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Fig. 1. Hydrogen-related structural and electronic state evolution in VO, (B)/LSMO heterostructure: (a) Schematic of the grown
VO,(B)/LSMO/STO (001) heterostructure; (b) magnetic hysteresis loops for the grown VO,(B)/LSMO heterostructure at room
temperature; (c) XRD patterns compared for as-prepared VOo(B)/LSMO heterostructure before and after hydrogenation; (d) tem-
perature dependence of material resistivity (p-1) as compared for the VOo(B)/LSMO heterostructure under different hydrogenation

conditions.
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Fig. 2. Hydrogen-related magnetic phase transition in VO,(B)/LSMO heterostructure: (a) Comparing the in-plane magnetic hyster-

esis loops for the pristine and hydrogenated VOo(B)/LSMO heterostructure at room temperature; (b) comparing the in-plane mag-

netic hysteresis loops between the pristine and hydrogenated VOo(B)/LSMO heterostructure at 10 K; (c) temperature dependence

of magnetization for VO,(B)/LSMO heterostructure under an external magnetic field of 300 Oe; (d) temperature dependence of

dM/dT for the grown VO,(B)/LSMO heterostructure.
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Fig. 3. Reversible magnetoelectric transitions in VO,(B)/LSMO heterostructure: (a) Comparing the magnetic hysteresis loops for
hydrogenated and dehydrogenated VO,(B)/LSMO heterostructure; (b) comparing the p-T tendencies for hydrogenated and dehy-
drogenated VO,(B)/LSMO heterostructure; (¢) comparing the XRD spectra for hydrogenated and dehydrogenated VO,(B)/LSMO
heterostructure.
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Fig. 4. Hydrogen-triggered variations in the chemical environment and electronic structure of VO,(B)/LSMO heterostructures
through hydrogenation: (a), (b) X-ray photoelectron spectroscopy (XPS) spectra of VO,(B)/LSMO heterostructures upon hydrogen-
ation; (a) V-2p core-level spectra; (b) O-1s core-level spectra; (c), (d) Synchrotron-based soft X-ray absorption spectra (sXAS) for
the grown VO,(B)/LSMO heterostructures through hydrogenation; (c) V-L edge spectra; (d) O-K edge spectra.
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Hydrogen ion regulation of magnetoelectric transport
properties in correlated oxide heterojunctions”
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Abstract

Hydrogenation or protonation provides a feasible pathway for exploring exotic physical functionality and
phenomena within correlated oxide system through introducing an ion degree of freedom. This breakthrough
provides great potential for enhancing the application of multidisciplinary equipment in the fields of artificial
intelligence, related electronics and energy conversions. Unlike traditional substitutional chemical doping,
hydrogenation enables the controllable and reversible control over the charge-lattice-spin-orbital coupling and
magnetoelectric states in correlated system, without being constrained by the solid-solution limits. Our findings
identify proton evolution as a powerful tuning knob to cooperatively regulate the magnetoelectric transport
properties in correlated oxide heterojunction, specifically in metastable VO,(B)/Lay 7Sty sMnOs(LSMO)
systems grown via laser molecular beam epitaxy (LMBE). Upon hydrogenation, correlated VO,(B)/LSMO
heterojuction undergoes a reversible magnetoelectric phase transition from a ferromagnetic half-metallic state to
a weakly ferromagnetic insulating state. This transition is accompanied by a pronounced out-of-plane lattice
expansion due to the incorporation of protons and the formation of O—H bonds, as confirmed by X-ray
diffraction (XRD). Proton evolution extensively suppresses both the electrical conductivity and ferromagnetic
order in the pristine VO,(B)/LSMO system. Remarkably, these properties recover through dehydrogenation via
annealing in an oxygen-rich atmosphere, underscoring the high reversibility of hydrogen-induced magnetoelectric
transitions. Spectroscopic analyses, including X-ray photoelectron spectroscopy (XPS) and synchrotron-based
soft X-ray absorption spectroscopy (sXAS), provide further insights into the physical origin underlying the
hydrogen-mediated magnetoelectric transitions. Hydrogen-related band filling in the d-orbital of correlated
oxides accounts for the electron localization in VOo(B)/LSMO heterostructure through hydrogenation, while the
suppression of the Mn3"-Mn** double exchange leads to the magnetic transitions. This work not only expands
the hydrogen-related phase diagram for correlated oxide system but also establishes a versatile pathway for
designing exotic magnetoelectric functionalities via ionic evolution, which has great potential for developing

protonic devices.
Keywords: magnetic modulation, magnetoelectric phase transition, correlated oxides, ionic evolution
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