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The influence of strain and stacking sequence on interfacial ferromagnetism and exchange coupling in
correlated oxide LaNiOs/Lag¢;Sr033:MnO; (LNO/LSMO) heterostructures is investigated. LNO/LSMO het-
erostructures are grown on two different substrates [MgO and SrTiO; (STO)] yielding different strains for the
oxide layers that lead to different interfacial properties. Polarized neutron reflectivity (PNR) results indicate the
emergence of a ferromagnetic interfacial LNO layer and exchange bias for LNO/LSMO heterostructures grown
on MgO substrate. In contrast, no such phenomenon was observed for LNO/LSMO heterostructures grown on
an STO substrate. Combining magnetometry, PNR, x-ray scattering, and soft x-ray absorption spectroscopy
measurements, we found an enhanced magnetic moment and exchange coupling at interfaces that arises from
charge transfer and orbital reconstruction via strain engineering in these complex oxide heterostructures. First-
principles calculations suggest a possible orbital reconstruction as a result of different strains at interfaces which
results from different interfacial magnetic phase behaviors. The study helps understand the manipulation of the
exotic states with the aid of strain in oxide-based electronics.

DOLI: 10.1103/PhysRevB.110.104424

I. INTRODUCTION

Artificially engineered complex oxide heterostructures of-
ten exhibit a rich spectrum of interesting phenomena and
unexpected phases at their interfaces, which are entirely dif-
ferent from their constituent bulk materials [1-4]. The novel
emergent phenomena in these heterostructures arise due to
an intimate coupling between charge, spin, orbital, and lat-
tice degrees of freedom, accompanied by interfacial effects
such as symmetry breaking, lattice strain, charge and or-
bital reconstruction, strong electronic correlations, and polar
catastrophe [4-7]. The exotic findings include the emergence
of high conductivity and magnetism at the LaAlO3/SrTiOs
(STO) interface [4,8,9], emergent ferromagnetic (FM) order
in the BiFeO; layer near the Lagy7Sro3MnO3/BiFeOs inter-
face [10-13], FM interface between two antiferromagnetic
(AFM) complex oxides [14], and exchange bias effect (EBE)
in the heterostructure consisting of a paramagnetic (PM) and
FM oxide systems [3,15-17] to name a few. These emer-
gent phenomena can be attributed to the complex interplay
of competing interactions which give rise to novel structural,
magnetic, and electronic phases at the interfaces. Quantitative
investigation of these interfaces is therefore essential to un-
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derstand the fundamental physics governing these phenomena
and to tailor them for any desired applications.

Recently, there has been a large interest in the growth
of complex oxide heterostructures comprising near room
temperature (RT) FM manganites and PM nickelates due
to the discovery of interface-driven exotic properties such
as interfacial antiferromagnetism and interlayer coupling
[18,19], noncollinear magnetism [20-22], superconductivity
[23], EBE [16,17], interfacial magnetic helix [24], and long-
range magnetic order for an interfacial PM layer [17].

The Lage7Sr933MnO; (LSMO)/LaNiO; (LNO) het-
erostructure is one of the most studied FM manganite/PM
nickelate systems [15-17,22-28], where both LSMO (half
metallic) and LNO (metallic) are cubic perovskites (ABO3)
with LSMO being an FM, and LNO is a Pauli PM [29,30].
The unexpected superconductivity and other emerging phe-
nomena across the interfaces of LSMO/LNO heterostructures
[22-28] suggest the existence of complex interactions at
their interfaces and thus support further investigation. Using
the intrinsic ability of polarized neutron reflectivity (PNR)
[17,31-34] to probe interface magnetism, Bhatt et al. [17]
observed an FM order (7. < 100 K) with a magnetization of
~80 kA/m for an interfacial LNO layer of thickness ~30 A
in LNO/LSMO heterostructures grown on single-crystal MgO
substrate. PNR measurements were used to understand the
small Eg observed in these LNO/LSMO heterostructures [17].
Depth profiling of the magnetization obtained from PNR also

©2024 American Physical Society
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suggested the existence of both FM and AFM coupling at
interfaces, which was dependent on the stacking sequence
[17].

Thickness-dependent strain in thin-film systems and its
influence on the magnetic properties have been studied for
both metallic [35,36] and oxide [37] heterostructures. The
strain and its relaxation at different thicknesses of thin films
have also resulted in different in-plane and out-of-plane mag-
netic anisotropy in these systems [35]. Thus, strain and
surface termination at interfaces, leading to charge recon-
struction and polar discontinuity, also play an important role
in influencing exchange interaction and coupling in com-
plex oxide heterostructures [4,38]. Both LSMO and LNO
show polar surface termination with a formal layer charge of
+0.67e (Lag 6751033077 and MnO;**") and +le (LaO™!
and NiO; 1y for the LSMO and LNO system, respectively
[11,13,39-42]. Both strain and polar surface termination at
interfaces influence the orbital occupancy, interface inter-
action, and structural distortion noticeably, leading to the
emergence of unexpected electronic and magnetic properties
in the LSMO- and LNO-based heterostructures [39-42].

Here we report strain-driven ferromagnetism for the in-
terfacial LNO layer and exchange bias in LNO/LSMO
heterostructures grown on STO and MgO substrates. PNR
results demonstrated the emergence of a ferromagnetic LNO
layer at the interface of LNO/LSMO heterostructures grown
on MgO substrate, which leads to EBE in this system. In
contrast, no interfacial FM LNO layer is observed for the
LNO/LSMO heterostructure grown on STO substrate. A com-
bination of macroscopic magnetometry, x-ray and neutron
scattering, and soft x-ray absorption spectroscopy (XAS)
indicate that strain can modify the exchange interaction, inter-
facial charge redistribution, and related orbital reconstruction
at interfaces leading to emerging properties at interfaces in
this complex oxide heterostructure. We have also carried out
the theoretical investigation of interfacial properties using
first-principles calculations. The results show the establish-
ment of a varying orbital reconstruction at the interfaces as a
result of different strain combinations, which corroborates our
experimental results. Thus, the strain field plays an important
role in explaining the evolution of interfacial ferromagnetism
in this system.

II. EXPERIMENT

High-quality heterostructures of LNO and LSMO with dif-
ferent stacking sequences were grown on c-axis (00/) oriented
single-crystal STO and MgO substrates using pulsed laser
deposition (PLD). Heterostructures studied here, include a
total of four bilayers grown on STO and MgO substrates with
a structure of S1: LSMO/LNO/STO, S2: LNO/LSMO/STO,
S3: LSMO/LNO/MgO, and S4: LNO/LSMO/MgO. The
schematic of these heterostructures (S1, S2, S3, and S4)
are depicted in the inset (i) of Figs. 1(a) and 1(b). A
KrF excimer laser (A = 248 nm, pulse width = 20 ns) with
a fluence of 3Jcm™2 and a repetition rate of 5 Hz was
focused on high-density stoichiometric LSMO and LNO tar-
gets to deposit different heterostructures. During the growth,
the substrate was kept at 750 °C under an oxygen par-
tial pressure of 0.2 mbar. Postdeposition annealing of the

heterostructures was carried out at 750 °C for 30 min in
1000 mbar O,.

X-ray diffraction (XRD) and x-ray reflectivity (XRR) mea-
surements using Cu Ko radiation were used for the structural
characterization of the heterostructures. Specular [angle of
incidence (¢;)=angle of reflection (6;)] reflectivity (both XRR
and PNR) measurements as a function of the out-of-plane
wave-vector transfer, Qz(=27”[sin(9f)+sin(9,-)], where A
is the wavelength of the neutron/x ray [32,34]) provide
depth-dependent structure and magnetic information of the
heterostructure [32,34]. For fitting reflectivity data, depth-
dependent parameters were adjusted to minimize the value
of reduced x?—a weighted measure of the goodness of fit
[43]. Errors in the parameters were calculated by varying
each parameter sequentially and keeping others fixed. Thus,
an error on the parameter is a perturbation of the parameter
that increases the reduced x? by one, which corresponds to
a 20 error (95% confidence) [43]. Asymmetrical reciprocal
space maps (RSMs) as a function of out-of-plane wave-
vector transfer, Q,, and the in-plane wave-vector transfer,
0. (= 2T”[cos(ef) — cos(#;)]), are carried out using Cu Ko
x-ray radiation to study the strain properties of the films.

The macroscopic magnetization measurements as a func-
tion of temperature [M(T)] and magnetic field [M(H)] were
performed using a superconducting quantum interference de-
vice (SQUID) magnetometer. The M(7) measurements were
performed under an in-plane applied field of 500 Oe in the
field-cooled (FC) condition. The M(H) data were recorded
over a range of temperatures (5-150 K). PNR experiments in
the temperature range of 5-300 K with an in-plane magnetic
field of 500 Oe were performed on the POLREF reflec-
tometer at the ISIS Neutron and Muon Source, Rutherford
Appleton Laboratory, UK. PNR is highly sensitive to interfa-
cial magnetism and unlike other macroscopic magnetization
techniques, it can provide accurate depth-dependent magneti-
zation profiles. This is beneficial when there are significant
paramagnetic contributions from the substrate or potential
surface contamination [32,44]. To explore the electronic prop-
erties, the heterostructures were examined with XAS in the
soft x-ray regime at beamline BL-01 of the Indus-2 (RRCAT,
Indore, India) [45]. The spectra were measured in the surface-
sensitive total electron yield (TEY) mode spanning an energy
range of 500-890 eV, which covers the characteristic energy
for O K, Mn L, La M, and Ni L edges.

III. RESULTS AND DISCUSSION

A. X-ray scattering measurements

Figures 1(a) and 1(b) depict the XRD data for heterostruc-
tures grown on STO (heterostructures S1 and S2) and MgO
(heterostructures S3 and S4) substrates, respectively. For com-
parison, we have also plotted the XRD data from single LNO
and LSMO films grown on these substrates. The Bragg peaks
corresponding to (00/) reflections from the film and substrate
are indexed in Figs. 1(a) and 1(b), suggesting a highly c-
axis oriented and textured growth of all the heterostructures.
Within the instrumental resolution of the XRD machine, we
find a single peak of (00/) reflection for the different lay-
ers [both LSMO and LNO; Figs. 1(a) and 1(b)]. Moreover,
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FIG. 1. XRD data from different LSMO and LNO heterostructures as well as single LSMO and LNO films grown on single-crystal (a)
(001) STO and (b) (001) MgO substrates. Insets (i) of (a) and (b) show the schematic of the structure for the different heterostructures
investigated. Insets (ii) of (a) and (b) show XRD data over a limited angular range around the (002) reflection of films grown on STO and
MgO substrates. Reciprocal space mapping plots for (c) asymmetric (103) reflections for S2 (STO) and (d) asymmetric (024) reflections for

S4 (MgO) heterostructures.

the Bragg peaks for bilayer heterostructures (S1-S4) almost
coincide with the peaks for individual single films (e.g.,
MgO/LSMO) grown on the corresponding substrates. This is
highlighted in inset (ii) of Figs. 1(a) and 1(b), where we have
plotted XRD patterns in a limited angular range near the (002)
reflection of the film/substrate. In addition, satellite peaks
[shown as a vertical arrow in inset (ii) of Figs. 1(a) and 1(b)]

were also observed for heterostructures, which are prominent
in the case of the bilayers grown on STO substrate and confirm
the growth of high-quality heterostructures. Figures 1(c) and
1(d) show asymmetrical RSMs for (103) reflections for S2
(grown on STO) and (024) reflection for S4 (grown on MgO)
heterostructures. It is evident from Figs. 1(c) and 1(d) that
(103) and (024) peaks for oxide films occur at different Qy
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FIG. 2. The out-of-plane lattice constant (red closed circles) for different heterostructures (S1-S4) and single LSMO and LNO films
grown on (a) STO and (b) MgO substrates. The horizontal lines shown in different colors in (a) and (b) represent the lattice parameters of
LNO, LSMO, STO, and MgO systems in the bulk phase. X-ray reflectivity (XRR) data (symbols) and corresponding fits (solid lines) for
different heterostructures. ESLD depth profiles for different heterostructures (d) S1, (e) S2, (f) S3, and (g) S4 which gave the best fit to the

corresponding XRR data.

values than that of the corresponding substrate peaks, suggest-
ing a relaxation in the lattice of the film. Hence, the peak shift
in symmetrical 6-26 scans [Figs. 1(a) and 1(b)] provides the
true strain state of the films and is being used to calculate the
strain in the films discussed below.

It is noted that the bulk lattice parameter for the STO
(dsto = 3.905 A) and MgO (dmeo = 4.20 A) substrates are
larger as compared to those for LNO (dino = 3.84 A) and
LSMO (dpsmo = 3.87 A) [horizontal lines in Figs. 2(a) and
2(b) show the lattice parameters in bulk phase]. The esti-
mation of epitaxial strain [% of strain = (dsubstrate — dfilm) X
100/dgim] due to the lattice mismatch of LSMO and LNO
with substrates in bulk phase suggests that both STO (tensile
strain ~1.7% for LNO and 0.9% for LSMO) and MgO (tensile
strain ~9.4% for LNO and 8.5% for LSMO) substrates offer
an in-plane tensile strain for the films. Similarly, on comparing
the lattice parameters for the LSMO and LNO in the bulk
phase, we expect an in-plane tensile or compressive strain in
the top layer depending on whether the LNO film is grown
on an LSMO film or vice versa, though the film thickness and
lattice matching with the substrate will also contribute to the
strain. The film with in-plane tensile strain will grow with
an out-of-plane compressive strain. Using a well-separated
Bragg peak for (002) reflections from heterostructures

and single LSMO and LNO films (Fig. 1), we have determined
the out-of-plane lattice parameter for single films (LSMO and
LNO) as well as the heterostructures (S1, S2, S3, and S4)
grown on STO and MgO substrates. Figures 2(a) and 2(b)
show the out-of-plane lattice parameter for films obtained for
different heterostructures along with their lattice parameter in
the bulk phase (horizontal lines represent the lattice parame-
ters in the bulk of corresponding material). As expected, and
also evident from Fig. 2(a), both the LSMO and LNO films
(both single and bilayer) grown on STO show a reduction
in the out-of-plane lattice parameters as compared to their
bulk values, suggesting a maximum out-of-plane compressive
strain of ~ —1.20% and —0.50% for LSMO and LNO films,
respectively. In contrast, heterostructures grown on MgO in-
dicate an out-of-plane compressive (tensile) strain for LSMO
(LNO) film with a strain value of —0.25% (4+0.50%). XRD
measurements further suggest that the strain in the different
layers of a bilayer heterostructure is independent of the growth
sequence (stacking sequence) on the same substrate but it can
vary depending on the choice of the substrate. Strain val-
ues obtained for different layers in these heterostructures are
given in Table I. The experimentally observed strain values,
especially in the case of MgO substrate, are negligible as com-
pared to that estimated from bulk lattice parameters, which is
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TABLE I. Structural parameters, i.e., strain, thickness, interface roughness (o), and electron scattering length density (o) obtained from

x-ray scattering data for different heterostructures.

LNO layer LSMO layer
Sample structure Strain (%)  Thickness (A) o (A) p (10 A2  Strain(%) Thickness (A) o (A) p(107°A2)
S1: LSMO/LNO/STO ~ —0.50% 200+ 11 542  5.08+0.18  —1.20% 198 & 10 4+2  456+0.17
$2: LNO/LSMO/STO ~ —0.50% 185 + 10 6+2 507+£020 —1.20% 183 & 10 542 4.55+0.16
$3: LSMO/LNO/MgO  +0.50% 210+ 12 542 5124018 —-025% 150 +£9 743  4.64+0.18
S4: LNO/LSMO/MgO  +0.50% 225413 442 5184022  —025% 2334+ 12 542  470+0.17

consistent with earlier findings [46], where oxide films grown
on MgO substrate relax quickly as a function of film thickness
(=50 A) as compared to other substrates. The reciprocal space
maps for S4, shown in Fig. 1(d) also confirm the relaxation
of oxide films grown on MgO substrate. The very large in-
plane tensile (lattice mismatch) strain (~9%) for LSMO and
LNO films in MgO substrate is possible to provide additional
reorganization of atoms at interfaces, which can over-relax the
in-plane tensile structure and lead to either compressively or
tensile strained growth. This may be the reason for observ-
ing differently strained LSMO (out-of-plane compressed) and
LNO (out-of-plane tensile) films grown on MgO substrates,
as well as the rapid relaxation of oxide films of relatively
smaller thickness (~50 A) [46]. The unexpectedly larger out-
of-plane lattice constant (tensile strained) for LNO film grown
on MgO film is consistent with earlier reports which suggested
such an opposite and unexpected strain behavior for oxide
films due to over-relaxation and reorganization of atoms at
the interfaces [47,48]. The modified strain fields at interfaces
can lead to orbital reconstruction [22,29] and thus give rise to
novel and unexpected interfacial magnetic properties in these
systems.

To investigate the depth-dependent structural properties
of the LSMO/LNO interfaces averaged over the whole lat-
eral area (~1cm?), we have carried out XRR measurements.
The layer structure parameters obtained from XRR anal-
ysis consist of electron scattering length density (ESLD),
thickness, and interface/surface roughness of each layer in
the heterostructure [32,34,49]. Unlike the direct imaging
method [e.g., transmission electron microscope (TEM)], XRR
is nondestructive and provides depth profiling of structural
properties with a depth resolution of subnanometer length
scale averaged over the whole lateral dimension. In addition,
the XRR in combination with PNR is advantageous to probe
interfaces with subnanometer depth resolution [31,32], espe-
cially where the interfaces comprise two oxide layers having
few common elements, and the direct imaging technique pro-
vides poor depth resolution (approximately a few nanometers)
for the common elements (like oxygen) of films across in-
terfaces [31,50]. However, TEM measurements [13,51] for
oxide heterostructures grown using PLD have shown epitax-
ial growth and sharp interfaces, in agreement with the layer
structure obtained from XRR and PNR measurements. Fig-
ure 2(c) shows the XRR data (symbols) and corresponding
fits (solid line) as a function of the out-of-plane wave-vector
transfer, Q; = Q(= 4T”sin6, where 6 = 6; = 6;) for different
heterostructures, which have been shifted vertically for better
visualization. The corresponding ESLD profiles are shown in
Figs. 2(d)-2(g). The depth-dependent structural parameters

(i.e., thickness, interface roughness, and ESLD) for different
heterostructures, obtained from the XRR analysis, are given
in Table I. Within the error estimated for the ESLD param-
eters, it is evident from the depth profiles [Figs. 2(d)-2(g)
and Table I] for different heterostructures that the ESLD value
for LNO (~ 5.1 x 107> A=2) and LSMO (~ 4.6 x 107> A~2)
layers remain the same in all heterostructures. The variation of
ESLD values for different layers across the heterostructures
and throughout the layer thickness confirms the growth of
chemically homogeneous films.

B. Macroscopic magnetization: SQUID measurements

The macroscopic magnetization measurements are de-
picted in Figs. 3 and 4. The M(T) data for heterostructures S1,
S2, S3, and S4 are shown in Figs. 3(a), 3(b), 3(c), and 3(d),
respectively, under FC (Hr = 500 Oe) and zero-field-cooled
(ZFC) conditions, which were recorded in an in-plane mag-
netic field of 500 Oe. The Curie temperature, 7, determined
from the M(T) data is below 300 K for all the heterostruc-
tures. We have also plotted the temperature variation of (1/M)
dM/dT data for the FC condition in the inset of Figs. 3(a)-3(d)
for each heterostructure and estimated the corresponding 7
values of 262, 237, 289, and 288 K for S1, S2, S3, and
S4, respectively. The T. (<300 K) for all the heterostruc-
tures is much smaller than the 7. (~350 K) of the LSMO
in the bulk phase. Different parameters such as deposition
conditions (oxygen pressure), strain, thicknesses, and charge
discontinuity are believed to reduce the 7; of manganite films
[52-55]. The magnetization and 7. for these heterostruc-
tures are consistent with LSMO films grown under similar
conditions [13,17,52,55]. We find different strain values for
the film grown on two substrates as well as a small varia-
tion in thicknesses of LSMO layers of the samples (S1-S4;
Table I), which might contribute to the different values of T¢.
SQUID data also suggested a smaller value of the average
magnetization (~285 kA /m at 5 K) for S1 and S2 (both grown
on STO substrates) as compared to that of S3 and S4 (both
grown on MgO substrates), which showed a magnetization of
~380 kA/m at 5 K. In addition, we find irreversibility in FC
and ZFC data at low temperatures for all the heterostructures.
The difference between the FC and ZFC magnetization for
these heterostructures is shown in Figs. 3(e) and 3(f). It is
evident from Figs. 3(e) and 3(f) that both the irreversibility in
FC and ZFC data at low temperatures and the irreversibility
temperatures, T;; (where the bifurcation between the ZFC
and FC magnetization manifests on cooling the sample) are
dependent on the stacking sequence of the layers. Higher
T were observed for the heterostructures with a growth
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FIG. 3. Temperature-dependent FC and ZFC magnetization measurements for different heterostructures (a) S1, (b) S2, (c) S3, and (d) S4.
The inset shows the temperature variation of (1/M)dM/dT, which is used to estimate the 7. of the heterostructures. The difference between FC
and ZFC magnetizations as a function of temperature for heterostructures (e) S1 and S2 (grown on STO) and (f) S3 and S4 (grown on MgO).

sequence of LSMO/LNO/substrate. Such irreversibility in the
LSMO/LNO heterostructure was also reported earlier [27] and
attributed to the presence of a possible spin-glass state at the
interfaces.

The in-plane M(H) curves recorded at a temperature of 5 K
for heterostructures grown on STO (S1 and S2) and MgO (S3
and S4) substrates are shown in Figs. 4(a) and 4(b). In contrast
to the symmetric M(H) hysteresis loop for heterostructures
S1 and S2, we find that the hysteresis loops for heterostruc-
tures S3 and S4 are shifted slightly toward a negative field,
indicating a negative Eg for S3 and S4. To ascertain the Ep
in these heterostructures (S3 and S4), we carried out M(H)
measurements on cooling the heterostructures in a field of
4500 Oe. A clear shift in the hysteresis loops toward the
-ve (+4ve) field for the +ve (—ve) cooling field at 5 K for
heterostructures S3 and S4 is shown in Figs. 4(c) and 4(d),
respectively. Heterostructures grown on MgO substrate also
showed temperature-dependent Eg [17]. For comparison, we
have also plotted the M(H) curves for single LSMO films
grown on STO and MgO substrates (i.e., LSMO/STO and
LSMO/MgO films) in Figs. 4(a) and 4(b), respectively. These
films do not show any shift in the hysteresis loop (i.e., no
EBE). Films (single and bilayer) grown on STO substrate
exhibit a lower coercive field (H;) as compared to those
grown on MgO substrate. In addition, bilayers grown on STO
substrates show the dependence of H, on stacking sequence,

which is consistent with earlier results [27]. However, the
bilayer (LSMO/LNO) heterostructures with different stacking
sequences grown on MgO substrates show similar values of
H. (~300 Oe) at 5 K, which is much larger (>200%) than
that of a single LSMO film (H, of ~150 Oe at 5 K) grown on
MgO substrate.

Figures 4(e) and 4(f) show the temperature-dependent
variation of the H, and Ejp fields, respectively, for different
heterostructures. Heterostructures grown on STO (S1 and S2)
show a soft magnetic nature with a reduced value of H; as
compared to that for heterostructures grown on MgO sub-
strates (S3 and S4). Also, heterostructures grown on STO
did not show any shift in the hysteresis curve along the field
direction (i.e., Eg = 0). In contrast, we obtained negative
exchange bias for heterostructures grown on MgO substrate
with a maximum Eg of ~ —30 Oe at 5 K for both S3 and S4.
However, a rapid reduction in Eg (for S3 and S4) and H, (for
all heterostructures) was observed with an increase in temper-
ature. The small value of Eg (~30 Oe) is in good agreement
with previous studies on this system [17,22,25,27,28] and
indicates a very weak exchange interaction at the interfaces
as compared to conventional EBE systems with FM and AFM
components. These observations indicate that interfacial cou-
pling in these heterostructures is crucial to understanding the
modulation in macroscopic magnetic properties and suggest
that stacking order along with the choice of substrate plays
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FIG. 4. Field-dependent magnetization M(H) at 5 K from different heterostructures (a) S1 and S2 and (b) S3 and S4. The M(H) data at 5 K
from single LSMO films grown on STO and MgO are also plotted in (a) and (b). M(H) curves at 5 K on field cooling the heterostructures (c)
S3 and (d) S4 at £500 Oe. Temperature-dependent variation of (e) coercive field (H.) and (f) exchange bias (Eg) for different heterostructures.

a substantial role in deciding the strength of the interfacial
coupling. In addition, the average (saturation) magnetization
of the heterostructures grown on STO is lower than that of
those grown on MgO substrates. Stacking sequence, charge
transfer, etc. [17,22], are some of the mechanisms considered
to be the main contributors to the strong interface coupling in
this system.

C. Depth-dependent magnetization: PNR measurements

To investigate the magnetization at the interfaces, we
carried out temperature-dependent PNR measurements for
heterostructure S2 (grown on STO) and compared it with
the PNR results from heterostructure S4 (grown on MgO
with a similar stacking sequence) reported previously [17].
Spin-dependent PNR [ Rt (spin up) and R~ (spin down),
where the + (—) sign denotes the neutron beam polariza-
tion parallel (opposite) to the applied field ] as a function
of O provide both the nuclear and magnetic scattering length

density (NSLD and MSLD) depth profiles of heterostructures
[31-34,44]. The difference between the R™ and R~ (i.e.,
R* — R™) signal gives a measure of the magnetic induction
in the thin-film/heterostructure sample [32,34]. Figure 5(a)
shows the PNR data (symbols) and corresponding fit (solid
lines) for heterostructure S2 at different temperatures (300,
150, 50, and 5 K), which are shifted vertically for better
visualization. PNR data can also be represented as a normal-
ized spin asymmetry (NSA) profile defined as the ratio of
the difference and the sum of the spin-dependent PNR data
(R andR7),i.e., NSA = (R* — R™)/(R* + R™). Figure 5(b)
shows the NSA data (symbols) and corresponding fits (solid
line) at 300 and 5 K for heterostructure S2. It is noted that the
spin-dependent PNR data for S2 at 300 K coincide with each
other (i.e., Rt — R~ = 0.0; a straight line in the NSA profile)
suggesting no net magnetic induction at this temperature,
which is consistent with macroscopic magnetic properties
(T, < 300 K). The 300 K data revealed a detailed NSLD depth
profile for the heterostructure, which is shown in Fig. 5(c).
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FIG. 5. Polarized neutron reflectivity (PNR) measurements for heterostructure S2. (a) Spin-dependent PNR (R and R™) data (symbols) and
the corresponding fits (solid curves) at different temperatures, which are shifted vertically for better visualization. Normalized spin asymmetry
(NSA) profiles for S2 at 300 and 5 K. (c¢) Nuclear scattering length density (NSLD) and (d) temperature-dependent MSLD (magnetization)
depth profiles for S2 obtained from PNR. (e) NSA data (symbol) and corresponding fit (solid lines) at different temperatures for heterostructure
S4. (f) NSLD and (g) MSLD depth profiles for heterostructure S4 obtained from PNR data.

A significant increase in the splitting of spin-dependent PNR
data at low temperatures indicates a long-range magnetization
in the system. The MSLD (magnetization) depth profiles at
different temperatures obtained from PNR data are shown in
Fig. 5(d). Temperature-dependent magnetization depth pro-
files obtained from PNR measurements suggested an expected
ferromagnetic behavior with a magnetization of ~200 kA/m
at 150 K, which increases with decreasing the temperature.
The NSA data (symbols) and corresponding fits (solid lines)
at 300, 100, and 5 K for heterostructure S4 are shown in
Fig. 5(e). PNR data at 300 K for S4 provided the NSLD depth
profile shown in Fig. 5(f). The MSLD depth profile for S4 at
different temperatures is depicted in Fig. 5(g). In contrast to
S2, we found that for S4, below 100 K, there is the emergence
of interfacial magnetization for the LNO layer of thickness
(~30 A). This interfacial region is aligned antiparallel to
the LSMO layer [17]. The structural parameters (thickness
and interface roughness) for the heterostructures, obtained

from PNR measurements, match closely with the XRR results
(Table I).

To highlight the different magnetization depth profiles
obtained from PNR measurements and investigate the cor-
responding magnetic alignment at interfaces for heterostruc-
tures grown on different substrates (STO and MgO), we have
compared the PNR results (Fig. 6) for heterostructures S2
and S4 at 5 K. Figures 6(a) and 6(b) show NSA (PNR) data
(symbols) and corresponding fits assuming different interfa-
cial magnetization profiles for S2 and S4, respectively, at
5 K. Figures 6(c) and 6(e) show the NSLD depth profiles
for heterostructures S2 and S4, respectively, which closely
matches with XRR results and are kept fixed while allowing
the magnetization depth profiles to vary with temperature. The
different MSLD (magnetization) depth profiles assumed are
(i) no ordered interfacial magnetization in LNO (blue, open
square with line) (zero magnetization; represented as Zero
Mag in Fig. 6); (ii) ferromagnetically aligned magnetization
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FIG. 6. Normalized spin asymmetry (NSA) data (symbols) and the fits obtained from using different models of interfacial magnetization
at 5 K for heterostructures (a) S2 and (b) S4. Nuclear scattering length density (NSLD) depth profiles for heterostructures (c) S2 and (e) S4
obtained from PNR. Different MSLD (magnetization [zero, positive (Pos) and negative (Neg) Mag]) depth profiles assuming interfacial LNO
layer with and without finite magnetization for heterostructures (d) S2 and (f) S4, obtained from the analysis of PNR data at 5 K.

(cyan, open triangle with line) for the interfacial FM LNO
layer and uniform magnetization for the LSMO layer [posi-
tive magnetization (Pos Mag)]; and (iii) antiferromagnetically
aligned magnetization (red solid line) for the interfacial FM
LNO layer and uniform magnetization for the LSMO layer
[negative magnetization (Neg Mag)]. These different mod-
els are statistically compared for the quality of fits using a
goodness-of-fit parameter, x> [17]. The different magnetiza-
tion depth profiles for S2 at 5 K extracted from the PNR
data [Fig. 6(a)] are depicted in Fig. 6(d). It is evident from
Figs. 6(a) and 6(d) that the magnetization model considering
a zero long-range order magnetization for the interfacial LNO
layer and a uniform magnetization for the whole LSMO layer
best fits the PNR data for S2. Thus, the depth-dependent
magnetic structure across different interfaces for S2 follows
the corresponding nuclear (chemical) structure with a FM
order for the entire LSMO layer and nonmagnetic (zero mag-
netization) behavior for the whole LNO layer. Figure 6(f)
shows different magnetization depth profiles at 5 K for S4,
extracted from the PNR data [Fig. 6(b)]. It is clear from
Figs. 6(b) and 6(f) that the magnetization model considering
a negative magnetization for the interfacial LNO layer and a
uniform magnetization for the whole LSMO layer best fitted

the PNR data for S4. Thus, PNR measurements from S4 at 5 K
demonstrated the formation of an interfacial FM LNO layer of
thickness ~30 A with a magnetization aligned opposite (an-
tiferromagnetically coupled) to that of the LSMO layer. The
rest of the LNO layer showed a non-FM (nonmagnetic) behav-
ior. Temperature-dependent PNR from the LNO/LSMO/MgO
(S4) heterostructure also suggested the existence of such in-
terfacial FM LNO layer up to a temperature below 100 K
[17]. Using PNR at 5 K for S2, we obtained an averaged
magnetization of ~280, 255, and 210 kA /m for different mag-
netic models of zero, positive, and negative magnetization,
respectively, for the interfacial LNO layer. Similarly, for S4
at 5 K, we found an averaged magnetization of ~400, 375,
and 345 kA /m for zero, positive, and negative magnetization
models, respectively, for the interfacial LNO layer.

A comparison of SQUID data and the PNR results from
these two heterostructures (S2 and S4) at different temper-
atures are depicted in Figs. 7(a) and 7(b), suggesting that
the averaged magnetization for these two systems measured
by the two techniques are consistent with each other. The
close match between SQUID and PNR measurements at
different temperatures further confirms different magnetiza-
tion depth profiles for S2 and S4, as revealed by PNR.
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FIG. 7. A comparison of magnetization of the heterostructures (a) S2 and (b) S4 measured by SQUID and PNR. (c) Temperature variation
of Ep and magnetization (M) of the interfacial LNO layer (thickness ~30 A).

Therefore, the magnetization results (both macroscopic and
depth dependent) from heterostructures grown on STO sub-
strate revealed the absence of strong exchange coupling and
magnetic modulation at interfaces. Conversely, heterostruc-
tures grown on MgO substrate showed strong exchange
coupling at interfaces, which resulted in magnetic modifi-
cation in the interfacial LNO layer and subsequently the
emergence of EBE. The temperature dependence of Ep and
the magnetization of the interfacial LNO layer for het-
erostructure S4, shown in Fig. 7(c), follow similar variation
(monotonically decreasing with an increase in temperature)
and thus correlated, suggesting that exchange interaction at
interfaces are responsible for both, the emergence of unusual
magnetization in the interfacial LNO layer and the EBE below
100 K.

D. XAS measurements

Though PNR revealed detailed interface magnetization in
these FM/PM-based oxide heterostructures grown on STO
and MgO substrates, we have carried out soft XAS measure-
ments at RT in TEY mode to explore the valence states and
electronic structure of different layers in the system. Due to
the limited depth resolution of soft XAS in TEY mode (~ <10
nm), we could only examine the electronic structure of the
top layer (either LSMO or LNO) in different heterostructures.
Figure 8 shows the normalized XAS spectra of heterostruc-
tures at different energy ranges corresponding to different
element edges. The Mn L-edge, La M-edge, and Ni L-edge
XAS for the heterostructures grown on STO (S1 and S2) and
MgO (S3 and S4) substrates are shown in Figs. 8(a)-8(d).
The spin-orbit splitting of Mn 2p and corresponding to Mn
2p3j2,172 — 3d dipole transitions is responsible for XAS at
the Mn L edge while the Mn L, and L; peaks provide infor-
mation on the unoccupied Mn 3d state and related Mn valence
[16,22,56]. Figures 8(a) and 8(c) show the normalized XAS
spectra near the Mn L, 3 edge for the S1 (LSMO/LNO/STO)
and S3 (LSMO/LNO/MgO) heterostructures. We did not ob-
serve any Mn XAS peaks for the S2 and S4 heterostructures

because of the limited depth resolution of the soft x ray as
the LSMO layer is buried below the LNO layer in these
heterostructures. A comparison of Mn L-edge XAS spectra for
heterostructures S1 and S3 is depicted in Fig. 8(e), suggesting
a small shift in the XAS spectra of S3 to higher energy and
development of a relatively strong shoulder of the Mn L3 peak
around 638 eV for S1. Since the La M, (~852 eV) edge is
significantly overlapped with the Ni L3 (~855 eV) edge for
LNO films, the XAS spectra for S2 and S4 (open red circles)
in Figs. 8(b) and 8(d) show small peaks for Ni L3 and L,
edges at an energy of ~855 and 873 eV, respectively, which
is absent for heterostructures S1 and S3 (closed blue circles).
To examine the Ni XAS spectra for heterostructures S2 and
S4, we have subtracted the La XAS signal of heterostructures
S1 and S3 from the combined La and Ni XAS spectra for S2
and S4. The Ni XAS spectra for heterostructures S2 and S4
are shown in Fig. 8(f) and a small shift in the spectra of S4 to
higher energy is observed.

A comparison of Mn-edge XAS spectra [Fig. 8(e)] from
the top LSMO layer of heterostructures S1 (grown on STO)
and S3 (grown on MgO) suggested that the L3 peak of S3
is shifted towards higher energy values with respect to S1,
demonstrating a relatively stronger Mn** character [16,28,57]
for S3. It is evident from Fig. 8(e) that heterostructure S1
exhibits a higher intensity for the divalent components (Mn?>,
i.e., L3 shoulder peak at low energy) while S3 shows a shift
in spectra to higher energy resulting in the increase in Mn**
components. Though the free LSMO surface can have excess
Mn?2" states [58], the reduced intensity of the L3 shoulder peak
and the enhanced character of Mn**/Mn>* components for
S3 indicates an increase in the double-exchange interaction
responsible for ferromagnetism in the manganites [59]. The
enhanced double-exchange character explains the higher mag-
netization observed for the heterostructures grown on MgO
substrates (S3 and S4) as compared to those grown on STO
substrates (S1 and S2). The comparison of Ni XAS spectra
from the top LNO layer of the heterostructures S2 (grown
on STO) and S4 (grown on MgO) with those of bulk LNO
[16,60] suggested that Ni is trivalent (Ni*t), which is expected
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FIG. 8. Mn Ly; normalized soft x-ray absorption spectroscopy (XAS) spectra for heterostructures grown on (a) STO (S1 and S2) and (c)

as no ferromagnetism is observed for the bulk of the LNO
layer in heterostructures S2 and S4, using PNR. However, the
Ni L, edge at 872 eV, which is not influenced by the La M
edge, for both heterostructures (S2 and S4), shows distortion
that is significantly higher in the case of S2 (grown on STO)
and indicates the existence of mixed valance for Ni (Ni**
and Ni2T). Therefore, the Mn edge and Ni edge XAS spectra
clearly suggest a significant modification for the heterostruc-
tures grown on STO and MgO substrates.

Furthermore, to confirm the different electronic states and

hybridization for Mn and Ni, we examined the oxygen (O)
K-edge XAS spectra for heterostructures S1 and S2 (both

MgO (S3 and S4) substrates. La M-edge and Ni L-edge spectra for heterostructures grown on (b) STO (S1 and S2) and (d) MgO (S3 and S4)
substrates. Insets of (b) and (d) show the magnified La+Ni spectra in the energy range from 850 to 880 eV, highlighting the Ni L edges. (e)
Comparison of the Mn L edge of S1 and S3. (f) Ni L-edge spectra for S2 and S4 were extracted from effective La and Ni spectra given in (b)
and (d) and compared. O K-edge XAS spectra for (g) S1 and (h) S2.

grown on STO). Figures 8(g) and 8(h) show the O K-edge
XAS spectra for heterostructures S1 and S2, respectively. The
O K-edge absorption is associated with the excitation of O
s states to 2p (i.e., O 1s — 2p dipole transitions), which
provides important information regarding the hybridization of
O 2p states with other elements. The three main contributions
for the O K-edge XAS spectrum in La-based manganite [61]
and nickelate [62] due to strong hybridization of the O 2p
orbitals with various unoccupied orbitals are (i) Mn/Ni 3d
at 528-532 eV, (ii) La 5d/4f and Sr 4d at 532-537 eV, and
(iii)) Mn/Ni 4sp and La 6sp around 543 eV. The existence of
the preedge XAS peak near 529 eV for S1 (LSMO is the top
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layer) in Fig. 8(g) suggests strong hybridization of O 2p with
Mn “d” states. The O K-edge XAS spectra for S2 [Fig. 8(h)]
closely resemble the XAS spectra for NiO [63], suggesting
the presence of Ni%t states. In addition, the near absence of
the preedge XAS peak at 529 eV suggests a weaker effective
mixing between oxygen and the Ni cations [63].

Unlike PNR measurements, we could not get interfacial
properties (electronic and valance states) of the LNO/LSMO
heterostructures from XAS measurements. However, XAS
results could confirm (i) more enhanced magnetization for
the LSMO layer grown on MgO substrate than that grown
on STO substrates, (ii) the existence of a mixed valance
state for Ni in the LNO layer, which is significant in the
heterostructures grown on STO substrates, and (iii) strong
hybridization of O 2p with Mn d states as compared to O
2p with Ni d states. PNR results suggested the emergence of
an interfacial ferromagnetic LNO layer for heterostructures
grown on MgO, which is antiferromagnetically coupled with
the LSMO layer. A stacking order dependent magnetic cou-
pling between the interfacial LNO layer and LSMO layer in
a trilayer LSMO/LNO/LSMO/MgO was also reported using
PNR measurements [17]. Synchrotron x-ray scanning tunnel-
ing microscopy measurements also suggested the emergence
of interface magnetism at the LNO/LSMO interface which
is highly dependent on the stacking order of these layers
[57]. There are mixed reports in the literature describing
the origin of strong interfacial exchange interaction with
the emergence of interfacial magnetism in LNO/LSMO het-
erostructures and EBE, e.g., the presence of a spin-glass state
at the interface [27], interfacial charge transfer [16,22,24],
interfacial strain [57], strain-induced orbital reconstruction
[22,64], and polar discontinuity/compensation [42]. Peng
et al. [22] found interfacial magnetic frustration and asso-
ciated EBE in LNO/LSMO heterostructures and attributed
it to phenomena such as charge transfer and orbital recon-
struction at the interfaces, which can further be influenced by
the strain.

The XRD analysis of the heterostructures grown on STO
(S1 and S2) and MgO (S3 and S4) substrates suggested
that LSMO films in all heterostructures grown on both the
substrates show an out-of-plane compressive (or in-plane
tensile) strain, though films grown on STO have shown
higher strain (—1.2%) as compared to that grown on MgO
substrate (—0.2%). In contrast, an out-of-plane compressive
(in-plane tensile) strain (~—0.5%) for LNO films grown on
STO (S1 and S2 heterostructures) substrate and tensile (in-
plane compressive) strain (~0.5%) when grown on MgO
(S3 and S4 heterostructures) substrate were observed. How-
ever, the stacking sequence of growth (i.e., LSMO/LNO or
LNO/LSMO) did not show any change in the strain. The
increase in magnetization with a reduction in the in-plane ten-
sile strain for the LSMO layer for heterostructures grown on
MgO substrate agrees with the previous studies on manganite
films [31,50]. In the bulk cubic perovskites, the octahedral
coordination of the transition metals (Mn>* and Ni’*t) splits
the 3d orbitals into a degenerated f, triplet (xy, yz, and
xz symmetries) and a degenerated e, doublet (x> —y* and
3z% — r? symmetries) [22]. The study [22] further suggested
an enhanced occupancy for out-of-plane 37> — r? (eg) orbits
near interfaces as compared to that of in-plane x> — y? orbits

in the bulk as a result of charge transfer at the interfaces.
In the case of the LSMO and LNO thin films, it has been
shown that strain can break the degeneracy of e, orbitals
(x> —y? and 37> — r?) and the character of strain (tensile or
compressive) favors different occupancy, i.e., the in-plane ten-
sile (compressive) strain favors 2 —=y2 (B2 -1 occupancy
[38]. The schematic of the occupancy of different orbitals and
associated distortion on octahedrals due to strain is depicted
in Fig. 9(a). Since the LSMO layers grown on both substrates
show tensile in-plane strain, the preferential occupancy is
x? — y? orbits. In the case of LNO, the planar x> — y? orbitals
are the preferential occupancy for LNO grown on STO sub-
strate (LNO grown with in-plane tensile stress). For the LNO
films grown on MgO substrate (in-plane compressive strain),
the 3z> — r? orbits will preferably be occupied [38,64]. Due to
the different metallic characteristics of LNO and LSMO, the
energy level of the Ni ion will be lower than that of the Mn
ion at the LSMO/LNO interface [64]. Figure 9(b) shows the
possible energy level diagram and hybridization at the inter-
face of heterostructures consisting of in-plane tensile LSMO
and in-plane tensile LNO, which is the case for heterostruc-
tures (S1 and S2) grown on STO in the present study. The
strong hybridization of 3z% — r? (e,) orbitals of neighboring
Mn and Ni sites at the interfaces would yield bonding (B
band; lowest energy level) and antibonding (AB band) or-
bitals [22]. While in the case of heterostructures with in-plane
tensile LSMO and in-plane compressive LNO (S3 and S4,
i.e., heterostructures grown on MgO substrates), the energy
level and the possible hybridization are shown in Fig. 9(c),
suggesting the formation of different B and AB bands. Thus,
we believe the strain-induced orbital occupancy and associ-
ated charge transfer leads to an orbital reconstruction and
hybridized orbitals at the interfaces, which is distinct for het-
erostructures grown on different substrates (different strains).
This strain-dependent orbital reconstruction can modify the
magnetic ground state and significantly contribute to different
interface magnetizations and coupling across the interfaces of
the heterostructures grown on STO and MgO substrates. How-
ever, polar surface termination at interfaces of LNO/LSMO
heterostructures giving rise to different electrostatic fields
at the interface could affect the charge transfer, orbital oc-
cupancy, and interface interaction noticeably, thus leading
to the emergence of unexpected electronic and magnetic
properties [39—42].

E. Density functional theory calculations

To gain further insight into the interfacial magnetic charac-
teristics of LSMO/LNO heterostructures grown on STO and
MgO substrates, we have performed first-principles calcula-
tions based on density functional theory (DFT). The Vienna
ab initio simulation package (VASP) software was used to per-
form DFT calculations using the projector augmented-wave
approach [65-67]. A generalized gradient approximation
with Perdew-Burke Ernzerhof exchange-correlation func-
tional was used [68]. The calculations were carried out using
a gamma-centered 6 x 6 x lk-point grid and a kinetic en-
ergy cutoff of 520 eV for a plane-wave basis [67]. The
LNO/LSMO heterostructure on the top of STO and MgO sub-
strates with stacking sequences LNO/LSMO/STO (S2) and
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FIG. 9. (a) Schematic representation of MnOg octahedral distortions at different strain conditions. Schematic of orbital reconstruction and

the formation of molecular orbits between interfacial Mn and Ni with (b) both under tensile stress and (¢) LSMO in tensile and LNO in

LNO/LSMO/MgO (S4) are presented in Figs. 10(a) and 10(b),
respectively. A stoichiometric thin-film model with four unit
cells (u.c.) of LNO on LSMO (six u.c.) on the top of STO
or MgO substrates was taken into consideration to mimic
the two heterostructures. A vacuum region ranging from 12
to 15 A was created between the simulated slabs to prevent
interaction between the adjacent slabs. DFT+U calculations
were carried out employing Dudarev’s rotationally invariant
procedure [69] to account for the electronic correlations be-
tween the localized 3d electrons of Mn and Ni. For the 3d
orbitals of Mn and Ni, U = 3 and 5.74 eV, J = 0.0 eV were
utilized, respectively; here, U represents the effective on-site
Coulomb interaction between localized 3d electrons and J is
the exchange parameter. Furthermore, information regarding
the local magnetic moment on Mn and Ni atoms resulting
from the d orbitals is provided by spin-polarized calculations.
The results obtained by spin-polarized DFT calculations
suggested a magnetic moment of ~ —1.6pz/Ni atom for
the interfacial LNO layer in the LNO/LSMO/MgO (S4) het-
erostructure. The negative sign for Ni moments obtained by
the DFT calculations demonstrates that the FM interfacial
LNO layer is antiferromagnetically coupled to the interfacial

(DOS) on the 3d orbitals of the interfacial Ni and Mn atoms in
both heterostructures. It is evident from the orbital-projected
DOS plots shown in Figs. 10(c)-10(e) that the Mn atoms
at the interface exhibit preferential occupation of dx? — y?
(e.g., x> — yz) orbitals for both heterostructures [Figs. 10(c)
and 10(d)]. On the other hand, corresponding plots for the
interfacial Ni atom indicate that the heterostructures on the top
of STO and MgO substrates preferentially occupy the d,>_,»
(e.g., x> —y?) and d.> (e.g., 3z> — r?) orbitals, respectively.
These findings further validate the orbital reconstruction at the
interface of the two heterostructures as well as the schematic
of orbital occupation shown in Fig. 9. Hence, distinct mag-
netic interactions at the interface are caused by varying orbital
reconstruction at the interface of heterostructures on the top

of STO and MgO substrates as a result of different strain
combinations.

IV. CONCLUSIONS

In conclusion, we have studied the interfacial magnetic

LSMO layer. Compared to the LNO/LSMO/MgO (S4) het-
erostructure, DFT calculations revealed a negligible magnetic
moment of ~ 0.1 ug/Ni atom for the interfacial LNO layer
for the LNO/LSMO/STO (S2) heterostructure. These findings
show a very good agreement with the PNR measurements.
In addition, we computed orbital-projected density of states

104424-

properties of LSMO/LNO heterostructures with the same and
reverse stacking sequence grown on STO and MgO substrates
by combining the scattering (X ray and neutron) and macro-
scopic magnetization measurements. PNR results reveal the
existence of an FM interfacial LNO layer (thickness ~3 nm)
at the interface of the LNO/LSMO heterostructure grown
on MgO substrate, which is antiferromagnetically coupled
with the LSMO layer. Macroscopic magnetic measurements
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FIG. 10. The crystal structures of (a) LNO/LSMO/STO (S2) and (b) LNO/LSMO/MgO (S4) heterostructure systems. The atoms La
(green), O (red), Ni (cyan), Sr (pink), Ti (blue), and Mn (violet) are marked on the structures. Orbital-projected DOS on the 3d orbitals of the
interfacial Mn (left panel) and Ni (right panel) atoms for (c), (d) LNO/LSMO/STO (S2) and (e), (f) LNO/LSMO/MgO (S4) heterostructures.

suggested a shift in hysteresis loop (EBE) at low temper-
atures for these heterostructures grown on MgO substrate.
In contrast, no such FM interfacial LNO layer and EBE is
observed in LNO/LSMO heterostructures grown on STO sub-
strate. LSMO films in the heterostructures grown on MgO
substrate showed higher magnetization as compared to that
grown on STO substrate, which is in excellent agreement
with the energy shift of Mn XAS spectra suggesting an en-
hanced double-exchange interaction for LSMO films grown
on MgO substrates. We find different values of the strain
for LSMO and LNO layers grown on STO (both LSMO and
LNO are in-plane tensile strained) and MgO [LSMO (LNO)
is in-plane tensile (compressive) strained] substrates. Strong
exchange interaction and magnetization for the heterostruc-
tures grown on MgO as compared to those grown on STO
suggest strong coupling of strain field and magnetism in this
system. The emergence of different interfacial magnetizations
in this heterostructure is attributed to charge transfer and
orbital reconstruction at interfaces which can be controlled
or influenced by the strain at interfaces. Therefore, different

strain combinations at the interfaces of the heterostructures
grown on two different substrates may be inducing different
orbital reconstructions at the interfaces responsible for differ-
ent magnetic interactions. Furthermore, the DFT calculations
confirm the distinct orbital reconstructions at the interfaces
of LSMO-LNO systems grown on different substrates, which
are influenced by the strain at the interfaces. Thus, the excel-
lent agreement on macroscopic magnetization, XAS results,
and theoretical analysis as well as its correlation with strain,
strongly support that the charge transfer and orbital recon-
struction are controlled by strain engineering in these complex
oxide heterostructures, which influence the interfacial mag-
netic properties.
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