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Abstract
We studied in detail the in-plane magnetic properties of heterostructures based on a ferroelectric BaTiO3 overlayer deposited on a
ferromagnetic La2/3Sr1/3MnO3 film grown epitaxially on pseudocubic (001)-oriented SrTiO3, (LaAlO3)0.3(Sr2TaAlO6)0.7 and
LaAlO3 substrates. In this configuration, the combination of both functional perovskites constitutes an artificial multiferroic system
with potential applications in spintronic devices based on the magnetoelectric effect. La2/3Sr1/3MnO3 single layers and BaTiO3/
La2/3Sr1/3MnO3 bilayers using the pulsed-laser deposition technique. We analyzed the films structurally through X-ray reciprocal
space maps and high-angle annular dark field microscopy, and magnetically via thermal demagnetization curves and in-plane mag-
netization versus applied magnetic field loops at room temperature. Our results indicate that the BaTiO3 layer induces an additional
strain in the La2/3Sr1/3MnO3 layers close to their common interface. The presence of BaTiO3 on the surface of tensile-strained
La2/3Sr1/3MnO3 films transforms the in-plane biaxial magnetic anisotropy present in the single layer into an in-plane uniaxial mag-
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netic anisotropy. Our experimental evidence suggests that this change in the magnetic anisotropy only occurs in tensile-strained
La2/3Sr1/3MnO3 film and is favored by an additional strain on the La2/3Sr1/3MnO3 layer promoted by the BaTiO3 film. These find-
ings reveal an additional mechanism that alters the magnetic behavior of the ferromagnetic layer, and consequently, deserves
further in-depth research to determine how it can modify the magnetoelectric coupling of this hybrid multiferroic system.
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Introduction
In recent years, enormous interest has been shown in the
multiferroic properties of the multilayered system based on
La2/3Sr1/3MnO3 (LSMO) and BaTiO3 (BTO) films [1-5]. Each
perovskite material has a particular ferroic order at room tem-
perature, i.e., ferromagnetic (FM) for LSMO and ferroelectric
(FE) for BTO, and BTO/LSMO heterostructures have exhibited
magnetoelectric coupling (MEC) [6-8]. They constitute a type
of artificial hybrid multiferroic material that can be employed to
build the next-generation sensors, multiple-state memory ele-
ments, magnetic read/write hard disks, actuators, etc. [9,10]. In
multilayered films, both electrical and magnetic properties of
these ferroic perovskites are strongly affected by crystal distor-
tions originated by lattice-misfit strain at the film/substrate
interface [11-14]. For LSMO and other manganites, the effect
of the substrate-induced strain on its magnetic properties in
single-layer configuration has been widely studied, particularly
in regards to the influence of strain on the magnetic anisotropy
[15,16]. Depending on the type and magnitude of the imposed
biaxial strain (compressive or tensile) [17], the magnetic
anisotropy of LSMO film can be altered in different ways: (i) to
give rise to the appearance of a uniaxial in-plane magnetic
anisotropy contribution, which is significantly stronger than the
cubic one [15,18-21], (ii) to induce an out-of-plane magnetic
anisotropy in compressive-strained films [22-26], or (iii) to
suppress the FM ordering in a small region of the layer due to
large crystal deformations, resulting in the formation of a dead
layer with antiferromagnetic-insulating behavior [12,27-31].
Moreover, it was found that a uniaxial magnetic anisotropy is
artificially induced in LSMO films grown on ferroelectric
BiFeO3 substrate when the polarization of the FE domains is
switched to highly aligned stripe domains, inducing a magnetic
easy axis in the FM layer parallel to the polarization direction
[32,33]. In all aforementioned cases, the magnetic anisotropy of
LSMO is also affected either by a non-FE or FE substrate on
which it is deposited. However, an open question remains about
how the presence of a FE-BTO layer grown on top of an
FM-LSMO film can alter its magnetic properties. This is a key
point that needs to be evaluated to improve our understanding
of the mechanisms driving MEC in BTO/LSMO heterostruc-
tures.

In this work, we show how the presence of a BTO layer on
an LSMO film under different substrate-induced epitaxial
strains can affect the magnetic anisotropy of the LSMO layer

at room temperature. To strain the sample, we epitaxially
have grown BTO/LSMO bilayers on SrTiO3  (STO),
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) and LaAlO3 (LAO) single-
crystal substrates where we choose for all of them the
pseudocubic (001) direction perpendicular the substrate surface.
We have grown the samples by pulsed-laser deposition and
systematically varied the layer thicknesses. We structurally
analyzed samples by reciprocal space maps (RSMs) around the
pseudocubic (103) reflection in an X-ray diffractometer and
high-angle annular dark field in scanning transmission electron
microscopy (HAADF-STEM). Local strain maps were recon-
structed by the geometric phase analysis (GPA) method on
HAADF-STEM images. We magnetically analyzed samples by
performing room-temperature polar plots of the remnant field,
where we applied magnetic field on the plane of the sample
along different directions.

Results and Discussion
Figure 1 displays RSMs taken around the pseudocubic (103)
reflection for the BTO (140 nm)/LSMO (27 nm) bilayers grown
on (001)-oriented LAO (a), LSAT (b), and STO (c) substrates.
The maps exhibit three main irregular spots corresponding to
the pseudocubic (103) reflection of each material present in the
heterostructures: BTO, LSMO, and substrate. We plotted the
out-of-plane component of the scattering vector, Qz (growth
direction), versus its in-plane component, Qx (associated with
the [100] direction). In all cases, we noted that for the LSMO
reflections, the position of Qx coincides (within the measure-
ment margin of error) with those of the substrates, while the po-
sition of Qz is quite different from that of each substrate, being
almost superimposed for LSMO grown on LSAT (see
Figure 1b). This behavior corroborates the expected fully
strained epitaxial growth (cube-on-cube) of the LSMO film
where its in-plane lattice parameter is adapted to that of the sub-
strate, and its out-of-plane lattice parameter is deformed accord-
ingly [34,35]. The LSMO reflection for the sample grown on
LAO substrate, Figure 1a, exhibits a low-intensity broad spot,
which is influenced by the twinned nature of the rhombohedral
LAO substrate, evidenced by the splitting of the LAO main
reflection into three spots.

For the BTO layers, its Qx position is the same, within the ex-
perimental error, for all samples, and it does not coincide with
the LSMO and substrate reflections, indicating that the in-plane
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Figure 1: X-ray reciprocal space maps around the pseudo-cubic (103) Bragg reflection for the BTO/LSMO bilayers grown on (a) LAO, (b) LSAT, and
(c) STO substrates.

Table 1: In- and out-of-plane lattice parameters, c/a ratio, and lattice deformation for BTO and LSMO layers in the heterostructures (bulk values at
room temperature are: aLSMO = cLSMO = 3.876 Å [36], aBTO = 3.999 Å, cBTO = 4.033 Å [37]).

Substrate Film In-plane [Å] Out-of-plane [Å] c/a ratio fa [%] fc [%]

LAO
LSMO 3.80(1) 3.98(4) 1.05(1) −2.3(3) +2(1)
BTO (spot 1) 4.00(3) 4.07(1) 1.01(1) +0.0(1) +0.9(2)
BTO (spot 2) 4.00(3) 4.09(1) 1.02(1) +0.0(1) +1.4(2)

LSAT
LSMO 3.869(5) 3.896(9) 1.007(4) −0.2(1) +0.5(2)
BTO 4.00(3) 4.10(2) 1.03(1) +0.0(1) +1.7(5)

STO
LSMO 3.905(7) 3.855(9) 0.987(4) +0.7(2) −0.5(2)
BTO (spot 1) 4.01(2) 4.07(1) 1.015(8) +0.3(2) +0.9(2)
BTO (spot 2) 4.01(2) 4.09(1) 1.020(8) +0.3(2) +1.4(2)

lattice parameter of the BTO is not adapted to the substrate or to
the LSMO film. Similarly, the Qz position of the BTO reflec-
tion is also the same in all maps. Interestingly, we observed a
clear splitting of the BTO reflection spot for the bilayers grown
on STO and LAO substrates, indicating the possible two differ-
ent out-of-plane lattice parameters.

From Qx and Qz scattering vector components of each reflec-
tion spot, we have calculated the in-plane and out-of-plane
lattice parameters of the BTO and LSMO layers in the hetero-
structures. We summarized the results in Table 1. We also listed

the lattice deformation (in percentage) due to the induced strain
in the in-plane (fa-system) and out-of-plane (fc-system) lattice pa-
rameter of each film, defining fa-system and fc-system as:

(1)

(2)
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Figure 2: Sketch of lattice distortion of the LSMO crystal cell induced by the substrate: (a) compressive–strain deformation on LAO, (b) nearly
unstrained growth on LSAT, and (c) tensile-strained deformation on STO.

where a and c correspond to the in-plane and out-of-plane
lattice parameter of the system and the subscript film and bulk
are associated to the lattice parameters measured in the film and
that reported for the bulk of each material, respectively. Ac-
cording to Equation 1, positive (negative) values of fa-system cor-
respond to tensile (compressive) strain. In Table 1 we
summarize the strain values. As expected from the LSMO and
substrate mismatches, STO and LAO substrates induce a
high compressive (fa-LSMO = −2.3%) and moderate tensile
(fa-LSMO = +0.7%) strain, respectively. A very weak compres-
sive strain (fa-LSMO = −0.2%) is observed in the LSMO film
grown on LSAT. According to Poisson’s effect, each tensile
(compressive) in-plane strain led to shrinkage (elongation) of
cLSMO, where the higher the fa-LSMO magnitude the higher the
fc-LSMO magnitude. For the BTO layers, the in-plane lattice pa-
rameter is close to that of the bulk value, whereas the cBTO
reveals two values corresponding to the two spots observed in
the RSMs (Figure 1).

Therefore, we have three scenarios that depend on the crystal
distortion of the LSMO film: 1) a bilayer with a compressive-
strained LSMO film on LAO substrate; 2) a bilayer with a
weakly compressive-strained LSMO film on LSAT substrate
and 3) a bilayer with a tensile-strained LSMO film on STO sub-
strate. Figure 2 displays a scheme illustrating each case.

Figure 3 displays isothermal room temperature loops of the
normalized magnetization (M(H)/Ms) as a function of the
applied magnetic field for 27 nm thick LSMO films (plots to the
left), and for BTO (140 nm)/LSMO (27 nm) bilayers (plots to
the right) grown on STO (plots on the top), LSAT (central

plots), and LAO (plots at the bottom) substrates. Hysteresis
loops were measured by applying the magnetic field in the
plane of the film along the three high-symmetry axes: [100]
(black squares), [110] (blue circle), and [010] (red triangles)
directions. We observe that the magnetization loop shape
depends on both substrate and the applied field direction. For
the LSMO film grown on STO, there is almost no difference
among the three narrow hysteresis loops (Figure 3a). For the
LSMO film grown on LSAT, a narrow and nearly square-
shaped loop is observed along the [110] direction (blue circles)
while distorted loops due to a reduced remnant magnetization
are found along the [100] (black squares) and [010] (red trian-
gles) directions (Figure 3c). For the film grown on LAO, broad
loops with progressive reversal magnetization are observed in
the three directions (Figure 3e). For all LSMO single layers, a
maximum value of Mr is found in the hysteresis loops taken
along the [110] direction (blue circles), revealing that such
direction constitutes either a magnetization easy axis, for a
given in-plane anisotropy, or a magnetization intermediate axis
for an out-of-plane anisotropy. For BTO/LSMO samples grown
on LSAT (Figure 3d) and LAO (Figure 3f) we do not detect
appreciable changes in the shape of the hysteresis loops in
comparison with those for LSMO film. However, in the
bilayer grown on STO (Figure 3b), the Mr for the hysteresis
loop taken along the [100] (black squares) is reduced when
compared with the loop measured along the [010] direction (red
triangles).

Figure 4 displays polar magnetization plots of Mr/Ms as a
function of the in-plane applied magnetic field at 300 K for
a LSMO layer and for BTO/LSMO bilayers grown on
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Figure 3: Normalized isothermal hysteresis loops at 300 K for LSMO films grown on (a) STO, (c) LSAT and (e) LAO substrates, and for BTO/LSMO
bilayers grown on (b) STO, (d) LSAT and (f) LAO substrates with applied field along [100] (black squares), [010] (red triangles), and [110] (blue circle)
in-plane directions.

different substrates and LSMO thicknesses. Figure 4a shows
polar plots for a 27 nm LSMO layer (black squares) and
BTO (140 nm)/LSMO (27 nm) on STO; Figure 4b
BTO (140 nm)/LSMO (27 nm) bilayers grown on STO (green
triangles), LAO (purple diamonds), and LSAT (blue
pentagons); Figure 4c BTO (140 nm)/LSMO (tLSMO) bilayer

grown on STO with tLSMO = 20 nm (blue circles), 27 nm (green
triangles) and 40 nm (black squares). For the LSMO/STO
system (Figure 4a), we observe that the in-plane magnetic
anisotropy shows a four-fold shape suggesting a predominant
biaxial anisotropy with magnetization easy axes along four
in-plane diagonal directions ([110], [110], [110] and [110]).



Beilstein J. Nanotechnol. 2020, 11, 651–661.

656

Figure 4: Polar plots of the normalized remnant magnetization, at 300 K, for (a) LSMO (27 nm) layer (black stars) and BTO/LSMO bilayer (green tri-
angles) grown on STO; (b) BTO/LSMO bilayers grown on STO (green triangles), LAO (purple diamonds), and LSAT (dark cyan pentagons) sub-
strates; (c) BTO/ LSMO bilayer with tLSMO = 20 nm (blue circles), 27 nm (green triangles) and 40 nm (black squares). Continuous red lines corre-
spond to numerical fits.

This type of biaxial anisotropy has been observed in virtually
unstrained, and tensile-strained LSMO films grown on cubic-
crystal substrate [15,19,38-43]. A similar four-fold shape was
also observed in single layers (not shown here) and bilayers
(Figure 4b) grown on LSAT and LAO, indicating that the
biaxial anisotropy is preserved after the deposition of the BTO
layer.

Interestingly, the plots show how the four-fold shape in the
LSMO film grown on STO (Figure 4a) is transformed into a
two-fold shape in the bilayer, with in-plane easy axis along the
[010] and [010] directions. Such unexpected change could
reflect that a 140 nm-thick BTO layer grown onto a 27 nm-thick
tensile-strained LSMO film distorts its biaxial magnetic
anisotropy. Moreover, a similar measurement in bilayers (where
we varied the thickness of the LSMO film from 20 to 40 nm,
keeping constant the 140 nm thickness of the BTO layer,
Figure 4c) proved that a predominant uniaxial anisotropy is still
present in LSMO films up to 40 nm thickness.

Following a similar approach presented in [19], where the total
anisotropy energy of strained LSMO films contains both biaxial
and uniaxial contributions, we estimated the uniaxial (ku) and
biaxial (k1) anisotropy constants for the LSMO layer and BTO/
LSMO bilayer grown on STO substrate. First, we determine the
anisotropy energy ratios (ku/k1) by fitting the polar plots and de-
termining the angles that minimize the general anisotropy
energy equation. To separate ku/k1, we obtain ku by calculating
the anisotropy field through the slope of the derivative of the
magnetization with respect to the field (H) at H = 0 in the
in-plane hard axis magnetization loop (an extended explanation
is presented in [19]). For the LSMO single layers, as the four-
fold shape of the polar plots suggests, an important biaxial
contribution exists with an average value of 4 kJ/m3 and a
negligible uniaxial contribution, with a value of ku < 0.4 kJ/m3.

For the BTO/LSMO bilayer grown on STO substrate, the pres-
ence of the BTO overlayer dramatically decreases the biaxial
contribution, and both k1 and ku reach a similar average value
of 0.4 kJ/m3. In addition, the uniaxial contribution in the
BTO/LSMO bilayer grown on STO substrate increases slightly
from 0.38 kJ/m3 (for tLSMO = 20 nm) to 0.55 kJ/m3 (for
tLSMO = 40 nm). Thus, our experimental results allow us to con-
clude that the deposition of BTO in the top layer of the tensile-
strained LSMO drastically changes the magnetic anisotropy of
the ferromagnetic layer.

In previous studies, an emergent uniaxial contribution in LSMO
films grown on (001)-oriented STO is associated with crystal
distortions of the film where the tetragonal crystal structure of
the tensile-strained film can be locally altered with the forma-
tion of an orthorhombic structure due to different rotation
patterns of the MnO6 octahedra to favor epitaxial growth
[44,45]. In most of the cases, this is promoted by the substrate
surface morphology (e.g., regular step-terrace structures, large
miscut angle or lithographed periodic stripes) [15,17,18,45]. To
observe if the large mismatch between the tensile-strained
LSMO and BTO systems (≈2.35%) results in deformation of the
LSMO atomic layers close to their interface, we performed a
local strain study.

Figure 5a displays an HAADF-STEM image for a BTO/LSMO
bilayer grown on STO substrate, where we can identify both
BTO/LSMO and LSMO/STO interfaces. The insets correspond
to high-magnification HAADF-STEM images to highlight the
flat atomic sharp interfaces. By means of GPA method on
the HAADF images, it is possible to display the in-plane
deformation maps (εxx), Figure 5b, and out-of-plane
deformation maps (εzz), Figure 5c. The GPA strain maps are
reconstructed considering a certain crystalline region as
reference (in this case, the STO lattice) so they provide
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Figure 5: (a) Cross-section HAADF-STEM image for a BTO/LSMO bilayer grown on STO. Insets correspond to high-magnification HAADF-STEM
images recorded close to the BTO/LSMO and LSMO/STO interfaces, top and bottom, respectively. Strain maps for the (b) in-plane, εxx, and (c) out-
of-plane, εzz, lattice parameters obtained by applying GPA to (a). Dotted white lines mark the interfaces. (d) In-plane [εxx and fa] and (e) out-of-plane
[εzz and fc] vertical strain profiles extracted from the GPA maps. Black and blue arrows mark the profile direction and area. Profile 1 (blue line) passes
through a misfit BTO dislocation, and Profile 2 (black line) passes through a dislocation-free region.
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information about the relative difference (or relative strain) of
the lattice parameters (in percentage) between a certain crystal
phase and the lattice reference [46]. Such relative differences
are calculated as εxx = [100 × (afilm-system − aSTO)/aSTO] and
εzz = [100 × (cfilm-system − cSTO)/cSTO], where aSTO and cSTO
correspond to the in-plane and out-of-plane lattice parameters of
the STO substrate. We can then relate the in-plane lattice defor-
mation fa-system and in-plane deformation maps εxx, as well as
the out-of-plane strain fc-system and out-of-plane deformation
maps εzz, by means of the following equations:

(3)

(4)

The local color variations observed in the strain maps reflect
homogeneous and dislocation-free STO and LSMO layers, and
a BTO layer with several linear defects, most of which are
concentrated close to the BTO/LSMO interfaces. Misfit disloca-
tion-free epitaxial growth of LSMO films under (001)-oriented
STO substrates is expected and widely reported [2,47-50] due to
their small mismatch (≈0.7%); dislocations appear in LSMO
under compressive strain [51-53], while twin walls are ex-
pected under tensile strain [54-56] with the thickness-depend-
ent elastic deformations already in LSMO/STO systems [54].
Linear defects in the BTO layer are promoted by the large
mismatch between the lattice parameters of the BTO and the
strained LSMO film (≈2.4%). They correspond to misfit dislo-
cations created parallel and perpendicular to the interface and
favor the relaxation of the BTO atomic layers placed far from
the BTO/LSMO interface.

For a quantitative strain analysis, profiles of εxx and εzz
extracted from the GPA maps are plotted in Figure 5d and
Figure 5e. These profiles are traced perpendicular to the inter-
faces, along two zones: Through a horizontal misfit dislocation
(Profile 1) and through a dislocation-free region (Profile 2). For
comparison between the strain results obtained by GPA and by
RSMs, we also plotted strain profiles in terms of fa-system and
fc-system.

In Profile 1, we see that εxx is equal to zero, on average, inside
the STO and LSMO systems which presents a discontinuity
around the BTO dislocation and finally follows an increasing
tendency, reaching a value of 1.54% at 37 nm thickness of BTO
(upper limit of the maps of Figure 5a) and a maximum value of

2.27% at the BTO surface (see strain profile in the Supporting
Information File 1). A zero value of εxx between STO and
LSMO is caused by adapting afilm-LSMO with aSTO, while the
increasing behavior of εxx observed above the dislocation is as-
sociated with the tendency of BTO to recover its unstrained
in-plane lattice parameter in bulk.

A different behavior is observed in Profile 2, particularly in the
LSMO layer where εxx seems to not change in the first 16 nm
approximately (with an average value of 0.0%) to then progres-
sively increase until 0.57%. This fact evidences that the BTO
layer locally induces an additional tensile deformation to
afilm-LSMO, up to twice that already induced by the substrate.
This extra elongation of afilm-LSMO seems to help the relaxa-
tion of the BTO layer, hence horizontal misfit dislocations are
not formed. Similar profiles were extracted from the εzz strain
maps. Compared to the εxx, the εzz profiles present noisier be-
havior inherent to the GPA method [57], with an extended and
strong variation around each interface that does not allow
measuring the strain close to them (around 2 nm above and
below the interface). However, valuable information can be
extracted from them, especially in the LSMO layer where we
see that the εzz profiles follow a decreasing trend, reveling that
the out-of-plane LSMO lattice parameter tends to shrink, as ex-
pected in tensile-strained films. In terms of fa and fc, the profiles
clearly show that substrate-induced tensile strain elongates the
in-plane LSMO lattice parameter around 0.7% (which agrees
with that calculated from the RSM of Figure 1c). A local extra
elongation (fa up to 1.0%) occurs close to the BTO/LSMO inter-
face, in regions far from the BTO misfit dislocations, while the
out-of-plane LSMO lattice parameter is slightly elongated (by
around 0.3%) at the substrate interface due to the suppression of
octahedral rotations in the film [35]. This elongation then
shrinks between 0.5% (in agreement with that calculated from
the RSM of Figure 1c) and 1.0%, in the region far from BTO
misfit dislocations.

As discussed, shrinkage of cfilm-LSMO is a direct consequence of
the tensile-induced strain effect provoked by the substrate in the
film; however, a small expansion close to the substrate inter-
face has been observed in the LSMO film grown on STO (001)
[35] and is caused by the suppression of octahedral rotations.
Again, we find that the absence of misfit dislocations close to
the BTO/LSMO interface induces additional shrinkage to the
out-of-plane lattice parameter of the LSMO film. Therefore, the
microscopic study of the crystal strain reveals that the BTO
overlayer promotes an inhomogeneous strain distribution in the
LSMO atomic layers close to the BTO/LSMO interface, where
the absence of BTO misfit dislocations induces additional
tensile-strain effect in the surrounding LSMO lattice. Such ad-
ditional strain results in c/a ratios down to 0.976 that can be
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much higher at the boundary of the BTO/LSMO interface. As
demonstrated in a previous work [45], a drastic reduction of the
cfilm-LSMO/afilm-LSMO ratio favors rotation of the MnO6 octa-
hedra out of the plane. This results in the emergence of uniaxial
anisotropy that increases with the increase of the tilting angle of
the MnO6. Thus, the uniaxial contribution of the magnetic
anisotropy in the tensile-strain LSMO films comes from these
extra tensile-strained regions.

Conclusion
In summary, our study on the magnetic anisotropy of an artifi-
cial ferroelectric BTO/LSMO system demonstrates an unex-
pected in-plane uniaxial magnetic anisotropy in the ferromag-
netic layer. In more detail, we found that a BTO overlayer
modifies the biaxial anisotropy of tensile-strained LSMO films
grown on (001)-oriented STO substrates towards a uniaxial
anisotropy. Such change is not observed in compressive-
strained LSMO films grown on (001)-oriented LSAT and LAO
substrates. A microscopy analysis of the crystal deformation de-
termined that the BTO overlayer locally causes a non-uniform
strain distribution in the LSMO atomic layers close to the BTO/
LSMO interfaces. However, in some regions it provokes an ad-
ditional tensile strain that, in consequence, promotes the emer-
gence of a uniaxial anisotropy. From a magnetic point of view,
this finding shows a new route to alter the magnetic behavior of
the LSMO layer, while from an applicative point of view, it
becomes a new parameter to consider in future studies to fully
understand the magnetic-electric coupling effect in this particu-
lar hybrid multiferroic system.

Experimental
Epitaxial LSMO single layers and BTO/LSMO bilayers were
grown by the PLD technique, employing a KrF excimer laser at
248 nm pulse wavelength and 20 ns pulse duration. The films
were grown on 5 × 5 × 0.5 mm3 commercial (001)-oriented
STO, LSAT, and LAO single-crystal-polished substrates, with a
miscut angle lower than 0.3°. The deposition of single LSMO
films was performed at a substrate temperature of 830 °C and
oxygen pressure of 400 mTorr, as described elsewhere [12,58].
This was followed by a cooling cycle between 830 and 20 °C at
an oxygen pressure of 700 Torr to favor optimal oxygen stoichi-
ometry, at a cooling rate of 10 °C/min. In the case of the bilay-
ers, the BTO film was then deposited at 830 °C and an oxygen
pressure of 3 mTorr. After BTO growth, the samples were
cooled down at an oxygen pressure of 700 Torr. We chose the
thicknesses of the LSMO (tLSMO) and BTO (tBTO) layers to be
27 and 140 nm, respectively. Only in the case of the BTO/
LSMO bilayers grown on STO, a particular batch of samples
was prepared with the thickness of the LSMO layer systemati-
cally varied with tLSMO = 20, 27, and 40 nm, maintaining the
thickness of the BTO layer constant at tBTO = 140 nm.

The thickness of each individual layer was determined by X-ray
reflectivity (not shown). The crystal structure analysis of each
film was performed by means of reciprocal space maps (RSM)
around the pseudocubic (103) reflection that permit measuring
the in-plane (a) and out-of-plane (c) lattice parameter for each
layer. Both measurements were performed in a Bruker D8
ADVANCE diffractometer using a high-resolution configura-
tion where a four-crystal Ge (220) monochromator selects the
Kα1 radiation from a Cu anode, providing an X-ray beam with a
wavelength of λ = 1.54056 Å.

Local analysis of the crystalline structure of the bilayers was
carried out by HAADF-STEM in a probe-corrected FEI Titan
Low Base 60-300 microscope operated at 300 kV with a spatial
resolution below 1 Å. Local strain field maps of the bilayers
were obtained by applying the GPA method on HAADF-STEM
images.

We studied the in-plane magnetic anisotropy through room-
temperature hysteresis loops taken at different angles between
the in-plane applied magnetic field and the crystallographic
directions by means of a vibrating sample magnetometer
(VSM). For all samples, we subtracted the linear diamagnetic
contribution from the STO substrate to plot the hysteresis loops.
The direction variation of the external in-plane magnetic field
was changed by physically rotating the sample, using a 15° step
angle. From hysteresis loops, we extracted the remnant magne-
tization (Mr) normalized to saturation magnetization (Ms) and
displayed them in a polar plot. The magnetic anisotropy depen-
dence on the substrate for both the single LSMO layer and
BTO/LSMO bilayer was studied, as well as its dependence on
the thickness of the LSMO layer in the bilayer film.

Supporting Information
This file contains two figures showing magnetization
hysteresis loops performed in the BTO/LSMO/STO bilayer
to prove that the magnetization easy axis has an in-plane
orientation and the in-plane [εxx and fa] vertical strain
profile that covers the entire thickness of the BTO layer.

Supporting Information File 1
Additional figures.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-51-S1.pdf]
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