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            Abstract
Efficient magnetic control of electronic conduction is at the heart of spintronic functionality for memory and logic applications1,2. Magnets with topological band crossings serve as a good material platform for such control, because their topological band degeneracy can be readily tuned by spin configurations, dramatically modulating electronic conduction3,4,5,6,7,8,9,10. Here we propose that the topological nodal-line degeneracy of spin-polarized bands in magnetic semiconductors induces an extremely large angular response of magnetotransport. Taking a layered ferrimagnet, Mn3Si2Te6, and its derived compounds as a model system, we show that the topological band degeneracy, driven by chiral molecular orbital states, is lifted depending on spin orientation, which leads to a metalâ€“insulator transition in the same ferrimagnetic phase. The resulting variation of angular magnetoresistance with rotating magnetization exceeds a trillion per cent per radian, which we call colossal angular magnetoresistance. Our findings demonstrate that magnetic nodal-line semiconductors are a promising platform for realizing extremely sensitive spin- and orbital-dependent functionalities.
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                    Fig. 1: Magnetic nodal-line semimetal and semiconductor.[image: ]


Fig. 2: Nodal-line band degeneracy of the chiral orbital states in Mn3Si2Te6.[image: ]


Fig. 3: Metalâ€“insulator transition by spin orientation.[image: ]


Fig. 4: Colossal angular MR.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Single crystal growth.
a, X-ray diffraction pattern of the undoped, Ge- and Se-doped Mn3Si2Te6 crystals recorded on (0 0 L) plane at room temperature. The insets show a typical crystal image and a magnified X-ray diffraction data for Bragg peak (004). bâ€“d, The energy dispersive spectroscopy images on a selected area of Mn3Si2Te6 crystal, taken at Mn \(K\alpha 1\) (b), Si \(K\alpha 1\) (c) and Te \(L\alpha 1\) (d) edges. e, Combined Mn, Si and Te EDS image, showing a spatially uniform stoichiometry of Mn3Si2Te6 crystal.


Extended Data Fig. 2 Magnetic properties of Mn3Si2Te6.
aâ€“c, Temperature dependent magnetic susceptibility \(\chi (T)\) of undoped, Ge-doped and Se-doped Mn3Si2Te6 single crystals for \(H\parallel c\) (green) and \(H\parallel ab\) (red) at Hâ€‰=â€‰1 kOe. dâ€“f, Magnetic field-dependent magnetization \(M(H)\) of undoped, Ge-doped and Se-doped Mn3Si2Te6 single crystals for \(H\parallel c\) (green) and \(H\parallel ab\) (red) taken at Tâ€‰=â€‰2 or 5 K.


Extended Data Fig. 3 Electronic conduction of Mn3Si2Te6 at zero magnetic field.
aâ€“c, In-plane resistivity \({\rho }_{ab}\) as a function of the inverse temperature for undoped (a), Ge-doped (b) and Se-doped (c) Mn3Si2Te6 single crystals. Above and below Tc, \({\rho }_{ab}(T)\) follows the thermally activated semiconducting behaviour, described by \({\rho }_{ab}(T)\) âˆ� \(\exp (\Delta /{k}_{B}T)\) (red line), with different transport gap Î” (Extended Data Table 1). dâ€“f, Variable-range hopping (VRH) conduction at low temperatures for undoped (d), Ge-doped (e) and Se-doped (f) Mn3Si2Te6 single crystals. The in-plane resistivity \({\rho }_{ab}(T)\) is plotted as a function of 1/\({T}^{p}\) with exponents pâ€‰=â€‰1/4 (left), 1/3 (middle), and 1/2 (right), corresponding to the Mott-VRH models with three- and two-dimensions and the Efros-Shklovskii (ES) VRH model, respectively.


Extended Data Fig. 4 Electronic conduction of Mn3Si2Te6 under magnetic fields.
aâ€“f, Temperature dependent in-plane resistivity \({\rho }_{ab}(T)\) (left panel) and its first derivative \(d{\rho }_{ab}(T)/dT\) (rigth panel) for undoped (upper), Ge-doped (middle) and Se-doped (lower) Mn3Si2Te6 at different magnetic fields and orientations, \(H\parallel ab\) (aâ€“c) and \(H\parallel c\) (dâ€“f). The estimated Tc is indicated by the arrows. gâ€“i, Magnetic field dependent Tc for \(H\parallel ab\) and \(H\parallel c\). The errors in the experimental data are smaller than the size of the points.


Extended Data Fig. 5 Magnetic field dependent semiconducting conduction in Mn3Si2Te6.
aâ€“c, Arrhenius plot of \({\rho }_{ab}(T)\) for \(H\parallel ab\) (left panel) and \(H\parallel c\) (right panel) at various magnetic fields for the undoped (a), Ge-doped (b) and Se-doped (c) Mn3Si2Te6. dâ€“f, Magnetic field dependent activation gap \(\Delta (H)\), extracted from the Arrhenius plot of \({\rho }_{ab}(T)\), for \(H\parallel c\) (solid symbols) and \(H\parallel ab\) (open symbols). The errors in the experimental data are smaller than the size of the points.


Extended Data Fig. 6 Magnetic and magnetotransport properties of Mn3Si2Te6 at high magnetic fields.
a, Magnetic field dependent torque magnetometry \(\tau (H)\) for different field angle Î¸ with respect to the ab-plane. No signature of the ferrimagentic-to-ferromagentic transition is observed up to H ~ 70 T. b, Magnetic field dependent magnetization \(M({\rm{H}})\), taken under pulsed magnetic fields at Tâ€‰=â€‰4.2 K (black line). Magnetization M(H) under static magnetic fields is also plotted for comparison (orange symbol). c, Magnetic field dependent in-plane resistivity \({\rho }_{ab}(H)\) for \(H\parallel ab\) and \(H\parallel c\). For \(H\parallel ab\), the resistivity \({\rho }_{ab}(H)\) exhibits a relatively slow decrease with magnetic fields up to ~ 30 T, while rapid reduction of \({\rho }_{ab}(H)\) for \(H\parallel c\) induces the insulator-to metal-transition at H~ 4 T.


Extended Data Fig. 7 Temperature- and magnetic field-dependent angular magnetoresistance.
aâ€“i, Angle dependent resistivity \({\rho }_{ab}(\theta )\) at various temperatures and magnetic fields for undoped (aâ€“c), Ge-doped (dâ€“f) and Se-doped (h, i) samples. The tilting angle of the external magnetic field (Î¸) with respect to the ab-plane and its azimuthal angle Ï• against the current direction are illustrated in g. For the undoped sample, \({\rho }_{ab}(\theta )\) taken for two different azimuthal angle Ï•â€‰=â€‰0Â° (\(M\parallel J\), open symbol) and 90Â° (\(M\perp J\), solid symbol) are almost identical. j, Angular magnetoresistance (MR) \((1/{\rho }_{{\rm{\min }}})\) \(d\rho (\theta )/d\theta \) as a function of temperature under Hâ€‰=â€‰5 T (undoped), 6 T (Ge-doped) and 10 T (Se-doped). The arrows indicate Tc at zero magnetic field. k, Angular MR of the undoped and doped Mn3Si2Te6 as a function of magnetic field. Angular MR of Eu-based antiferromagnets and topological magnet candidate CeAlGe are also plotted for comparison19,41,42,44.


Extended Data Fig. 8 Terahertz absorption spectroscopy.
aâ€“i, Absorption coefficient as a function of energy under zero magnetic field for undoped, Ge-doped and Se-doped Mn3Si2Te6 taken at various temperatures. jâ€“o, Absorption coefficient as a function of energy for the undoped (upper panel), Ge-doped (middle panel) and Se-doped (lower panel) Mn3Si2Te6 taken at Tâ€‰=â€‰1.5 K for \(H\parallel ab\) (jâ€“l) and \(H\parallel c\) (mâ€“o). The peaks that appear in the case of the doped samples are infrared-active transverse optical (TO) phonon modes.


Extended Data Table 1 Characteristic parameters of the undoped, Ge-doped and Se-doped Mn3Si2Te6 including the ferrimagnetic transition temperature (Tc), the saturated magnetization \(({M}_{{\rm{sat}}})\) and fields \(({H}_{{\rm{sat}}})\) along the c-axis and the ab-plane, the magnetocrystalline anisotropy energy (K), the activation gap above Tc \(({\Delta }_{{\rm{P}}M})\) and below Tc (Î”), and the temperature scale T0 of the ES-VRH modelFull size table


Extended Data Table 2 Magnetoresistance (MR) and angular MR of various magnetic materials. For each case, the magnetic phase, the magnetic ordering temperature (Tc or TN), the MR, the angular MR, and the corresponding temperature (T) and magnetic field (H) are listedFull size table
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