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Electrical control of magnetic order remains one of the fundamental pursuits
in condensed matter physics and spintronics, offering transformative poten-
tial for energy-efficient, high-density information technologies. While current-
induced switching via spin-transfer and spin-orbit torques is well established in
ferromagnets, electrically driving a transition between distinct magnetic
phases, specifically from a ferromagnetic to an antiferromagnetic state,
remains largely unexplored experimentally. Here, we demonstrate a rever-
sible, electrically-driven inverse metamagnetic transition in an epitaxial thin
film of the correlated manganite Sm,,Sr,MnOs3. Above a critical current
threshold, the system abruptly switches from a low-resistance ferromagnetic
state to a high-resistance antiferromagnetic-like phase. We exploit this phe-
nomenon in nanoscale (250 x 250 nm2) spin-filter tunnel junctions based on
LaNiO3z/Smyg.75Sr0.2sMn0O3/ SrTiO3/Lap.7Sre.3MnO3 heterostructures, realizing
robust, bistable resistance switching with unconventional magnetoresistance
exceeding 200 %, tunable by current, temperature, and magnetic field. These
findings open a phase-transition-based route for electrically driven spintronic
devices beyond conventional torque-based strategies.

The electric control of magnetic order lies at the core of efforts to
develop energy-efficient and non-volatile information technologies'™.
As conventional charge-based electronics face fundamental scaling and
power limitations® spin-based approaches have emerged as promising
alternatives, leveraging the electron’s spin degree of freedom for
information storage and processing®. Among various material plat-
forms, transition-metal oxides offer a compelling playground for spin-
tronics, owing to their strong electronic correlations, tunable magnetic
properties, and compatibility with high-quality epitaxial growth’™.

In correlated oxide systems, one particularly intriguing phenom-
enon is the metamagnetic phase transition, in which a material
undergoes an abrupt transformation from a non-ferromagnetic state,
such as paramagnetic or antiferromagnetic, to a ferromagnetic one
under an external perturbation?. Metamagnetic transitions are typi-
cally sensitive to parameters such as magnetic field, strain, tempera-
ture, and carrier concentration, and often result from a delicate
balance between competing magnetic ground states™ ™. Kuwahara et
al.'® demonstrated magnetic-field-induced metamagnetic switching in
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Ndo.sSro.sMnO3, highlighting the competition between double
exchange and charge/orbital ordering. In CazRu,0-, chiral spin tex-
tures emerge from a magnetic-field-driven mixed state of ferromag-
netic and antiferromagnetic phases, originating from an
antiferromagnetic ground state and accompanied by spin twisting
induced by the Dzyaloshinskii-Moriya interaction”. Other examples
include magnetic-field-induced transitions in Pr,Zr,O; at sub-
millikelvin temperatures'® and optically induced phase changes in
FeRh using ultrafast laser pulses®. Strain-coupled heterostructures,
such as FeRh/BaTiOs?, and FeRh/PMN-PT*°, have also demonstrated
electric-field-mediated control of metamagnetism via magnetoelectric
coupling.

Despite these advances, most demonstrations of metamagnetism
have relied on external magnetic fields?, strain'® or optical excitation',
approaches that limit device scalability and on-chip integration. In
contrast, electrical current offers a highly localized and energy-
efficient pathway to control magnetic states. Current-driven switch-
ing mechanisms studied thus far, such as spin-transfer torque (STT)*
and spin-orbit torque (SOT)?, typically operate within a fixed ferro-
magnetic phase, enabling magnetization reversal without altering the
underlying magnetic order?*. Yet an energy-efficient, current-driven
switching scheme remains unrealized. A current-induced transition
from a ferromagnetic (FM) to an antiferromagnetic (AFM) phase,
termed an inverse metamagnetic transition”?°, remains largely unex-
plored. Realizing such a transition would expand the operating prin-
ciples of spintronic devices, enabling electrically reconfigurable
magnetic phases with zero net magnetization, enhanced thermal sta-
bility, and minimal stray fields.

Here, we report the experimental realization of an electrically
driven inverse metamagnetic transition in an epitaxial thin film of the
correlated manganite Smg,Sr,MnO;. Building on this result, we
incorporate a ferromagnetic insulating (FI) phase of Sm;,Sr,MnO;
(x=0.25) into spin-filter tunnel junctions (SFTJs) to investigate this
transition in a functional device architecture. Unlike conventional STT
or SOT devices, which toggle spin polarization within a single FM
phase, SFTJs utilize a magnetic tunnel barrier to generate spin-
polarized currents via exchange-split conduction bands. Magnetic-
field-induced metamagnetic transitions have previously been realized
in SFTJs based on EuSe”, and strong bias-dependent magnetoresis-
tance has been reported in manganite-based junctions®. However, an
electrically driven inverse metamagnetic transition in such devices
remains to be systematically explored. Our results reveal a sharp and
reversible transition to an AFM, high-resistance state under applied
current, distinct from conventional STT and SOT mechanisms. This
work establishes a framework for current-driven magnetic phase
control in oxide heterostructures, laying the foundation for a class of
energy-efficient spintronic devices that exploit the complex phase
landscape of correlated oxides.

Results

To investigate current-driven magnetic switching in a correlated oxide
system, we synthesized a high-quality epitaxial thin film of the
Smz.,Sr,Mn0O3 (x=0.4) on SrTiO; (STO) (001) substrate using the
pulsed laser deposition (PLD) technique (see “Methods”). The crys-
talline quality and epitaxial nature of the films were confirmed by X-ray
diffraction (XRD), with reciprocal space mapping (RSM) revealing
relaxed, lattice-matched growth of the SSMO film on STO substrate
(Fig. S1). Temperature-dependent resistance measurements revealed a
metallic transport behavior at low temperatures (Fig. S2a). Addition-
ally, the magnetization data confirmed a ferromagnetic ground state
below the Curie temperature T ~100 K (Fig. S2b, c).

We next investigated the electrical transport response of the
SSMO thin film under applied current in a four-probe configuration to
examine the emergence of nonequilibrium magnetic phenomena. As
shown in Fig. 1a, the longitudinal resistance (R) of the film measured at

5K exhibits an abrupt, step-like increase at a threshold current (/¢) of
approximately 3.5 mA, indicating a transition from a low-resistance to
a high-resistance state. Notably, the threshold current increases sys-
tematically with the application of an increasing external magnetic
field (inset, Fig. 1a), suggesting a strong interplay between the under-
lying magnetic order and current-driven transport.

To further elucidate this behavior, we performed magnetoresis-
tance (MR) measurements at various current levels. At currents <3 mA,
the film exhibits a conventional negative MR response (Fig.1b), con-
sistent with spin-dependent scattering in the ferromagnetic metallic
phase”. However, at higher currents (/>/.), an unconventional and
hysteretic resistance switching emerges. As the magnetic field is swept
from positive values toward zero, the resistance abruptly switches
from a low- to high-resistance state. The low-resistance state is
recovered only upon application of a large negative magnetic field,
resulting in a pronounced hysteresis loop (Fig.1b). This bistable
switching persists over multiple field cycles and becomes increasingly
prominent with higher applied currents.

To directly probe the evolution of magnetic order under applied
current, we performed X-ray magnetic circular dichroism (XMCD) and
X-ray linear dichroism (XLD) measurements at the Mn L3, absorption
edges at 25K under a 1T magnetic field, as shown in Fig. 1c, d,
respectively (also see Fig.S3). At zero and low currents (< 1mA), a
strong XMCD signal is observed, consistent with a robust ferromag-
netic ground state in the SSMO thin film (Fig. 1c). Strikingly, the XMCD
signal vanishes upon increasing the applied current to 5 mA, indicating
a complete suppression of long-range ferromagnetic order beyond
the critical current threshold (Fig. 1c). Simultaneously, XLD measure-
ments reveal a pronounced shift in orbital occupancy from pre-
dominantly in-plane (3d,._,.) character at zero and low current (<
1mA) to out-of-plane (3d,. ) character at higher currents
(Fig. 1d)**** (See “Methods” for a detailed analysis). Charge-transfer
multiplet calculations of the Mn L3, -edges XLD spectra within a Dy,
crystal field framework reproduce the characteristic spectral sig-
natures of these two orbital-polarization states and support this
interpretation (see Supplementary Information, Fig. S11 and Section
A). Notably, Aruta et al.>> demonstrated that in ultrathin films of fer-
romagnetic LSMO, an antiferromagnetic insulating (AFI) phase can be
stabilized via interfacial rearrangement of Mn 3 d orbitals. The orbital
reconfiguration reflects a strong coupling between spin and orbital
degrees of freedom and suggests that the current-induced suppres-
sion of ferromagnetism is accompanied by a reconfiguration of the
electronic structure from the in-plane (3d,._) to out-of-plane
(3d,,:_,,) character. These findings indicate that the current sup-
presses the ferromagnetic state and drives the system toward an AFM-
like phase, rather than a simple paramagnetic state caused by Joule
heating, consistent with an orbital-driven inverse metamagnetic tran-
sition, as schematically illustrated in Fig. 1e°***°,

Having established electrical control over FM metallic phases in
Smy,¢Sr.4MnOs3 thin film, we next sought to implement this mechan-
ism in a functional tunnel device architecture. For this purpose, the Sr
concentration was reduced to engineer a ferromagnetic insulating (FI)
state at low temperatures, specifically in Smq 755ro2sMnO5; (SSMO-FI),
enabling its use as a spin-filter tunnel barrier. This composition pre-
serves the strong magnetic order required for spin-dependent tun-
neling while introducing the insulating behavior necessary for tunnel
transport (see Fig. S4). Our objective was to exploit the intrinsic
current-induced magnetic phase transition of SSMO-FI within a spin-
filter tunnel junction (SFTJ) platform, thereby achieving electrical
control of resistance states in a practical device configuration.

Epitaxial oxide heterostructures with the stack configuration
LaNiO3(LNO)/SSMO-FI/STO/Lag 7Sro3sMnO5(LSMO) were fabricated
for the development of SFT]J devices. The multilayer film was grown by
PLD in an oxygen atmosphere on STO (001) substrate (see “Methods”
section for details). Cross-sectional high-resolution scanning
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Fig. 1| Current-induced resistance switching, magnetoresistance, and electric-
bias-dependent XMCD/XLD measurements in SSMO thin film. a Resistance vs.
current measured at 5K under varying magnetic fields, showing abrupt current-
induced switching correlated with field strength. b Magnetoresistance (MR)
behavior at 5 K under different applied currents reveals unconventional, hysteretic
switching above a critical current of ~3.5 mA. ¢ XMCD spectra at the Mn L ,-edges
under increasing current at 25 K; the XMCD signal vanishes at 5 mA, indicating
suppression of ferromagnetism. d XLD spectra under varying current at 25 K show a

In-plane Polarization Out -of -plane Polarization

Increasing current

transition from negative (in-plane 3d,._.) polarization at 0-1maA to positive (out-
of-plane 3d,,._,,) polarization at 5mA, as illustrated in the inset. XMCD and XLD
spectra were measured in total fluorescence (TFY) mode using a silicon drift doctor
(SDD). e Schematic illustration of current-driven orbital polarization switching
from in-plane to out-of-plane (arrows represent electron spins). f Schematic
representation of ferromagnetic to antiferromagnetic ordering, where broken
green arrows indicate ferromagnetic alignment (parallel spins) and broken red
arrows indicate antiferromagnetic alignment (antiparallel spins).

transmission electron microscopy (HR-STEM) imaging (Fig. 2a, b)
reveals epitaxial, high crystallinity growth with atomically sharp
interfaces and coherent multilayer stacking. The RSM data further
confirms that the heterostructures remain nearly fully latticed mat-
ched to the STO (001) substrate, indicating minimal strain relaxation
(Fig. S5). Elemental mapping via EDX (Fig. S6) shows abrupt interfaces
with minimal interlayer diffusion, highlighting the precise control
achieved during growth. Multilayer oxide films were patterned by
photolithography into 4-um-wide tracks with contact pads (Fig. 2c,
top), narrowed to ~250 nm by focused ion beam nanomachining
(Fig. 2c, middle/bottom), and finally formed into ~250 %250 nm
nanopillar tunnel junctions (Fig. 2d). Detailed fabrication procedures
are provided in the “Methods” and elsewhere®.

Figure 2e shows the resistance as a function of magnetic field for a
representative SFT) device with the stack configuration LNO (200 nm)/
SSMO-FI (8.5 nm)/STO (1 nm)/LSMO (200 nm), where LSMO serves as
the ferromagnetic bottom electrode, LNO is the non-magnetic top
electrode, and the 1nm STO layer acts as a magnetic decoupling layer
between the SSMO-FI barrier and the LSMO electrode. At an applied
bias current of —93 A, the device exhibits a low resistance state under
large positive magnetic fields, corresponding to the parallel alignment
of the magnetizations in the SSMO-FI and LSMO layers. This results in
enhanced preferential spin-polarized tunneling of electrons, as
expected in conventional SFTJ operation® >, However, as the mag-
netic field is reduced from high positive values, the resistance switches
abruptly from a low to a high state at 0.24 T, despite the nominal
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Fig. 2 | Epitaxial oxide heterostructures and SFTJ device fabrication and mea-
surements. a Cross-sectional high-resolution TEM image showing the epitaxial
growth of a LaNiO3 (LNO)/Smyg 7551 2sMnO3 (SSMO-FI)/SrTiO3 (STO)/

Lag 7Sro3Mn0O; (LSMO) heterostructure on an STO (001) substrate. b High-
resolution STEM image revealing atomically sharp interfaces between LNO, SSMO-
FI, STO and LSMO layers. The color scale provided in figs (a, b) represents the
intensity scale, ranging from black to white, corresponding to minimum to

H(T)

maximum intensity. ¢ SFTJ device fabrication process: schematic of the patterned
chip after photolithography (top), SEM image of the central chip region containing
multiple SFT) devices after FIB nanomachining (middle), and cross-sectional SEM
image of a ~250nm-wide microstrip (bottom). d Schematic of the two-terminal
nanopillar SFTJ device. e Magnetoresistance of a representative SFTJ device mea-
sured at 5 K with a fixed bias current of -93 pA. Hs; and Hs, mark the low-to-high and
high-to-low resistance switching fields, respectively.

parallel configuration of the magnetic layers. Upon reversing the field
direction, the resistance returns to a low state at a large negative field
(-0.87 T). This hysteretic resistance switching is consistently observed
over multiple magnetic field cycles. Importantly, this behavior deviates
from the conventional model of spin-filter tunneling, where resistance
changes are determined by the coercive fields of the magnetic layers
and the exchange-splitting within the FI barrier”*°, In typical SFT]Js,
the resistance hysteresis mimics that of a pseudo-spin-valve, with
switching tied to magnetization reversal in the electrode and barrier
layer*. In contrast, for our devices, the resistance switching does not
coincide with the coercive fields of either the SSMO-FI or LSMO layers
(Fig. S4)-switching occurs before zero field and shows a pronounced
dependence on the applied current (see Fig. 3). Notably, the magne-
tization reversal of the LSMO at low fields does not induce a significant
resistance change, implying that in the high-resistance state, the
SSMO-FI barrier is no longer ferromagnetic and lacks spin-split energy
levels. These observations suggest that an applied current above the /,
destabilizes the FI states, leading to an AFM state and accordingly
suppressing spin-selective tunneling. This is consistent with an inverse
metamagnetic transition as inferred for the single film but now
occurring within the operational tunnel device.

Figure 3a, b presents the R-H characteristics for different negative
bias currents. At lower current levels, the device remains in a low
resistance state across the entire magnetic field range, but upon
increasing the bias to approximately — 80 pA, resistance switching
emerges, corresponding to the conventional tunneling magnetoresis-
tance (TMR) response of the SFTJ device. This behavior persists for the
currents up to —87 uA, though the observed TMR ratio remains rela-
tively modest (Fig. 3a), as commonly seen in SFTJ devices at low bias,
with TMR typically increasing with bias magnitude®. Notably, upon

further increasing the bias beyond a critical threshold of approxi-
mately —88 1A, the magnetoresistance response undergoes a qualita-
tive change (Fig. 3b), exhibiting unconventional switching behavior
strikingly similar to that observed in SSMO thin film (Fig. 1b). The bias
dependence of MRY%, defined as % x100%, where R is the measured
resistance and R, denotes the low-resistance state at high magnetic
field, is presented in Fig.3c based on data from Fig.3a, b. Once the
applied current exceeds the critical threshold, MR% saturates to ~200%
and shows minimal variation with increasing bias.

A similar current-dependent transition is observed under positive
bias conditions (Fig. S7). The evolution of MR with bias in our devices
differs markedly from the behavior typically reported in conventional
magnetic tunnel junctions (MTJs)*? and SFTJs?***. Conventional SFTJs
typically display a bias dependence wherein the MR% initially increa-
ses, reaches a peak, and subsequently decreases with further bias?***,
while in standard MTJs, the MR% generally decreases monotonically
with bias*®. Further insight into the unconventional behavior we
observed in our devices is provided by the junction resistance vs.
applied current characteristics (Fig. 3d), which reveal an abrupt
switching event near —88 uA, from low-resistance state (R;,,,) to high-
resistance state (Ryg). This switching current coincides with the cri-
tical threshold at which the unconventional MR response emerges in
the device. Additionally, the magnetic switching field (Hy), defined as in
Fig. 2e, exhibits a pronounced increase with the applied current once
the critical threshold is exceeded. The magnitude of this effect is
quantified by plotting the AH; as a function of A/, where AH; represent
the change in the switching field with respect to the applied current
above the critical current Ic(Fig. 3e). Both switching fields, 4H,; and
AH,, increase linearly with A/, suggesting a competitive interaction
between the magnetic field-driven alignment of the spins and the
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Fig. 3 | Bias-dependent magnetoresistance in spin-filter tunnel junction (SFTJ)
devices. a, b Magnetoresistance (MR) profiles of the SFTJ device measured at 5K
under various negative bias currents, revealing a pronounced transition in resis-

tance behavior at and above a threshold current of —-88 pA (/> /). ¢ Extracted MR
ratio as a function of applied current, showing a sharp increase in MR up to -200%
beyond the critical current, indicative of strong current-driven phase modulation.

d Resistance-current (R-/) characteristics under negative bias, confirming abrupt
switching associated with a non-equilibrium phase transition. e Change in switching
field (AHs) as a function of excess current above the critical current (A/=/-1.),
reflecting the interplay between current-induced magnetic reordering and external
magnetic field.

current-induced modification of the magnetic state within the SSMO-FI
barrier.

Figure4a presents the R-/ characteristics for a representative
device with the stack configuration LNO (200 nm)/SSMO (6.5 nm)/STO
(1nm)/LSMO (200 nm), measured at various temperatures. The device
exhibits qualitatively distinct transport behavior in the temperature
regimes above and below T¢ (-100 K), of the SSMO-FI barrier. At 150 K,
well above the T, the resistance decreases smoothly and exponentially
with increasing bias, consistent with a conventional tunnel junction. In
contrast, at 5K, the device displays a pronounced two-state resistance
behavior, characterized by an abrupt transition from a low-resistance
to a high-resistance state at a threshold current of approximately
20 pA. Notably, comparable unconventional switching behavior is
consistently observed across other SSMO-based SFT) devices with
varying device area (Fig. S8). The magnitude of the resistance changes
between the low-resistance R, and high-resistance Ry, states mat-
ches well with the AR% values extracted from field-dependent mea-
surements performed at the currents exceeding /(see Fig.S9). In
contrast, for currents below /¢, the device exhibits a conventional
magnetoresistance response characteristic of a quasi-spin-filter tunnel
junction**¢ (see Figs. S7, S9). The unconventional two-state switching
behavior persists up to approximately 100 K, with the critical current
decreasing monotonically as the temperature increases (Fig. 4a, inset).
These observations suggest that such two-state switching arises from
current-driven manipulation of magnetic ordering within the barrier
layer of the SFTJ devices*. The reduction of /- with temperature sug-
gests that the current-induced magnetic reordering within the SSMO-
FI barrier requires progressively lower currents at higher tempera-
tures, as thermal fluctuations weaken the intrinsic ferromagnetic
order. The current-induced control of magnetic order within the FI
barrier is further supported by temperature-dependent junction
resistance measurements (Fig.S10). At bias currents below /., the

device exhibits typical spin-filter tunnel junction behavior, with resis-
tance decreasing as the temperature drops below T, reflecting the
presence of ferromagnetic order in the barrier layer. In contrast, when
measured at currents exceeding I/, the expected low-temperature
resistance drop is absent, consistent with a suppression of ferromag-
netic order within the barrier due to an electrically driven phase
transition.

The temperature dependence of the current-induced switching is
further quantified in Fig.4b, which presents the variation of AR%,
defined as the change in the device resistance at the critical current /¢,
as a function of temperature. With increasing temperature, AR%
decreases monotonically, approaching zero near 100 K, which coin-
cides with the T of the SSMO-FI barrier layer. This trend mirrors the
temperature-dependent AR% behavior extracted from field-dependent
measurements (Fig. S9d), reinforcing the conclusion that the two-state
resistance switching is directly linked to the magnetic ordering within
the barrier. A similar temperature-dependent MR behavior is also
observed in devices with an 8.5nm-thick SSMO-FI barrier layer
(Fig.S7d). We further explored the effect of an external magnetic field
on the current-driven switching behavior. Figure4c shows the resis-
tance as a function of applied current for different magnetic fields
under negative bias. The switching current exhibits a strong depen-
dence on the applied field, increasing systematically as the magnetic
field is raised. This observation points to a competition between the
external field, which stabilizes the FM state, and the electrical current,
which drives the system toward an AFM phase. The nearly linear rela-
tionship between the critical current and the applied field is shown in
the inset of Fig. 4c, consistent with trends observed in the MR char-
acteristics (Fig. 3e).

In our devices, when the applied current remains below the cri-
tical threshold (/< /), the SSMO-FI barrier resides in an FM insulating
state, characterized by spin-split conduction bands. This spin-splitting
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governing switching behavior. ¢ R-/ curves under different applied magnetic fields,
demonstrating a field-dependent shift in /c. The inset reveals a near-linear rela-
tionship between the critical current and magnetic field, suggesting a competition
between magnetic field stabilization of the ferromagnetic phase and current-driven
destabilization. d Schematic illustration of spin-dependent tunneling profiles
across the SSMO-FI barrier in a metal(M)/SSMO-FI/metal(M) structure under
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different current regimes. Below the critical current (/< /), the ferromagnetic
insulating (FI) state exhibits spin-filtering behavior with asymmetric barrier height
for spin-up electrons (¢Low = Po - Ac,,) Where ¢ is the barrier height in the absence
of spin splitting. When /> I, the SSMO-FI transitions into an antiferromagnetic
insulating (AFI) state, resulting in a symmetric, higher barrier (Puigh = ¢o) for both
spin channels. J" and J* denote the current densities carried by majority and min-
ority spins, respectively. e Schematic representation of the magnetic configuration
of LSMO/STO/SSMO-FI heterostructures for the low-resistance and the high-
resistance states. f Experimental R-/ characteristics for an SFTJ device measured at
5K, showing a sharp transition near +20 pA (/¢). The dotted golden line denotes
extrapolated R-/ responses for the AFI phases with corresponding higher barrier
heights, whereas the dotted blue line represents the extrapolated R-/ response for
the FI phases corresponding to the lower barrier height.
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results in distinct barrier heights for electrons with different spin
orientations, reducing the barrier for one spin channel (e.g., spin-up)
while increasing it for the other (e.g., spin-down), as illustrated sche-
matically in Fig. 4d. However, upon exceeding the /., the SSMO-FI
barrier undergoes a transition to an AFM state, analogous to a con-
ventional tunnel barrier without spin-split contributions. The transi-
tion between low and high-resistance states in the device is governed
by the corresponding change in the effective barrier height of the
SSMO-Fl layer. For applied currents below the /, the barrier residesina
Fl state, with preferential spin-polarized tunneling determined by the
reduced effective barrier height, given by @, o, = @0 - Ac,,., Where @ is
the average barrier height and 24¢,, represents the exchange splitting
of the conduction band. When the applied current exceeds /., the spin-
splitting vanishes as the system transitions to an AFM insulating state,
resulting in an increased barrier height of @, =@o. This abrupt
increase in the tunneling barrier gives rise to a sharp transition to a
high-resistance state.

To elucidate the underlying mechanism and provide a qualitative
consistency check for our observations, we developed a unified, multi-
scale theoretical framework (see Supplementary Information for
details). At the microscopic electronic level, our model based on the
Hubbard Hamiltonian combined with the non-equilibrium Green’s
function (NEGF) formalism captures both the resistance switching and
the evolution of magnetic order (see Supplementary Information, Fig.
S12 and Section B). This provides qualitative theoretical support for the
interpretation that the electrically driven high-resistance state originates
from suppression of ferromagnetism and stabilization of an
antiferromagnetic-like configuration in the barrier under nonequilibrium
conditions. The observed current-induced FM-to-AFM phase transition is
consistent with an inverse metamagnetic transition””, which can be
reversed by applying a sufficiently large magnetic field (H>H,), as
schematically illustrated in Fig. 4d. The corresponding magnetic con-
figurations of the LSMO/STO/SSMO-FI film stack for the FM/FI and FM/
AFl states produce the Ry, and Ry, States, respectively, as summarized
in Fig. 4e. To further bridge this microscopic magnetic transition to the
mesoscopic device transport, we applied a single-band tight-binding
approach combined with the NEGF formalism (see Supplementary
Information, Fig. S13 and Section C). This component of the framework
shows, at a phenomenological level, that the two distinct resistance
states in the R-/ characteristics can be correlated with tunneling across
the two effective barrier heights ¢;,4,, and @y, as shown by the dotted
lines in the experimental R-/ plot measured at 5K (Fig. 4f). Finally,
extending our framework to macroscopic dynamics, the unique MR
behavior observed above /¢ is qualitatively reproduced by incorporating
microspin dynamics simulations into the tight-binding transport model
(see Supplementary Information, Fig.S14 and Section D). Through this
integrated approach, we also verified that spin-transfer torque (STT)
alone is insufficient to achieve the switching in our device solely through
current-induced torque (see Supplementary Information, Fig.S15 and
Section E). While STT may contribute to the overall dynamics, our uni-
fied framework establishes that the dominant mechanism in our system
arises from the electrically driven inverse metamagnetic transition, a
fundamentally distinct phenomenon in spintronic devices.

In summary, we report the experimental realization and theore-
tical understanding of a current-induced inverse metamagnetic tran-
sition in the correlated oxide Sm;.,SryMnOs. Our results demonstrate
that applying a critical current to epitaxial thin films of SSMO drives a
robust, reversible transition from a ferromagnetic state to an
antiferromagnetic-like phase, accompanied by dramatic resistance
switching, orbital reordering, and the collapse of long-range ferro-
magnetic ordering. This phenomenon, verified through XMCD/XLD
measurements, represents a fundamentally distinct mode of elec-
trically driven magnetic phase control distinct from conventional spin-
transfer or spin-orbit torque mechanisms. By engineering a ferro-
magnetic insulating phase of SSMO and integrating it into nanoscale

spin-filter tunnel junctions, we successfully realize this inverse meta-
magnetic transition in a device context, enabling giant, hysteretic
magnetoresistance with strong bias and temperature dependence. Our
findings establish a phase-transition-based paradigm for non-
equilibrium spintronic functionality in complex oxides and open the
door to energy-efficient memory and logic technologies based on
current-controlled magnetic phase transitions.

Methods

Materials growth

All oxide films, Smg ¢Sro.4MnO5; (SSMO), Smg 75519 2sMnO5 (SSMO-FI),
STO (SrTiOs3), LNO (LaNiOs), and LSMO (Lag ;Sro3Mn0s), along with
their heterostructures, were epitaxially grown on STO (001) single-
crystal substrates utilizing pulsed laser deposition (PLD). The growth
process employed a KrF excimer laser (wavelength =248 nm) at a 5 Hz
repetition rate and a fluence of approximately 1] cm™, targeting stoi-
chiometric ceramic sources. The deposition conditions were finely
controlled, with O, partial pressure set to 20 Pa for manganite (SSMO
and LSMO) and STO films, while maintaining the substrate tempera-
ture at 700°C. In contrast, LNO films required a slightly different
environment, with an N,O partial pressure of 30 Pa and a reduced
substrate temperature of 650°C. Post-deposition, the samples
underwent a gradual cooling phase to room temperature in an atmo-
sphere of 100 Pa N,O, ensuring structural stability and crystallinity.

Structural characterization

The phase and crystalline quality of the deposited films were rigor-
ously evaluated using a Rigaku Smart Lab high-resolution X-ray dif-
fractometer equipped with Cu K, radiation, a two-bounce hybrid
monochromator, and a 0.5 mm slit beam tunnel. This comprehensive
analysis provided critical insights into the epitaxial nature and struc-
tural integrity of the multilayer films.

XAS, XLD, and XMCD measurements

The in-situ electric current-dependent X-ray absorption spectro-
scopy (XAS), X-ray linear dichroism (XLD), and X-ray magnetic cir-
cular dichroism (XMCD) measurements were performed at the Mn
L >-edges at the DEIMOS beamline, Soleil synchrotron, Paris, France.
All measurements were conducted in total fluorescence yield (TFY)
mode by recording the fluorescence from the sample with absorbing
X-ray, providing comparatively bulk-sensitive information (-100 nm
from the top of the sample surface). The experiments were carried
out at 25K to probe the low-temperature electronic, orbital, and
magnetic states. For the XMCD measurements, a magnetic field of 1T
was applied through an electromagnet, the orientation of which was
fixed, and the circular polarization of the incident beam was altered
by adjusting the undulator shifts. The applied magnetic field was
parallel to the incident beam and had a grazing incidence to the
sample surface (20°) (See inset of Fig. 1c). Similarly, for the XLD
measurements, the linear polarization of the incident beam was
altered between linear horizontal (LH) and linear-vertical (LV) by
adjusting the undulator shifts. In the grazing incidence geometry, LH
and LV give the I. and I, signals, respectively. The experimental
geometry for the XLD measurement is schematically illustrated in the
inset of Fig. 1d. When the electric field vector E of the beam is parallel
to the sample surface, the resulting spectrum provides information
on the in-plane orbitals, i.e., x*-y* & xy orbitals, which is denoted as
Iz Conversely, when E is an oblique angle to the sample surface, the
spectrum predominantly reflects the out-of-plane orbitals, i.e., 32°-r,
yz, and zx orbitals, referred to as I.. The XLD signal, defined as the
difference (I,-1c), reveals the orbital polarization: a positive signal
indicates an out-of-plane (c-axis) orbital polarization, while a nega-
tive signal reflects an in-plane (ab-plane) orbital polarization. To
support the interpretation of the XLD line shape in terms of Mn
orbital polarization, charge-transfer multiplet calculations were
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performed for Mn*" using CTM4XAS within a ligand-field
framework*®, as described in Supplementary Information, Section A.

Transmission electron microscopy imaging

The electron transparent TEM-lamella was prepared using a dual
beam SEM/ FIB instrument (Scios Nanolab, ThermoFisher) with Ga*
ions at currents varying from 0.3 nA to 50 pA. The acceleration vol-
tage was kept at 30 kV. The final cleaning was performed at 2kV to
remove the Ga" damage regions. The HR-STEM imaging and energy
dispersive spectroscopy (EDS) mapping were conducted in an
aberration-probe-corrected TEM (Titan Themis, ThermoFisher) in
STEM mode, equipped with a Super-X-ray EDS detector. The STEM
images with atomic resolution were captured using Velox software
(ThermoFisher) with a drift-compensated frame integration (DCFI)
process and a high-angle annular dark-field (HAADF) detector. The
camera length was set to 160 mm, and the probe current was
kept 0.08 nA.

Device fabrication

The multilayer epitaxial oxide thin films were first prepared for device
integration. A polycrystalline gold layer, approximately 200 nm thick,
was uniformly deposited on the films via DC magnetron sputtering.
This layer serves a dual function: acting as a top contact and offering
protection against ion-beam damage during subsequent processing.
Device patterning was initiated by conventional optical photo-
lithography, delineating a series of 4-pm-wide tracks. These tracks
were then precisely etched using Ar-ion milling. The final step involved
focused ion beam (FIB) nanomachining, which meticulously sculpted
the nanopillar devices, each with average dimensions of 250 nm x
250 nm. Both the top (LNO) and bottom (LSMO) metallic electrode
layers were maintained at a thickness of approximately 200 nm. Each
device in a chip is connected to four large-area contact pads, facil-
itating four-point transport measurements.

Magnetic and transport measurements

Magnetization measurements were conducted using a SQUID mag-
netometer from Quantum Design in an in-plane configuration. The
resistance switching field of the fabricated devices was compared to
the coercive field of the SSMO and LSMO layers, as determined by the
M-H data of these individual layers. The electrical properties of the
devices were rigorously evaluated using a four-probe current-biased
setup within a pulse-tube cryocooled measurement system. The device
was wire-bonded with a 20-pin chip carrier, ensuring a robust electrical
conducting path. This configuration ensures that the current flows
from the Au-LNO top electrode layer to the bottom ferromagnetic
metallic LSMO layer via the SSMO and STO tunnel barrier layers. The
bias direction is defined with respect to the top electrode, such that the
negative bias corresponds to current flows from the LNO top electrode
to the LSMO bottom electrode

Data availability

Source data is included with this paper. All other data that support the
findings of this study are available from the corresponding authors
upon request. Source data are provided with this paper.
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