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Abstract. We map out the charge-spin density profile of magneto-electric
La2/3Sr1/3MnO3 (LSMO)–BiFeO3 (BFO) heterostructure using soft x-ray
resonant magnetic reflectivity. We show that the spatial extent of interface
orbitals can extend over a few lattice periods even for an atomically sharp
interface. While LSMO magnetization is depleted at the interface, BFO does
develop a weak magnetic moment mostly near the interface, probably due to a
proximity-induced charge-transfer process. Our study reveals that simultaneous
control of electronic and magnetic interfaces is essential in realizing the potential
of oxide devices.
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1. Introduction

Quantitative investigation of orbital and magnetic distribution at complex-oxide interfaces is
pivotal for proper understanding of the competing interactions that lead to novel functionalities.
A multitude of discoveries have been reported at complex-oxide interfaces, which has shifted
the paradigm of engineering functionalities away from the bulk. Discovery of tunable two-
dimensional electron gas [1, 2], magnetism [3] and superconductivity [4] at the LaAlO3–SrTiO3

(STO) interface, enhancement of ordering temperature in a magnetic superlattice [5], orbital
reconstruction at a superconductor–ferromagnet interface [6, 7] and creation of a magneto-
electric heterostructure [8], for example, necessitates interface-specific investigations. The
key lies in understanding and achieving control over various factors such as symmetry
breaking, frustration, charge transfer, electrostatic coupling, epitaxial strain etc that influence
the interfacial ground state. Therefore, determining the magneto-chemical depth profile in such
heterostructures will provide vital insight into the spin and electronic structure essential for
realizing devices based on oxide interface properties [9, 10].

We investigate here the magnetic and electronic density profile of a model
magneto-electric heterostructure comprising of ferromagnetic La2/3Sr1/3MnO3 (LSMO) and
antiferromagnetic–ferroelectric BiFeO3 (BFO) grown on (001) oriented STO. Both LSMO
(Tc = 370 K) and BFO (TN = 370 K, ferroelectric Tc = 820 K) attract wide interest as they
retain their primary functionality at room temperature. One of the desired outcomes is a
strong magneto-electric coupling between the ferromagnetic and ferroelectric order parameters
which can be enhanced at the interface. Recent exciting reports of electric field control of
magnetism [19–21] and exchange bias [22] in ferromagnetic–ferroelectric heterostructures
further motivations our investigation. Apart from these rich phenomenologies exhibited by
LSMO–BFO heterostructure, it has also been proposed as an interesting system for magnetic
tunnel junctions [17]. This depth-dependent study also allows us to investigate another important
oxide interface, between LSMO and the STO substrate. Even though this interface is reported
to have high spin-polarization [11–13], its magnetic interface has surprisingly remained
controversial [14–16]. The orbital interface is an even bigger, open question.
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In this paper, we report on new manifestations of complex functionalities emerging at
the magneto-electric heterointerface. We show that the electronic and/or orbital reconstruction
occurring at oxide interfaces have more length scales than previously anticipated and we
demonstrate this in LSMO–BFO heterostructure. The magnetic profile is equally intriguing
and experimental findings provide new insights into some of the long speculated issues of
interface magnetism of LSMO. Direct observation of the depleted interface magnetism of
LSMO (as has been speculated only as a ‘dead layer’) has been demonstrated at the interface
that can span over 2–3 nm. Our measurements also reveal that the first few interfacial layers
of antiferromagnetic BFO can develop a very weak ferromagnetic moment in proximity with
LSMO. The experimental results are discussed in the framework of heterogeneous magneto-
electric interface and orbital selective charge transfer effects. These experimental and theoretical
findings provide unprecedented detail of the complex phenomena occurring at buried magneto-
electric heterointerfaces that is essential for assessing the potential functionalities of these
systems for the next generation nano-electronics applications.

2. Experimental procedures

An epitaxial LSMO–BFO heterostructure was grown on (001)-oriented atomically flat SrTiO3

substrates using the pulsed laser deposition method with a KrF excimer laser (λ = 248 nm) at a
fluence of 1.5–2.0 J cm−2. Both layers were grown at 700 C substrate temperature. Background
oxygen pressure for LSMO was 200 mtorr with a 2 Hz laser pulse repetition rate while for
BFO the oxygen pressure was 100 mtorr and 10 Hz repetition rate. The growth rate was
controlled through ex situ x-ray reflectivity calibration and was 40–50 pulses nm−1 for both
LSMO and BFO. Detailed BFO growth and characterization can be found elsewhere [18].
Resonant x-ray magnetic reflectometry measurements were carried out at the fast polarization
switching beamline, X13A, of National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory, USA and Beamline 12.0.2.2 of the Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory, USA. Resonant x-ray profiles at a fixed angle were
measured using both circular and linear polarized incident x-ray beams. Incoming right (I+)
and left (I−) circularly polarized x-ray beams were tuned to the Mn L3 (639.5 eV) and Fe L3

(707.0 eV), respectively. At first, specular reflectivity was measured at a fixed incidence angle
of 16◦ as a function of incident beam energy at an applied field of 350 Oe. Element specific
hysteresis loops were measured at 300 K (room temperature) and 32 K. In a second set of
experiments specular magnetic reflectivity was measured at 300 and 32 K at both the Mn and
Fe edges and the asymmetry ratio (Aasym = (I+

− I−)/(I+ + I−)) determined. The measurements
were done as a function of wave vector transfer qz with 350 Oe magnetic field applied along the
x-ray propagation direction.

3. Discussions

3.1. Hard x-ray reflectivity

The structural interface of the LSMO–BFO heterostructure was characterized by x-ray
reflectivity measurements with Cu Kα (λ = 0.154 18 nm) radiation as shown in figure 1(a).
The reflectivity curve was fitted based on the Parratt [27] formalism incorporating the effect
of the roughness according to Nevot and Croce [28] to obtain values for thickness and structural
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Figure 1. (a) Cu Kα x-ray reflectivity data (circles) and fits (solid line). The
inset shows the geometry of the soft x-ray experimental set up, where a beam of
circularly polarized x-ray is incident on the sample. A magnetic field of 350 Oe
is applied along the beam direction. The detector angle is at twice the incident
angle to satisfy the specular reflectivity condition. (b) Charge density profile
of the heterostructure obtained from the fits of the reflectivity curve as shown
in figure (a). The dotted blue lines represent the structural interface of oxide
heterostructures. (c) Reflected intensity as a function of incident photon energy
for the circularly left (I+) and right (I−) helicities of incident light (upper panel).
At 300 K magnetic dichroic signal is observed only at the Mn L resonance edges.
In the limit of experimental resolution no magnetism is observed at the Fe L
resonance edges, confirming a robust antiferromagnetic state of BFO at 300 K
(lower panel). (d) At 32 K, a very weak but clear hysteresis loop is observed at
the Fe L3 edge indicating the presence of a net spontaneous magnetic moment in
BFO, which is exchange coupled to adjacent Mn spins of LSMO.

interfacial roughness of individual layers as illustrated in figure 1(b). The thickness of LSMO
(BFO) layer was extracted to be 8.20 (3.40) nm, which nominally corresponds to approximately
21 and 8 unit cells, respectively, in agreement with the pre-calibrated values. The structural
roughness at the LSMO–BFO (LSMO–STO) interface was determined to be 0.20 ± 0.01
(0.59 ± 0.02) nm indicative of atomically sharp interfaces. We note here that the roughness is
the root mean square value averaged in the interface plane over macroscopic areas of the sample
covered by the footprint of the x-ray beam.
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3.2. Soft x-ray reflectivity

Resonant soft x-ray magnetic reflectivity measurements using a circularly polarized incident
x-ray beam (I+, I−) is a powerful non-invasive probe, where we directly measure the Fourier
components of the chemical specific charge and magnetization density distribution. By
measuring a large set of Fourier components as a function of wave vector transfer qz (= 2 ∗ pi/d,
where d is the real space length scale), we can accurately determine depth-dependent charge and
magnetization density profiles in real space and uniquely identify the interfacial electronic and
spin structure [23–25]. The resonant nature of the technique provides unprecedented sensitivity
in detecting small changes in refractive index. The sum signal (I+ + I−) is dominant by charge
or electronic signatures, while the asymmetry ratio ((I+

− I−)/(I+ + I−)) represents interference
of charge and magnetic scattering factors, and is linearly proportional to magnetization. By
analyzing the sum signal we can therefore extract quantitative electronic densities while the
magnetization profile is obtained by analyzing the difference signal [26].

In order to determine resonant energies we measured the reflected intensity as a function
of incident x-ray energy with the detector setting of 16◦ that show peaks related to Mn and
Fe L3 edges (figure 1(c)). Presence (absence) of a Mn (Fe) magnetic dichroic signal indicates
that LSMO is magnetic but BFO has no net moment at 300 K. Element specific hysteresis loop
measurements at the Mn (Fe) L3 edge 639.5 eV (707.0 eV) also show similar results. At 32 K
both magnetization and coercivity of LSMO are significantly enhanced compared to 300 K
measurements, as expected. Interestingly enough, we also find a spontaneous magnetization
at the Fe edge indicating a very weak ferromagnetic behavior of BFO (figure 1(d)). Further, the
similarity of coercive fields for Fe and Mn loops indicates likely exchange coupling between Fe
and Mn spins. We note here that in reflection geometry, only one hysteresis curve at a fixed qz is
not sufficient to determine the sign of exchange coupling. As we show below, such information
can only be extracted after a rigorous analysis of the magnetic reflectivity curves.

Figures 2(a) and (b) illustrate the soft x-ray resonant reflectivity sum signal (I+ + I−) as a
function of the wave vector transfer qz at both the Mn and Fe L3 edges. Resonant sensitivity
is clear from inspection as the lineshapes are quite different. To analyze and extract relevant
information we fit the data using rigorous scattering theory employing distorted wave born
approximation [26]. Due to the high sensitivity of resonant soft x-rays to small chemical-specific
changes in electron densities particularly near the interfaces, we found that a simple three layer
model was not sufficient to fit the data. In order to reproduce the complex variation of the
density profile we mathematically modeled near-interface regions with layers that have slightly
different optical constants along with its own roughness which would represent variations
in electronic structure. Alternatively, we could have sliced each layer into multiple layers to
represent the continuous density variation with its own thickness and roughness. However, that
would introduce far more free parameters into fitting. To fit the Fe and Mn reflectivity data
satisfactorily required that the near-surface of 0.60 nm region has different optical constants than
bulk BFO coupled with transitory layers at the LSMO–BFO (1.50 ± 0.16 nm) and LSMO–STO
(1.30 ± 0.22 nm) interface. The roughness at the LSMO–BFO transitory layer was found
to be 1.20 ± 0.07 nm, whereas the roughness value at the LSMO–STO transitory layer was
0.50 ± 0.11 nm. We found that the fitting is generally more sensitive to LSMO–BFO interlayer
properties than the LSMO–STO interlayer.

The existence of extremely rough interfaces is in stark contrast with our structural
characterization and this implies that soft x-rays do not ‘see’ the interfaces to be as sharp
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Figure 2. (a), (b) (I+ + I−) signals (solid lines with triangles) at the Mn(Fe) L3

resonance edges, which predominantly contains the electronic signature. Fits to
the data are shown by solid lines. (c), (d) Variation of the charge density profile
along the depth of the interface. Distinctly different electron densities near the
interface regions were observed. Fits to the experimental data also suggest that
electronic roughness (yellow stripes in figures (c) and (d) of such transitory
layers are different compared to the structural roughness (red stripes).

and abrupt as hard x-rays do. Together, the existence of transitory layers with a high degree
of roughness compels us to view these interfaces as electronically heterogeneous i.e. spread
over much larger length scales than non-resonant techniques can reveal. Multiple reasons can
contribute to the existence of the broad electronic interface. Subtle chemical changes such
as variation of the mean oxidation number of Mn and Fe from bulk to interface can directly
alter the refractive index at resonances and, therefore, the scattering cross-section. Secondly,
structural or orbital reconstruction at the interface due to factors such as symmetry breaking,
interfacial Jahn–Teller distortion among others, can also lead to minute changes in refractive
index which the soft x-rays at resonances can see due to its electronic sensitivity. It has
to be noted that the observed broad electronic interface of over 2–3 atomic lattices implies
participation of both Mn and Fe orbitals. This observation is supported in recent findings
of suppressed octahedral tilts in LSMO–BFO interfaces [30] which will be picked up in
our measurements. At the LSMO–STO layer, considering the propensity of STO to become
Sr-deficient and Ti–O rich at the surface, the LSMO–STO transitory layer could be Ti rich [29].
Our finding clearly demonstrates that soft x-rays can provide interfacial electronic information
which hard x-rays cannot.

The magnetic depth profile can be probed using asymmetry ratio analysis and is shown in
figures 3(d) and (e). Both room and low temperature (32 K) Mn edge magnetic reflectivity show
a varying asymmetry ratio as a function of wave vector transfer qz with 32 K data showing a
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Figure 3. (a), (b) Asymmetry ratio ((I+
− I−)/(I+ + I−)) (solid points) and

corresponding fit (solid lines) for the Mn L3 edge at 300 and 32 K. No asymmetry
ratio is observed at 300 K for Fe. An increase in the asymmetry ratio is observed
at low temperatures indicating increased magnetization at low temperatures. (c)
The asymmetry ratio at the Fe L3 edge at 32 K. (d) Comparison of Mn magnetic
profile at 300 and 32 K, indicating that the Mn magnetization increases mostly
in the bulk layers of the film. Significant modifications of the magnetic density
profile are observed near the interfaces. (e) Relative comparison of magnetic
density profiles of Mn and Fe at 32 K, indicating that Fe magnetization is
much weaker compared to Mn and peaks near the LSMO–BFO interface (note
Fe magnetic density profile is scaled). Magnetic roughnesses (green stripes) is
slightly larger at the LSMO–BFO interface compared to LSMO–STO interface.

75% increase in the asymmetry ratio, consistent with magnetometry data (figures 3(a), (b) and
supplementary section S1 (available from stacks.iop.org/NJP/15/113042/mmedia)). In the limit
of experimental resolution no magnetic contrast was found for Fe at 300 K. The solid lines in
figures 3(a), (b) show that a reasonably good fit to the asymmetry ratios has been achieved.
The resulting magnetization profiles reveal that Mn magnetism is weaker at the interfaces
and attains the maximum value at the middle of the layer. Furthermore, the suppression of
interface magnetism is found to be asymmetric; Mn magnetism falls off well before the nominal
LSMO–STO structural interface compared to LSMO–BFO, both at room and low temperature.
This is clearly shown in figures 3(d), (e) where we find that the Mn magnetism decreases as
the LSMO–BFO structural interface is approached (about 23% less than maximum value at
32 K). The depleted magnetism at LSMO–STO interface extends 1.5 nm into the bulk before
slowing recovering to the maximum value at roughly the middle of the LSMO layer. Reduced
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magnetism in proximity of the transitory layer appears to be consistent with the supposed ‘dead
layer’ formation at oxide interfaces [15]. We also found that the magnetic roughness, which
is a metric of spin disorder, is roughly of similar order to charge roughness (0.70 ± 0.1 versus
1.20 ± 0.07 nm at the LSMO–BFO interface) indicative of an intricate link between magnetic
and electronic heterogeneities at the interface.

One of the more interesting findings of our study was identifying at low temperatures a
small asymmetry ratio (∼0.015%) at the Fe-edge which indicates the presence of a net but
very weak magnetic moment in the BFO layer (figure 3(c)). The magnetization in the BFO
layer peaks within 0.70 nm of the structural BFO–LSMO interface and falls off gradually away
from the interface (figure 3(e)). We therefore find that the majority of the net moment in BFO
is confined very close to the LSMO–BFO structural interface and is oriented parallel to Mn
magnetization in LSMO. The density profile curve of Fe is aligned in the same direction as the
Mn curve, which is indicative of parallel alignment of Mn and Fe moments. From the magnetic
density profile curve shown in figure 3(e) we can infer that the maximum value of Fe magnetism
is ∼1.0% of the peak Mn magnetism and ∼0.06% of the total magnetization thereby indicating
the weakness of the BFO magnetization.

4. Theoretical calculations

To shed light on the origin of interface magnetism of the BFO layer, we performed first-
principles density functional theory calculations with on-site Coulomb U correction on a
(001)-oriented LSMO–BFO heterostructure. To simultaneously investigate both bulk and
interface properties, a large 208 atom supercell was constructed consisting of 6 LSMO
unit cell layers and 4 BFO unit cells (see supplementary section figure S2 (available from
stacks.iop.org/NJP/15/113042/mmedia) for the near-interface relaxed supercell structure) both
constrained in-plane to the lattice parameter value of cubic STO. The interfacial layer consists
of four Fe atoms from BFO connected to Mn atoms through oxygen atoms. Two of these four Fe
atoms are ferromagnetically (FM) aligned and the other two Fe atoms are antiferromagnetically
(AF) aligned with interfacial Mn. Our relaxed structure reveals substantially different structural
and electronic properties between bulk and interface BFO. Firstly, we observe an expansion
in the out-of-plane lattice parameter for the near interface BFO layers (4.02 Å) compared to
the bulk value (3.96 Å, data not shown). This is consistent with application of an in-plane
compressive strain to the BFO layer through the STO substrate. A slight lattice contraction of the
interfacial AF Fe octahedra by about 0.01 Å compared to the FM Fe octahedra is also observed
(see supplementary section S2). The spin-resolved density of states (DOS) of the LSMO–BFO
supercell is shown in figure 4. This heterostructure is half-metallic, with an insulating spin-down
band and metallic spin-up band. This is not unexpected as LSMO is a well known half-metal.
However, apart from spin-up Mn states at the Fermi-level, we also find a small (0.01 µB/Fe
atom) Fe moment in the spin-up band (i.e. parallel to Mn moment). Layer-specific analysis
shows that only the interfacial Fe atoms develop a moment as shown in the inset of figure 4.
The plot clearly reveals that both Fe sites have a small DOS in the spin-up band, with a slightly
higher DOS (and magnetic moment) at the AF-aligned Fe site than the FM-aligned interface Fe.
It is also to be noted that these states appear in the insulating gap of bulk BFO. This moment
could be induced from the spin-up Mn states in LSMO (as their evanescent decay tail). The
metal-induced gap states [31] causes a net magnetic moment on the first layer of Fe atoms, an
observation which is consistent with the experimental result of a BFO magnetic moment close
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Figure 4. Atom projected DOS for LSMO–BFO. Filled orange curve represents
Mn atom of ferromagnetic LSMO, blue and red curves represents Fe atoms of
the interfacial BFO layer with Fe spin aligned parallel and antiparallel to Mn
spin, respectively. Interface Fe DOS near the band edges is shown in the inset,
showing formation of mid-gap states.

to the LSMO–BFO interface. A ferromagnetic coupling is also expected between the interfacial
Mn and Fe atoms through oxygen-mediated superexchange interaction, an observation which is
consistent with our experimental findings.

5. Conclusion

In conclusion, we have performed a comprehensive, quantitative study of the interfacial charge
and spin structure of BFO–LSMO–STO heterostructure. Using the sensitivity of resonant soft
x-ray scattering we show that nominally sharp structural interfaces do not necessarily imply
a sharp electronic or magnetic interface. We provide quantitative evidence of larger interface
roughness and electronic heterogeneity compared to non-resonant characterization methods, a
result which compels us to generalize the notion of interface roughness in a boarder context
beyond sample-specific details. The magnetic depth profile shows that magnetism of LSMO
is significantly depleted at the interfaces, particular at the LSMO–STO interface which is
consistent with the formation of a magnetically dead layer. Our measurements also reveal
that antiferromagnetic BFO develops a very small ferromagnetic moment which peaks very
close to the LSMO–BFO interface. Density functional theory assigns it to a proximity-induced
charge-transfer process from interfacial Mn to Fe states. On a broader perspective, our findings
are useful not only for assessing the potential of these systems for future nano-electronics
applications but also provide a new framework with which to enhance our understanding of
interface properties using resonant techniques.
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