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Manifestation of asymmetric manganite-ruthenate interfaces
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Interfacial magnetism in complex oxide heterostructures underlies both fundamental many-body physics
and advanced spintronic applications. Here we report a pronounced stacking-order dependence of magnetic
coupling in Lag73Cap2,MnO3;/SrRuO; (LCMO/SRO) bilayers. While Ru—O-Mn superexchange drives an-
tiparallel spin alignment between interfacial Ru and Mn moments, macroscopic antiferromagnetic correlations
emerge only within a proper thickness ratio range, consistent with first-principles calculations. Ferromagnetic
enhancement—manifested as a significant increase in Curie temperature (7c)—occurs exclusively when LCMO
is grown atop SRO, vanishing in the inverse stack. Atomically resolved structural analysis attributes this
unidirectional phenomenon to suppressed Jahn-Teller distortions and preferential in-plane orientation of the
LCMO crystallographic ¢ axis in the LCMO grown on SRO configuration, which together strengthen double-
exchange interactions. Control experiments rule out interfacial charge transfer and Sr interdiffusion as primary
mechanisms. These findings establish that stacking-sequence—induced structural asymmetry serves as a dominant
control parameter for interfacial ferromagnetism, offering a deterministic route to engineer correlated oxide
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heterostructures.
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I. INTRODUCTION

The interfaces between crystalline materials break sym-
metry, reduce dimensionality, and create tailored atomic
interactions, giving rise to distinct quantum states not found
in the bulk. By modifying lattice structures, electronic bands,
and magnetic orders, these interfaces enable emergent phe-
nomena like superconductivity, two-dimensional electron
gases, and novel magnetic phases [1-3]. A prime example
is the engineering of magnetic coupling through heterostruc-
ture design. In synthetic antiferromagnets—ferromagnetic
layers separated by a nonmagnetic spacer—the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction mediates interlayer
coupling [4], a mechanism central to giant magnetoresistance
(GMR) devices.

Recent advances in epitaxial synthesis now enable the
creation of atomically sharp interfaces in complex oxide
heterostructures [1-3,5]. This precision allows the tailoring
of exchange interactions at the atomic scale and the emer-
gence of novel magnetic states, mediated by interfacial charge
transfer, structural coupling, and orbital reconstruction.
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However, compared to conventional GMR materials, these ox-
ide interfaces exhibit far greater complexity in their structure,
chemistry, and exchange mechanisms, posing a fundamental
challenge to a complete understanding of their interfacial
magnetism.

In oxide heterostructures, perovskite ruthenate SrRuO;
(SRO) and manganite La;_,Ca,MnO3 serve as extensively
studied prototypical systems. In bulk form, both exhibit
ferromagnetic metallic ground states within orthorhombic lat-
tice structures. La;_,Ca,MnOj3 (0.175 < x < 0.5) displays
a strongly doping-dependent Curie temperature (7¢), which
peaks at approximately 265 K for x &~ 1/3, with an in-plane
magnetic easy axis [6-9]. By contrast, SRO has a ferro-
magnetic ground state with 7c ~ 160 K and magnetization
oriented primarily along the ¢ axis. This configuration makes
SRO a magnetically hard material, distinct from the softer
manganites [10-15].

In manganite-ruthenate bilayers, the properties diverge sig-
nificantly from those of the bulk constituents. The layers
themselves remain ferromagnetic, yet they couple antiparal-
lel across the interface [7,16-23]. This interfacial magnetism
can be modified by epitaxial strain, which alters electron
orbital occupancy. According to the Goodenough-Kanamori-
Anderson (GKA) rules, these orbital changes directly

©2026 American Physical Society
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influence whether ferromagnetic or antiferromagnetic in-
teractions dominate [18-25]. While enhancements of the
manganite’s 7¢ have been ascribed to charge transfer or Sr
interdiffusion [16,26-29], the fundamental mechanisms at the
interface remain unresolved. The precise origin of the spin-
antiparallel coupling and the pathway for T¢ enhancement
are still debated, with the potential roles of strain, lattice
distortions, and orbital reconstructions yet to be fully clarified.

In this work, we employ underdoped Laj73Cag
MnOj3/SrRuO; (LCMO/SRO) heterostructures as a model
system to investigate interfacial magnetic interactions in
correlated oxides. By systematically varying the stacking se-
quence and layer thickness, we find that antiparallel spin
coupling across the interface—mediated by superexchange
along interfacial Mn—O—Ru bonds—is robust across all con-
figurations, as confirmed by first-principles calculations. In
stark contrast, ferromagnetic enhancement manifested as a
significant T¢ increase occurs exclusively when LCMO is
grown atop SRO, revealing pronounced stacking-sequence
asymmetry. This unidirectional enhancement originates from
suppressed Jahn-Teller distortions and preferential in-plane
orientation of the LCMO crystallographic ¢ axis in the
LCMO/SRO configuration, which collectively strengthen
double-exchange interactions within the manganite layer.
Control experiments using ultrathin SrTiO; (STO) spacer
layers, combined with layer-resolved spectroscopic measure-
ments, exclude Mn-valence modification and Sr interdiffusion
as dominant mechanisms. These findings establish that in-
terface geometry and stacking-sequence—induced structural
asymmetry, rather than chemical reconstruction alone, con-
stitute the primary determinants of emergent magnetism in
manganite-ruthenate heterostructures.

II. EXPERIMENTAL DETAILS

Thin films and heterostructures in this study were fab-
ricated via pulsed laser deposition (PLD) in an ultrahigh
vacuum chamber with a base pressure of 5 x 10~ mbar, using
a 248 nm KrF excimer laser (Coherent). Before deposition,
(001)-oriented STO substrates were preannealed at 1350°C
for one hour under a vacuum of 5 x 107> mbar to achieve a
uniform TiO,-terminated surface. Prior to growth, substrates
were further heated to 650°C in 200 mbar O, for 30 min
to reduce oxygen vacancies. LCMO and SRO layers were
deposited at 0.15 mbar with 5% O3 and 0.1 mbar with 1% O3,
respectively. A laser fluence of ~2 J/cm? and repetition rate
of 3 Hz were used for all depositions. The crystalline quality
of the films was confirmed by thin-film x-ray diffraction, as
shown in Fig. S1 [Supplemental Material (SM) [30]].

Magnetic characterization was performed using a Mag-
netic Property Measurement System (MPMS, Quantum
Design). Measurements were conducted from 5 to 300 K
with an applied magnetic field oriented along either the
in-plane [100] or out-of-plane [001] directions. Temperature-
dependent magnetization (M-T) curves were acquired on
warming under a 0.01 T field after field cooling in a 1 T mag-
netic field. The diamagnetic background from the substrate
was subtracted from all data. Representative magnetization
data are presented in Figs. S2-S3 of SM [30].

Scanning transmission electron microscopy (STEM) and
electron energy loss spectroscopy (EELS) measurements
were conducted on a double aberration-corrected JEOL
GrandARM microscope operating at 300 kV, equipped with
a Gatan K3 direct electron detector. Cross-sectional samples
were prepared using focused ion beam (FIB) milling with Ga™*
ions. High-angle annular dark-field (HAADF) images were
acquired with an inner collection angle of 68 mrad and an
outer angle of 280 mrad. Lattice parameters and A-site dis-
placements were quantified by fitting atomic column positions
in the HAADF images using two-dimensional Gaussian peak
profiles.

For atomic-resolution EELS, the electron probe was opti-
mized with a diameter of 0.7 A, a convergence semiangle of
11 mrad, and a collection semiangle of 100 mrad. Spectrum
imaging was performed across the interface using a step size
of 0.08 A and a dwell time of 0.001 s per pixel, recorded with
the K3 detector. Background was subtracted using a power-
law model and plural scattering contributions were removed
via Fourier deconvolution. Elemental concentrations were de-
termined from EELS intensity profiles after calibration with
reference standards. To track changes in the oxidation state,
the L, 3 edge intensity ratios were analyzed across the films.

X-ray absorption spectroscopy (XAS) measurements were
conducted in total-electron-yield (TEY) detection mode at
Beamline BLO8U2A of the Shanghai Synchrotron Radiation
Facility (SSRF). Spectra were acquired at room temperature
under ultrahigh vacuum (<2 x 10~® Torr) with incident x ray
along the surface normal direction. The energy resolution was
set to 0.1 eV for both the Mn L, 3 and O K edges, with a
photocurrent sensitivity of 10 pA. To enhance signal-to-noise
ratios, each spectrum represents an average of 20 measure-
ment cycles. Mn L, 3 edge spectra were normalized to the Ls
peak maximum, while O K-edge spectra were normalized to
the hybridization peak arising from La5d /Ca3d —O2p orbital
mixing.

III. RESULTS AND DISCUSSION

A. Interface structural asymmetry

We first examine the structural difference introduced by
the stacking sequence. Figures 1(a)-1(d) present atomic-
resolution STEM-HAADF images alongside schematics
of the interfaces for the LCMO/SRO and SRO/LCMO
heterostructures (where A/B denotes A grown on B,
hereafter). These images confirm high-quality epitaxial
growth and reveal a distinct asymmetry between the two
stackings.

The interfacial terminations differ fundamentally: in the
LCMO/SRO heterostructure, the SRO surface is RuO, ter-
minated and bonds to a polar (La/Ca)O layer from LCMO
[Fig. 1(b)]. Conversely, in the SRO/LCMO stacking, the
LCMO surface is MnO; terminated and bonds to a nonpolar
SrO layer from SRO [Fig. 1(d)]. The polar (La/Ca)O layer,
with a nominal valence of (1 —x)*, possesses an intrinsic
charge polarity known to drive interfacial charge transfer
[17,29,31-35]. The SrO layer, in contrast, is charge neutral.
This stark contrast in termination chemistry creates a signifi-
cant structural and electronic asymmetry at the interface.
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FIG. 1. Structural and magnetic asymmetry induced by stacking sequence. HAADF-STEM images and corresponding schematics of the
interfaces in the (a), (b) LCMO (20 u.c.) grown on a bottom SRO layer (40 u.c.) and (c), (d) LCMO (20 u.c.) capped by an SRO capping layer
(40 u.c.), revealing distinct interface configurations associated with the two stacking geometries. The schematics in (b) and (d) illustrate the
stacking sequences and the resulting asymmetric magnetic boundary conditions imposed on the LCMO layer by the bottom and capping SRO
layers. (e) Temperature-dependent in-plane magnetization of the LCMO/SRO and reversed SRO/LCMO stacking heterostructures shown in (a)
and (c), indicating spin-antiparallel magnetic coupling between LCMO and SRO. The Curie temperatures (7¢) are determined from extrema in
dM/dT and marked by arrows. (f) LCMO thickness dependence of 7¢ in heterostructures with a bottom SRO layer and an SRO capping layer,
together with that of a single-layer LCMO film for comparison. The SRO thickness is fixed at 40 u.c.

B. Interface antiparallel coupling

Figure 1(e) presents the in-plane magnetization M, (T') as
a function of temperature for two prototype heterostructures:
LCMO(20 u.c.)/SRO(40 u.c.) and SRO(40 u.c.)/LCMO(20
u.c.), both showing nonmonotonic variations. By lowering
temperature, M, (T) shows a Tc ~ 240 K for LCMO/SRO
and ~160 K for SRO/LCMO, respectively. This behavior is
primarily attributed to the in-plane ferromagnetic contribution
from the LCMO layer. As shown in Fig. S2, and consistent
with previous reports, LCMO in our heterostructure exhibits
strong in-plane magnetic anisotropy, whereas SRO favors out-
of-plane magnetization. Furthermore, the magnetic moment
of Mn is substantially larger than that of Ru [36-38]. Con-
sequently, under an in-plane magnetic field, the measured
magnetic response is dominated by the LCMO layer. Then,
both samples exhibit a sudden reduction in M;(T) when

further cooling down across Tap ~ 138 K for LCMO/SRO
and ~110 K for the reversed stacking one. This reduction
signals an antiparallel magnetic coupling at the interface when
SRO starts to form its out-of-plane canted FM order. This in-
terfacial antiparallel spin coupling persists in heterostructures
with thicker LCMO layers [see Figs. S3(a) and S3(b) in the
SM [30]].

This interfacial magnetic state arises primarily from the
strong local moments of LCMO, which force the interfacial
SRO spins into an antiparallel alignment [36]. Consequently,
while the bulk regions of both LCMO and SRO retain their
ferromagnetic order, the interface hosts a localized antiparallel
spin configuration. The competition between intralayer fer-
romagnetism and this interlayer antiparallel coupling results
in the observed nonmonotonic evolution of the net in-plane
magnetization with temperature.
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FIG. 2. Stacking-sequence—dependent structural asymmetry and its impact on 7¢. (a) Tc of LCMO (20 u.c.) films grown on bottom SRO
layers with varying thicknesses (5, 10, 20, and 40 u.c.), compared with a single-layer LCMO (20 u.c.) film (yellow dashed line). (b) T of
LCMO films with varying thicknesses (5, 10, 20, and 30 u.c.) capped by SRO layers of different thicknesses (10 and 40 u.c.), compared
with single-layer LCMO films of corresponding thicknesses. (c), (d) In-plane and (e), (f) out-of-plane A-site displacement profiles for the
LCMO/SRO and the reversed SRO/LCMO stacking heterostructure, respectively, extracted from a [100]-zone HAADF-STEM image.

C. Stacking-order—-dependent ferromagnetic (FM) enhancement

The Curie temperature (7c) of LCMO layers exhibits a pro-
nounced dependence on the stacking sequence in LCMO/SRO
heterostructures. To isolate this interface-driven effect, we
fabricated two distinct series: LCMO(n u.c.) grown on
SRO(40 u.c.) layer and SRO(40 u.c.) grown on LCMO(n
u.c.) layers, systematically varying the LCMO thickness n
from 5 to 30 unit cells. In-plane magnetization measurements
reveal that T¢ rises sharply with increasing n from 5 to 20
u.c. before saturating for thicker layers in both configurations
[Fig. 1(f); raw data in Figs. S3(a) and S3(b)]. However, the
magnitude of enhancement is strongly governed by stacking
order. Heterostructures with SRO capping layers show only
a moderate increase over monolithic LCMO films, whereas
those with bottom SRO layers yield a substantial enhancement
of ~60-80 K across all thicknesses, culminating in a saturated
Tc of ~240 K.

Since the in-plane magnetic signal is dominated by LCMO
(SRO magnetizes primarily out of plane), these results demon-
strate that the adjacent SRO layer profoundly modifies LCMO
ferromagnetism in a direction-dependent manner. The mini-
mal enhancement in the ultrathin LCMO(5 u.c.)/SRO sample
aligns with magnetic “dead layer” behavior, where carrier de-
pletion suppresses the double-exchange mechanism [39-44].
Conversely, the robust, thickness-saturated enhancement to
~240 K in thicker LCMO/SRO heterostructures indicates a
fundamental limit to the interfacial mechanism driving the T¢
increase.

This stacking asymmetry persists when varying the SRO
thickness. As shown in Figs. 2(a) and 2(b), T¢ increases mono-
tonically with the bottom SRO layer thickness for LCMO(20
u.c.), consistently exceeding that of single-layer LCMO. In
contrast, increasing the SRO capping layer thickness pro-
duces only weak effects across different LCMO thicknesses.
Notably, this geometric dependence occurs despite robust in-
terfacial spin-antiparallel coupling in all configurations (Fig.
S3), demonstrating that 7¢ enhancement is governed primarily
by heterostructure geometry rather than interfacial magnetic
coupling alone.

Quantitative structural analysis identifies the origin of
this asymmetry in distinct octahedral distortion profiles. In
LCMO/SRO heterostructures, layer-resolved A-site displace-
ments remain close to zero throughout the film thickness,
indicating a uniform suppression of rotational distortions
within the MnOg octahedra [Figs. 2(c) and 2(d)]. This
renders the LCMO layer more cubic-like, promoting fer-
romagnetism via enhanced double-exchange interactions.
Conversely, SRO/LCMO heterostructures exhibit pronounced
layer-by-layer oscillations in A-site zigzag displacements
coupled with nonuniform out-of-plane shifts [Figs. 2(e) and
2(f)]. These distortions drive the LCMO toward a more
orthorhombic geometry, suppressing double-exchange inter-
actions and consequently weakening ferromagnetic order.

Beyond octahedral distortions, the stacking sequence de-
termines the crystallographic orientation of LCMO, which
acts cooperatively with the octahedral geometry to reinforce
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FIG. 3. Interface chemical composition and Mn valence analysis. (a), (b) Background-subtracted EELS spectra acquired from the interior
and interfacial regions of the LCMO/SRO and SRO/LCMO heterostructures, respectively. HAADF-STEM images of the (c) LCMO(20
u.c.)/SRO(40 u.c.) and (d) SRO(40 u.c.)/LCMO(20 u.c.) heterostructures with corresponding elemental concentration profiles of Sr, Ca, La,
Ru, and Mn, respectively. The spectra are averaged over multiple regions within each film to improve statistical reliability.

the asymmetric magnetic response. In LCMO/SRO, the
LCMO c axis lies preferentially in-plane and aligns coherently
with the underlying SRO layer, whereas in SRO/LCMO—
or when STO interlayers are introduced—the c¢ axis
orients predominantly out of plane (Figs. S5 and S6).
The combination of reduced octahedral distortion and favor-
able in-plane lattice orientation in LCMO/SRO yields the
enhanced T¢, whereas the stronger distortions and unfavor-
able out-of-plane orientation in SRO/LCMO coincide with
suppressed ferromagnetism.

These findings establish that stacking-sequence—induced
structural differences—governed primarily by the degree of
octahedral distortions and modulated by lattice orientation—
constitute the origin of the asymmetric ferromagnetic
enhancement. The heterostructure geometry thus dictates
whether the interfacial environment supports robust ferro-
magnetism in the LCMO layer. This structural interpretation
is corroborated by XAS measurements (Fig. S7): relative
to pure LCMO films, the LCMO layer in LCMO/SRO

heterostructures exhibits an ~0.3 eV shift in the Mn L edge
and distinct modifications to the O K-edge prepeak, signal-
ing changes in the Mn chemical environment and covalency
[39,45-47]. Direct measurement of the buried LCMO layer
in SRO/LCMO was precluded by the thick capping layer;
however, its structural characteristics are expected to mirror
those of pure LCMO grown on STO. These spectroscopic
observations remain consistent with the proposed structural
asymmetry between the two stacking configurations.

D. Relative thickness effect

Irrespective of stacking order, macroscopic antiferromag-
netism emerges only when the magnetic moments of the
LCMO and SRO layers are comparable—that is, within a
specific range of thickness ratios [Figs. S3(a) and S3(b)]. This
compensation behavior indicates that the observed macro-
scopic AFM response arises from interfacial spin-antiparallel
coupling between the two ferromagnetic layers, rather than
from an intrinsic antiferromagnetic phase localized at the
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FIG. 4. Sr/Ca interdiffusion effect in magnetic enhancement. (a) Temperature-dependent magnetization of LCMO(10 u.c.)/STO/bottom
SRO layer (40 u.c.) heterostructures with different STO thicknesses, indicating that Sr diffusion alone cannot account for the magnetic
enhancement. (b) Elemental concentration profiles of La, Sr, Ca, Ru, and Mn in LCMO(10 u.c.)/STO(1 u.c.)/bottom SRO layer (40 u.c.),

showing Sr diffusion extending over ~3 u.c. into the LCMO layer.

interface. When the magnetization of LCMO is substantially
weaker than that of SRO, the LCMO aligns ferromagnetically
with SRO via magnetic proximity, yielding a net FM response.
Conversely, when LCMO magnetization dominates, it dictates
the net alignment, again resulting in a ferromagnetic state.
Only when the layer magnetizations are balanced does the
spin-antiparallel coupling at the interface manifest macro-
scopically.

To verify this thickness-ratio dependence, we reduced the
SRO thickness to 10 u.c. while systematically varying the
LCMO thickness (5, 10, 20, and 30 u.c.) in SRO/LCMO
heterostructures. As shown in Fig. S3(c), this reduction shifts
the balance point: spin-antiparallel coupling becomes evident
even at LCMO(5 u.c.) (where moments are now compa-
rable), whereas macroscopic antiferromagnetism disappears
once LCMO reaches 30 u.c. (where LCMO magnetization
dominates).

To determine the microscopic origin of this coupling, we
inserted thin STO buffer layers (1 and 3 u.c.) between SRO(40
u.c.) and LCMO(10 u.c.). As shown in Fig. S3(d), buffered
heterostructures exhibit the same 7¢ as LCMO single layers
[Fig. S2(a)] and show no detectable AFM signal—unlike
the unbuffered control. This demonstrates that the spin-
antiparallel coupling requires direct exchange between Ru and
Mn moments across the interface. Without the STO spacer,
interfacial Ru and Mn spins couple antiparallel while the inte-
rior of each layer maintains FM order. Inserting Ti-containing
STO disrupts the direct Ru—-O-Mn exchange pathway, elim-
inating the antiparallel alignment and restoring independent
ferromagnetic behavior. Thus the macroscopic AFM response
originates from interfacial exchange coupling between the
ferromagnetic layers, mediated by Ru—O-Mn bonds, rather
than from the formation of a distinct antiferromagnetic phase
at the interface.

E. Ruling out charge transfer and Sr diffusion

To verify that the observed 7¢ enhancement origi-
nates from structural modifications rather than electronic or

chemical intermixing effects, we examined two alternative
mechanisms proposed in the literature: interfacial charge
transfer [17] and Sr/Ca interdiffusion [29].

First, electron energy-loss spectroscopy (EELS) of the Mn
(L,,3) and O (K) edges reveals no significant change in Mn
valence state between interfacial and interior regions of the
LCMO layer for either stacking sequence [Figs. 3(a) and
3(b)]. Although minor spectral variations are detectable, the
absence of a systematic valence shift indicates that charge
transfer—potentially expected at polar discontinuities—does
not dominate the stacking-dependent magnetic response.

We next investigated cation interdiffusion. B-site (Ru/Mn)
intermixing is confined to within ~2 u.c. of the interface in
both configurations [Figs. 3(c) and 3(d)] and thus too limited
to account for the pronounced magnetic asymmetry. A-site
analysis reveals almost the same Sr/Ca interdiffusion: the
exchange extends approximately 3 u.c. into the LCMO layer
in LCMO/SRO heterostructures [Fig. 3(c)] while ~2 u.c. in
SRO/LCMO [Fig. 3(d)].

To determine whether this differential Sr/Ca interdiffu-
sion drives the 7c enhancement, we inserted 1 u.c. and 3
u.c. STO buffer layers into LCMO(10 u.c.)/SRO(40 u.c.)
heterostructures. Magnetic measurements [Fig. 4(a)] show
that increasing STO thickness progressively suppresses the
Tc enhancement. Crucially, however, atomic-layer-resolved
compositional analysis indicates that Sr/Ca interdiffusion still
extends ~3 u.c. into the LCMO layer even with the STO
spacer [Fig. 4(b)]. Since the T¢ enhancement diminishes while
the Sr diffusion depth persists, we conclude that Sr/Ca in-
terdiffusion occurs but is not the primary factor behind the
asymmetric ferromagnetic enhancement.

F. First principles calculations

To elucidate the interfacial magnetic coupling, we per-
formed density functional theory (DFT) calculations on the
LCMO/SRO heterostructure (see SM [30] for computational
details). The model consists of a 17-layer slab (32 for-
mula units) of (Lag75Cag25)MnO3/SRO capped with an
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FIG. 5. Microscopic origin of interfacial antiferromagnetic coupling. (a), (b) Schematic structure and layer-resolved local magnetic
moments for the LCMO/SRO stacking, showing antiparallel alignment between Mn (blue) and Ru (orange) magnetic moments at the interface.
(c), (d) Corresponding schematic structure and layer-resolved magnetic moments for the reversed SRO/LCMO stacking.

(Lap75Cap25)30sg layer to ensure convergence and maintain
MnQOg octahedral coordination. This heterostructure con-
tains an MnO;,—(La/Ca)O-RuO; interface [Fig. S10(a)], with
electronic and magnetic properties analyzed for the central
layers (3—15) near this interface [Fig. 5(a)].

‘We compared spin-parallel and spin-antiparallel interfacial
configurations to determine the magnetic ground state (Fig.
S11). The calculations reveal that the energetically most favor-
able configuration exhibits spin-parallel coupling within both
LCMO and SRO layers, but spin-antiparallel coupling across
the interface (Table I), consistent with superexchange between
Mn and Ru spins via bridging oxygen atoms. Local magnetic
moments are calculated to be ~ 3.9ug for Mn and ~ 1.4ug
for Ru [Fig. 5(b)]. Notably, interfacial Ru atoms show a signif-
icant moment reduction (AM = 0.07ug), whereas interfacial
Mn moments remain largely unaffected—results consistent
with prior studies on LSMO/SRO superlattices.

For comparison, we also examined the inverse SRO/LCMO
heterostructure with a RuO,-SrO-MnO, interface [Figs. 5(c)

TABLE 1. Total energy differences (AE = Eapy — Epu) for the
ferromagnetic (FM) and antiferromagnetic (AFM) couplings across
the interface for LCMO/SRO and SRO/LCMO heterostructures ob-
tained from DFT calculations.

Heterostructure AE (meV)
LCMO/SRO (LCMO on SRO) —132.7
SRO/LCMO (SRO on LCMO) —70.1

and 5(d)]. As expected, the interfacial spin-antiparallel-
coupled configuration remains the most stable magnetic
ground state, consistent with our experimental results.

IV. SUMMARY

In conclusion, we demonstrate that both interfacial an-
tiferromagnetism and the macroscopic 7¢ enhancement in
LCMO/SRO heterostructures originate from interface in-
teractions, albeit via distinct mechanisms. Interfacial spin-
antiparallel coupling between Ru and Mn moments arises
from superexchange through Mn—O-Ru bonds, producing lo-
cal antiferromagnetism that persists regardless of stacking
order. Conversely, pronounced 7¢ enhancement is exclusive
to LCMO/SRO heterostructures, where stacking-sequence—
induced structural asymmetry—specifically, suppressed octa-
hedral distortions and favorable in-plane c-axis orientation—
strengthens ferromagnetic exchange. Control experiments
using layer-resolved EELS and ultrathin STO interlayers
confirm that interface charge transfer and Sr interdiffusion,
though potentially present, are not the dominant factors in
either phenomenon.
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