant shrinks
while out-of-plane lattice constant increases, manifesting the
strain is released when the epitaxial LPCMO film is separated
with substrate and the freestanding LPCMO film has tendency
to return to a bulklike structure, consistent with the similar
experiments [36,37]. The enhancement of FMM phase and
suppression of EPS in freestanding LPCMO can be attributed
to in situ strain release.

To further examine the strain effect on EPS, we have also
grown 76.8-nm-thick LPCMO film with identical parameters
on SrLaGaQy4 (001) (SLGO) substrate (dubbed ‘“‘strain-free”
LPCMO film), since the LPCMO film is believed to be
nearly unstrained due to the excellent lattice match between
LPCMO and SLGO substrate [9]. The SLGO substrate is
single-phase tetragonal structure with space group [4/mmm.
In addition to having similar lattice constant and T¢ (Table I),
freestanding film and the nearly strain-free LPCMO film ex-
hibit very similar properties, as shown in Figs. 4(a)-4(d). No
obvious hysteresis in M-T or R-T curves can be seen in both
films. Moreover, their initial magnetization curves are both
almost inside the M-H loops, indicating similar suppression
of large-scale EPS in both films. Note that the difference of
the resistivity between these two samples can be attributed to
the transfer process, which may introduce some local defects
leading to a higher resistivity in the freestanding film. The
near-identical behavior between the freestanding thin film
and the film grown on lattice-matched substrate ensures the
fact that freestanding thin film retains the intrinsic physical
properties of the LPCMO system.

To unveil the strain effect on CMR, the temperature de-
pendence of magnetoresistance (MR) with field cooling is
carefully investigated in as-grown, freestanding, and strain-
free LPCMO films, as revealed in Fig. 4(e). The magnetic
field is 9 T, which is strong enough to melt the COI phase
into FMM phase in field-cooling process. The temperature
dependence of MR shows a peak near Tc for all these three
films, illustrating CMR in LPCMO is also affected by strain
in accordance with the shift of 7c. The discrepancy in MR
values between the strain-free and freestanding LPCMO films

may be caused by different EPS percolation process, which
is closely tied to the distribution characteristics of EPS do-
mains (scale, density, shape, etc.) as well as the dynamics of
percolation of EPS (nucleation, growth, domain-wall pinning,
etc.). Due to the release process of the freestanding film, some
defects may be introduced which may ultimately affect these
EPS characteristics and thus CMR values.

The enhancement of ferromagnetism and suppression of
large-scale EPS in freestanding film can be naturally as-
cribed to strain effect, since the only differences between
the as-grown and freestanding LPCMO films are the lattice
parameter, such as the change of the Mn-O bond length
and Mn—-O-Mn bond angle. On the one hand, the shrink of
the lattice constant makes the hopping increase between the
e, orbitals of Mn ions and the p orbitals of oxygen ions,
leading to enhanced double-exchange interaction and hence
favoring FMM phase [38,39], consistent with previous ex-
periment controlled by hydrostatic pressure and compressive
strain [40—43]. On the other hand, the lowered symmetry by
the tensile strain [Fig. 4(f)] can induce Jahn-Teller distortion
to stabilize COI phases [7,22,44—49], leading to competition
and coexistence of COI and FMM states in as-grown LPCMO
film. Overall, by the in situ strain-release process, the lattice
effect is found to be crucial to manipulate the EPS in man-
ganite. For freestanding and strain-free LPCMO films with
nearly the same lattice constant of bulk form, even though
these two samples are not the same, they share similar thermal
hysteresis of magnetic and electric properties and comparable
Tc. The overall similarity of electric and magnetic properties
hints that the lattice effect plays a major role in manipulating
these magnetic orders and EPS.

IV. CONCLUSION

As a summary, using water-soluble sacrificial buffer layers,
the freestanding LPCMO film can be obtained, accompanied
by strain release to that of the bulk form. The electric and
magnetic properties of freestanding LPCMO film are care-
fully characterized, unambiguously demonstrating that the
EPS is tunable by lattice strain. As the strain is released,
the FMM state is enhanced while EPS is suppressed in free-
standing thin film. It also provides a promising platform for
systematic study of EPS on the same area upon application
of reversible (continuously) tunable strain, which had been
successfully performed in previous works [22,25]. Note that
as the geometry is reduced to two-dimensional (2D) limit,
many quantum materials exhibit properties different from that
in its bulk form [50-53]. Moreover, many unexpected states
emerge in freestanding 2D materials released from its sub-
strate, such as BaFeO; with large polarization [23], STO with
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FIG. 4. Comparation between the freestanding and strain-free LPCMO films under the strain. Temperature-dependent (a) magnetization
and (b) resistivity curves of the freestanding LPCMO film (black dotted lines) and the strain-free LPCMO film grown on SLGO (001) (red
dotted lines). The cooling and warming magnetization curves are measured in 200 Oe with in-plane magnetic field. The resistivity is measured
at zero magnetic field. The in-plane magnetic field-dependent magnetization curves of the (c¢) freestanding and (d) strain-free LPCMO films.
The initial magnetization curves (red lines) of the freestanding and strain-free LPCMO films are almost inside the hysteresis loops (black
lines). (e) The temperature-dependent magnetoresistance under 9 T of the as-grown (black line), freestanding (red line), and strain-free (blue

line) LPCMO films. (f) The Q3-mode Jahn-Teller distortion.

room-temperature ferroelectricity [25], and Lagy;Cag3MnOs3
with exotic order of spin and charge [22]. Freestanding
LPCMO ultrathin film would also provide a novel routine to
explore and manipulate the EPS phenomena down to 2D limit.

V. METHODS

A. Epitaxial film fabrication

The Sr3Al,O¢ and SrCa,Al,Og layers were successively
grown on TiO;-terminated SrTiO; (001) substrate by PLD
(248-nm KrF excimer laser, 2-Jem 2 fluence, 5 Hz) at 850 °C.
The oxygen pressure was 5 x 107% mbar, containing 10%
ozone. Then (Lay/3Pry3), /SCa3/gMn03 (LPCMO) film was

grown on the top of buffer layers using 1.5-Jem~2 laser flu-
ence, 5 Hz at the substrate temperature of 830°C, and the
oxygen pressure was 9 x 10~* mbar containing 10% ozone.
During the growth, the RHEED was used to monitor the
layer-by-layer growth mode. With the same LPCMO film
growth parameter, the LPCMO was grown on single-crystal
SrLaGaQy4 (001) substrate to obtain the strain-free LPCMO
film.

B. Release of the freestanding films

The polypropylene carbonate first was adhered to the sur-
face of the as-grown LPCMO film by spin coating. Then, the
whole structure was immersed into deionized water at room

temperature to dissolve the sacrificial buffer layers [Fig. 1(c)].
After water etching, the freestanding film on PPC was at-
tached to the Si wafer. The freestanding film remained on Si
wafer after dissolving the PPC by acetone.

C. Measurements

Magnetization measurements were conducted on a Quan-
tum Design SQUID. Transport measurements were conducted
in a four-point geometry on a physical property measure-
ment system. MFM measurements were carried out in the
attoDRY 1000-9T system with scanning probe microscope
(Attocube). Commercial Co/Cr-coated tips were used. The
dual-pass mode was put into use to reduce the topographic
contribution. In the first scan, the topography of the sample
was obtained in tapping mode. Then, the tip would be lifted
around 90 nm to the sample surface and scanned following the
line profile of the first scan to acquire magnetic signal from
the sample. The x-ray-diffraction data were carried out in the
Bruker D8 A25 Discover. The out-of-plane lattice constants
of the as-grown, freestanding, and strain-free LPCMO films
were calculated by the Bragg equation and the diffraction
angle was obtained from the 20-w scan. The in-plane lattice
constant was estimated from the RSM of the LPCMO films.
The (103) peak of the LPCMO films contains the in-plane and
out-of-plane lattice constant.
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