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Abstract

In this work, we obtained a quantitative depth dependent magnetization profile across the
planar interfaces in BiFeO3/La0.7Sr0.3MnO3 (BFO/LSMO) superlattices using polarized
neutron reflectometry (PNR). We observed an enhanced magnetization of 1.83 ± 0.16 μB/Fe
in BFO layers when they are interleaved between two manganite layers. The enhanced
magnetic order in BFO persists to 200 K. We also explored the depth dependence of
magnetic moments in BFO/LSMO superlattices as a function of BFO layer thickness. The
results show the enhanced net magnetic moment in BFO from the LSMO/BFO interface
extends 3 - 4 unit cells into the BFO. The interior part of BFO thick layer has a much smaller
magnetization, suggesting the middle part of BFO layer still keeps the small canted AFM
state. Our results exclude charge transfer, intermixing, epitaxial strain, and octahedral
rotations/tilts as dominating mechanisms for the large net magnetization in BFO. An
explanation—one suggested by others previously and consistent with our observations—
attributes the temperature dependence of the net magnetization of BFO to strong orbital
hybridization between Fe and Mn across the interfaces. Such orbital reconstruction would
establish an upper temperature limit for magnetic ordering of BFO.
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Multiferroic materials--materials with more at least two ferroic order parameters offer unique
opportunities to develop next generation information storage, such as nonvolatile memories
and magnetic reading devices.[1-10] However, single-phase multiferroic materials with
ordering temperatures above room temperature are rare.[1-6] Recent advances in thin film
synthesis techniques provide platforms to integrate multiple order parameters through
judicious engineering of complex oxide interfaces.[2-5] An example is the intriguing interfacial
magnetoelectric coupling in a heterostructure composed of a ferromagnetic (FM) metallic
layer, such as La0.7Sr0.3MnO3(LSMO), and a ferroelectric antiferromagnetic (AFM) layer,
such as BiFeO3 (BFO).[11-15] A single-phase BFO film exhibits a weak net magnetic moment
(~ 0.05 μB/Fe) at room temperature attributed to the Dzyaloshinskii-Moriya interaction
(DMI), which favors a canted AFM spin configuration.[16-18] However, control of such weak
canted antiferromagnetism in BFO by an external magnetic field is difficult. Therefore, a
strategy to increase the net magnetization in BFO without compromising its ferroelectric
properties is needed.[19-21] Recent work has reported the emergence of an enhanced net
magnetization in BFO when interfaced with a FM layer.[22-26] This enhanced net
magnetization in BFO was explained by orbital reconstruction

[23]

or superexchange (SE)

between Mn and Fe t2g spins across the interfaces.[24] However, to determine the thickness of
the interfacial net magnetization in BFO and its quantitative magnetization and Curie
temperature (Tc) is very challenging. The difficulty is that conventional magnetometry cannot
distinguish between contributions to the net measured moment from more than one source.
X-ray magnetic circular dichroism (XMCD) with sum rule analysis to quantitatively ascertain
the interfacial magnetization remains problematic due to the intrinsic complexity of BFO and
its interfaces. Firstly, XMCD in the total electron yield (TEY) mode is a near surface
technique with a probing depth of only a few nm

[22-26]

and the deeper probing fluorescence
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yield (FY) approach suffers from self-absorption effects. Secondly, XMCD is not able to
determine the uniformity of the induced magnetization throughout the entire BFO layers,
especially, when they are sandwiched in a superlattice. As a result, previous work reported
the estimates of net magnetic moment in BFO using XMCD that vary broadly from 0.1 - 1
μB/Fe over a thickness of 3 - 5 nm into BFO.[14, 22-26]
In this work, we obtained a quantitative depth dependent magnetization profile across
the planar interfaces in BFO/LSMO superlattices using polarized neutron reflectometry
(PNR).[27, 28] We observed an enhanced magnetization in BFO layers of 1.83 ± 0.16 μB/Fe
when interleaved between two manganite layers. The enhanced magnetic order in BFO
persists from low temperature to 200 K. We also explored the depth dependent magnetization
of BFO/LSMO superlattices as a function of BFO layer thickness. The results show the
enhanced net magnetic moment in BFO from the LSMO/BFO interface extends 3 - 4 unit
cells (u.c.) into the BFO layer. The interior part of the BFO thick layer has a much smaller
magnetization, suggesting the middle part of BFO layer possesses a small canted AFM state
consistent with the DMI.
Figure 1a shows an x-ray diffraction (XRD) θ–2θ scan of a [BFO5/LSMO20]10
superlattice, where 5 and 20 represent the number of unit cells of BFO and LSMO layers, 10
is the number of bilayer repetitions. Narrow superlattice peaks as evidenced by seven orders
of Kiessig fringes indicate epitaxial growth of a high quality superlattice. Well-defined
interfaces and uniform chemical compositions within individual layers were also confirmed
with x-ray reflectivity (XRR) (Figure S1, Supporting Information). Specifically we obtained
a root-mean-square (rms) roughness of 4.0 ± 0.2 Å for the LSMO on BFO interface averaged
over the coherence of the x-ray beam projected on the sample’s surface (~ tens of microns).
Atomic force microscopy confirmed an atomically flat surface composed of step-and-terrace
This article is protected by copyright. All rights reserved.
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features with a rms roughness 4.2 ± 0.2 Å (inset of Fig. 1a) over a large area of 3 × 3 μm2.
The superlattice is coherently strained by the STO substrate. Figures 1c and 1d show
representative high-angle annular dark-field (HAADF) images of a BFO/LSMO superlattice
taken in scanning transmission electron microscopy (STEM) mode. These images show
epitaxial growth with chemically sharp and coherent interfaces.[29, 30] Fig. 1e shows spatially
resolved electron energy-loss spectroscopy (EELS) elemental maps for the Bi-M4,5, Fe-L2,3,
La-M4,5, Sr-L2,3, and Mn-L2,3 edges, indicating the chemical uniformity within the individual
layer. Chemical sharpness was ascertained using EELS profiling, as shown in Fig. 1f. We
found both interfaces do not exhibit significant intermixing inside the BFO layers. For the
abrupt interface, the intermixing was ~ 1 u.c. thick; while for the broader interface the
intermixing region was ~ 2 u.c. Similar results were reported by Vafaee et al.[24] and Gibert et
al.[31] in which the interface quality strongly depended on the stacking sequence in the
bilayers. Such asymmetric interfaces were reported to originate from different surface
segregation between heavy- and light-elements triggered by the difference in ionic radii.[32]
Moreover, one can also define the interface termination from the EELS profiling. The
interfaces with BFO grown on LSMO were atomically sharp with the (La, SrO)-(FeO2) layer
sequence, which was verified by the presence of prevailing Fe-L and La-M edge signals at the
interface. However, the interfaces of LSMO grown on BFO have (MnO2)-(BiO) termination.
Ferroelectric domains of the top BFO layer were examined using piezoresponse force
microscopy (PFM) (Figure S2, Supporting Information). The ultrathin BFO top layer
exhibits strong piezoresponse. The macroscopic magnetic properties of the superlattice were
measured with a magnetic field applied along the in-plane direction using a superconducting
quantum interference device (SQUID) magnetometry (Figure S3, Supporting Information).
The field dependent magnetization was recorded from 10 to 350 K. The temperature
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dependent saturation magnetization, MS(T), of our sample decreased gradually with warming.
At 10 K, MS averaged over the entire [BFO5/LSMO20]10 superlattice was 430 ± 5 kA/m,
which is ~ 22 % smaller than that of a single LSMO thin film (MS = 550 ± 5 kA/m) with the
same in-plane strain. We also observed an enhanced coercive field (Hc = 19.5 ± 1 mT)
compared to that of a single LSMO film (Hc = 3 ± 1 mT). The reduced MS and enhanced Hc
for the superlattice suggest the presence of uncompensated spins at the BFO/LSMO
interfaces, which align anti-parallel to the LSMO magnetization, thus reducing the overall
magnetization of the superlattice.
To test this hypothesis, PNR was used to determine quantitatively the depth profile of
the magnetization across the [BFO5/LSMO20]10 superlattice. A saturating magnetic field of 1
T was applied along the in-plane direction during field cooling, and throughout the PNR
measurements (polarized neutron beam with wavelength, λ, incident on the sample surface
with an angle of αi). The specular reflectivity, R, of the superlattice was measured as a
function of wave vector transfer, Q = 4πsin(αi)/λ. R+ and R- represent the reflectivities for
neutrons with spins parallel or anti-parallel to the applied field, respectively. Figure 2a shows
PNR data of our [BFO5/LSMO20]10 superlattice at 10 K with the reflectivity normalized to the
asymptotic value of the Fresnel reflectivity, RF (=16π2/Q4). The Q-dependent splitting
between R+ and R- is related to the depth variation of the net magnetization of the
superlattice. The chemical depth profile of our superlattice was obtained from fitting a model
to the XRR using the formalism of Parratt (Figure S1, Supporting Information).[28] In
addition to providing information about interface roughness, we obtained the thicknesses of
the BFO and LSMO layers with a resolution of ± 2 Å. The chemical profile was used to
constrain our model for the neutron data. This model was optimized to obtain the
magnetization depth profile.[33] The solid curves in Fig. 2a are the best fits to our PNR data.
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We obtained the nuclear and magnetic scattering length density (SLD) profiles corresponding
to the chemical and in-plane magnetization distribution as a function of depth, respectively
(Fig. 2b). To further illustrate the comparison, we have calculated the spin asymmetry, SA =
(R+-R-)/(R++R-), derived from the experimental data and corresponding fits based on three
different models (Figure S4, Supporting Information). The best fits demonstrate that the
magnetization of the BFO (MBFO < 0) aligns anti-parallel to the LSMO magnetization (MLSMO
> 0). Confidence in this interpretation of an anti-parallel relationship between the BFO and
LSMO magnetizations is further reinforced by a qualitative examination of the XMCD
spectra for the Mn and Fe L-edges obtained in total electron yield mode (Figure S5,
Supporting Information). [22, 23, 34, 35] Firstly, the magnitude and orientation (sign) of the most
significant feature for each spectrum is proportional to the element specific magnetization.
The orientations of the features for the Mn and Fe L-edges are opposite, thus, indicating an
anti-parallel relationship. Secondly, the orientations of these features change polarity with the
reversal of the applied magnetic field; thus, they are magnetic in origin. From our analysis of
the PNR results at 10 K we obtained MLSMO = 570 ± 31 kA/m (3.56 ± 0.19 μB/Mn) which is
comparable with that of a single LSMO layer. MBFO = -(275 ± 25) kA/m, corresponding to (1.83 ± 0.16) μB/Fe, where the negative sign is taken with respect to MLSMO. This is the
highest value of the induced net magnetic moment in BFO thin layers reported to date. The
net magnetization of the buried BFO layers is more than three time larger than the values
reported by Yu et al.[22] and Singh et al.[36] A classical mean-field description of the exchange
coupling between Fe and Mn, [36] estimated the maximum MBFO in proximity to LSMO to be
~ 200 kA/m, which is in reasonable agreement with our experimental observations.
The PNR data of the [BFO5/LSMO20]10 superlattice were measured at various
temperatures (Figure S6, Supporting Information). The temperature dependent magnetic
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moments in LSMO and BFO are shown in Fig. 2c. The LSMO moment reduced gradually as
temperature increased to a finite moment of ~0.05 μB/Mn at 310 K. The BFO moment
dropped more rapidly with warming from 10 to 200 K, and no moment was observed above
200 K in the BFO layers. The thickness-weighted magnetic moments for the BFO and LSMO
layers obtained from PNR are in agreement with those obtained from magnetometry
measurements (Fig. 2c); the net moment of the sample is consistent between the two
techniques. The Curie temperatures (Tc) of LSMO and BFO layers were estimated from both
PNR data and magnetometry (Fig. 2c, Fig. S3, and Fig. S10, Supporting Information). The Tc
for 20 u.c. LSMO ultrathin layer is ~ 310 K − somewhat lower than that of bulk LSMO or
strain-free LSMO thick films.[39-44] However, the BFO Tc increased to ~ 200 K, which is tens
of Kelvin higher than reported previously.[22, 36-38] Note that dM/dT vs T exhibits a plateau in
the region of Tc for BFO (inset of Fig. S3, Supporting Information). Previously, enhancement
of a magnetic ordering temperature, for example the increased Néel temperature of CoO
observed in superlattices of Fe3O4/CoO, was attributed to proximity effects.[45] To show that
the enhanced magnetization in the BFO is indeed induced through close proximity to the
LSMO, a [BFO5/STO5]15 (BFO/STO) superlattice with the same BFO layer thickness was
fabricated. The BFO/STO superlattice was coherently grown on a STO substrate; thus, the
strain of BFO layers in BFO/STO and and that of the BFO/LSMO superlattices are identical.
The macroscopic magnetization of the BFO/STO superlattice is only 23 ± 3 kA/m at 10 K,
which is approximately the same as the magnetization of the BFO single layer (Figure S3,
Supporting Information). Thus, the large magnetization in BFO is related to the LSMO.
Next, we focus on the determination of an upper thickness limit of the interfacial
magnetic BFO layer. We deposited a series of [BFOx/LSMO20]6 (BxL20, where x = 2 to 20
u.c) superlattices by varying the BFO layer thickness from 2 to 20 u.c. while fixing the
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LSMO thickness at 20 u.c.. Thus, the magnetic contributions from the LSMO layers should
be the same for all BxL20 superlattices. XRD measurements show all superlattices exhibit a
high crystalline quality without impurity phases and are coherently strained to the STO
substrates (Figure S8, Supporting Information). The magnetic field and temperature
dependent magnetizations for all superlattices are shown in Figure 3. The Tc of superlattices
(dominated by the LSMO) varies between 308 and 325 K (Fig. 3e). The net magnetizations
of the superlattices gradually reduce with increasing BFO layer thickness and are nearly
constant when the BFO layer thickness exceeds 8 u.c. (Fig. 3c). Thus, once the BFO layer
thickness achieves 8 u.c., the rate of increase of the net magnetization is significantly
reduced. A similar trend is found by comparing the coercive fields of the superlattices (Fig.
3d). There is negligible increase of uncompensated spins at the interfaces with increasing
BFO layer thickness beyond 8 u.c. These observations suggest the net magnetization depth
profile is not uniform across the thick (> 8 u.c.) BFO layers; specifically, there is a thickness
limit for the interfacial magnetic interaction between the BFO and LSMO, and increasing the
BFO layer thickness in excess of twice the interface width does not appreciably affect the net
magnetization of the entire superlattice.
To corroborate this analysis of our magnetometry data of the various BFO/LSMO
superlattices, PNR was measured on a representative BFO/LSMO superlattice, B16L20, (BFO
layer thickness = 16 u.c.). Figure 4a shows the PNR data and the best fits using the chemical
profiles obtained from XRR (Figure S1, Supporting Information). The nuclear and magnetic
SLDs as a function of depth are shown in Fig. 4b. MLSMO = 563 ± 7 kA/m (3.51 ± 0.04
μB/Mn) at 10 K and is similar to that of a LSMO single layer. The quality of the fit can be
further improved (the fitting χ2 metric reduces by 37%, indicating a significantly better fit),
especially for Q > 0.1 Å-1, by allowing the magnetization of the interior BFO film to be
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different from the two interfacial BFO layers. The fitted magnetization of BFO middle layer
is 27 ± 10 kA/m, corresponding to 0.18 ± 0.07 μB/Fe. The magnetization of the interior BFO
layer is close to that of the BFO single layer at 10 K, indicating the interior is not affected by
a proximity effect to the LSMO and keeps a small canted magnetization consistent with that
produced by a DMI.[16-18] We also note that the magnetization and the layer thickness of BFO
interfacial layers are different, as shown in Fig. 4d. The interface of BFO grown on LSMO
shows a net magnetization of 252 ± 10 kA/m (1.68 ± 0.07 μB/Fe) with a thickness of 11.2 ±
0.8 Å (~ 3 u.c.), while the other interface (LSMO grown on BFO) shows a net magnetization
of 208 ± 15 kA/m (1.39 ± 0.1 μB/Fe) with a thickness of 16.7 ± 0.6 Å (~ 4 u.c.). The
asymmetry of the interfacial magnetization in the BFO layer can be attributed to multiple
reasons. Firstly, two BFO/LSMO interfaces have different growth conditions, for example
chemical roughness or termination may produce different exchange coupling strengths
between Fe and Mn.[36, 46, 47] Previously, ab initio calculations based on density functional
theory suggested that the exchange coupling between Fe and Mn moments across the
interface is FM for a (MnO2)-(BiO) terminated interface, but is AFM for a (La,SrO)-(FeO2)
terminated interface.[36] However, in our work, the anti-parallel spin alignments between BFO
and LSMO were observed for both terminations. Nevertheless, interface termination and
roughness is likely an important factor affecting the overall interfacial magnetization. A
second possible reason for the different interfacial magnetizations is due to charge doping
(namely, hole accumulation or depletion) at interfaces induced by the ferroelectric
polarization of the BFO layers.[48-51] In our case, the as-grown ferroelectric polarization
direction of BFO layer points towards the sample’s surface (Figure S2, Supporting
Information). Therefore, the interface of BFO grown on LSMO is an electron-doped
interface, while the interface of LSMO grown on BFO is a hole-doped interface. Yi et al.[23]
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have reported that the canting of antiferromagnetically coupled spins is stronger for the
electron-doped

interface

than

the

hole-doped

interface.

Recent

work

on

a

PbZr0.2Ti0.8O3/La0.8Sr0.2MnO3 heterostructure also found a similar correlation between charge
doping and interfacial magnetization.[50, 51] These results are consistent with our observations.
To substantiate the thickness limit of the greatly enhanced interfacial magnetization in
BFO, we performed a third PNR measurement on a [BFO8/LSMO20]8 superlattice (Figure
S9, Supporting Information). Our results indicate that the entire BFO layer (with a thickness
of 8 u.c.) can achieve an enhanced magnetization of 240 ± 10 kA/m (1.50 ± 0.06 μB/Fe) at 10
K. Considering there are two exchange coupled BFO/LSMO interfaces, the thickness of the
interfacial magnetic BFO layer is ~ 4 u.c. The evidence of an upper thickness limit of
interfacial magnetic BFO layer is in reasonable agreement with recent work.[14,

52]

Using

PNR, Béa et al.[14] obtained a BFO magnetic interfacial layer thickness of ~ 2 nm (~ 5 u.c.)
when in proximity to CoFeB. Similarly, Hallsteinsen et al.[52] found a large net magnetic
moment of 1.6 ± 0.40 μB/Fe in a nominally antiferromagnetic LaFeO3(LFO) film in proximity
to LSMO. The magnetic interfacial layer extends 3 - 5 u.c. into the LFO layer.
The origin of the enhanced magnetization at the BFO/LSMO interfaces is complicated
and still debated. Firstly, based on the XAS and EELS results, we can exclude a mechanism
arising from significant charge transfer between the two transition metal ions or an oxygen
deficiency induced Fe valence change from +3 to +2 (Figure S5 and S7, Supporting
Information). Secondly, one may suspect intermixing at the BFO/LSMO interface as the
origin of the net magnetization in BFO. However, our STEM-EELS data show a uniformity
of the BFO chemical composition, and interdiffusion at the BFO/LSMO interface which is at
most ~ 2 u.c., i.e., half of the thickness of interfacial magnetic layer we obtained. Also,
evidence for sharp interfaces of individual layers was obtained by the XRD and XRR. As an
This article is protected by copyright. All rights reserved.
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additional test, we grew an alloy film with a deliberately intermixed chemical composition of
BFO and LSMO. The magnetization of this alloy film is 0.68 ± 0.05 μB/Mn at 10 K and 0.1 ±
0.05 μB/Mn at 100 K, which is much lower than the enhanced net magnetization in BFO
(Figure S11, Supporting Information). Thus, intermixing at the interfaces cannot explain
enhanced interfacial magnetization in BFO. A third option is that the net magnetization could
be induced by epitaxial strain in the BFO. X-ray reciprocal space maps of the BFO/LSMO
and BFO/STO superlattices show that the in-plane elastic strains of the BFO layers are the
same through coherent growth on STO substrates. However, only the BFO layers sandwiched
between LSMO exhibit an enhanced magnetization at the interface. Therefore, epitaxial strain
is unlikely to be a sufficient condition, for the large net BFO magnetization. Lastly, we
consider the effect of atomic structure reconstruction through rotations or tilts (or suppression
thereof) of oxygen octahedra on the magnetic exchange interactions across the BFO/LSMO
interface.[53-56] The tilt patterns of oxygen octahedra are not directly compatible since BFO
and LSMO have a-a-c+ and a-a-a- rotations (Glazer notation), respectively.[54,

57-59]

This

mismatch must be accommodated at the interface, likely through atomic structural
reconstruction. Previous STEM measurements by Kim et al.[54] found that the octahedral
rotation angle of BFO was fully suppressed at the BFO/LSMO interface, and the suppression
persisted for ~ 3 u.c. into the BFO layer. Quantitatively, the thickness of the structurally
reconstructed layer is the same as the interfacial magnetic layer in the present work.
However, we note that the STEM measurements were carried out at room temperature, while
the magnetic order of BFO in our superlattice only persists up to 200 K. Thus, suppression of
octahedral rotation in BFO close to the BFO/LSMO interface observed at room temperature
if present at low temperature is not a sufficient condition to produce an enhanced net
magnetization in BFO.
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Previous work has suggested orbital reconstruction across the BFO/LSMO interface is
a possible mechanism to produce interfacial magnetization.[22-26,

36-38]

From x-ray linear

dichroism (XLD) at the oxygen K-edge on a BFO/LSMO bilayer at different temperatures,
Yu et al.[22] found the oxygen K-edge peak position (at ~ 532 eV) shifts to lower energy as
temperature decreases when the x-ray polarization is out-of-plane. Orbital reconstruction
arises from strong hybridization between the Mn and Fe d3z2-r2 orbitals via the oxygen 2p
orbital. After orbital reconstruction, electrons occupy the d3z2-r2 bonding orbitals of the Fe
sites and the dx2-y2 bonding orbitals of Mn sites due to the lowest energy levels. As a result,
the dx2-y2 orbital ordering will occur at the interface. The orbital reconstruction produces a
strong canted net magnetization in the BFO layer. We hypothesize a similar scenario for our
BFO/LSMO system. Previously, the net magnetization of BFO disappeared at 100-130 K.[22,
36-38]

However, the Tc of the BFO layer in our superlattice extends to 200 K. Note that in the

rich phase diagram of Sr-doped manganites, the orbital ordering temperature can be varied by
slightly changing growth conditions.[34] For temperatures above the transition temperature,
the strong orbital reconstruction between the Mn and Fe d3z2-r2 orbitals will vanish, thus, the
concomitant large canted net magnetization state in BFO will disappear. The magnitude of
the canting angle is determined by the strength of the orbital reconstruction at the interface.
Strength of orbital reconstruction is expected to be larger for atomically sharp interfaces.
Therefore, a larger canting angle of BFO corresponding to a larger net magnetization is
expected for our BFO/LSMO superlattices.
In summary, we have studied the temperature and BFO layer thickness dependence of
the net magnetization in BFO/LSMO superlattices. We found that BFO exhibits a significant
net magnetization of 1.83 ± 0.16 μB/Fe in close proximity (~ 4 u.c.) to LSMO. The
magnetization directions in BFO and LSMO are anti-parallel to each other. The onset of the
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net magnetization in BFO occurs at ~200 K, which is significantly higher than previously
reports. Our results exclude charge transfer, intermixing, epitaxial strain, and octahedral
rotations/tilts as dominating mechanisms for the large net magnetization in BFO. An
explanation—one suggested by others previously

[22]

and consistent with our observations—

attributes the temperature dependence of the net magnetization of BFO to strong orbital
reconstruction between Fe and Mn across the interfaces. Such orbital reconstruction may
establish an upper temperature limit for magnetic ordering of BFO. Finally, we emphasize
that the ordering temperature and net magnetization in BFO might be enhanced further in
carefully designed high-temperature orbital ordering materials through geometrically
engineered superlattices, in which the orbital reconstruction and the local symmetry can be
manipulated.[60, 61] Our work provides a roadmap to achieve a high-temperature multiferroic
single-phase material by enabling the control of magnetic state in neighboring ferromagnets
through the interfacial exchange-coupling.

Experimental Section
The superlattices of BFO/LSMO were epitaxially grown on (100) SrTiO3 (STO) substrate by
pulsed laser epitaxy. The STO substrate was pre-treated by HF acid and annealed at high
temperature to ensure the TiO2-terminated surfaces. During the film growth, the substrate
temperature and oxygen partial pressure were kept at 700 oC and 100 mTorr, respectively.
The crystalline quality of superlattices was examined by high-resolution x-ray diffraction
(XRD). The atomic and chemical configurations across the BFO/LSMO interfaces were
studied with high-angle annular dark-field (HAADF) imaging and spatially resolved electron
energy-loss spectroscopy (EELS) performed in scanning transmission electron microscopy
(STEM) mode. The ferroelectric properties and domain structure of our sample were
analyzed using piezoresponse force microscopy (PFM, Asylum Research Cypher STM). The
macroscopic magnetic properties of the superlattice were measured with magnetic field
applied along the in-plane direction using a superconducting quantum interference device
(SQUID) magnetometry (Quantum Design). The element specific x-ray absorption
spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD) experiments were
conducted at beamline 4-ID-C of the Advanced Photon Source at Argonne National
Laboratory. Polarized Neutron Reflectometry (PNR) measurements were carried out at the
BL-4A instrument at the Spallation Neutron Source, Oak Ridge National Laboratory.
This article is protected by copyright. All rights reserved.
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Figures and figure captions
Figure 1. Structural characterization of a BFO/LSMO superlattice. a) XRD θ-2θ scan of
a [BFO5/LSMO20]10 superlattice around the 002 peak of STO substrate (indicated with *).
Inset: AFM image of the superlattice sample. b) Reciprocal space map (RSM) around the
substrate´s 103 reflection. c) Low and d) high magnification HAADF-STEM images of a
[BFO5/LSMO20]10 superlattice. e) STEM-EELS spectrum image collected in the region,
marked with the green rectangle in the HAADF image. (e) Colored panels show the
integrated intensities of Bi-M4,5, Fe-L2,3, La-M4,5, Sr-L2,3, and Mn-L2,3 edges, which indicate
the distribution of elements across the interfaces. f) Elemental profiles obtained from the
EELS line scans averaged across the respective interface regions.
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Figure 2. Polarized neutron reflectivity (PNR) measurements on a [BFO5/LSMO20]10
superlattice. a) Measured (open symbols) and fitted (solid lines) reflectivity curves for spinup (R+) and spin-down (R-) polarized neutrons are present as a function of wave vector Q (=
4πsin(αi)/λ), where αi is the incident angle and λ is the neutron wavelength. The reflectivity
was normalized to the Fresnel reflectivity RF (=16π2/Q4). PNR measurements were taken at
10 K after field cooling in 1 T. Magnetic field was applied along the in-plane direction. b)
Nuclear scattering length density (nSLD, green curve) and magnetic scattering length density
(mSLD, red curve) depth profiles. Inset: schematic drawing of the superlattice geometry. c)
PNR-derived magnetization of BFO (pink dots) and LSMO (blue dots) layers as a function of
temperature. Two solid lines are shown as a guide to the eye, indicating the Curie
temperatures for BFO and LSMO, are ~ 200 and 310 K, respectively. The total magnetization
of the superlattice (SL) sample weighted by layer thickness is marked by purple dots, in good
agreement with magnetometry (solid star line).

This article is protected by copyright. All rights reserved.
20

Figure 3. Magnetometry measurements on [BFOx/LSMO20]6 superlattices. a) Field
dependent and b) temperature dependent magnetization of a LSMO single layer and
[BFOx/LSMO20]6 (BxL20, where x represents the BFO layer thickness) superlattices with BFO
layer thickness varied from 2 to 20 u.c. The magnetic field was applied along the in-plane
direction. M vs. H loops were measured at 10 K. M vs. T scans were collected with warming
after field cooling at 0.1 T. The magnetizations of all superlattices (M) are normalized to the
magnetization of LSMO single layer (MLSMO) measured at 1 T. c)-e) Saturation
magnetizations taken at 3 T, coercive fields, and Curie temperatures of BxL20 superlattices as
a function of BFO layer thickness, respectively.
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Figure 4. Upper thickness limit of magnetic BFO layer in a BFO/LSMO superlattice. a)
Polarized neutron reflectivity (PNR) curves from a [BFO16/LSMO20]6 superlattice. Measured
(open symbols) and fitted (solid lines) reflectivity curves for spin-up (R+) and spin-down (R-)
polarized neutrons are present as a function of wave vector Q. PNR measurements were taken
at 10 K after field cooling in 1 T. The magnetic field was applied along the in-plane direction.
b) Nuclear scattering length density (nSLD) and magnetic scattering length density (mSLD)
depth profiles. Inset: schematic drawing of the superlattice geometry. The dashed line
represents the mSLD profile with sharp interfaces (a so-called box model). c) and d)
Schematics of spin alignments in the individual layer under external fields across the
LSMO/BFO/LSMO heterostructures with a thin and a thick BFO layer is sandwiched,
respectively.

Large interfacial magnetization in BiFeO3 is observed only in close proximity (~4 unit cells) to
La0.7Sr0.3MnO3. The onset of the net magnetization in BiFeO3 occurs up to 200 K and is antiparallel to
La0.7Sr0.3MnO3. Additionally, ultrathin BiFeO3 exhibits an excellent piezoresponse, providing a
promising avenue to achieve the electric-field controlled magnetism based on BiFeO3
heterostructures.
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