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            Abstract
Topological insulators are insulating materials that display conducting surface states protected by time-reversal symmetry1,2, wherein electron spins are locked to their momentum. This unique property opens up new opportunities for creating next-generation electronic, spintronic and quantum computation devices3,4,5. Introducing ferromagnetic order into a topological insulator system without compromising its distinctive quantum coherent features could lead to the realization of several predicted physical phenomena6,7. In particular, achieving robust long-range magnetic order at the surface of the topological insulator at specific locations without introducing spin-scattering centres could open up new possibilities for devices. Here we use spin-polarized neutron reflectivity experiments to demonstrate topologically enhanced interface magnetism by coupling a ferromagnetic insulator (EuS) to a topological insulator (Bi2Se3) in a bilayer system. This interfacial ferromagnetism persists up to room temperature, even though the ferromagnetic insulator is known to order ferromagnetically only at low temperatures (<17â€‰K). The magnetism induced at the interface resulting from the large spinâ€“orbit interaction and the spinâ€“momentum locking of the topological insulator surface greatly enhances the magnetic ordering (Curie) temperature of this bilayer system. The ferromagnetism extends ~2â€‰nm into the Bi2Se3 from the interface. Owing to the short-range nature of the ferromagnetic exchange interaction, the time-reversal symmetry is broken only near the surface of a topological insulator, while leaving its bulk states unaffected. The topological magneto-electric response originating in such an engineered topological insulator2,8 could allow efficient manipulation of the magnetization dynamics by an electric field, providing an energy-efficient topological control mechanism for future spin-based technologies.
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                    Figure 1: XRD and high-resolution TEM of Bi2Se3â€“EuS bilayers.


Figure 2: SQUID magnetometry measurements for different Bi2Se3â€“EuS bilayers.


Figure 3: Polarized neutron reflectivity results for different Bi2Se3â€“EuS bilayers.


Figure 4: Ferromagnetic order in Bi2Se3â€“EuS bilayer samples.
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Extended data figures and tables

Extended Data Figure 1 Soft X-ray absorption spectroscopy.
a, Measurement of Eu M5 edge at 8 K and a field of 2â€‰T. The spectra are consistent with a valence of 2+ and the corresponding large magnetic moment seen by XMCD. b, c, X-ray absorption at the Se L edge of Al2O3/Bi2Se3 (b) and EuS/Bi2Se3 (c), showing the good agreement of bulk- and interface-sensitive modes, affirming that the interface and bulk have identical electronic structure. TEY, total electron yield; TFY, total fluorescence yield.


Extended Data Figure 2 SQUID magnetometry measurements for a Bi2Se3â€“EuS bilayer with thicknesses of 7 QL for Bi2Se3 and 5â€‰nm for EuS.
a, Magnetization versus temperature at various magnetic fields applied out-of-plane (H perpendicular to the surface). The arrows correspond to the direction of the local magnetization. The large decrease in M as T increases shows the EuS magnetism decreasing (plotted in logarithmicâ€“logarithmic scale). However, at higher temperatures M(T) shows an increase that is much larger than expected from Eu paramagnetism alone, and this could be attributed to reoriented spins (perpendicular) at the interface in the absence of the large in-plane influence from EuS layers above. (Furthermore, control samples of 5-nm-thick EuS grown on sapphire (Al2O3(0001)) substrate did not show any hysteresis above ~50â€‰K even with a 5-T applied field). The possible spin texture is schematically represented below the experimental M versus T results. For the in-plane applied magnetic field configuration, such an increase in magnetization at high temperatures does not show features such as are observed for the perpendicular configuration. The uncertainty in M from the subtraction of the substrate diamagnetism is smaller than the size of the data points. b, The low-field magnetic hysteresis at different temperatures, where the field is applied out-of-plane (H perpendicular to the surface). Insets show hysteresis at 5â€‰K comparing data for in-plane (H parallel to the surface) and out-of-plane magnetic-field applications.


Extended Data Figure 3 Results from PNR for Bi2Se3/EuS bilayer samples with 5 QL, 10 QL of Bi2Se3 and pure EuS.
a and c, PNR nuclear (NSLD, in pink), magnetic (MSLD, in green) and absorption (ASLD, in blue) scattering length density (SLD) profiles, measured for samples with 5 QL (a) and 10 QL (c) at 5â€‰K and with an in-plane magnetic field of 1 T and presented as a function of the distance from the surface. Magnetization measured inside the Bi2Se3 layer is marked with the red arrows. The scale on the right-hand side shows magnetization. b and d, SA as a function of the momentum transfer Q. Solid curves (dark pink) correspond to the best fits to the experimental data shown with filled circles with error bars (dark pink), with Ï‡2â€‰=â€‰1.32 and 1.34, respectively; dashed curves (black) show a considerable deviation from the experimental data when the magnetization in the Bi2Se3 2 QL interfacial layer is set to zero with corresponding increased values of Ï‡2â€‰=â€‰2.82 and 2.56. The error bars represent one standard deviation. e, PNR reflectivity data (logarithmicâ€“linear scale) measured on a pure 5-nm-thick EuS film at 5â€‰K, 50â€‰K, 80â€‰K, 120â€‰K, 250â€‰K and 300â€‰K. f, Experimental data of the SA obtained from the measured reflectivities in e. The error bars represent one standard deviation.


Extended Data Figure 4 RHEED for interface evolution.
a, The RHEED pattern for Bi2Se3 (2D-like), grown on an Al2O3 (0001) surface is shown, where the incident beam is along the -direction of the substrate. The RHEED pattern for the 2-nm-thick EuS surface is shown with the beam along the -direction in b, and along the -direction in c. The RHEED pattern for the 5-nm-thick EuS surface (3D-dominant) is shown along the -direction in d.


Extended Data Figure 5 Temperature-dependent Hall voltage for a bilayer sample of 7 QL and 5 QL Bi2Se3 with 5-nm-thick EuS measured with 10-Î¼A direct current, with magnetic field applied perpendicular to the film plane.
A nonlinear contribution to the Hall voltage, Î”Vyx, is seen in the 5 QL Bi2Se3/5â€‰nm EuS (aâ€“d) and 7 QL Bi2Se3/5â€‰nm EuS (e, f) samples. Plot f is the zoom-out of e. The normalized remanent magnetization in the bilayer sample (7 QL Bi2Se3/5â€‰nm EuS) versus temperature (g), shows a finite decrease as temperature increased, matching the Hall data behaviour coming from the interfacial exchange induced ferromagnetic state, as discussed in the main text.
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Electric field control for spintronics
Topological insulators are materials with conducting surface states with unusual properties as a result of topological protection. They are of particular interest for spintronic applications because the surface state electron spins are locked to their momentum, an effect that could be exploited by interfacing with other materials. This study reports that coupling a ferromagnetic insulator (europium sulfide, EuS) to a topological insulator (bismuth selenide, Bi2Se3) induces ferromagnetic order at the interface at up to room temperature, even though EuS orders ferromagnetically only below 17 kelvin. The observed topological magneto-electric response in this hybrid structure opens up a possible new method of controlling magnetization dynamics using an electric field, a long-standing goal in spintronics.
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