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Synergistic effects of hydrogenation and a noble metal on the
topotactic and magnetic modulations of manganite films
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The search for high-temperature ferromagnetic insulators is crucially important for low-power spintronic storage de-
vices. However, very few ferromagnetic insulating materials with a Curie temperature above 300 K have been reported to
date, which greatly hinders their practical applications. Here, using a hydrogen plasma reduction method, we modulated the
topotactic structure, resultant magnetism, and electrical insulation in La0.7Sr0.3MnO3 films constrained by different misfit
strains. We observed an ultrafast structural transformation from the pristine La0.7Sr0.3MnO3 perovskite state to the hy-
drogenated brownmillerite La0.7Sr0.3MnO2.5 state as a function of the bias voltage of a low-frequency inductively coupled
plasma system. Meanwhile, Pt electrodes capped on the film surfaces further promote the stabilization of the hydrogenated
brownmillerite La0.7Sr0.3MnO2.5, accompanied by enhanced magnetic insulation for temperatures up to 400 K. Such sub-
tle engineering of functional perovskite-derived oxide films offers insights into the development of emergent materials for
promising spin-polarized tunneling devices.
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The ever-growing need for high data processing speeds
and large data storage capabilities has caused a significant
increase in energy consumption and environmental concerns,
driven by massive digital data generation.[1,2] New-generation
quantum electronic devices that utilize the spin-polarized tun-
neling effect offer great potential in this regard, making them
outstanding candidates for energy-efficient and large-scale
data storage and processing.[3] In this context, one of the
notable features of these devices is the use of highly spin-
polarized electron tunneling through ferromagnetic insulat-
ing materials (FMIs). Notwithstanding unceasing progress in
the development of various FMIs,[4–9] very few FMIs with a
high Curie temperature (TC) have been reported for operational
temperatures above 300 K.[10–13] These obstacles have largely
prevented the application of FMIs in practical spintronic de-
vices.

Perovskite oxides are prime candidates for spin fil-
ters as they simultaneously exhibit high spin polarization
and electrical insulation, positioning them as front-runners
for ultra-low-power spintronic devices and energy-efficient
memory and logic applications. In particular, manganites
(LaxSr1−xMnO3) have attracted extensive attention due to
their emergent physical properties ranging from ferromag-

netism, metal–insulator transition (MIT) and colossal mag-
netoresistance, achievable through composition and interfa-
cial strain engineering.[14–17] Although La0.7Sr0.3MnO3 with
a high TC (∼ 370 K) is a promising material for spintronic de-
vices, interfacial strain has been shown to substantially reduce
TC and ferromagnetism.[16,18] Meanwhile, traditional cation
substitution strategies fail to simultaneously optimize mag-
netic ordering and insulating resistivity.[19] Moreover, oxygen-
deficiency-sensitive perovskite oxides usually undergo distor-
tions in their crystal and electronic structures, contributing to
severely degraded TC and spin polarization.[16,20] These degra-
dations mainly stem from oxygen-vacancy-mediated suppres-
sion of the Mn3+/Mn4+ ratio, which concomitantly quenches
the double-exchange interaction essential for desirable ferro-
magnetic properties.

Recently, topochemical engineering via anionic oxygen
(O2−) has provided pathways to attain novel structures and
electronic properties in perovskite-derived oxide films.[21–25]

Hydrogenation in particular has emerged as a facile route,
triggering distinct B–O coordination geometries and topotac-
tic phases while modulating diverse electronic properties such
as superconductivity, MIT, and FMI.[23,26,27] Notably, ultra-
fast hydrogen plasma treatment of perovskite oxide films in-
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duces a series of topotactic phase transitions from perovskite
(PV-ABO3) to brownmillerite (BM-ABO2.5).[17] Such a trans-
formation enables precise modulation of the valence states
of the transition metal ion, coordination frameworks, and
oxygen vacancy channels, as well as the concomitant mag-
netic exchange interaction and electrical resistivity. Enormous
progress has been made in realizing perovskite-derived oxide
materials with various topotactic phases and functionalities.
Nevertheless, the discovery of new FMI materials exhibiting
magnetic insulation above room temperature remains critical
for practical applications.[26,28]

Previous studies reported that subtle modulation of co-
ordination geometries (such as arrangements of BO6 and
BO4 polyhedra) within the BM phase via hydrogenation
intercalation facilitates emergent physical properties.[25,29]

Here, we deployed hydrogen plasma technology to treat
the PV-LSMO(7/3) films constrained with interfacial strains
(Figs. 1(a) and 1(b)). The hydrogen plasma, possessing high
kinetic energy and strong chemical reactivity, not only en-

hances overall efficiency but also facilitates the reduction
of manganese oxides, ultimately forming oxygen-deficient
La0.7Sr0.3MnO3−δ [LSMO(7/3), 0.0 ≤ δ ≤ 0.5] oxides. An
optimized hydrogenation bias voltage (∼ −180 V) resulted
in a topotactic transition from PV-La0.7Sr0.3MnO3 to BM-
La0.7Sr0.3MnO2.5 in constrained LSMO(7/3) films, accom-
panied by a change from a ferromagnetic metallic state
to an antiferromagnetic insulating one. In contrast, only
an oxygen-deficient PV phase formed in the unconstrained
LSMO(7/3)/LaSrGaO4 (LSGO) system. Furthermore, elec-
trodes capped with the noble metal Pt deposited on the
LSMO(7/3) surface accelerated the topotactic transformation,
yielding a weak magnetic insulating state (TC > 400 K) in the
BM phase (Fig. 1(c)). Thus, these synergistic effects estab-
lish a paradigm for achieving high-temperature FMI states in
perovskite-derived oxides, advancing the potential for spin-
tronic integration. This work is further distinguished by the
occurrence of ferromagnetic insulation above room tempera-
ture.
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Fig. 1. (a) Schematic of hydrogen plasma intercalation into LSMO(7/3) films. (b) Illustration of epitaxial LSMO(7/3) film with Pt electrodes.
(c) Structure evolution from PV to BM and corresponding magnetic properties.

LSMO(7/3) films with a thickness of 20 nm were epitaxi-
ally deposited on (001)-oriented SrTiO3 (STO) and LaSrGaO4

(LSGO) single-crystal substrates via pulsed laser deposition
employing a KrF excimer laser (λ = 248 nm) at 1.6 J/cm2 flu-
ence. During growth, the substrates were held at 700 ◦C under
an oxygen partial pressure of 30 Pa with the target-to-substrate
distance fixed at 3.0 cm. Top electrodes (Pt, 50 µm×50 µm)
were fabricated by magnetron sputtering.

Postdeposition cooling to room temperature proceeded
at 15 ◦C/min in the deposition atmosphere. Subsequently,
these films underwent hydrogen plasma treatment for 10 min
at 30 ◦C using a low-frequency inductively coupled plasma
system (Fig. 1(a)) with parameters set to 1800 W discharge
power, 20 sccm H2 flux and bias voltages of −80 V or −180 V.

The negative voltage selectively facilitated hydrogen cation
(H+) injection — rather than H− species or electrons — into
the LSMO lattice to drive phase transformation.

Crystalline structures of different LSMO(7/3)/STO het-
erostructures were characterized by high-resolution four-circle
x-ray diffraction (XRD, Rigaku Smart Lab). The magnetic
properties of pristine and treated LSMO(7/3) films were mea-
sured using a superconducting quantum interference device
magnetometer integrated within a magnetic property measure-
ment system (PPMS, Quantum Design) across a temperature
range of 10–400 K. Magnetothermal curves (M–T ) were ac-
quired at H = 500 Oe for LSMO(7/3) films with different
phases.

We found that the facile hydrogen plasma treatment leads
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to a phase transition in LSMO(7/3)/STO heterostructures, ac-
companied by interesting magnetic reconfigurations. XRD re-
sults (Fig. 2(a)) demonstrated that the pristine PV-LSMO(7/3)
films exhibit a characteristic peak at 2θ ≈ 47.2◦. Meanwhile,
robust ferromagnetism was evidenced by the saturated magne-
tizations of 500 emu/cm3 measured at 10 K and 250 emu/cm3

at 300 K, respectively (Figs. 2(b) and 2(c)). Thermal stability
with TC ∼ 350 K was verified via a vibrating sample mag-
netometer (Fig. 2(d)).[30] Hydrogenation at a mild bias volt-
age (−80 V) initiates the transition of PV (La0.7Sr0.3MnO3)
to BM (La0.7Sr0.3MnO2.5), shifting the (002) diffraction angle
of PV from ∼ 47.2◦ to ∼ 43.8◦, which is the (008) diffrac-
tion angle of BM. Additionally, Ms is drastically suppressed
to ∼ 25 emu/cm3 at 10 K (Figs. 2(b) and 2(c) inset), with
TC decreasing to ∼ 300 K (Fig. 2(d) inset). Furthermore, a
pure hydrogenated BM phase (HBM) occurs with a charac-
teristic (006) angle of ∼ 32.6◦ in LSMO(7/3) films treated
with a large voltage of ∼ −180 V, resulting in an elongated
c lattice (4.18 Å), compared with that of the conventional BM
phase (4.11 Å).[31] Remarkably, this HBM phase retains weak
magnetism, exhibiting an enhanced Ms of ∼ 20 emu/cm3 at
300 K (inset in Figs. 2(c) and 2(d)). This sharply contrasts
with the antiferromagnetism of BM-LSMO(7/3) achieved via
a conventional post-annealing process.[31] The distinct mag-
netism between the post-annealing-induced BM phase and the
present HBM-LSMO(7/3) one may originate from additional
implantation of H+ in the hydrogenated LSMO(7/3) films.

This magnetic difference implies that the significant H+ in-
corporation gives rise to the topotactic phase transformation
and the consequent variable manganese valence state, lead-
ing to high-temperature weak magnetism in the hydrogenated
BM phase of LSMO(7/3) films. Concomitantly, the hydrogen
plasma treatment induces a metal-to-insulator transition in the
LSMO(7/3)/STO heterostructure. Compared with the metallic
state observed in the pristine PV-LSMO(7/3) films, the HBM-
LSMO(7/3) phase exhibits electrical insulation with the resis-
tivity exceeding the limits of the PPMS.

Misfit strain imparted by the substrate also influences
the hydrogen-induced topotactic transformations in different
LSMO(7/3) heterostructures, as unambiguously evidenced by
XRD and magnetic characterizations (Fig. 3). It is well known
that tensile misfit strain significantly lowers the oxygen va-
cancy formation energy in oxide films whereas compressive
strain plays a minor role.[32] To control the interfacial strain
state, (001)-oriented single-crystal STO and LSGO substrates
were selected, imposing misfit strains of +0.06% and −1.54%
relative to bulk PV-LSMO(7/3), respectively. We speculate
that tensile strain is conducive to oxygen migration and sub-
sequent topotactic transformation in constrained LSMO(7/3)
films. Accordingly, even an applied voltage of −180 V gives
rise to an oxygen-deficient PV phase (i.e., 2θ ∼ 45.8◦) for the
LSMO(7/3)/LSGO heterostructure system compared with the
HBM phase observed in the tensile-strained LSMO(7/3)/STO
system with a misfit strain of ∼ 1.54% (Fig. 3(a)).
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Fig. 2. Effect of bias voltage on LSMO(7/3)/STO films. (a) XRD patterns of pristine PV-LSMO(7/3) and hydrogenated BM-LSMO(7/3)
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(c), (d) Corresponding hysteresis loops measured at 10 K and 300 K.
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Fig. 4. Enhanced magnetic properties of tensile-strained HBM-LSMO(7/3)/STO through Pt capping. (a) XRD pattern of the hydrogenated
LSMO(7/3)/STO system with (gray) and without (yellow) Pt capped electrodes. (b)–(d) M–T curves and hysteresis loops for the corresponding
LSMO(7/3) films measured at 10 K and 300 K, respectively.

This strain-driven transformation concurrently alters the mag-
netic properties of hydrogenated LSMO(7/3) films. The M–T
curves (Fig. 3(b)) demonstrate significantly suppressed mag-
netism at temperatures of < 250 K for the LSMO(7/3)/LSGO
system, starkly contrasting with that of the compressively
strained LSMO(7/3) film. The M–H loops of the hydrogenated
LSMO(7/3)/LSGO system measured at 300 K (Figs. 3(c) and

3(d)) also show a weak magnetic signal with a negligible Ms ∼
10 emu/cm3, consistent with the trend reported in oxygen-
deficient LSMO(7/3) film.[33]

As established above, the PV–HBM transition is rela-
tively difficult in bulk-like LSMO(7/3) compared with the
film clamped by tensile strains. To tackle this challenge,
a noble metal was employed to accelerate hydrogenation-
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induced topotactic transformation in manganite film.[34] Top
electrodes (Pt, 50 µm×50 µm) were deposited to further attain
differential structural and physical properties of LSMO(7/3)
films (Fig. 4). XRD (Fig. 4(a)) shows insignificant struc-
tural differences in the hydrogenated BM-LSMO(7/3)/STO
system with or without Pt electrodes, confirming complete
PV–BM transition. A visible diffraction peak near 2θ ≈
39.8◦ corresponds to the (111)-oriented Pt electrode. No-
tably, magnetic properties undergo striking enhancements for
the Pt/LSMO(7/3)/STO heterostructure. The M–T curve
(Fig. 4(b)) implies a superior magneto-thermal stability in
Pt-capped HBM-LSMO(7/3)/STO systems, sustaining an im-
proved magnetic order at temperatures above 400 K. At 300 K
(Fig. 4(d)), Pt-capped HBM-LSMO(7/3) exhibits a saturated
magnetization (Ms) of 40 emu/cm3. Thus, additional Pt elec-
trodes enhance the magnetic robustness of tensile-strained
HBM-LSMO(7/3) films.

However, the situation in LSMO(7/3)/LSGO systems ex-

hibits distinct behavior, as shown in Fig. 5. After a similar
hydrogenation, the Pt-capped PV-LSMO(7/3) film completely
changed to a pure HBM phase with a characteristic diffraction
peak at ∼ 43.8◦, whereas the Pt-free LSMO(7/3) film retained
an oxygen-deficient PV phase. Meanwhile, the Pt-capped
HBM-LSMO(7/3) maintained magnetic ordering at tempera-
tures above 400 K (gray curve in Fig. 5(b)), aligning with the
HBM-LSMO(7/3)/STO system. Accordingly, the observed
results substantiate that the capped Pt electrodes not only
facilitate the topochemical reduction of the PV-LSMO(7/3)
film but also result in further lattice distortion[35] and Mn–
O hybridization[36] in the reduced BM-LSMO(7/3) films via
consecutive H+ intercalation. Therefore, the emergence of
weak ferromagnetism in the hydrogenated HBM-LSMO(7/3)
film can be attributed to the synergistic effects of H+ implan-
tation, interfacial strain and the Pt electrodes compared with
the typical antiferromagnetism of the ideal BM phase in oxide
films.[5,26,34]
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Fig. 5. Pt-induced phase transition in hydrogenated LSMO(7/3)/LSGO. (a) θ–2θ XRD scans for the hydrogenated LSMO(7/3) film de-
posited on LSGO, treated with (grey) or without (yellow) Pt electrodes. (b)–(d) Corresponding M–T and hysteresis loops of the hydrogenated
LSMO(7/3) film measured at 10 K and 300 K, respectively.

In summary, we have demonstrated that a facile hydro-
genation plasma treatment could quickly achieve a BM phase
in LSMO(7/3) heterostructure systems. Meanwhile, we found
the coexistence of weak magnetism and insulating transport
behavior in hydrogenated BM-LSMO(7/3) film distorted by
tensile strain. Our results revealed that capped Pt electrodes
can be considered to have a key role in the topotactic transfor-
mation of LSMO(7/3) film, which is beneficial to reconstruc-
tion of valence states of Mn ions, Mn–O interaction and con-
currently enhanced magnetic properties at temperatures above

> 400 K. Therefore, this work establishes a scalable route
to engineer high-temperature FMIs in perovskite-based oxide
films through hydrogen-induced topotactic transformation, ex-
panding their potential for energy-efficient spintronic memory
and logic devices.
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