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An unconventional pathway to correlate the
octahedral tilt coupling and spin-orbit
reconstruction at oxide interfaces

Jayjit Kumar Dey 1,10,11, Koushik Jagadish1,11, Arka Bandyopadhyay 2,11,
SouravChowdhury3,11, Moritz Hoesch 3,Manuel Valvidares 4, Anju Ahlawat5,6,
Feras Afaneh7, Aryan Keshri1, Basanta Roul1,8, Saluru Baba Krupanidhi1,
Mukul Gupta 5, Ram Janay Choudhary5, Thirumalai Venkatesan 9 ,
Awadhesh Narayan 2, N. Ravishankar 1 & Sujit Das 1

The direct experimental probing and detailed imaging of octahedral tilt, along
with the control of magnetic ground state and spin-orbit occupancies in an
artificially engineered heterointerface through the strain manipulation via
interface engineering, is the long-standing challenging issue addressed here.
We introduce an innovative methodology to measure the projected O-O-O
angles (O-O-Oproj) between the neighboring in-plane BO6 octahedra of per-
ovskite oxide (ABO3), demonstrating a precise quantification of strain-
manipulated octahedral tilt in atomically engineered LaCoO3 (LCO)/
La0.7Sr0.3MnO3 (LSMO) bilayer interfaces. The pronounced octahedral tilt on
SrTiO3 (STO) substrate (tensile strain) compared to LaAlO3 (LAO) substrate
(compressive strain) correlates to the magnetism especially within the fra-
mework of bond angle geometry and spin-charge-orbital reconstructions,
contrasting with individual single-phase films. Interfacial orbital reconstruc-
tion, Co/Mn antiferromagnetic coupling and their strain manipulation are
quantified through X-ray linear dichroism (XLD) and X-ray magnetic circular
dichroism (XMCD) measurements, further confirmed by both molecular
orbital theory and Goodenough-Kanamori-Anderson rules. First principles
calculations unveil a higher (lower) magnetic moment of individual magnetic
atoms with tensile (compressive) strain, including unusual interfacial anti-
ferromagnetism arising d-orbital occupations, and bond angle geometry. This
endeavor paves a potential method to manipulate the octahedral tilt to tailor
emergent phenomena at heterointerfaces via atomically precise strain-
interface engineering.

The possibility for groundbreaking research lies at the interface of
robust perovskite systems, where control of spin, charge, orbital, and
lattice interactions holds immense possibilities from both funda-
mental and device perspectives1–3. To unravel the correlations among

these diverse degrees of freedom, numerous approaches are being
studied, including engineering of strain4,5, interface6,7, defects8,9 and
symmetry10,11. However, scant attention has been paid to engineering
bonding geometry within and in-between metal–oxygen octahedra12.
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Particularly challenging is the precise quantification and systematic
manipulation of oxygen octahedral tilting, rotation, shape alteration,
as determining the positions of oxygen ions at interfaces through
diffraction techniques or conventional electron microscopy, with the
unit-cell-by-unit-cell observationof theoxygennetwork, is exceedingly
complex. Several models have been proposed to generally describe
how oxygen octahedral tilting evolves at perovskite oxide interfaces
with different patterns13,14 and also presented octahedral tilting in
antiperovskite oxide and halide perovskite via first-principles
calculations15,16. However, these models often overlook differences in
the direction of tilting axes, magnitude of tilting angles, and orienta-
tion of the interfaces among different tilted components which offer
an unconventional and efficient method for tailoring a myriad of
functional properties in transition metal oxides. Manipulation of
octahedral tilting is a key parameter for controlling the functional
properties of oxides. In recent years, induced octahedral tilting
ordering has demonstrated the potential for significant functional
enhancements, such as magnetoelectric switching in multiferroics17,18

and improved optoelectronic properties in inorganic halide
perovskites19. Several approaches, such as epitaxial strain, thickness
manipulation, Jahn-Teller distortion, and stoichiometry control/ cation
off-centering, have also been suggested for tuning octahedral tilt and
distortions20–22. Octahedral tilting can alter the point symmetry of
B-site ions, thus influencing Jahn–Teller distortions linked to crystal-
field splitting of d orbitals23, or breaking inversion symmetry24, which
directly impact the hybridized states between oxygen p and neigh-
boring A-site or B-sites orbitals, profoundly affecting the electrical,
magnetic, and superconducting properties of numerous perovskite
compounds25. However, their effectiveness is constrained by the
demand for high-quality interfaces. Interestingly, the unstrained per-
ovskite LaCoO3 (LCO) is merely an insulator and non-magnetic (para-
magnetic) material that exhibits a systematic temperature-dependent
spin-state transition starting from a low spin state (LS, t2g

6, S = 0) to an
intermediate spin state (IS, t2g

5eg
1, S = 1) or a high spin state (HS, t2g

4eg
2,

S = 2)26–28. Nevertheless, the single layer LCO thin films can exhibit
unusual ferromagnetic insulator (FMI) behavior with Curie tempera-
ture (TC) ranging from 24-92 K, depending on the substrate-induced
strain15–17. The rare presence of FMI nature holds promise for applica-
tions in spin-filter magnetic tunneling and multiferroic-based spin-
tronics device applications. In parallel, the interface of an insulating
ferromagnetic LCO with a double-exchange half-metallic ferromag-
neticmanganite La0.7Sr0.3MnO3 (LSMO) has aroused great interest due
to its display of interfacial octahedral tilt, room temperature charge
transfer, spin transition as well as orbital polarization29. Furthermore,
the mixed-valency, as well as the half-filled eg orbital of Mn3+ in LSMO,
ensures the crucial role of its magnetic and electronic properties via
lattice distortion and orbital ordering through strain engineering30–32.
The microscopic origin of these observed effects, artful manipulation
of magnetic ground states, spin-orbital reconstruction and their low
temperature scenario in the presenceof tensile strain and compressive
strain (for instance usingAberration-Corrected ScanningTransmission
Electron Microscopy (AC-STEM)), remains largely uncharted.

Furthermore, when subjected to tensile and compressive strains,
the octahedral tilt (even at room temperature) provides a crucial
pathway to explore multifunctional properties. This study aims to fill
that gap by presenting experimental evidence of octahedral tilt and
manipulation under tensile to compressive strain, showcased through
AC-STEM. Herein this study, we employ an innovative methodology
incorporating O-O-O angles rather than conventional B-O-B angles to
precisely quantify and characterize the octahedral tilt by incorporating
AC-STEM with a greater applicability across various perovskite (oxide,
halide, antiperovskite) materials and exploring the impact of
substrate-induced strain spanning from compressive to tensile. Our
systematic study onX-ray absorption spectroscopy (XAS) confirms the
charge state, showcasing the genuine presence of high spin Co2+ and

Mn4+ at the bilayer interfaces. X-ray linear dichroism (XLD) analysis
suggests that strain controls the in-plane and out-of-plane orbital
polarization switching at the heterointerfaces. X-ray magnetic circular
dichroism (XMCD) depicts element-specific insights into the manip-
ulation of the interfacial magnetic ground state, correlating with the
antiferromagnetic nature atCo/Mn interfaces andmagnetometry data.
Finally, first-principles calculations lend further support for the role of
the octahedral tilt under strain and the reconstruction of spin-charge-
orbital-lattice degrees of freedom. The obtained results highlight an
attractive strategy to design, engineer, and manipulate the strain-
interface controlled octahedral tilt and the resultant surface-to-
interfacial tunable properties open up avenues for next-generation
spintronic devices involving oxides.

Results and discussion
Structural-Interfacial resolution and octahedral tilting
5 nm LSMO/10 nm LCO bilayers (BL) films (with alternative growth
sequence denoted as BL1 and BL2; where capped LSMO (top) on LCO
film is denoted as BL1—LSMO/LCO, while capped LCO (top) on LSMO
film denoted as BL2—LCO/LSMO), were grown on single crystalline
(001)-oriented AlO2 terminated LaAlO3 (LAO), TiO2 terminated SrTiO3

(STO), and Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) substrates using a
reflection high energy electron diffraction (RHEED)-assisted pulsed
laser deposition system (details in Methods, Supplementary note I,
Supplementary Figs. 1-3). Bragg reflections reveal the single crystalline
phase of LSMO and LCO in the BLs, as well as gradual shifts of (00 l)
peaks towards lower angles from LAO to PMN-PT (Supplementary
Fig. 4a-b, Supplementary Fig. 5), indicating that the BLs on LAO are
under compressive strain, while the BLs on STO and PMN-PT are under
tensile strain. Simultaneously, the calculated out-of-plane lattice
parameter for LSMOandLCO layers undergo anevolution from3.94 to
3.89 Å and 3.84 to 3.80Å respectively, while transitioning from LAO to
PMN-PT substrates (Supplementary Fig. 4c). The deposited BLs
exhibited smooth surface, with an average root-mean-squared
roughness value close to 300pm for all the BLs as confirmed from
atomic force microscopy (AFM) (Supplementary Fig. 4d). In addition,
x-ray reciprocal space mapping (RSM) along (103)-reflection confirms
the coherent strain of bilayers on LAO and STO i.e. the bilayers share
the same in-plane lattice constant with LAO and STO (Supplementary
Fig. 4e-f, Supplementary Fig. 5), while bilayer on PMN-PT showed a
vertical shift due to lattice relaxation, affirming compressive strain of
BLs on LAO (LSMO: −2.07%, LCO: −0.5%), the tensile strain on STO
(LSMO: +0.9%, LCO: +2.4%), and higher tensile strain on PMN-PT
(LSMO: +1.8%, LCO: +3.2%) (Supplementary Fig. 4g).

The high-angle annular dark-field (HAADF) micrograph exhibits
an atomically sharp interface between the film layers and the substrate
of the BL2 on STO (Fig. 1a; details in Methods and Supplementary
Figs. 6-7), while an atomic-resolution energy dispersive X-ray spec-
troscopy (EDS) was utilized to precisely locate multiple interfaces due
to the insufficient contrast between LSMO and LCO layers (Fig. 1b-c). A
similar investigation using HAADF-STEM and atomic-resolution EDS
mapping was conducted on BL2 on the LAO substrate (Fig. 1d-f),
revealing the distribution of La, Sr, Al, Mn, and Co atoms at atomically
smooth interfaces. Specifically, the Mn map was utilized to determine
the precise number of LSMO layers, revealing that both samples con-
sisted of 15 Mn layers. This information plays a key role in quantifying
octahedral tilts across the interfaces, as discussed later. Additionally,
STEM analysis of BL2 on PMN-PT substrate indicated severe distortion
in LSMO planes near the LSMO/PMN-PT interface (Supplementary
Fig. 8a-c). This distortion manifested as the stretching of the in-plane
lattice of the LSMO layer to fit into the larger PMN-PT lattice, resulting
in a local structural deformation and contrast variation. A formof edge
dislocation, marked by a dashed circle (Supplementary Fig. 8d),
accommodated the strain relaxation, with LSMO layers above the
dislocation displaying uniform contrast and additional lattice planes
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compared to those below, indicating relaxation. These findings sup-
port observations from reciprocal space mapping (RSM), confirming
relaxation in BL2 on the PMN-PT substrate. The impact of strain was
further investigatedby growing a thicker BL2film (consistingof ~18 nm
LSMO bottom layer on a PMN-PT substrate first, followed by a 5 nm
LCO top layer). The substantial strain inducedby the PMN-PT substrate
results in pronounced dislocations within the LSMO layer, particularly
near the LSMO/PMN-PT interface. However, no dislocations are
observed at the LCO/LSMO interface, suggesting that the strain effects
are significantly relaxed as the film thickness increases (Supplemen-
tary Fig. 9).

The strain effects on the LCO/LSMO bilayer across various sub-
strates were further validated through peak-pair analysis (PPA) strain
mapping using high-resolution STEM micrographs (Supplementary
Fig. 10a, d), with the lattice spacing of the substrate serving as a
reference. The in-plane PPA strain maps (Supplementary Fig. 10b)
demonstrate uniformity, indicating that the lattice parameter of the
LSMO film closely matches that of the STO substrate. This suggests
that the LSMO layer is coherently stretched to fit the substrate,
achieving the desired strain as per the experimental design. However,
out-of-plane relaxation is observed in the LCO layer of the BL2 on the
STO substrate (Supplementary Fig. 10c). Similarly, in the caseof BL2on
LAOsubstrates, no significant changes in the in-plane latticeparameter
were observed relative to the substrate, as the LSMO layer is coher-
ently compressed onto the LAO lattice (Supplementary Fig. 10e). Par-
ticularly, substantial out-of-plane relaxation of the LSMO layer is
evident (Supplementary Fig. 10f). These high-resolution STEM-PPA
results align with the XRD and RSM (Qz) findings, reinforcing the
successful control of strain within the bilayer films and validating the
strain engineering approach employed in the study.

Octahedral tilts, a dominant factor in the physical behavior of
perovskite oxides, were directly confirmed and quantified using the
projected O-O-O angle (O-O-Oproj) between two in-plane neighboring
octahedra. Since the presence of geometric tilt of the octahedra will
inevitably cause a systematic displacement of the O atoms, a non-
coplanarity in the in-plane O column positions is expected (which
appears as a non-collinearity in the [110] projection under considera-
tion). The O-O-Oproj angle will be 180° for perfectly coplanar O atoms,
and any deviations from this indicate that the O atoms are non-
coplanar. The O-O-Oproj angle can thus be used as a probe to primarily
assess the presence of actual geometric octahedral tilt, while

effectively filtering out other contributions such as the B-ion dis-
placement and octahedral distortions. Thismethod is also observed to
be robust against experimental errors as compared to the conven-
tional B-O-B angles (details in SupplementaryNote II). Furthermore,we
have assumed that the projected B-O-B and O-O-O angles should ide-
ally be the same, provided the B site ion is not displaced and the
octahedra are stiff, as a first approximation to filter out the other
components (details in the methods section and Supplementary
Figs. 11-13). This is shown schematically (Fig. 2a-c) for a hypothetical
perovskite with a displaced B-ion, a standard STO lattice without any
distortion/tilting, and LSMO which possess actual octahedral tilt,
respectively (details in Methods). Simultaneous HAADF and annular
bright field (ABF) imaging of the BL on STO facilitates the direct
localization of cations and oxygen atoms, which is crucial for com-
prehending the octahedral tilt behavior (Fig. 2d-e; details in Methods).
The absence of octahedral tilt in the STO substrate region is evident,
with an O-O-Oproj angle close to 180°, signifying coplanar oxygen
atoms in any given BO plane (Fig. 2f-g). However, a drastic change
occurs across the LSMO/STO interface, with the O-O-Oproj angle
reaching ~173° up to 5 uc, indicating non-coplanar oxygen atoms due
to octahedral tilt in the LSMO layer. The O-O-Oproj angle variation
continues throughout the LSMO layer, reaching ~175° at the LCO/
LSMO interface. Digitally magnified micrographs of the LCO/LSMO
and LSMO/STO interfaces (Fig. 2h-i) reveal a clear signature of octa-
hedral geometry, with observable alternating shifts of oxygen atom
positions both upward and downward along the horizontal Co−O−Co
and Mn−O−Mn sequences. This alternating shift suggests octahedral
tilts in both CoO6 and MnO6 near the LCO/LSMO interface, providing
valuable insights into the detailed structure of these perovskite oxide
bilayers.

In contrast, HAADF-ABF imaging of LCO/LSMO BL on LAO sub-
strate (Fig. 2j-m) revealed a consistent tilt angle of ~178° across the
LSMOand LAO layers, with a slight deviation to ~173° at the LCO/LSMO
interface (Fig. 2m). Unlike the pronounced octahedral tilt observed in
LCO/LSMO BL on STO, a constant tilt angle was observed at the LCO/
LSMO and LSMO/LAO interfaces (Fig. 2n-o). The possibility of the
octahedral tilt into the plane of the figure (along an axis in the plane of
the figure), was considered a possible explanation for the non-
appearance of the octahedral rotation in the experimental image,
which is possible due to the absence of 4-fold symmetry in LSMO and
LCO layers (details in Method, Supplementary Fig. 14). Further

Fig. 1 | Microscopic structural characterization of the LCO/LSMO BLs under
strain. aAtomically resolved STEM-HAADFmicrograph of the BL2 on STO substrate.
b, c EDS elemental maps from the same region as (a), using which the interfaces are
marked and observed to be atomically sharp, with a diffuseness of the order of one
unit cell. d-f Atomically resolved STEM-HAADF micrograph of the BL2 on LAO

substrate and the corresponding EDSmaps. TheMnmap canbe used to pinpoint the
two interfaces, using which it is observed that the LSMO film consists of 15Mn layers
as shown in (c) and (f); This information can be correlated with the ABF micrograph
to exactlymeasure the variation in the octahedral tilts across the interfaces, down to
the unit cell level. The scale is the same as shown in (a) for all the images.
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investigation using foils sectioned along a perpendicular orientation
showed the same behavior, ruling out the possibility that the absence
of rotation was an experimental artifact (Supplementary Figs. 6, 14-16).
Furthermore, the O-O-O angles from the LAO substrate show a slight

deviation from the ideal 180° (~3 degrees) in both foils. Since this
deviation from 180° is observed in two different foils from the LAO
substrate (Fig. 2m and Supplementary Fig. 16d), while beingmuch less
in the STO substrate (Fig. 2g), suggests that this feature is not due to

Fig. 2 | Octahedral tilt under strain of the LCO/LSMO BLs. a-c Schematic
representations showing the selective detection of octahedral tilting using the O-
O-Oproj angles, highlighting that the B-O-Bproj angles are less effective in distin-
guishing between octahedral tilting and distortion. d, e HAADF-STEM and ABF
micrographs of the BL2 on STO substrate. f, g Contour mapping of the O-O-Oproj

angles based on the oxygen atom coordinates, and the row-averaged O-O-Oproj

angle plotted as a function of distance from the LSMO/STO interface. h, iDigitally
magnified images of the two interface with the overlaid structural schematic,
depicting the TiO6, MnO6 and CoO6 octahedra corresponding to the STO, LSMO
and LCO layers, respectively. j, k HAADF-STEM and ABF micrographs of the BL2

on LAO substrate. l The O-O-Oproj angle contours mapped to the O coordinates
and, m The row-averaged O-O-Oproj angle plotted as function of the planar dis-
tance from the LSMO/LAO interface. n, o Digitally magnified images of the two
interface regions with the overlaid structural schematic, directly visualizing that
the O atoms are effectively coplanar along the particular projection. Scale bar in
(d, e, j, k) represents 2 nm, and scale bar in (h, i, n, o) represents 1 nm. The
projected TiO6 and AlO6 octahedra of the STO and LAO substrates are repre-
sented by the light blue octahedra, while the MnO6 octahedra of LSMO and the
CoO6 octahedra of LCO are represented by the pink and dark blue octahedra,
respectively in (h, i, n, o).
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any experimental errors. This substantiates the fact that compressive
strain at the LSMO/LAO interface suppresses octahedral tilt in the
LSMO layer of the BL films.

Tuning orbital occupancy: linear dichroism
To probe the impact of structural distortions on the charge recon-
struction and orbital occupation in the BLs under strain, we performed
element-specific XAS and XLD measurements in total electron yield
(TEY) mode (Fig. 3, Supplementary Fig. 17; details in Methods). The
features at the O K-edge XAS (Fig. 3a) show overlapped peaks within
526–533 eV due to O 2p-Co 3 d and O 2p-Mn 3 d hybridized region
corresponding to excitations from the O 1 s state. A clear distinction
can be observed in this first feature between BLs, for BL1 (LSMO/LCO),
both O 2p-Co 3 d and O 2p-Mn 3 d hybridized region are probed,

however, for BL2 (LCO/LSMO), only O 2p-Co 3 d hybridized region is
revealed irrespective of strain. Another feature within the 536-538 eV
range suggests the O 2p-La 3 d/Sr 3 d hybridized state, while higher
energy features are attributed to theO2p-Co 4 sp/4 s andO2p-Mn 4sp/
4s hybridized regions33. Mn L3,2-edge XAS (Fig. 3b) shows mixed-
valence Mn3+/4+ consistent with stoichiometric single layer LSMO
films34 and with more prominence of Mn4+ state in BL1(LSMO/LCO)
(Supplementary Note I,I,I). Concurrently, XAS of the Co L3,2-edge
(Fig. 3c) confirms our stoichiometric films with amixed charge state of
Co2+/3+ ions where Co2+ is more prominent in BL1 (LSMO/LCO) com-
pared to BL2 (LCO/LSMO). Especially, the effective charge recon-
struction i.e. charge transfer from Mn to Co, results in high spin Co2+

and Mn4+ states at the interface of BL1 (LSMO/LCO), which are intri-
cately linked to crystal field splitting energy (Δcf). This reconstruction

Fig. 3 | Strain mediated electronic structure and orbital polarization in the
LSMO/LCO BLs. Elemental specific a XAS at O K-edge for both sequence bilayers
(BL1 and BL2). The colored area in XAS O K-edges represents the electronic
hybridization between O 2p and Co 3 d orbitals (transparent yellow); O 2p and Mn
3 dorbitals (transparent green) andO2p andLa/Sr 3 dorbitals (transparent purple).
b XAS measurement done on BL1 with Mn2+, Mn3+, and Mn4+ references at the Mn
L3,2-edges, the peak positions indicate that the BL1 are in mixed Mn4+/3+ states. XAS
data confirm the valence state of the Mn independent of the strain states for the
BLs. The spectra are vertically shifted for clarification. The details of Mn reference
spectra are described in Supplementary Note III. c XAS at the Co L3,2-edge for BL1,
BL2 show strong peaks at around 782.06 eV and 780.36 eV in consistent with the

Co3+ and Co2+ ions respectively, which is independent of the strain states. The
details of Co reference spectra are described in Supplementary Note III. d-f XAS
measured from linearly polarized x-ray parallel to the in-plane direction of the
sample surface at theMn L3,2-edge (d) andCo L3,2-edge (f) of the BL1 (measurement
geometry at the top). e The XLD was obtained from the difference for XAS mea-
suredwith Iip and Ioop, i.e. (Iip-Ioop) for the BLs. TheXLDspectra reveal higher out-of-
plane orbital occupancy (d3z2-r2 dzx, and dyz orbital) for the BL under compressive
strain i.e. BLon LAO,while, in-plane orbital occupancy (dx2-y2 and dxy orbital) for the
BL under tensile strain i.e. BL on STO and PMN-PT, indicating a clear anisotropic
orbital occupancy induced in Mn 3 d eg orbitals (e) and in Co L3,2-edge (g) by
substrate induced strain. All spectra are collected at room temperature.
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is responsive to the variations ofCo—OorMn-Obond length andCo-O-
Co or Mn-O-Mn bonding angle changes in determining the essential
magnetic properties in BLs.

Furthermore, utilizing XLD, we further characterized the elec-
tronic properties of the BLs by probing the unoccupied d orbital
states of the Mn and Co in the BLs. XLD is calculated by varying the
incidence angle (α) of a linearly polarized x-ray beam with respect to
the sample’s surface plane (Fig. 3d-f and Supplementary Fig. 17;
details in Method and Supplementary Note I,I,I). When α = 90o

(dashed lines), i.e., the polarization of the x-ray is parallel to the in-
plane direction of the sample surface (Iab =Iip (Eip//[100])), the XAS
reflects the in-plane orbital occupancy of dxy & dx2-y2 orbital. When
α = 30o (solid lines) i.e. the polarization of the x-ray is perpendicular
to the sample surface, and the XAS probes the unoccupied states in
both dx2-y2 (and/or dxy) and d3z2-r2 (and/or dyz and dzx) orbitals, with Ic
=Ioop = [I90o − I30o•sin230o)/cos230o] (Eoop//[001])35. To simplify the
calculations, the signal of (Iip−Ioop) can indirectly reflect the orbital
asymmetry of the 3 d band and is roughly proportional to the exact
XLD signals (Fig. 3e, g). Negative to positive XLD values at both the
Mn and Co L3,2-edges of the BLs for tensile (BL on STO and BL on
PMN-PT) to compressively strained (BL on LAO) suggest a highly
occupied dx2-y2 (and/or dxy) orbital to highly occupied d3z2-r2 (and/or
dyz and dzx) orbital, respectively (Fig. 3e, g; Supplementary Fig. 17 and
Supplementary Note I,I,I). Here, the orbital reconstruction is attrib-
uted to the strong covalent bond formed between theMn-3d& Co-3d

orbitals through the O-2p orbital across the interface and under
different strains of the BLs induced by the substrates, elucidated in
terms of molecular orbital theory (Supplementary Figs. 22-25 and
Supplementary Note I,I,I).

Switching of ferromagnetic order and magnetic ground state
We now delve into a detailed understanding of macroscopic and
microscopic insights into magnetic properties under compressive to
tensile strain of the BLs (Fig. 4 and details in Methods). Thermal
magnetization (M-T) of the BLs reveals finite magnetic moments,
transitioning from ferromagnetic to paramagnetic near or above room
temperature (Fig. 4a, c). In contrast to the previously reported single-
layer 5 nm LSMO (TC = 260K) and LCO (TC = 80K)35,36, the BL on STO
shows distinctive transitions: a paramagnetic-to-ferromagnetic shift
(attributed to LSMO, TC ~ 340K), followed by a second transition at
77 K (attributed to LCO). Here, the tensile strain alone proves insuffi-
cient for stabilizing LCO’s long-range ferromagnetic order of the BL on
STO37. Moreover, in BL1 (LSMO/LCO) on STO, a decrease of magneti-
zation is observed around 210 K to 82K, which is assigned to the pin-
ned antiferromagnetic layers at the LSMO/LCO interfaces. In
particular, the tensile strain affects the octahedral rotation of the BLs
(both on STO and PMN-PT substrates), resulting in an elevated value of
TC (LSMO) in comparison to the measurement recorded in the single-
layer LSMO system (TC = 260K)35. The results vividly illustrate the
prevailing ferromagnetic nature of LCO and LSMO for both the BL1

Fig. 4 |Magneticpropertiesof the BLsunder strain. aM-Tmeasured at 0.1 T after
field cooled BL1 (BL1 on LAO, STO and PMN-PT). The data shows both LCO and
LSMO layer in ferromagnetic nature for BL on STO and PMN-PT (under tensile
strain) with an emergence of antiferromagnetic nature in BL on STO, while a sup-
pressed ferromagnetism of LCO is revealed for BL on LAO. b M-H loops of the BL1
are recordedat 5 Kwhenamagneticfield is appliedalong the in-planedirection. BL1
on STO, PMN-PT shows higher saturation magnetization than on BL1 LAO. c M-T
measured at 0.1 T after field cooled BL2 (BL2 on LAO, STO and PMN-PT). The data
indicates the enhancedmagnetization for BL on STO, keeping both LCO and LSMO
ferromagnetism intact for the BL on STO and PMN-PT, while a spin reorientation
around 150K is seen for BL on LAO substrate. d M-H loops of the BL2 recorded at
5 Kwhen amagneticfield is applied along the in-plane direction. BL2 depicts similar

behaviour like the BL1 including more enhanced saturation magnetization (with
respect to BL1) on STO and PMN-PT. X-ray absorption spectra (XAS) (top panel) at
Mn L-edges (e) and at Co L-edge (f) were collected at 20K under 1.2 T field applied
at a grazing incidence (20° with respect to the film’s surface normal) for the BL1,
which is parallel to the incidence beam. The calculated x-ray magnetic circular
dichroism (XMCD) spectra (bottompanel of e, f) for the BL. Non-zero XMCD signal
at the Mn L-edges and Co L-edges is clearly observed for the BLs. Thus, overall
magnetization is less under compressive strain and higher in case of tensile strain
irrespective of BLs. f-inset, Zoomed view at the Co L3-edge XAS/XMCD of all the
BL1s, it is observed that the Co at the interface contains both Co2+ & Co3+ charge
states in the different environments, octahedral (Oh) and tetrahedral (Td).
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(LSMO/LCO) and BL2 (LCO/LSMO) on LAO, STO, and PMN-PT sub-
strates. Specifically, the BLs on the LAO substrate exhibits a marked
suppression of ferromagnetic order as compared to those on STO and
PMN-PT. This reduction in magnetism can be attributed to strain-
induced structural distortions in the LCO layer. Previous studies have
shown that ferromagnetic ordering in LCO is highly sensitive to the
Co–O–Cobond angle, with significant suppressionobservedwhen this
angle deviates from 175°28,38. Our atomic-resolution AC-STEM analysis
(Fig. 2m) reveals a reduction in the Co–O–Co bond angle to ~172°, as
determined from the using the equivalent O-O-Oproj, directly sup-
porting the observed suppression of ferromagnetism on LAO. Despite
this structural distortion, the presence of a finite Co L3,2-edges XMCD
signal (Fig. 4), confirms that the LCO layer retains a remnant ferro-
magnetic character, which will be discussed in the following section.
This indicates that the compressive strain imposed by the LAO sub-
strate, along with interfacial bond engineering effects at the LCO/
LSMO interface, significantly modifies the overall magnetic contribu-
tions. In the case of the BLs on PMN-PT substrate, an enhancement in
magnetization is observed close to 300K, attributable to the TC of
LSMO, and a pronounced jump occurs near 87 K due to the TC of LCO.
Compared to STO, PMN-PT exhibits a larger tensile strain, although TC

andmagnetization are lower than STO, which can be correlated to the
partial relaxation and the presence of edge dislocations in the LSMO
layer, as seen fromHAADF-STEM (Supplementary Fig. 8). Additionally,
a genuine electric-field-dependent response (electric field E = 400V ≈
8 kV/cm2, corresponding to an induced compressive strain of ~ −0.1%)
resulting in enhanced magnetization has been observed in the BL2
(LCO/LSMO)/PMN-PT bilayer (Supplementary Fig. 18). The field-
dependent magnetization, M (H), for the bilayers, obtained at 5 K
(Fig. 4b, d, detailed in Methods), reveals a distinct trend associated
with strain effects. Themagnetization is higher under tensile strain and
lower under compressive strain, highlighting the interplay between
ferromagnetic and antiferromagnetic correlations in the LSMO and
LCO layers. Specifically, the ferromagnetic correlation weakens as the
system transitions from in-plane tensile strain (STO, PMN-PT) to
compressive strain (LAO)39. This trend is further supported by the
observed increase in coercivity and asymmetry from STO to LAO
substrates in both BL1 and BL2, which indicates a strengthening of
antiferromagnetic correlations under compressive strain.

To gain a proper understanding of the magnetic properties,
especially the interfacial magnetization, elemental specific XMCD
measurements are performed on the BLs at both the Mn and Co L3,2-
edge at 20K, 50K, and room temperature (Fig. 4e-f and Supplemen-
tary Figs. 19-21). In a close inspection of the zoomed view at the Co L3-
edge XAS/XMCD of all the BL1s, it is observed that the Co at the
interface contains both Co2+ & Co3+ charge states in the different
environments, octahedral (Oh) and tetrahedral (Td) (Fig. 4f-inset,
Supplementary Fig. 22)40. The XASmeasured at μ+/μ - helicities for BL1/
STO and XMCD (μ + - μ -) of all three BL1s at both the Mn & Co L-edges
(Fig. 4e-f). The Co2+(Td) L3-edge XMCD signal shows an opposite sign
with the Mn L3-edge XMCD, divulging an antiferromagnetic coupling
between the Co2+(Td) & Mn3+/4+ moment at the interface. Whereas the
Co2+(Oh) and Co3+(Oh) L3-edge XMCD signal show the same sign as
the Mn L3-edge XMCD, indicating ferromagnetic alignment between
Mn3+/4+ and Co2+(Oh) & Co3+(Oh) at the interface although the overall Co
L-edge XMCD integral show the same sign as that at theMn L-edge.We
also performed XMCD sum rules to calculate the orbital and spin
moment separately as discussed in the Supplementary Note I,I,I and
Supplementary Fig. 23. Interestingly, for BL on LAO, the near absence
of Co XMCD signal reveals that LCO has drastically suppressed mag-
netism of the BL on LAO. This antiparallel Mn/Co moment orientation
can be further elucidated through molecular orbital considerations
(Supplementary Fig. 24-27, Supplementary Note I,I,I). For the BL under
compressive strain (BL on LAO), the majority Mn d3z2-r2 electron
occupies a bonding orbital with the corresponding Co orbital, aligning

parallel to the majority t2g spins of Mn in accordance with Hund’s rule
(Supplementary Fig. 24). Conversely, the minority Co t2g dyz and dzx
electrons occupy bonding orbitals alongside the corresponding Mn
orbitals, exhibiting an antiparallel alignment with the localized Mn t2g
spins, thereby inducing an antiferromagnetic Mn/Co ordering at the
interface of the BL (Supplementary Fig. 25). It is noteworthy that both
LSMO and LCO under strained conditions exhibit a ferromagnetic
state. Analogously, in the case of BL under tensile strain (BL on STO
and BL on PMN-PT), an interfacial antiparallel Mn/Co alignment is also
established (Supplementary Fig. 25). This unusual interfacial anti-
ferromagnetic Mn/Co ordering in lieu of vivid ferromagnetism of the
BLs are further confirmed through Goodenough-Kanamori-Anderson
(GKA) rules39,41 According to the GKA rules, the Mn d3z2-r2 -(O 2pzz)-Co
dyz and Mn d3z2-r2 -(O 2pzz)-Co dzx interactions in the BLs are anti-
ferromagnetic in nature (Supplementary Figs. 26-27) similar to LSMO/
BaTiO3

42 heterostructures. Furthermore, the non-zero Mn L-edge
XMCD at room temperature (300K) confirms the ferromagnetic
ground state of the LSMO layer in the BLs on STO and PMN-PT (BL
under tensile strain). However, there is no such magnetic order
observed for the BL on LAO, which is further confirmed by macro-
scopic magnetization data (Fig. 4 and Supplementary Fig. 20). Here,
thedetailedmeasurementof electricfield-dependentmagnetization at
theMn/Co interface is significantly challenging since theTotal Electron
Yield (TEY), which relies on drain current measurements, can experi-
ence reduced accuracy when an external voltage is applied. On the
other hand, the Fluorescence Yield (FY) mode, while offering greater
bulk sensitivity with a probing depth of approximately 100 nm, is not
suitable for investigating interfacial modifications. Thus, strain-
interface engineering plays a key role in manipulating magnetic
properties in Co/Mn heterostructures.

Theoretical results
To establish the theoretical foundation of our experimental results, we
performed the first-principles calculations on antiferromagnetically
coupled ferromagnetic layers of LSMO and LCO oriented along the
[001] crystallographic direction (Fig. 5, details in Methods). It is worth
mentioning that the FM ordering within the individual LSMO and LCO
layers and an antiparallel magnetic moment orientation at the inter-
face are also evident from the experimental observation.We construct
a theoretical model of the LSMO–LCO bilayer, comprising alternating
layers of LSMO and LCO, each three-unit cells thick—referred to
hereafter as the (3/3)-LSMO/LCO bilayer. In this configuration, each
layer hosts sixmagnetic atoms (Mn in LSMOandCo in LCO), leading to
a total of twelve magnetic sites per unit cell of the heterostructure. A
representative 2 × 2 × 1 supercell of this structure is shown in Fig. 5a.
The primary objective of the theoretical model is to explore how
strain-induced variations in bond lengths and bond angles influence
the magnetic properties of the heterostructure. The layer-resolved
analysis of strain modulated magnetic moments in the relaxed LSMO-
LCO heterostructures demonstrates strong alignment with experi-
mental data, revealing that tensile strain enhances the magnetic
moment of each layer, while compressive strain suppresses it (Sup-
plementary Table 1). The relaxed geometries, which ensure a com-
parable local environment for La and Sr atoms, reveal a complex
interplay between bond lengths, bond angles, and the resulting mag-
netic moments under varying strain conditions (Supplementary
Tables 2–3). In particular, the magnetic moments of Mn and Co atoms
exhibit a clear reduction under compressive strain, decreasing from
2.91 μB to 2.80 μB for Mn, and from �1:91 μB to –1.84 μB for Co. This
reduction correlates with a concomitant contraction in the in-plane
metal–oxygen bond lengths. Under tensile strain, the average Mn–O
and Co–O bond lengths are 1.92 Å and 1.96 Å, respectively, whereas
compressive strain reduces them to 1.85 Å and 1.86Å. In contrast, the
out-of-plane Mn–O and Co–O bond lengths exhibit an elongation
under compressive strain, increasing from 1.92 Å to 2.02 Å, and 1.95 Å
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to 2.05 Å, respectively. Additionally, compressive strain induces a
notable reduction in the in-plane Mn–O–Mn and Co–O–Co bond
angles—from 172° to 161°, and from 158° to 154°, respectively—indica-
tive of enhanced octahedral tilting. The above reduction in bond
angles under compressive strain weakens the magnetic exchange
interactions, thereby leading to a decrease in the magnetic moments
of Mn and Co atoms—a trend that is consistent with experimental
observations. To gain deeper insight into the pivotal role of strain-
induced O–O–O bond angle modulation in controlling the magnetic
properties of the heterostructure, we extend our analysis to two
additional configurations: (3/3)-LMO/LCO and (2/2)-LSMO/LCO (Sup-
plementary Figs. 29-30). The (3/3)-LMO/LCO structure is analogous to
the (3/3)-LSMO/LCObilayer, butwith the partial Sr occupancy in LSMO
omitted—essentially representing the parent compound LaMnO3.
Especially, strain in the system described above also leads to a mod-
ulation of the in-plane O–O–O bond angle, analogous to the behavior
observed in the (3/3)-LMO/LCO superlattice (Supplementary Note IV).
This indicates a similar strain-driven tuning of the magnetic moment—
as we will explore in the following discussion. Furthermore, in the (2/
2)-LSMO/LCO configuration (Supplementary Fig. 30), the LSMO and
LCO layers alternate every two-unit cell, reducing the periodic thick-
ness along c-axis and offering further insight into the interface-driven
effects.

It is noteworthy that for the (3/3) LSMO/LCO heterostructure
subjected to in-plane compressive strain, the lattice parameters along
the a- and b-axes were constrained to 5.12 Å and 5.19 Å, respectively,

while the out-of-plane lattice constant (c) was determined via variable-
cell relaxation and found to be 24.63Å. Under in-plane tensile strain,
the in-plane lattice parameters expanded to 5.39 Å and 5.46Å,
accompanied by a reduction in the relaxed out-of-plane lattice con-
stant to 22.94Å. The (3/3) LMO/LCO bilayer exhibits a similar strain-
dependent lattice and magnetic response as the (3/3) LSMO/LCO
system (SupplementaryNote IV). Under compressive strain, significant
reductions in Mn and especially Co magnetic moments correlate with
shortened in-plane bond lengths and decreased O–O–O bond angles,
highlighting the pronounced strain sensitivity of the LCO layer (Sup-
plementary Note IV, Supplementary Tables 4-6). Also, for the (2/2)
LSMO/LCO heterostructure, the optimized c-axis lattice constants
were calculated to be 15.18 Å and 16.23 Å under tensile and compres-
sive strain, respectively, further confirming the strain-induced aniso-
tropic lattice distortion (Supplementary Tables 7-9).

Furthermore, the (2/2) LSMO/LCO heterostructure successfully
reproduces the experimentally observed trend in strain-induced
modulation of magnetic moments, as summarized in Supplementary
Table 7. This behavior is corroborated by strain-dependent variations
in bond lengths and bond angles (Supplementary Tables 8-9). Under
compressive strain, the average magnetic moment of Mn decreases
from 2.81 μB to 2.76 μB and that of Co from −1.83 μB to −1.63 μB

consistent with the weakening of magnetic exchange interactions.
Correspondingly, under tensile strain, the average in-plane Mn–O and
Co–O bond lengths are both 1.94 Å, while the out-of-plane bond
lengths are 1.89 Å and 1.95 Å, respectively. Under compressive strain,

Fig. 5 | Strain induced modulation of in-plane and out-of-plane d-orbital con-
tributions ofMn and Co in relaxed 3/3-LSMO/LCO bilayers. a Relaxed geometry
of the 3/3-LSMO/LCO bilayer along [001] direction in presence of tensile and
compressive strain. In theDFT study the lattice parameters are a = 5.39Å,b = 5.45Å,
c = 22.94 Å for tensile strain and a = 5.12 Å, b = 5.19Å, c = 24.63 Å for compressive
strain. In comparison to the initial structure, the in-plane lattice parameters are
compressed, leading to an elongation of the c-axis. b The projected density of
states (PDOS) exhibits the in-plane and out-of-plane d-orbital contributions of the

Mn and Co atoms of the heterostructure, subjected to two distinct strain regimes.
Under tensile strain (top panel), the in-plane d-orbitals become more populated,
while under compressive strain (bottom panel), the PDOS shows increase in the
occupancy of out-of-plane d-orbitals of bothMn and Co atoms. This strain-induced
orbital redistribution is visualized by the pink and violet colours, representing the
spin-up and spin-down states, respectively. The Fermi level is set at zero energy for
reference.
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the in-plane bond lengths contract to 1.84Å (Mn–O) and 1.87Å (Co–O),
while the out-of-plane bond lengths expand to 2.05 Å and 2.00 Å,
respectively. Consistent with the previous case, the in-plane O–O–O
angles decrease from 171° (LSMO) and 161° (LCO) to 166° (LSMO) and
154° (LCO).We note that theOOOProj angle serves as an effective proxy
for the corresponding B–O–B bond angle at the LCO/LSMO interface,
showing greater sensitivity to compressive strain and less variation
under tensile strain—a trend also supported by experimental obser-
vations (Fig. 2).

This strain-driven magnetic moment change can be explained
more accurately by the asymmetric projected density of states (PDOS)
for spin-up and spin-down electrons, especially the d-orbitals of Mn
and Co atoms, as depicted for the relaxed bilayers in Fig. 5 and Sup-
plementary Figs. 28–30. The PDOS spectra essentially provide a com-
prehensive understanding of the strain-induced orbital reconstruction
leading to this intricate magnetic behavior. Here, to understand the
role of strain on different in-plane and out-of-plane d-orbital, we stu-
died the proportion by which the in-plane and out-of-plane occupied
d-orbitals of the magnetic atoms (say, Mn) change with application of
external strain. A detailed discussion on the role of in-plane and out-of-
plane d-orbital occupancy in the strain-induced variation of magnetic
moments is provided in Supplementary Note V, with the correspond-
ing data summarized in Supplementary Tables 10–13. It has been
observed for all the cases that the ratio of the magnetic contribution
from of the out-of-plane d-orbital and the in-plane one increases with
compressive strain decreases with the tensile strain in both the layer.
These first principles result on the orbital occupancy lend support to
our experimental observations onXAS andXLDmeasurements (Fig. 3).
Furthermore, Bader charge analysis (Supplementary Note V) reveals a
significant charge imbalance at the interface, indicating substantial
charge transfer between the layers. This interfacial charge redistribu-
tion plays a key role in modifying the electronic structure of the
heterostructure.

In conclusion, our innovative methodology has unveiled an
unconventional strategy that utilizes OOOproj angles, replacing the
traditional BOBproj angles, to efficiently explore oxygen octahedral tilt
in perovskite oxides. Here, wedisclose the effects of substrate-induced
epitaxial strain on switching the spin state and orbital occupancy
between in-plane and out-of-plane orbitals. We reveal previously
unreported octahedral tilt that directly correlates with the enhanced
magnetism of LCO layers in BL on STO, while strain-mediated OOOproj

angle variation depicts the real absence of ferromagnetism of LCO in
the BL on LAO substrate. XMCD results and the explanation in the light
of molecular orbital theory confirm the antiferromagnetic involve-
ment of Mn/Co interfaces. First principles theoretical calculations
further clearly demonstrate the scenario of strain-induced Co/Mn
individual magnetic moment contribution and interfacial anti-
ferromagnetism, in-plane and out-of-plane orbital occupation, and
detailed bond angle geometry specifically in terms of OOOproj. Thus,
the interplay of octahedral tilt and charge-spin-orbital reconstruction
in oxide heterostructures offers a promising strategy to interface-
engineer physical properties, such as voltage-controlled strain or
orbital filling. This approach holds significant promise for the devel-
opment of efficient low energy spintronics, including magnetic tunnel
junction, magnetic field sensing, and devices for magnetic storage
applications.

Methods
Sample preparation
The [LaCoO3 (LCO)/La0.7Sr0.3MnO3 (LSMO)] BLs were synthesized on
single-crystalline LAO (001), STO (001), PMN-PT (001) substrates via
reflection high energy electron diffraction (RHEED)-assisted pulsed
laser deposition (KrF laser, λ = 248nm). Here BLs are designed in two
reverse sequences where capped LSMO (top) on LCO thin film is
denoted as BL1 (LSMO/LCO), while capped LCO (top) on LSMO thin

film is as BL2 (LCO/LSMO). Firstly, 5 nm LSMO was grown on all the
substrates at substrate temperature (TS) of 700 °C in 100 mTorr of
oxygen pressure (PO2). On this LSMO bottom layer, a 10 nm LCO top
layer was grown with (PO2) = 300 mTorr at the same TS. A similar
protocol was followed to grow the bilayer configuration consisting of a
bottom layer of 10 nm LCO and top layer of 5 nm LSMO on those
substrates at the same TS with PO2 = 300 and 100 mTorr respectively.
For allmaterials, the laserfluencewas0.6 J/cm2with a repetition rate of
4Hz. After deposition, the bilayerswere annealed for 30min in 50Torr
of oxygen pressure to ensure the correct oxygen stoichiometry and
then cooled down to room temperature at that oxygen pressure.
RHEED intensity before and after the growth of each layer is shown in
Supplementary Fig. 1.

Structural and surface morphology characterization
X-ray diffraction (XRD), and reciprocal space mapping (RSM) mea-
surements were carried out using a Bruker D8 discover diffractometer
with Cu-Kα radiation (λ = 1.54056 Å) (Supplementary Figs. 4-5). The
morphologies and roughness of substrates as well as samples were
characterized with an Asylum Research Oxford 3D origin plus AFM in
the tapping mode.

Magnetic measurements
Temperature and field dependence microscopic magnetic measure-
ments are performed by using a Quantum Design VSM SQUID
(superconducting quantum interference device). The temperature-
dependent (M-T) in-plane (µ0H//100) magnetic measurements were
recorded at 0.1 T after the field cooling (FC). The magnetic hysteresis
curves (M-H) are measured along in-plane (µ0H//100) direction at 10 K
after the field cooling samples (FC) at 0.1 T. The magnetization of the
films was acquired by subtracting the diamagnetic signals from the
substrates and theplastic tube. Themagnetization is expressed inBohr
magnetons per total number of pseudo-cubic unit cells.

STEM measurements
The cross-sectional samples for STEMwere preparedusing anFEI Scios
FIB-SEM dual beam system using Ga+ ions. The single-crystal foil was
thinned along theparticular zone axis required (i.e,. STO, LAO [110]), to
minimize the tilting required in the STEM as too much tilting (roughly
>5°) will cause thickness-related artifacts in the ABF mode. The final
cleaning was done using an Ar ion beam in a Gatan PIPS II system. The
STEM imaging was performed in an FEI Titan Themis equipped with a
CEOSprobeCs corrector, operated at 300 kV. A 70 µmC2 aperture and
a camera length of 160mmwas used, such that theABF image couldbe
acquired using the DF2 detector, while simultaneously acquiring the
HAADF image using the high-angle detector. The sample was tilted to
the zone axis and allowed to stabilize for at least 1 hour, before
acquiring the data. Further, the scan dimensionwas reduced to allow a
longer dwell time (8 µs) per pixel, to improve the signal-to-noise ratio,
while minimizing drift. The energy dispersive X-ray spectroscopy
(EDS) mapping was done using the Velox software, incorporating a
beam current of ~150 pA. The strain concentration in the films were
extracted from the HAADF micrographs using the Peak pair analysis
(PPA) Digital Micrograph plug-in from HREM Research Inc43.

Octahedral tiling measurement approach
The coordinates of the A, B and O sites in the ABF micrographs were
extracted from the Fourier-filtered ABF micrograph by fitting Gaus-
sians to the peak positions using the Atomap package. The B and O
coordinates were then used to measure the in-plane projected B-O-B,
O-B-O and O-O-O angles between the multiple octahedra, calculated
using a custom script written in Python. All the angles are measured
between two consecutive oxygen-sharing octahedra along a row (i.e.,
the BO plane), taking two octahedra at a time (Code details in Sup-
plementary Note II). To validate the script, ABF images of STO and
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LSMO were simulated using Dr. Probe software (Supplementary
Fig. 4a and 4f). The simulated images were subject to the Atomap
script to extract the coordinates of the B and O sites. The coordinates
were then used in the custom script to find the B-O-B, O-B-OandO-O-O
angles which were mapped to the respective coordinates and plotted
as contours and row-averaged scatter plots (with the standard devia-
tion) for STO and LSMO (Supplementary Fig. 4c, d, e and 4h, i, j). Since
we can assume (to a first approximation) that the B-O-B, O-B-O and O-
O-O angles are all equal to 180° in the STO, we confirm that the
Gaussian fitting through the Atomap script, and the custom angle
calculator script succeeds sufficiently. However, when applied to an
experimental ABF image of STO, it is observed that only the O-O-O
angle is robust and gives the correct value as tabulated in Supple-
mentary Fig. 5. The errors in the B-O-B and O-B-O angles might be the
result of experimental error of B site positions or some distortions
related to the B sites in the micrograph and will require further
investigation (Supplementary Note II). But since the B-O-B and O-O-O
angles can be assumed to be equal in LSMO (Along the projection
considered, and to a first approximation, schematic in Supplementary
Fig. 4g), either can be used to quantify the octahedral tilting. Thus, the
O-O-O angle is used throughout the current article. Finally, the tilt
mapping procedure has been applied to an experimental LSMO/STO
interface micrograph. The coplanarity of the O sites in the STO layer
and the non-coplanarity of the O sites in the LSMO layers are observed
(Supplementary Fig. 6b-c). A checkerboard pattern is observed in the
B-O-B angle contour map (Supplementary Fig. 6d), similar to the
octahedral tilt pattern in LSMO, but the absolute tilt angle is deemed
inaccurate as the substrate B-O-B angle comes out to be 160°. How-
ever, the O-O-O angle from the substrate is closer to 180°, and a clear
deviation in the octahedral tilt (close to 10°) is observed when going
from the substrate to the film (Supplementary Fig. 6f). The O-O-O
angles are used throughout the article and more work is required for
the complete understanding of the robustness.

XAS, XMCD and XLD measurements
Element-sensitive XAS and XMCD measurements were performed at
P04 beamline, PETRA III, DESY, Germany (and ALBA synchrotron,
Barcelona, Spain) at theMn and Co L3,2-edges andO K-edge in surface-
sensitive total electron yield (TEY) modes at 50 and 300K at normal
incidence under 0.6 T magnetic field (and at 20K at grazing incidence
{20° with respect to the film’s surface normal} under 1.2 T magnetic
field). The process was carried out under a background vacuum of 8 ×
10−7 Torr. The normalization of spectra was performed so that the L3
pre-edge spectral regionwas set to zero, in addition to thepost L2 edge
region set to one. Circularly polarized x-rays with ~100% polarization
were used in normal incidence with respect to the sample surface and
parallel to the applied magnetic field. The XMCD was obtained by
taking the difference of the XAS spectra of right circularly polarized
light (μ+) and left circularly polarized light (μ−), i.e., μ+ − μ−, by flipping
the magnetic field of ±0.6T at a fixed X-ray helicity. The intensity and
the detailed line shape of the XAS spectra reveal information about
different valence states, while those of the XMCD spectra indicate the
corresponding magnetic ground states. XLD measurement was per-
formed at BL01 beamline of Indus-2 synchrotron radiation source at
RRCAT, Indore using linearly polarized X-rays with polarization vector
(E) parallel to the in-plane or out-of-plane direction of the sample
plane, respectively in the TEY mode at 300K.

Theoretical calculations
The first-principles calculations for LSMO-LCO heterostructure are
performed under the spin-polarized density functional theory (DFT)
frameworkas implemented in thequantumespresso code44,45.Wehave
employed the Perdew-Burke-Ernzerhof (PBE) form for the exchange-
correlation functional46 for all the calculations. Furthermore, the
kinetic energy cut-off is set as 75 Ry in our study using the ultrasoft

pseudopotentials47 to describe the core electrons. The Brillouin zone
was sampled using a uniform 4 × 4 × 3 k-mesh for the self-consistent
field (SCF) calculations. The correlation effects for theMn and Co sites
were evaluated using the DFT +Umethod with Hubbard U parameters
of 2 eV and 2.7 eV, respectively. Specifically, we first performed a full
structural optimization (vc-relax), allowing both atomic positions and
unit cell parameters to relax to their equilibrium values without any
constrain. This step ensures minimization of the total energy and
residual stress, yielding a stable reference structure. To explore strain-
induced (tensile or compressive)modifications, we then altered the in-
plane lattice vectors accordingly and subsequently relaxed only the
out-of-plane (c-axis) lattice parameter while keeping the in-plane vec-
tors fixed, allowing the system to reach its new minimum-energy
configuration under biaxial strain. Experimentally, both LSMO and
LCO layers are observed to maintain FM ordering under varying strain
conditions. However, at the interface, their magnetic moments align
antiparallel to each other. This experimentally observed magnetic
configuration was used as a physically realistic initial guess for the
magneticmoment alignment in our self-consistent calculations. In this
study, we focus on heterostructures composed of alternating layers of
LSMO and LCO, specifically those with three-unit cells of eachmaterial
—referred to as the (3/3)-LSMO/LCO bilayer configuration. Therefore,
each layer contains six magnetic atoms (Mn in LSMO and Co in LCO),
resulting in a total of 12 magnetic atoms per full bilayer unit cell. For
reference, a 2 × 2 × 1 supercell based on this heterostructure model is
shown in Fig. 5(a). We emphasize that the robustness of the strain-
inducedmagnetic propertieswas further validated using an alternative
heterostructure, in which LSMO and LCO layers alternate with a
thickness of twounit cells—referred to as the (2/2)-LSMO/LCObilayer—
comprising eightmagnetic atoms per unit cell. A detailed discussionof
this configuration is provided in the Supplementary Information.
Moreover, we demonstrate that the modulation of the magnetic
moment due to strain remains robust even when the partial Sr occu-
pancy in LSMO is neglected, as evidenced in the (3/3)-LMO/LCObilayer
system (Supplementary Note IV). To eliminate surface effects and
emphasize interfacial contributions, periodic boundary conditions
were applied along all three crystallographic directions. In the case of
compressive strain, the lattice parameters along the a, b, and c direc-
tions of the (3/3)-LSMO/LCObilayerwere 5.12 Å, 5.19 Å, and c = 24.63 Å,
respectively while, under in-plane tensile strain, the corresponding
lattice constants were 5.39 Å, 5.45 Å, and 22.94 Å. For the (2/2)-LSMO/
LCO bilayer, the lattice constants along the c-axis under tensile and
compressive strain were found to be 15.19 Å and 16.24 Å, respectively.
Finally, non-self-consistent field (NSCF) calculations were performed
to evaluate the projected density of states (PDOS) of the d orbitals of
the Mn and Co atoms in the heterostructure.

Data availability
All thedata needed to reach to the conclusions in thepaper arepresent
in the paper or the Supplementary section. Relevant data are available
upon request from the corresponding authors. Source data are pro-
vided with this paper.
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