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testbed to discover new phenomena, mecha-
nisms, and functionalities.[4,5] Recently, the 
application of water-soluble substrates (NaCl, 
KCl, etc.) and buffer layers (Sr3Al2O6, BaO, 
etc.) in perovskite heteroepitaxy has enabled 
the accomplishment of artificial 2D free-
standing perovskite films and has granted 
researchers the ability to modulate their 
geometries and functionalities through extra 
means aside from conventional strain from 
substrates.[6–11] Although numerous exotic 
and distinctive phenomena and function-
alities, such as super-elasticity,[7,8] boosted 
piezoelectricity,[9] and emerging ferroelec-
tricity[10] in 2D freestanding perovskites have 
been discovered, the enhancement of the 
ferromagnetism in freestanding oxide mate-
rials and the acquisition of large-scale and 
crack-and-wrinkle-free freestanding perov-
skite films have rarely been reported.

On the other hand, the coexistence of 
ferromagnetism and insulating behavior 

in LaMnO3 (LMO) has been well-theoretically explained by Hou 
and Gong  et  al. through proposing an unconventional P21/n 
structure,[12] which has been experimentally evidenced in our 
previous work.[13] However, the ferromagnetism in LMO is usu-
ally found to be restrained with out-of-plane lattice shrinking 
for films on the substrates.[14–18] Here, we report a novel and 
significant enhancement of the ferromagnetism of LMO films 
with releasing and bending, while the out-of-plane lattice was 
shrunk. High-resolution spherical aberration-corrected scan-
ning transmission electron microscopy (STEM) and the first-
principles calculations demonstrated that the enhancement of 
the ferromagnetism was attributed to the strengthening of the 
Mn–O–Mn super-exchange interactions caused by the more 
distinguished characteristics of the P21/n structure with out-of-
plane lattice shrinking after releasing and bending. This out-of-
plane lattice shrinking in above processes agrees well with the 
indications from the X-ray diffraction (XRD) and Raman spectra.

2. Results and Discussion

The multilayer heterostructure was fabricated by a successive 
growth of a brand-new phase of tetragonal strontium aluminate 
(SAO) layer (Figure S1a,b, Supporting Information), rather than 
the cubic one by other groups,[6–8,19–22] on the TiO2-termintated 

A variety of novel phenomena and functionalities emerge from lowering 
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LaMnO3 (LMO) films is largely enhanced by 56% after releasing from a 
brand-new phase of tetragonal strontium aluminate buffer layer, and is 
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enhanced ferromagnetism is attributed to the strengthened Mn–O–Mn 
super-exchange interactions from the augmented characteristics of the 
unconventional P21/n structure caused by the out-of-plane lattice shrinking 
after strain releasing and increased flexure degree of freestanding LMO films. 
This work paves a way to achieve large-scale and crack-and-wrinkle-free 
freestanding films of oxides with largely improved functionalities.
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1. Introduction

Substrate-free 2D materials have ignited broad interests for the 
observation of unprecedented phases and properties emerging 
from manipulating the coupling among the degrees of charge, 
lattice, orbital, and spin by mechanical regulations, such as 
bending, rotating, and twisting.[1–3] If applied to 2D perovskites, 
these mechanical regulations make perovskite materials versatile 
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(001) SrTiO3 (STO) substrate, followed by an in  situ LMO 
layer (see  Experimental Section). The phase purity and excel-
lent crystallinity of the subsequent LMO layer were unveiled by 
the XRD (Figure 1a) and its rocking curve (Inset in Figure 1a), 
respectively, which agreed well with the coherent growth fea-
ture from X-ray reciprocal space mapping (RSM) (Figure  1b). 
To realize the complete transferring of the LMO layer, we 
elaborately developed an auxiliary-free transferring method 
(Figure S2, Supporting Information), with which we were able 
to obtain massive large-scale and crack-and-wrinkle-free free-
standing films and heterostructures and to transfer them onto 
arbitrary base at arbitrary angle. The floating LMO layers were 
transferred onto diamagnetic quartz rods with a curvature of 
K = 0, 0.5, and 1 mm−1, respectively, to induce different degrees 
of flexure. A schematic illustration of the transferred (curved) 
LMO layer is shown in Figure  1c. The LMO only showed the 
(001) peaks (Figure 1a), and maintained a pure phase and crys-
tallinity after transferring, indicated by the RSM of the free-
standing LMO (FSLMO) with K  =  0  mm−1 (Figure  1d), and 
exhibited continuous decrease in lattice c (Figure  1e), which 
implied that the LMO membranes were subjected to mono  -
tonous out-of-plane lattice shrinking during above processes. 
This shrinking was consistent with the increase of the in-plane 
lattice parameters of LMO after the transferring, evaluated from 
Figure S3a,b, Supporting Information, and listed in Table S1, 
Supporting Information. The thickness and roughness of LMO, 
revealed by X-ray reflectivity (XRR), were 100  u.c. (Figure  1f) 
and 5.7  Å (Figure S3c, Supporting Information), respectively, 

before transferring, and were 100  u.c. (Figure  1g)  and  4.9  Å 
(Figure S3d, Supporting Information), respectively, after trans-
ferring. The identical thickness and roughness before and after 
transferring verified that there was approximately no loss in the 
quantity of LMO unit cells along c direction and in the surface 
topography during the transferring.
Figure 2 shows the evolution of the magnetic properties of 

LMO films after releasing and bending. The magnetic hysteresis 
(MH) loops of the as-grown LMO and bended FSLMO mem-
branes, measured with the magnetic field applied parallel to ab 
plane at 10 K, are presented in Figure 2a, which clearly shows 
the remarkable enhancement in saturation magnetization (Ms) 
after releasing and bending for LMO films. Figure  2b shows 
the magnetization (M) dependence on temperature (MT) after 
a field cooling (FC) process under an applied magnetic field of 
1000  Oe, and presents an accompanying appreciable increase 
in Curie temperature (Tc), which was determined by best fitting 
to the paramagnetic region of the MT curves with Curie–Weiss 
law (Figure S4, Supporting Information). Such enhancement in 
Ms and Tc after releasing had also been observed in LMO films 
of different thicknesses (25  u.c. in Figure S5a,b, Supporting 
Information, and 50 u.c. in Figure S5c,d, Supporting Informa-
tion). In detail, the Ms of the LMO membrane boosted from 
1.04 to 1.63  μB  Mn−1 after releasing, increased by an ampli-
tude of 56%. Moreover, through varying the flexure degree in 
FSLMO, the Ms further augmented to 1.8 (K =  0.5 mm−1) and 
2 μB Mn−1 (K = 1 mm−1), enhanced by a percentage of 92% com-
paring to that of as-grown LMO, as summarized in Figure 2c. 

Figure 1. a) XRD of as-grown LMO and transferred FSLMO. The left and right dotted line denote the position of the (001) and (002) peak of as-grown 
LMO, respectively. Being not flat, the X-ray beam cannot be well-aligned to focus on the film, which may explain the drop of peak intensity for bended 
samples. Inset illustrates the rocking curve on the (002) peak of as-grown LMO. b) RSM of as-grown LMO. The dotted line denotes the position of 
the Qx of STO substrate. c) Schematic of a bended FSLMO where R and K represent the radius and curvature of the FSLMO, respectively. d) RSM of 
FSLMO with K = 0 mm−1. e) Lattice parameter c of LMO in (a). f,g) XRR of as-grown LMO and FSLMO with K = 0 mm−1, respectively. The dots represent 
experimental data and the curves denote the best fittings.
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Simultaneously, the Tc increased from 123 to 130  K after 
releasing and further rise up to 133 (K = 0.5 mm−1) and 136 K 
(K = 1 mm−1), respectively, during the bending processes.

Since the valent state of Mn plays a significant role in man-
ganite magnetism,[13,15,23–25] we collected the unit-cell-resolved 
electron energy loss spectroscopy (EELS) spectra on Mn L edge 
within 10  u.c. region from the bottom of LMO layer of the 
as-grown LMO, the FSLMO with K  =  0  mm−1, and that with 
K  =  1  mm−1, as displayed in Figure S6a,b, Supporting Infor-
mation, and Figure 2d, respectively. The spectra of these sam-
ples present steady characteristic peaks of Mn3+ at 641.7 (L3) 
and 653.1  eV (L2), and no sign of Mn2+ and Mn4+ can be dis-
tinguished. Moreover, the area ratios of L3/L2 for Mn in each 
atomic layer of the as-grown LMO and FSLMO, shown in 
Figure 2e, remain closely to 3. These results demonstrate that 
Mn was kept in +3 valent state in all samples[13,23,24] without 
valence change, which contributes to the enhancement of 
the ferromagnetism in LMO, in the releasing and bending 
processes. On the other hand, the enhancement of the ferro-
magnetism in LMO with out-of-plane lattice shrinking from 
releasing and bending, which is revealed by prior XRD analyses 
(Figure  1e) and is in accordance with the softening of out-of-
phase stretching (B3g) mode in Raman spectra (Figure 2f),[26–28] 
is quite intriguing, comparing to the ferromagnetic suppres-
sion with the lattice shrinking reported in many previous 
studies.[12–18,29,30]

To identify how the magnetic properties depend on the LMO 
structure microscopically after releasing and bending, the atomic 
structure of the as-grown LMO, the FSLMO with K =  0 mm−1, 
and that with K =  1 mm−1 were characterized with high-resolu-
tion spherical aberration-corrected STEM. Figure 3a shows the 
overview of the cross-section of the as-grown LMO under high-
angle annular dark-field (HAADF) mode and exhibits evident 
scarification of LMO, SAO, and STO with distinct contrasts. 

Figure  3b–f presents the elemental distribution of Sr, Al, La, 
Mn, and O, respectively, from EELS mapping corresponding to 
Figure  3a, which also exhibits clear elemental boundaries and 
indicates no transmembrane intermixing, interdiffusion, and 
chemical reactions in our samples.[19] Figure  3h displays the 
magnification of the marked area in Figure  3a and presents 
uniform atomic distributions and abrupt LMO–SAO interface 
under HAADF-STEM, verifying the coherent growth of LMO. 
The overview of the cross-section of FSLMO with K =  0 mm−1 
is shown in Figure 3g and that of the FSLMO with K = 1 mm−1 
is presented in Figure S7a, Supporting Information, where the 
bended state of the LMO layer is distinguishable.

Figure  3i (Figure  3j and Figure S7b, Supporting Informa-
tion) shows the high-resolution inverted annular bright-field 
(ABF) cross-section at the bottom (bottom and top) of LMO 
layer of as-grown LMO (FSLMO with K = 0 mm−1 and that with 
K =  1 mm−1) for quantitively investigating the lattices, octahe-
dral distortion, and octahedral tilting along pseudo-tetragonal 
[100] and [001] direction. The inset in Figure 3i (Figure 3j and 
Figure S7b, Supporting Information) shows the representative 
supercell of LMO and the MnO6 octahedra in the supercell are 
presented in Figure 3k (Figure 3l and Figure S7c, Supporting 
Information). Two adjacent inequivalent MnO6 octahedra 
(denoted as OC1 and OC2, containing Mn1 and Mn2 atoms, 
respectively) alternate 3D in LMO before and after releasing 
and bending when the OC1 and OC2 is stretched and com-
pressed, respectively, in out-of-plane direction. The difference 
between OC1 and OC2 octahedra displayed vast evolution 
after releasing and bending. This difference is, for simplicity, 
depicted by the ratio of the out-of-plane O–O length Lz in OC1 
(Lz1) and that in OC2 (Lz2). The Lz1 and Lz2 of as-grown LMO, 
FSLMO with K  =  0  mm−1, and that with K  =  1  mm−1, evalu-
ated statistically from 20 atomic rows and 40 atomic columns 
(Figure  3i,j, and Figure S7b, Supporting Information), are 

Figure 2. a) MH loops of as-grown LMO and FSLMO. b) Temperature-dependent magnetization corresponding to (a). c) Summary of Ms and Tc 
derivate from (a) and (b). d) EELS spectra collected over Mn L edge of FSLMO with K = 1 mm−1. The dotted lines indicate the peak position of L3 and 
L2 edge of Mn3+, respectively. Data has been normalized and offset in y-axis for better view. e) Evaluated L3/L2 area ratios of Mn in as-grown LMO, 
FSLMO with K = 0 mm−1, and that with K = 1 mm−1. The dashed lines represent the L3/L2 area ratios for pure Mn2+, Mn3+, and Mn4+.[23,31] f) Raman 
shift for as-grown LMO and FSLMO. The dashed line represents the peak position of the B3g mode of the as-grown LMO.
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shown in Figure  3m–o, respectively. Evidently, the as-grown 
LMO film showed a minor difference between Lz1 and Lz2 
with average Lz1/Lz2 being 1.012 (Figure  3m) and thus pre-
sented slight characteristics of P21/n symmetry. After releasing, 
however, the FSLMO with K = 0 mm−1 exhibited apparent dif-
ference between Lz1 and Lz2 with average Lz1/Lz2 being 1.077 
(Figure 3n) and demonstrated distinct characteristics of P21/n 
symmetry. Moreover, the FSLMO with K =  1 mm−1 presented 
even larger average Lz1/Lz2 (1.113, Figure  3o) than that of 
FSLMO with K = 0 mm−1 which revealed that the characteris-
tics of P21/n symmetry of FSLMO got further enhanced from 
bending. This enhancement in the characteristics of P21/n sym-
metry originated from the out-of-plane lattice shrinking and  

the shortening of the distance between adjacent Mn1 and Mn2 
atoms (LMn1–Mn2) along c direction after releasing and bending 
(Figure  3p). We think that this out-of-plane lattice shrinking 
after releasing and bending came from the expansion of the 
in-plane lattices of LMO. Above results were consistent with 
our first-principles calculations performed on the FSLMO with 
P21/n symmetry, in which the magnetic moment per Mn in 
P21/n LMO increased (Figure  3q) and the distance between 
the adjacent Mn1 and Mn2 atoms decreased (Figure  3r) 
monotonously with the in-plane lattices expansion.

The underlying mechanism between the enhancement of 
the characteristic of P21/n symmetry and the enhancement 
of the ferromagnetism in LMO is schematically illustrated in 

Figure 3. a) HAADF cross-section of as-grown LMO. b–f) EELS mapping of Sr L, Al K, La L, Mn K, and O K edge, respectively, corresponding to (a).  
g) HAADF cross-section of FSLMO with K  =  0  mm−1. h) Zooming-in of the marked area in (a). The upper and lower dotted lines indicate the  
LMO–SAO and SAO-STO interfaces, respectively. i,j) Inverted ABF image of as-grown LMO and FSLMO with K = 0 mm−1 approaching the LMO–SAO 
and LMO–AIR interface, respectively. Insets show the magnification of the marked areas in (i) and (j), respectively. k,l) MnO6 octahedra in insets in 
(i) and (j), respectively. The red, orange, cyan, yellow, and magenta sphere denote Ti, Sr, Al, La, Mn, and O atom, respectively. m–o) Lz1 and Lz2 of 
the as-grown LMO, FSLMO with K = 0 mm−1, and that with K = 1 mm−1, respectively. The numbers denote the average Lz1/Lz2. p) The LMn1–Mn2 along 
c direction in the as-grown LMO, FSLMO with K = 0 mm−1, and that with K = 1 mm−1. q,r) Magnetic moment per Mn and the LMn1–Mn2 with in-plane 
strain from first-principles calculations.
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Figure 4. Since the ferromagnetic interaction in ab plane is irre-
spective of the magnitude of distortion,[29,32] we focus on the 
ferromagnetic interaction along c direction. In the P21/n struc-
ture, the single eg electron of Mn1 (Mn2) occupies the d3z

2
–r

2 
(dx2

–y
2) orbital for lower energy.[12,13] The augmentation of the 

characteristics of P21/n symmetry brings stronger out-of-plane 
stretching (compression) on OC1 (OC2) (Figure 4a,d) and thus 
produces stronger feature of d3z

2
–r

2/dx2
–y

2 orbital alternation. 
Meanwhile, this augmentation of the P21/n feature draws closer 
adjacent Mn1 and Mn2 atoms along c direction (Figure  4b,e), 
which brings larger overlaps between the Mn1 half-filled d3z

2
–r

2 
and the middle O pz orbitals and larger overlap between the 
middle O pz and Mn2 empty d3z

2
–r

2 orbitals in the FSLMO, 
comparing to those in the as-grown LMO (Figure 4c,f), so that 
it boosts ferromagnetism in FSLMO according to the Goode-
nough–Kanamori rules.[12,33–36]

Although the bended FSLMO membranes were supposed 
to be compressed at the top and stretched at the bottom in 
out-of-plane direction when transferred onto quartz rod with 
nonzero curvature,[7,37] within appropriate curvature range, as 
in this case, the present FSLMO films were still able to exhibit 
overall out-of-plane lattice shrinking with increasing flexure 
degree, which was suggested by the monotonous decrease 
in c from XRD analyses (Figure  1d) and the softening of B3g 
stretching mode in Raman spectra (Figure  2f).[26] This lat-
tice shrinking brings further augmented characteristics of 
P21/n structure comparing to the releasing process and leads 
to monotonous enhancement of d3z

2
–r

2/dx
2

–y
2 orbital alterna-

tion and continuous decrease of Mn1–Mn2 distance along c 
direction, eventually resulting in stronger ferromagnetism 
with increasing curvature. Such an enhancement originating 
from the augmented Mn–Mn interaction is similar to the 
theoretical prediction for some other materials on the flexo-
magnetism enhancement.[38,39] Additionally, the octahedra of  
LMO we observed from STEM showed a magnified tilting, 
which was described by the intersection angle between adja-
cent octahedra (θMn1–O–Mn2) along c direction, after releasing 

and bending (Figure S8a, Supporting Information). This 
heavier tilting was responsible for the larger resistivity of 
LMO after releasing and bending,[29] as shown in Figure S8b, 
Supporting Information.

3. Conclusion

In summary, we have realized a remarkable enhancement of 
the saturation magnetization for LMO films by 56% and 92%, 
respectively, after releasing LMO from substrates and after 
bending films to a curvature of 1 mm−1 using our water-assisted 
direct-transferring method. We attribute that the enhanced fer-
romagnetism is originated from the augmented characteristics 
of the unconventional P21/n structure in LMO after the strain 
release and bending due to the out-of-plane lattice shrinking 
which is supported by STEM observations and the first-princi-
ples calculations. The augmented characteristics of the P21/n 
structure brings larger out-of-plane stretching (compression) 
on OC1 (OC2), stronger feature of d3z

2
–r

2/dx2
–y

2 orbital alterna-
tion, and shorter Mn1–Mn2 distance along c direction, which 
produces larger overlaps among the Mn1 half-filled d3z

2
–r

2, the 
middle O pz, and the Mn2 empty d3z

2
–r

2 orbitals, and results 
in a significant enhancement of the ferromagnetism. Our work 
paves a pathway to effectively manipulate and improve the 
functionalities of oxides and offer their promising applications 
in twistronics, flexoelectronics, and wearable devices.

4. Experimental Section
Sample Synthesis: The STO substrates were etched in 4% HF solution 

for 40 s and were then annealed at 1050 °C for 90 min to achieve clear 
steps and terraces. During the growth with pulsed laser deposition, 
a XeCl laser with a central wavelength of 308  nm was employed. The 
water-sacrificial SAO layer was grown onto the TiO2-terminated STO 
at 750  °C under an oxygen partial pressure of 5  Pa with a substrate-
target distance of 7  cm. The LMO layer was subsequently deposited 

Figure 4. a) Schematic illustration of the octahedra in as-grown LMO. b) Occupation of electrons in d orbital of Mn1 and Mn2 atoms and in pz orbital 
of middle O atom in as-grown LMO. c) Illustration of the overlaps among the Mn1 half-filled d3z

2
–r

2, the middle O pz, and the Mn2 empty d3z
2

–r
2 orbitals 

in as-grown LMO. d–f) Corresponding octahedral illustration, electron state, and orbital overlaps in FSLMO, respectively.
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at same temperature under an optimized oxygen pressure of 0.5  Pa 
and a substrate-target distance of 8  cm. The laser repetition frequency 
and energy fluence for SAO were 5  Hz and 2  J  cm−2, respectively, and 
were 3  Hz and 1.5  J  cm−2, respectively, for LMO. After the growth, the 
heterostructure was annealed in  situ at the grown conditions of LMO 
layer for 5 min to maintain surface stoichiometry and then was cooled 
down to room temperature at a rate of 25 °C min−1.

Sample Processing: Prior to releasing, the 10  ×  10  mm2 LMO/SAO/
STO heterostructure was cut into four pieces to prepare for the as-grown 
LMO, FSLMO with K = 0 mm−1, that with 0.5 mm−1, and that with 1 mm−1 
sample, respectively, to eliminate the sample dependence in property 
characterizations. The crack-and-wrinkle-free transferred freestanding 
films were shaped into rectangle parallel to quartz rods carefully under 
optical microscope to evade the error in sample size determination. 
The residual fragments around the sample edge from shaping were 
completely removed using dedicated wipes with alternative ethanol and 
acetone.

X-Ray Characterizations: The XRD and RSM analyses were conducted 
at room temperature using an ultrahigh resolution (PB-Ge (220) × 4) 
SmartLab Rigaku X-ray diffractometer with the central wavelength of the 
X-ray (Cu Kα) was 1.5409 Å.

Magnetic Properties: The MH loops of all LMO samples were 
measured at 10 K using a vibrating sample magnetometer with physical 
property measurement system (PPMS) within magnetic field from 
−15  000 to +15  000  Oe. The corresponding MTs were measured at a 
rate of 6 K min−1 under 1000 Oe. The magnetometer was operated at a 
vibrating frequency of 40 Hz and a vibrating amplitude of 2 mm, which 
corresponded to a moment measuring range up to 0.01  emu. To the  
25 and 50 u.c. sample in Figure S5, Supporting Information, the MH loop 
and MT of the as-grown samples were first measured. After that, those 
samples were immersed into deionized water with sample stick for full 
etching of SAO buffer layer. After removing SAO utterly, these samples 
were dried and put into PPMS again for MH and MT measurements.

Electrical Properties: For ρ detection, four electrodes made of indium 
were manufactured at the square corner of the sample used for above 
magnetic measurements. Each sample was measured under van der 
Pauw configuration using PPMS from 390 to 10  K at a set current of 
1 μA.

Raman Spectra: The Raman spectra were collected at room 
temperature using a WiTec system. The incident laser beam was focused 
into a spot with radius of ≈1 μm on the sample using an optical focusing 
system. The wavelength of incident beam was 532 nm.

Scanning Transmission Electron Microscopy: The atomic structures of 
the as-grown LMO, FSLMO with K = 0 mm−1, and that with K = 1 mm−1 
were characterized at room temperature using an ARM-200CF 
transmission electron microscope which was operated at 200  keV and 
was equipped with double spherical aberration (Cs) correctors. The 
LMO layer of the FSLMO with K = 0 mm−1 was transferred onto a (001) 
STO substrate which could be taken as a reference when determine 
the bonding length of LMO. For the FSLMO with K =  1 mm−1, another 
(001) STO substrate was prepared simultaneously as a reference for 
the determination of bonding length. Those samples were first covered 
with successive layer of C and Pt before being mechanically polished 
to ≈20 μm, and were further optimized by precise argon-ion milling to 
transparent to electron beam. All STEM images used were filtered using 
the HREM-Filters Pro/Lite developed by HREM Research Inc.

Electron Energy Loss Spectroscopy: The unit-cell-resolved EELS 
spectra of the as-grown LMO, FSLMO with K = 0 mm−1, and that with 
K =  1 mm−1 were collected at room temperature along with the atomic 
structural characterization using STEM. The EELS data was extracted 
using DigitalMicrograph software from Gatan Inc.

Statistical Analyses: The coordinate of each atom in STEM images 
in Figure  3i,j, and Figure S7b, Supporting Information, was obtained 
using the CalAtom[40,41] and the digitizer in OriginPro from OriginLab 
corporation. Few coordinates acquired automatically which deviate from 
the atomic center had been manually corrected. Using the coordinates, 
the authors evaluated the lattice parameters, Lz, LMn1–Mn2, and 
θMn1–O–Mn2.

First-Principles Calculations: The calculations were performed using 
density functional theory (DFT) with Vienna ab initio Simulation 
Package.[42,43] Two alternative LaO and MnO2 layers, combined with 
top and underneath vacuum layer, were constructed for the simulation 
of freestanding P21/n LMO. The vacuum length was taken as 15  Å 
to avoid the interaction between the periodic slab. The generalized 
gradient approximation (GGA) exchange-correlation interaction within 
the Perdew–Burke–Ernzerhof was adopted in these DFT calculations.[44] 
The projector augmented wave (PAW) method was used[45] with the 
following electronic configurations: 5d16s2 (La), 3d64s1 (Mn), and 2s22p4 
(O). A 520 eV energy cutoff of the plane-wave basis set was used for all 
calculations. For structural optimizations, atomic positions were relaxed 
until the force on each atom was less than 0.05  eV  Å−1. A 7  ×  7  ×  1 
Γ-centered k-point mesh was used for structural relaxation, and a denser 
20 × 20 ×  1 K-mesh was used for electronic structure calculations. The 
GGA  +  U method[46] (U  =  3.33  eV and J  =  1.33  eV for Mn) was used 
to account for on-site Coulomb interactions according to previous 
theoretical research.[47] The atomic structure was visualized using the 
Visualization for Electron and Structural Analysis package.[48]
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