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Emergent perpendicular magnetic anisotropy at the interface of an oxide heterostructure
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Controlling the magnetic anisotropy in magnetic oxides is critical for the development of oxide spintronics.
Here we report on the finding of an emergent interfacial magnetism, with unique perpendicular magnetic
anisotropy (PMA), at the interface of a half-doped manganite La1/2Sr1/2MnO3 film on LaAlO3 substrate, through
combined electron spin resonance measurements and density functional theory calculations. The interfacial
magnetism can be explained by the 3d3z2−r2 orbital-mediated ferromagnetic exchange interaction between Mn
ions near the interface, which is enhanced by the compressive strain from the substrate. Our results provide
a useful PMA system for possible spintronic applications, as well as atomistic-level insight to the magnetic
anisotropy in strained manganite oxide interfaces.
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I. INTRODUCTION

Magnetism in transition metal oxides (TMOs) has attracted
growing interest as it offers the possibility to integrate spin-
tronic devices with the rich exotic properties of TMOs, such
as high spin polarization, superconductivity, and ferroelectric-
ity. One of the key issues in understanding and utilizing the
magnetism in TMOs is the magnetic anisotropy (MA), which
describes the easy arrangement of spins along a specific di-
rection. The MA determines a variety of physical phenomena
including magnetocaloric effects [1] and Kondo effects [2]. In
particular, perpendicular magnetic anisotropy (PMA), where
the easy magnetization axis points perpendicular to a film
surface, is highly desired in data storage and logic devices as
it enables magnetization switching triggered by a spin current
with a low current density [3,4]. In addition, competition
between PMA and other mechanisms (e.g., Dzyaloshinskii-
Moriya interaction) gives rise to interesting spin textures [5],
including chiral domain walls, magnetic skyrmions [6], and
topological phenomena [7]. Therefore, it is of great impor-
tance to understand and control the formation of PMA in
magnetic oxide materials.

The half-doped perovskite manganite La1/2Sr1/2MnO3

(LSMO), which lies in the boundary between ferromag-
netic/antiferromagnetic phases [8], possesses strong electron
correlation and exhibits intriguing multiple ground states [9]
and metal-insulator transition (MIT) [10]. The MIT in LSMO
manifests competition between ferromagnetic (FM) double
exchange and antiferromagnetic (AFM) superexchange inter-
actions, accompanied with rich spin configurations. However,
like other TMO thin films, LSMO thin films normally show
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an in-plane MA due to the shape anisotropy [11]. Recently,
successful approaches to tune the MA in 3d TMOs, including
liquid-ionic gating [12], tilted oxygen octahedron [13,14], and
symmetry mismatch [15] have been reported. These methods
explore the possibility to control the MA in TMO thin films
by tuning the electron density of states, oxygen vacancies,
or distortion of the oxygen octahedrons in the lattice. How-
ever, they typically require high-quality epitaxial superlattice,
or an external-field manipulation. More effective approaches
toward PMA are still desirable to date.

In this work, we report a simple strategy to realize PMA
in LSMO films. We found that PMA can be created at the
interface between a LSMO film and LaAlO3 (LAO) substrate
by the epitaxial strain. The magnetism of oxide interfaces
has been rarely studied previously, since the interfacial spin
component is too small to be detectable with conventional
measurement facilities. Herein, we employed the electron spin
resonance (ESR) spectrum to explore tiny signals hidden at
the interface and that of the bulk LSMO films, simultaneously.
The microscopic origin of PMA at the interface can be well
explained by the strain-modulated magnetic anisotropy energy
(MAE) and orbital occupancies, as corroborated by high-
resolution transmission electron microscopy (TEM) study and
density functional theory (DFT) calculations. In addition,
we also discovered narrow resonant lines superimposed on
the broader resonance peak during PM/FM phase transitions,
which suggests the emergence of locally ordered “superspins.”
Our work provides a simple approach to engineer the interface
magnetism in magnetic oxides.

II. RESULTS AND DISCUSSION

Epitaxial LSMO film with thickness of ∼120 nm was
grown on perovskite (001)-oriented LAO substrates by pulsed
laser deposition (PLD) at 800 °C. The laser energy density
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FIG. 1. Crystallographic structure and electrical/magnetic characterization. (a) XRD diffraction patterns of epitaxial LSMO films grown
on LAO substrate around the (002), (013), and (103) Bragg planes. (b) Left: Fourier-filtered HAADF micrograph of the LSMO film on LAO
substrate taken by an aberration-corrected STEM. Right: Intensity line profile along the white arrow. Inset shows the zoom-in of the rectangular
area. (c) Temperature-dependent resistance goes through two pronounced metal-insulator transitions. The red curve shows the warming process
and black curve shows the cooling process. (d) Temperature-dependent magnetization (M) measured during warming with 500 Oe magnetic
field (H) applied along in-plane (orange) and out-of-plane (black) after zero-field-cooling (ZFC).

was about 2 J cm−2 with the repetition rate of 3 Hz. The
oxygen pressure was maintained at 20 Pa during the growth.
X-ray diffraction (XRD) measurement shows the same set of
sharp peaks from LSMO as that from the LAO substrate, in-
dicating the high quality of epitaxial growth. In addition, each
peak from LSMO locates at the left side of the corresponding
LAO peak, consistent with the fact that LSMO has larger
lattice constants than those of LAO; see Fig. 1(a). The lattice
mismatch between LSMO and LAO indicates that the LSMO
film would be compressively strained at the interface. To
further examine the interfacial crystallinity, high-resolution
TEM measurement was performed, as shown in Fig. 1(b).
The Fourier-filtered high-angle annular dark-field (HAADF)
micrograph manifests a well-defined, atomically sharp inter-
face (yellow dash line). The in-plane lattice constant in the
LSMO side at the interface is measured to be 3.80 ± 0.01Å,
close to that of LAO substrate. It continuously relaxes to 3.82
± 0.01Å at about 7 nm away from the interface [Fig. 1(b)],
and further to 3.85 ± 0.01 Å at about 20 nm away from the
interface (not shown in the figure). Because the in-plane lattice
constant of bulk LSMO (3.85 Å) is about 1.7% larger than
that of LAO substrate (3.79 Å), in-plane compressive strain

should be generated in the LSMO film close to the interface
region. This can also be confirmed by the line profile along the
direction perpendicular to the interface [white arrow direction
in Fig. 1(b)], which reveals that the lattice spacing along the
c axis is larger at the interface (d = 4.04 ± 0.01 Å) than in
bulk film (d = 3.85 ± 0.01 Å); the lattice expansion along c
axis is consistent with the in-plane compression. In brief, the
TEM measurement indicates an atomically sharp interface and
about a 20-nm-thick, compressively strained interface region
in the LSMO film.

The temperature-dependent resistance measurement re-
veals two MITs, as shown in Fig. 1(c). The resistance
maximum around 257 K corresponds to the first MIT, a
paramagnetism (PM) to FM transition during cooling. Dur-
ing a typical PM to FM transition, randomly distributed FM
domains and boundaries are initially created, which hinder
the electron transport and result in the increase of resistivity.
However, with further decreasing temperature, the FM do-
mains align and grow in size, and the reduced density of FM
domain boundaries results in the decrease of resistivity. There-
fore, there exists a resistivity maximum corresponding to a
maximal density of FM domain boundaries. Meanwhile, the
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FIG. 2. Characterization of magnetic properties of LSMO films. MFM measurement of the LSMO film at T = 4 K (a) and T = 80 K
with H = 0 T; the positive (red) and negative (blue) signals are representative of magnetic domain patterns. (c) Magnetization as a function
of magnetic field, for fields applied in both in-plane (IP) and out-of-plane (OP) directions. The magnetization is dominated by the bulk and
exhibits a typical in-plane magnetic anisotropy. Panels (d) and (e) are coercive field (Hc) and saturated magnetization (Ms), respectively,
extracted from (c).

resistivity minimum around 166 K corresponds to the com-
pletion of the PM-FM transition and the highest- purity FM
phase. The second MIT occurs below 166 K, where further
lowering the temperature will cause the transition from FM
phase to phase-separated FM/AFM phase, and correspond-
ingly an increasing resistivity. The almost identical curves
observed during warming and cooling indicate that the two
MITs are reversible. These observations are in agreement with
previous reports [16]. The above picture is also consistent with
the temperature dependence of magnetization curves mea-
sured during warming under 500 Oe after zero field cooling
[Fig. 1(d)]. Here the magnetization above 320 K goes to nearly
zero, indicating a paramagnetism above that temperature. On
the other hand, the pronounced magnetization from 300 to 166
K indicates the emergence of FM in the sample. Finally, the
magnetization is obviously suppressed below 166 K, which
is in accordance with the existence of an AFM/FM phase-
separated ground state.

The suppression of magnetization at low temperature can
be further confirmed by our magnetic force microscopy
(MFM) observations as shown in Figs. 2(a) and 2(b). For
the MFM images, the areas with negative-phase (blue) and
positive-phase (red) signals represent ferromagnetic domains.
It is notable that the ferromagnetic domains grow in size with
enhanced contrast upon warming from 4 to 80 K, which is
attributed to the increased volume fraction of the FM phase
in the AFM/FM phase separated state. This can also account
for the monotonically increasing resistivity with decreasing
temperature below 166 K [Fig. 1(c)]. Figure 2(c) depicts the
measured magnetization as a function of the magnetic field
in both in-plane and out-of-plane directions. At the whole
temperature range, the in-plane M-H hysteresis loop exhibits
higher remanence and lower saturation fields as compared
to the out-of-plane M-H curves, confirming the presence of

in-plane magnetic anisotropy. Moreover, as the temperature
decreases from 300 to 4 K [from bottom to top panels in
Fig. 2(c)], the coercive field initially decreases, and then
increases with decreasing temperature. Correspondingly, the
saturated magnetization is first enhanced and then suppressed
with lowering the temperature. This is in very good accor-
dance with the above discussed phase transition diagram: The
M-H curve at 160 K corresponds to the highest purity FM
phase, while the M-H curves at 80 and 4 K correspond to
phase-separated FM/AFM phases. Notably, the M-H curve at
300 K exhibits a weak but clear hysteresis loop, indicating the
presence of the FM phase already at this high temperature.
The extracted coercive field (Hc) and saturation field (Ms)
from the curves in Fig. 2(c) are plotted in Figs. 2(d) and 2(e),
respectively.

In the above magnetic property measurements, the mag-
netization signals are dominated by the bulk properties. To
study the magnetism at the interface, we performed ESR
measurements with microwave frequency ν = 9052.939 MHz
by using a BRUKER ER-200D spectrometer, within the tem-
perature 4 K < T < 321 K. The ESR technique facilitates
the study of spin dynamics in manganite oxides [17,18] since
it is sensitive to all spin resonant modes including the body
spin-wave mode, interface spin-wave mode, and uniform-
precession mode [19]. In general, for a paramagnetic (PM)
material, the resonant signal is a symmetric peak centered at

HPM
0 = ω/γ , (1)

where ω is the angular frequency of the microwave, γ is the
gyromagnetic ratio (γ = 2πgeffμB/h̄), where h̄ is Planck’s
constant and μB is the Bohr magneton. In principle the value
of HPM

0 has no dependence on temperature or magnetic-field
direction. However, experimentally a slight shift of the peak
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FIG. 3. Spin resonance with H applied perpendicular to the film plane. (a),(b) Differential ESR absorption dP/dH vs H at different
temperature measured during warming. H is applied perpendicular to the film plane. Black, purple, and orange arrows are used to label the
resonant peaks from paramagnetic bulk, ferromagnetic bulk, and interface magnetism. The starting of resonances from interfacial and bulk
are indicated by an orange and a purple solid circle, respectively. Note that the intensity of different curves is normalized for a convenient
alignment of different curves, but the curves in middle temperature range have much stronger resonance signals. (c) Enlarged view of the spin
excitation of the interfacial magnetism. Note that for a better view, the position of the resonance peaks is marked at the position of the left
shoulder in the differential curves instead of at the center of the peak.

with temperature may be found due to the inhomogeneity
of the film during PM-FM phase transition [20,21]. For fer-
romagnetic materials, at temperature below Tc, the magnetic
resonance is governed by the spontaneous magnetization M0

as well as anisotropies due to the presence of shape and
strain [18]. Generally, the Kittel formulas [22] with appropri-
ate demagnetizing field and magnetoelastic coupling field are
adopted to describe the resonance in ferromagnetic thin films:

(ω/γ )2 = [H⊥
0 − 4πM0 + 2B1(ezz − exx )/M0]

× [H⊥
0 − 4πM0 + 2B1(exx − eyy)/M0], (2)

(ω/γ )2 = [H‖
0 + 2B1(ezz − exx )/M0]

× [H‖
0 + 4πM0 − 2B1(eyy + exx )/M0], (3)

where H⊥
0 and H ||

0 are resonance fields for H perpendicu-
lar and parallel to the film plane, respectively, 4πM0 is the
demagnetization field due to the film shape, B1 is the longitu-
dinal magnetoelastic coupling constant, and exx, eyy, and ezz

are the components of the strain tensor along [100], [010], and
[001], respectively [23]. According to Eqs. (2) and (3), the
magnetic anisotropy of the film is a combined effect of the

demagnetization and magnetoelastic coupling. For a strain-
relaxed bulk FM, the strain tensors exx = eyy = ezz, and the
magnetoelastic coupling constant B1 = 0. The above formulas
can be simplified as

ω/γ = H⊥
0 − 4πM0, (4)

(ω/γ )2 = H‖
0 (H‖

0 + 4πM0). (5)

Figure 3 plots the measured ESR resonance (differential
absorption dP/dH versus H) at different temperatures from
321 to 4 K, with magnetic field applied perpendicular to the
film plane. At 321 K, the curve exhibits a single peak, marked
by black arrow, in Fig. 3(a). From the previous discussed
phase diagram, our sample is paramagnetic at 321 K. Thus, we
attribute this peak to the resonance from the PM phase. This
peak remains roughly in the same position as the temperature
decreases, which is characteristic of a PM resonance. And it
diminishes around 265 K, in accordance with the survival tem-
perature region of the PM phase in our sample. The dominant
feature in Fig. 3 is that below 285 K, a strong resonance peak
appears at higher magnetic field. The resonance field initially
increases (before reaching 158 K), and then decreases with
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decreasing temperature. According to the phase diagram in
our sample, this resonance most likely comes from the fer-
romagnetic bulk. As we have discussed in the magnetization
curve in Fig. 1(d), the emergence of ferromagnetism in our
sample from 300 to 166 K is accompanied by the increase
of magnetization, and the transition to a mixture of FM/AFM
phase below 166 K will cause a decrease of magnetization.
The coherent temperature dependence of the resonance field
and magnetization is in good agreement with Eq. (4), ω/γ =
H⊥

0 − 4πM0. Here, as ω/γ is fixed, the resonance field has
a linear dependence of the magnetization M0. This further
supports the assignment of this peak to FM resonance. In the
following we use FMbulk to denote this FM phase.

In addition, we find that the ferromagnetic resonance lines
comprise a superposition of a few narrower lines, which pop
up one by one when lowering the temperature. Their quantity
gradually descends and transforms into a broad one at 166
K. These fine structures indicate that the bulk FM phase
is inhomogeneous, e.g., because it occupies regions of ir-
regular shape and/or other local “superspin” phases present.
The inhomogeneity evolves with temperature and transfer to
a pure FM phase with improved conductivity. Finally, the
linewidth begins to broaden, accompanying a transition to
mixed FM/AFM phases.

The most interesting observation in the above experiment
is that at 306 K and below, another signature of ferromagnetic
resonance, as marked by orange arrows, appears at the lower
magnetic field region, distinct from that of the bulk FM lines.
Moreover, the resonance field of this peak moves to the lower
region as the temperature decreases, exhibiting an opposite
temperature dependence to the bulk FM lines. The completely
different field and temperature dependence indicates that this
resonance is not from the bulk. We suggest that it most likely
comes from the strained part of the LSMO film near the
interface, as this is the only other source of magnetism. As the
LSMO/LAO interface has nonzero strain, Eq. (4) is no longer
applicable, and one has to go back to Eq. (2). For an in-plane
compressive strain in this region, we have exx = eyy = ein <

0, and ezz = eout > 0; the free energies along [100] and [001]
axis are F[100] = B1exx and F[001] = B1ezz, respectively. From
Eq. (2) we deduce

(ω/γ )2 = (H⊥
0 − 4πM0 + 2B1(ezz − exx )/M0)(H⊥

0 − 4πM0).

As we observe HFM
⊥ < ω/γ for the interface ferromag-

netism, the term 2B1(ezz − exx )/M0 has to be negative, i.e.,
B1 < 0 and F[001] < F[100]. Thus, the energy minima of this
interfacial counterpart locate along out of plane, indicating
that we have a PMA at the interface. Here we denote this in-
terfacial phase as FMinter. This FM resonance persists down to
our lowest measurement temperature [see the zoom-in feature
of this resonance in Fig. 3(c)]. Thus, two distinct magnetisms,
interfacial and bulk, are revealed by the ESR measurement.

The above picture is further supported by ESR measure-
ments performed with H applied parallel to the film plane
[Fig. 4(a)]. In this case, the FMbulk and FMinter lines inter-
change based on Eqs. (3) and (5) such that HFMbulk

‖ < HPM
0 and

HFMinter
‖ > HPM

0 . The signal from the interfacial counterpart is
marked by a red arrow [see Fig. 4(b) for details], while the sig-
nal from the bulk magnetism (purple arrow) locates at lower

0.0 0.2 0.4 0.6 0.8
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FIG. 4. Spin excitations with H applied parallel to the film plane.
(a) Differential absorption dP/dH vs H at different temperature
measured during warming. H is applied parallel to the film plane;
the signal from the interfacial and bulk counterparts are marked by
red and purple arrows, respectively. (b) Enlarged view of the spin
excitation of the interfacial magnetism.

field. On the other hand, the resonant signal corresponding to
the PM phase at the high temperature regime is also observed,
as marked by a black arrow in Fig. 4(a). This peak position is
in agreement with the measurement performed with H applied
perpendicular to the film plane [Fig. 3(a)]. However, as the
FM resonance moves to the lower field region in this case, it
is harder to distinguish the PM signal from the intensive FM
signal at lower temperature range.

To dig out more information from the measured resonance
curves, the peak-to-peak linewidth of the FM resonance peak,
�Hpp, defined as the width between the highest point and the
lowest one in the ESR spectrum, has been extracted from the
curves in Fig. 3. The linewidth of the FM resonance peak is
related to the degree of inhomogeneity in local magnetization
[18]. The linewidth of bulk FM phase, �H ppFMbulk , becomes
smaller below Tc as a result of local magnetic domain per-
meation and improved homogeneity upon cooling. As shown
in Fig. 5(a), the temperature dependent resonance linewidth
illustrates the evolution of magnetic domain size with the tem-
perature. The linewidth evolution as a function of temperature
shows an almost identical trend as that of the temperature-
dependent resistivity curve in Fig. 1(c). Both the resistivity
curve and resonance linewidth show a bump at 257 K, and
a monotonic increase with decreasing temperature below
166 K. This indicates that the creation of random FM domains
or intermixing FM/AFM domains, both causing the increasing
resistivity, will also hinder the propagation of spin waves and
result in broaden resonance linewidth.

The magnetic anisotropy in different phases can be char-
acterized by the magnetic anisotropy field Hanis = (H⊥

0 − H‖
0 )

[24,25], as derived from Figs. 3 and 4 and plotted in Fig. 5(b).
The bulk magnetism has a positive Hanis, indicating in-
plane magnetic anisotropy, which is in accordance with field
dependent magnetization [Fig. 2(c)]; while the interfacial
magnetism possesses a strongly negative Hanis and a PMA.
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According to Eqs. (2) and (3), we suggest that the demag-
netization field (4πM0) determines the magnetic anisotropy
in bulk phase, whose Hanis has the same tendency with mag-
netization. For the interfacial phase, the magnetoelastic field
should play an important role in the appearance of PMA,
which has been found in several metallic magnets [26,27].

To understand the microscopic origin of this dramatic
interface PMA, we performed DFT calculations using the
generalized gradient approximation (GGA) and the projector
augmented wave (PAW [28]) method as implemented by the
Vienna ab initio simulation package (VASP [29]). The 7 × 7
× 5 k-point mesh generated by Monkhost-Pack was used in
geometry relaxation and all atomic positions of LSMO super-
cell were fully relaxed with the maximal Hellmann-Feynman
force on each atom less than 10−3 eV/A and free energy less
than 10−5 eV. The energy cutoff for the expansion of the plane

wave basis was set to be 500 eV [30]. We use the Perdew-
Burke-Ernzerhof (PBE [31]) functions with the inclusion of
spin orbit coupling when calculating the magnetic anisotropy
energies (MAE), which was gained by rotating the spin orien-
tation from the x-y plane (E‖) to the z axis (E⊥) [13].We built a√

2 × √
2 × 2 SrMnO3 supercell with half of the Sr atoms re-

placed by La atoms to satisfy the La0.5Sr0.5MnO3 doping and
space group I 4̄2m. The magnetic anisotropy energies MAE =
E⊥ − E‖ (MAEs) of the LSMO film as a function of the lattice
distortion were calculated, and the results are depicted in
Fig. 6(a). Here c/a < 1 corresponds to in-plane tensile strain
and c/a > 1 to compressive strain, respectively. It is clearly
shown that in-plane tensile strain (c/a < 1) induces a positive
MAE, corresponding to a more stable in-plane magnetization,
while compressive strain (c/a > 1) induces a negative MAE,
indicating that perpendicular magnetization is preferred.
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FIG. 6. Mechanism of the interfacial PMA phase. (a) Strain-dependent magnetic anisotropy energy by DFT calculations indicates an
orbital-mediated ferromagnetic double-exchange and magnetic anisotropy. (b) The magnetic hysteresis loops are schematically shown for the
PMA at the interface and in-plane magnetic anisotropy (IMA) for the bulk film counterparts, with external field applied along in-plane (IP)
and out-of-plane (OP), respectively. Strain from the LAO substrate induces c-axis lattice tension in the LSMO film near the interface, while
the lattice recovers to the initial symmetry when the strain is released.
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Hence, we prove that the compressive strain from the LAO
substrate is the origination of PMA at the interface. To better
understand this picture, it can be imagined that compressive
strain will induce the elongation of oxygen octahedral along
the c axis. This can introduce the redistribution of electrons
in Mn3+/Mn4+ cations favoring the occupation of 3d3z2−r2−

dominated eg orbitals, which in turn will enhance the FM
coupling of spins in neighboring Mn atoms [32]. To illustrate
this more clearly, the structural evolution of a LSMO film
is shown schematically in Fig. 6(b), demonstrating a PMA
in the strained interfacial LSMO and the in-plane magnetic
anisotropy in the strain-relaxed bulk LSMO films. Thus, the
3d3z2−r2 electrons with orbital anisotropy participate in the
ferromagnetic exchange interactions and contribute a lot to
the interfacial magnetism with PMA. Further away from the
interface region, the strain-relaxed LSMO possesses the per-
fect manganite crystal structure, tending to form an in-plane
magnetic anisotropy due to shape anisotropy in thin films.

III. CONCLUSIONS

To conclude, a strain-driven magnetic anisotropy at the
interface of an oxide heterostructure is indicated via a com-
bination of ESR spectra, XRD, TEM, and DFT calculations.
Compressive strain leads to a 3d3z2−r2 -dominated ferro-
magnetic exchange interaction and introduces an interfacial
magnetism with unique PMA. Thus, we demonstrate strain

as an effective tuning parameter to achieve PMA at an oxide
interface, and this strategy can be extended to a wider class
of interface engineering for spintronic device applications.
Since the easy magnetization axis of the bulk and interface
phases are perpendicular to each other, one can expect that
the interfacial PMA could be independently modulated under
various stimuli (e.g., epitaxial strain, electric and magnetic
field).
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