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Colossal angular magnetoresistance in 
ferrimagnetic nodal-line semiconductors

Junho Seo1,2,14, Chandan De1,3,14, Hyunsoo Ha4,14, Ji Eun Lee5,14, Sungyu Park1, Joonbum Park6, 
Yurii Skourski6, Eun Sang Choi7, Bongjae Kim8, Gil Young Cho1,2,9, Han Woong Yeom1,2, 
Sang-Wook Cheong3,10, Jae Hoon Kim5 ✉, Bohm-Jung Yang4,11,12 ✉, Kyoo Kim13 ✉ & 
Jun Sung Kim1,2 ✉

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 conduction3–10. 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 metal–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.

The recent development of topological materials and their fascinat-
ing transport phenomena have opened a new avenue for utilizing 
topologically protected quantum states in electronic and spintronic 
applications with low dissipation and high reliability3–10. In particular, 
topological magnets3–26, where both magnetism and nontrivial band 
topology coexist, have emerged as promising candidates to realize 
such novel functionalities, because their topological band degeneracy 
and the relevant charge or spin transport are highly sensitive to spin 
configurations and can be drastically modulated by external pertur-
bations. Prominent examples include the giant anomalous Hall effect 
due to the significantly enhanced Berry curvature in ferromagnetic 
nodal-line semimetals11–18 and the quantum anomalous Hall effect in 
bulk-insulating topological ferromagnets with quantized dissipation-
less conduction21–26. The key challenge lies in finding new topologi-
cal magnets whose topological bands entirely dictate charge or spin 
conduction and are efficiently controllable by magnetization, which 
may lead to unprecedented magnetotransport functionalities with 
extreme sensitivity.

We propose that magnetic nodal-line semiconductors are such an 
example. In ferromagnetic nodal-line semimetals, including Fe3GeTe2, 
Co3Sn2S2 and Co2MnGa (refs. 11–18), the band crossing points of the 
spin-polarized bands near the Fermi level (EF) are protected by crystal-
line symmetry and form a line in the momentum space. When the 

spin–orbit coupling (SOC) is taken into account, opening and closing 
of the SOC gap Δ( )SOC  is determined by the relative orientation between 
orbital angular momentum (L), fixed along a certain crystal axis, and 
spin direction (S), rotatable by external magnetic fields (Fig. 1a).  
In particular, the nodal line with ΔSOC acts as a one-dimensional source 
of Berry curvature, resulting in the giant anomalous Hall effect11–18.  
A related but distinct behaviour is expected in ferromagnetic semi-
conductors if the spin-polarized conduction or valence bands possess 
a topological nodal-line degeneracy. In such ferromagnetic nodal-line 
semiconductors, the SOC lifts the band degeneracy and pushes one of 
the bands towards EF by ΔSOC/2, depending on the relative orientations 
of L and S (Fig. 1b). Therefore, when the bandgap Δ and ΔSOC are com-
parable, spin rotation by external magnetic fields drastically modulates 
the bandgap and thus charge conduction, leading to large angular 
magnetoresistance (MR). Here we present such a case in a layered fer-
rimagnetic semiconductor, Mn3Si2Te6, revealing an unprecedentedly 
large angular MR of ~109 times difference with rotating magnetization, 
which we call colossal angular MR.

Topological nodal-line band degeneracy
Mn3Si2Te6 is in a self-intercalated van der Waals structure with trigonal 
symmetry, where the hexagonal MnSiTe3 layers and the triangular Mn 
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layers are alternatingly stacked (Fig. 2a, b)27–29. The localized spins 
(S = 5/2) of Mn atoms in the hexagonal (Mn1) and triangular (Mn2) 
layers have strong antiferromagnetic (AFM) interlayer interaction, 
which dominates over the intralayer AFM interaction between Mn1 
spins. Thus, Mn1 spins within the plane prefer to be aligned ferro-
magnetically and are coupled antiferromagnetically with Mn2 spins29, 
forming a ferrimagnetic order (Fig. 2a) below a critical temperature 
(Tc) of 78 K. The corresponding electronic structure of ferrimagnetic 
Mn3Si2Te6, calculated using density functional theory, has an electronic 
gap between the spin-polarized Te p valence and Mn d conduction 
bands (Fig. 2c and Supplementary Fig. 1a). This bandgap is found to 
be sensitive to the total magnetization of Mn spins due to different 
Mn d–Te p hybridization30,31 and can be closed in a hypothetical fer-
romagnetic phase with parallel Mn1 and Mn2 spins (Supplementary 
Fig. 1b, c). Thus, a ferrimagnetic-to-ferromagnetic transition at high 
magnetic fields, in principle, can induce an insulator-to-metal transi-
tion. However, we found no signature of such a magnetic transition, 
at least, up to H ~ 70 T owing to the strong interlayer AFM interaction 
(Extended Data Fig. 6).

Alternatively, the nodal-line structure of the valence Te band and its 
strong SOC can lead to the insulator-to-metal transition within the ferri-
magnetic phase, as we proposed in Fig. 1b. First, we identified that without 
SOC, the C v3  trigonal point group symmetry of Mn3Si2Te6 permits 2 two-
dimensional irreducible representations along the ΓA line, and the Te p 
orbital bands with Eg character form a twofold degenerate nodal line along 
the kz axis. To understand this topological nodal line carrying quantized 
π Berry phase, it is sufficient to consider a single Te triangular layer, trim-
erized owing to the Mn atoms, with a unit cell containing three Te atoms 
(Fig. 2d and Supplementary Note 2). We decompose the in-plane p orbit-
als of the jth Te atom into the radial p j| , ⟩r  and tangential p j| , ⟩t  components, 
where j ∈ {1, 2, 3} indicates the three sublattice sites (Fig. 2e). Considering 
C z3  symmetry along the kz axis, we choose a degenerate basis for the Eg 
states (that is, the right-handed (R) and left-handed (L) orthogonal basis 
states), p R w| , ⟩ = (1/ 3 ) ∑i j

j
=1

3  p j| , ⟩i  and p L w p j| , ⟩ = (1/ 3 ) ∑ | , ⟩i j
j

i=1
3 −  

i( = r, t) with C z3  eigenvalues of w and w2 w( = e )i 2π
3 , respectively. These R 

and L states are time-reversal conjugate as T p R p L| , ⟩ = | , ⟩i i  (T, time-rever-
sal operator), and carry orbital angular momentum +1 and −1, respectively. 
As the pr and pt orbitals can be mixed, these states for the Eg valence band 
at the Γ point can generally be written as R α p R β p R| ⟩ = | , ⟩ + | , ⟩r t  and 

=L T R , where α and β are material-specific parameters (Supplementary 
Note 3). This introduces four degenerate states R L R| , ↑⟩, | , ↑⟩, | , ↓⟩ and 
L, ↓ , described by spin polarization in the +z (−z) direction ↑(↓) and the 
chirality R L( , ) degrees of freedom. Then, owing to the ferrimagnetic order-
ing with magnetization m along the n̂ direction, these states are split into 
two pairs of spin-polarized states with the corresponding Hamiltonian 

HFM m s n τ= (→ ⋅ )̂ ⊗ 0 , where si and τj are the Pauli matrices for the spin  
and chirality degrees of freedom. Therefore, the orbital-driven chirality 
(R, L) degrees of freedom result in twofold nodal-line degeneracy of  
the spin-polarized Te valence bands (Fig. 2f and Supplementary Notes 4 
and 5).

Having established the nodal-line degeneracy in the valence bands  
of Mn3Si2Te6, now we consider the effect of atomic SOC. The SOC term S · L 
yields the Hamiltonian HSOC γs τ= ⊗z z, where γ i αβ α β= ( − )⁎ ⁎ . Only the S Lz z 
term L c( )z  can contribute to this Hamiltonian, because p L p⟨ | | ⟩=a b c  iεabc, 
where a b c x y z, , ∈ { , , }, ħ = 1, and only the in-plane p orbitals are relevant 
to the Te Eg band. The in-plane magnetization (M || ab) with n θx^ = cos ^ + 

θysin ^ g i ve s  ΔH H HFM SOC m θs θs τ γs τ= + = (cos + sin ) ⊗ + ⊗x y z z0  .  A s 
ΔH  commutes with s τ⊗ z0 , the states ψ  and s τ ψ⊗ | ⟩z0  are always degen-
erate, preserving the twofold degeneracy of the spin-polarized Eg states  
(Fig. 2g). However, for M c with n zˆ = ,̂ the spin-dependent part of the Ham-
iltonian becomes ms τ γs τ= + = ⊗ + ⊗z z z0ΔH H HFM SOC which lifts the 
twofold degeneracy of the spin-polarized bands. Thus, the lifting of 
nodal-line band degeneracy is controlled by spin orientation. Consist-
ently, band calculations show that the canting of s  towards the c axis 
increases the SOC-induced band splitting up to ~300 meV along the 
nodal line and eventually closes the bandgap (Fig. 2h). These observa-
tions imply that spin orientation works as a magnetic valve, switching 
between the metallic and insulating states in the same ferrimagnetic 
phase.

Metal–insulator transition by spin rotation
To experimentally demonstrate a metal–insulator transition with spin 
rotation, we investigated the transport properties of Mn3Si2Te6, both 
undoped and doped with 6% Ge at the Si sites or 20% Se at the Te sites. 
As confirmed by the magnetic susceptibility χ T( ) and the 
field-dependent magnetization M(H) at T = 2 K, Tc ~ 78 K and the net 
magnetic moment Msat ~ 1.5 μB, lying on the ab plane, are nearly the same 
for the undoped and doped samples (Extended Data Fig. 2). Consistent 
with our calculations (Fig. 2g), a semiconducting behaviour is observed 
for M absat   in the resistivity ρ T( )ab  curves at low temperatures, well 
described by the Arrhenius equation ρ T( )ab  = ρ k Texp(Δ/ )0 B . The result-
ing activation gap Δ for the undoped, Ge-doped and Se-doped samples 
is ~4, ~12 and ~25 meV, respectively, smaller than the calculated gap of 
~120 meV. This indicates that the activation gap is determined by  
impurity (accepter) bands close to the valence bands (Fig. 3a), as  
typically found in lightly doped semiconductors32, which is consistent 
with the crossover from the activation-type to the variable-range hop-
ping (VRH)-type conduction at low temperatures (Extended Data 
Fig. 3)33–35.
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Fig. 1 | Magnetic nodal-line semimetal and semiconductor. a, b, The 
nodal-line structure along the symmetry line for magnetic nodal-line 
semimetals (a) and nodal-line semiconductors (b). The orbital degrees of 
freedom of spin-polarized bands are indicated by different colours (orange and 
blue). The orbital-driven band degeneracy occurs along the nodal line (red 
solid line), which can be lifted by the SOC with ΔSOC ∝  ⋅L S. In magnetic 
nodal-line semimetals (a), opening the SOC gap for ||L S makes the nodal line 

(dashed line) act as a one-dimensional source of Berry flux in the momentum 
space, resulting in a large anomalous Hall effect. In magnetic nodal-line 
semiconductors (b), the electronic gap Δ remains intact for ⊥L S in the 
presence of the SOC, while the lifting of nodal-line band degeneracy for L S 
pushes one of the bands towards the Fermi level. This induces the insulator- 
to-metal transition, controlled by the relative orientation of S against L, resulting 
in colossal angular MR.
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By applying out-of-plane magnetic fields H c( || ) up to the saturation 
field Hsat ~ 10 T, we can continuously rotate Msat towards the c axis, while 
keeping the ferrimagnetic order intact (Extended Data Fig. 2). For  
H c, ρ T( )ab   of the undoped Mn3Si2Te6 systematically and drastically 
decreases with H and eventually shows the metallic behaviour above 
the critical field Hc ~ 4 T, much smaller than Hsat (Fig. 3e). Similar trends 
are observed in Ge-doped Mn3Si2Te6 (Fig.  3f) with Hc ~8 T, while 
Se-doped Mn3Si2Te6 shows an incomplete suppression of the upturn 
of ρ T( )ab , presumably due to smaller SOC strength (Fig. 3g). In contrast, 
for H ab, the semiconducting behaviour is maintained, even under 
high fields up to ~30 T (Extended Data Fig. 6) without any difference 
of ρ T( )ab  between the cases of H I⊥  and H I  (Extended Data Fig. 7a). 
Moreover, for given H and θ, we estimate the tilting angle of magneti-
zation (θM), depicted in the inset of Fig. 3e, taking into account the 
in-plane magnetic anisotropy (Extended Data Table 1). For undoped 
Mn3Si2Te6, we found that ρ H c( || )ab  and ρ H θ( , )ab  curves collapse into a 
single curve as a function of θM (Fig. 3b), suggesting that the main con-
trol parameter is neither the magnetic field strength nor its orientation 
against the current direction, but the tilting angle θM of the magnetiza-
tion towards the c axis (Fig. 3b).

The contrasting field-induced variation of the activation gap Δ(H) 
for H c  and H ab  can be estimated by the exponential increase in 
ρ T( )ab  at different magnetic fields, using the Arrhenius equation 
(Extended Data Fig. 5). For H ab  up to H = 14 T, Δ H( ) only slightly 
decreases by ~1.5 meV for both undoped and doped samples (Fig. 3c). 
This is due to suppression of spin fluctuation by external in-plane 
fields, as manifested by a slight increase of magnetization (Extended 
Data Fig. 2). However, on increasing H c, Δ H( ) rapidly decreases to 
zero at Hc ~4 T and 8 T for the undoped and Ge-doped samples, respec-
tively. The Se-doped sample exhibits a similar reduction of Δ H( ) yet 
with a small residual gap. As the tilting angle θM increases with H c, 
Δ H( ) is expected to be reduced with H c below the critical field Hc, in 
good agreement with experiment (Fig. 3c). Moreover, we found that 

in total, 22 ρ T( )ab  curves showing the semiconducting behaviour 
ρ T(d /d < 0)ab , taken from all of the samples at different fields, collapse 

onto a single curve in the normalized plot with ρ ρ/ab 0 and k T Δ/B  
(Fig. 3d). Thus, rather than extrinsic scattering, it is the activation gap, 
sensitive to the magnetization orientation, that actually dictates 
charge conduction in Mn3Si2Te6.

Our spectroscopic evidence further confirms the contrasting gap 
modulation with different magnetic field orientations. For undoped 
Mn3Si2Te6, the absorption spectra as a function of incident photon 
energy were obtained at T = 1.5 K by using terahertz time-domain spec-
troscopy. At H = 0, the absorption coefficient is significantly sup-
pressed at low energies, consistent with gap opening in Mn3Si2Te6. 
Under small magnetic fields up to 1.8 T for H c, the absorption spec-
tra rapidly shift to lower energies, filling up the optical gap (Fig. 3h), 
manifesting the insulator-to-metal transition, consistent with the 
transport results (Fig. 3e). This contrasts with the case of H ab show-
ing a minor shift of absorption spectra even with H ~ 7 T (Fig. 3i). The 
same trend with magnetic field is observed for Ge- or Se-doped sam-
ples (Extended Data Fig. 8). These spectroscopic results unambigu-
ously prove our proposal on the genuine electronic-structure origin 
of the metal–insulator transition induced by rotating magnetization 
in Mn3Si2Te6.

Colossal angular MR
The most striking consequence of controlled lifting of band degen-
eracy in magnetic nodal-line semiconductors is a huge change in the 
resistivity under rotating magnetic fields. Figure  4a shows the 
angle-dependent ρ θ( )ab  with I a and the rotating H from H ab (θ = 0°) 
to H c  (θ = 90°) (Fig. 3e). Dramatic variation of ρ θ( )ab  by ~109 times 
difference is observed at H = 5 T for the undoped Mn3Si2Te6, yielding 
the colossal angular MR, quantified by ρ(1/ )min  ρ θ θd ( )/d , up to ~1011% 
per radian (Fig. 4a). With increasing temperature up to Tc, the angular 
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spin-dependent DOS for the majority (↑) and minority (↓) spins. The Te states, 
hybridized with the Mn states, have a much wider bandwidth than the Mn1 and 
Mn2 states, split by exchange interaction. d, Structure of a single Te layer. Grey 

and red circles denote Te atoms and Mn dimers, respectively. e, Description of 
the chiral molecular orbitals R  and L  with orbital angular momentum +1 and 
−1, which are linear combinations of local p| ⟩i  orbitals of three Te atoms in a 
trimerized unit cell. f, Calculated wavefunctions of the SOC-split bands at the Γ 
point for M c|| . For the chiral molecular states, R| , ↑⟩ and L| , ↑⟩, the phase 
winding directions at each Te atom are anticlockwise and clockwise, 
respectively, as presented by the colour code and arrows. g, h, Calculated band 
structures and Berry curvature Ωz  with SOC for M a||  (g) and M c||  (h).
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MR is gradually suppressed but remains much larger than the typical 
anisotropic MR found in other magnets36,37. For Ge- or Se-doped sam-
ples, a similar behaviour of ρ H θ( , )ab  is observed at H = 14 T, and the 
resulting colossal angular MR is expected to be even larger, beyond 
our measurement limit. Using the scaling behaviour of ρ T( )ab  (Fig. 3d), 
we estimate the maximum resistivity at H = 6 T and T = 6.5 K for the 
Ge-doped sample and at H = 10 T and T = 12 K for the Se-doped sample, 
confirming the angular MR larger than ~1011% per radian, which is the 
largest angular MR ever reported, to our knowledge, among magnetic 
materials, as summarized in Fig. 4b.

Finally, we compare the angular MRs of various magnets and discuss 
their mechanisms. Figure 4b presents the maximum value of the angu-
lar MR ( )ρ1/ min

 ρ θ θd ( )/d   and the MR ρ ρ HΔ / ( )  at a given magnetic field, 
where ρmin is the minimum angle-dependent resistivity. Although the 
angular MR is typically a few per cent in most ferromagnetic metals36,38, 
a large angular MR is observed up to 200% per radian in transition metal 
oxides, such as orthorhombic perovskite manganites39,40 or Sr2IrO4 
(ref. 37), and up to ~105% per radian in the recently discovered AFM 
semiconductors EuCd2P2 (ref. 41), EuMnSb2 (ref. 

42) and EuTe2 (refs. 43,44). 
In a topological magnet candidate, CeAlGe (ref. 19), the large angular 
MR up to ~103% per radian is also observed due to the highly resistive 
domain wall formation. For all of the aforementioned cases, the  
underlying mechanisms for the angular MR are associated with mag-
netic-field-induced phase transitions, and thus the working  
windows for H or T are limited to the relatively narrow regions near  

the phase transition (Extended Data Table 2 and Extended Data  
Fig. 7k). However, in magnetic nodal-line semiconductors, the lifting 
of the topological band degeneracy and the resulting angular MR are 
controlled by spin rotation without involving magnetic phase transi-
tions, consistent with the nearly linear dependence of the angular  
MR and ρ ρ HΔ / ( ). Thus, the working H range can be reduced well below 
the saturation field Hsat, and the T range can be extended nearly up  
to Tc, as demonstrated by Mn3Si2Te6 (Fig. 4b and Extended Data  
Fig. 7).

Our findings highlight that in magnetic nodal-line semiconductors, 
spin orientation tunes the orbital-driven topological band degeneracy 
and thus works as an effective magnetic valve for current flow. The key 
parameters determining the angular sensitivity are the SOC gap size, 
magnetocrystalline anisotropy and the energy position of the nodal-
line degeneracy, which can be further optimized by chemical doping, 
as partly demonstrated in Fig. 4a, or other external perturbations such 
as strain or pressure. We envision various spintronic applications of 
magnetic nodal-line semiconductors, such as extremely sensitive vec-
tor magnetic sensing or efficient electrical readout of spin information. 
Furthermore, exploiting the semiconducting nature, the electric field 
gating enables effective and low-power control of the colossal angular 
MR, together with possible modulation of Tc or magnetic anisotropy. 
These unique characters establish magnetic nodal-line semiconduc-
tors to be a promising platform to realize extremely sensitive spin- or 
orbital-dependent functionalities.
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with different magnetic fields. In total, 22 curves are collapsed onto a single 
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Note added in proof: After submission of this manuscript, one paper 
has been published reporting similar magnetotransport properties of 
undoped Mn3Si2Te6 (ref. 45).
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Methods

Single-crystal growth
Single crystals of pristine and 6%-Ge-doped Mn3Si2Te6 were grown by 
the standard high-temperature self-flux technique. A mixture of Mn 
(99.95 %), Si (99.999 %) and Te (99.999 %) in a molar ratio of 1:2:6 was 
placed in an alumina crucible, and another empty alumina crucible was 
kept on top of it with quartz wool separation. The whole crucible assem-
bly was sealed in an evacuated quartz ampoule after a few purges with 
Ar. The ampoule was first heated in a muffle furnace up to 1,000 °C in 
12 h and kept dwelling for 24 h to obtain a homogeneous solution. Sub-
sequently, the furnace was slowly cooled down to 700 °C in 150 h and 
remained for 12 h at 700 °C for the annealing of the crystals. The ampoule 
was then quickly taken out of the furnace and centrifuged to separate 
the crystals from the fluxes. The obtained crystals were in a plate shape 
with a typical dimension of 3 × 3 × 0.5 mm3. The pure Mn3Si2Te6 crystal 
phase was confirmed by the (0 0 L) Bragg peaks at room temperature 
(Extended Data Fig. 1a), and lattice parameters were determined from 
the powder X-ray diffraction of crushed crystals as a = b = 7.0349(3) Å 
and c = 14.2550(4) Å, which is consistent with a previous report29. Further, 
the energy-dispersive spectroscopy (EDS; Extended Data Fig. 1b–e), 
performed in a high-resolution field-emission scanning electron micro-
scope ( JSM 7800F PRIME with Dual EDS, Hitachi), confirms the stoichi-
ometry of Mn, Si and Te as 2.96, 1.95 and 6.09, respectively.

For the Ge-doped crystals, a similar method was adopted using Si 
and Ge (99.999%) in a 10:1 atomic ratio. The obtained crystals were 
shiny black and plate shaped with a width of 3 to 5 mm and a thickness 
of nearly 1 mm. The same structure with Mn3Si2Te6 was confirmed by 
X-ray diffraction on (0 0 L) planes on single crystals (Extended Data 
Fig. 1a) and powder X-ray diffraction of crushed crystals, which yield 
the lattice parameters, a = b = 7.0353(2) Å and c = 14.2670(2) Å. While 
there is no considerable change in the in-plane lattice parameters, the 
subtle increase of the c-axis lattice parameter is due to the bigger size 
of Ge. The atomic composition of Mn, Si, Ge and Te, obtained from EDS, 
is 2.88:2.01:0.13:5.98, confirming 6% Ge doping.

For the 20%-Se-doped crystals, we employed a standard chemical 
vapour transport technique. A mixture of Mn, Si, Te and Se (99.99 %) 
was placed in a 4-cm-long conical alumina crucible, which was sealed 
in a ~22-cm-long quartz tube. I2 was used as a transport agent. A tem-
perature gradient of 750 °C to 700 °C was maintained for 400 h for the 
crystal growth followed by cooling to room temperature at 70 °C h−1. 
Plate-shaped 3- to 5-mm-wide and nearly 0.5-mm-thick crystals were 
obtained. X-ray diffraction confirmed a single phase with the lattice 
parameters a = b = 6.9810(7) Å and c = 13.7475(13) Å. The decrease in 
both in-plane and out-of-plane lattice parameters is due to the lower 
size of Se. Further, EDS showed the atomic composition of Mn, Si, Te 
and Se as 3.03:1.99:4.67:1.29, respectively.

Magnetic and transport property measurements
The in-plane resistivity was measured in the standard four-probe con-
figuration using a physical property measurement system (PPMS-14 T, 
Quantum Design) for up to H = 14 T and a resistive magnet up to 32 T at 
the National High Magnetic Field Laboratory at Tallahassee, FL, USA. 
Magnetization was measured under the magnetic field along the ab 
plane and c axis using a vibrating sample magnetometer option of the 
physical property measurement system (PPMS-14T, Quantum Design). 
High-field magnetotransport properties of Mn3Si2Te6 were measured 
using a Bitter magnet of up to 31.6 T at the National High Magnetic 
Field Laboratory, Tallahassee. High-field torque magnetometry was 
measured up to 70 T at the Dresden High Magnetic Field Laboratory, 
Dresden (Extended Data Fig. 6).

Magnetic properties
Ferrimagnetic phase transition is observed in the magnetic susceptibil-
ity χ T( ) of the undoped, Ge-doped and Se-doped Mn3Si2Te6 crystals 

(Extended Data Fig. 2a–c). The transition temperature Tc is slightly 
reduced with doping, as summarized in Extended Data Table 1. Under 
magnetic fields up to H = 14 T, the field-dependent magnetization M H( ) 
at T = 2 K exhibits strong anisotropy with the net magnetic moment 
Msat ~ 1.5 μB. For H ab, M H( ) is rapidly saturated at a small coercive field 
Hc = 200 Oe and then increases slowly with H. For H c, on the other 
hand, M H( ) increases almost linearly up to Hsat ~ 10 T and becomes 
nearly saturated, following the M H( ) curve for abH  above Hsat. These 
field- and temperature-dependent behaviours indicate the easy-plane 
ferrimagnetic order, as illustrated in Fig. 1a. Therefore, up to H = 14 T, 
the ferrimagnetic order remains intact, owing to the strong exchange 
interaction between Mn1 and Mn2 spins (Supplementary Note 1)29, but 
the net magnetization can be rotated from the easy plane (ab plane) 
to the hard axis (c axis) under H c. The saturated moment Msat and 
magnetic fields Hsat for H c are nearly the same for the Ge- or Se-doped 
crystals (Extended Data Fig. 2d–f), which yield the magnetocrystalline 
energy K ~ 0.7 J cm−3, estimated from the relation of Hsat = 2K/Msat 
(Extended Data Table 1). Above Hsat, M(H) slowly increases without any 
signature of the spin-flop transition, which is further confirmed by 
high-field experiments, discussed below (Extended Data Fig. 6).

Electronic conduction in the absence of magnetic fields
In lightly doped semiconductors, electronic conduction is generally 
described by band- or hopping-type conduction. At relatively high 
temperatures, thermal activation of charge carriers between the local-
ized impurity states and the delocalized conduction or valence bands 
dictates electronic conduction. This band conduction is described by 
the Arrhenius model as ρ T( )ab  ∝  k Texp(Δ/ )B , where Δ is the gap between 
the localized and degenerate states. At low temperatures, however, 
thermal energy is not sufficient to induce charge excitations to the 
degenerate bands, and electron hopping takes place between remote 
impurity sites with the localized states near EF, which leads to the VRH 
conduction. In the VRH models, the resistivity is described by the equa-
tion ρ T( )ab  ∝  T Texp( / ) p

0 , where T0 is a characteristic energy scale, 
determined by the localization length, and p is an exponent differen-
tiating the types of VRH mechanisms. In the Mott-VRH model, assum-
ing a constant density of states (DOS) near EF, the exponent p is set by 
the dimensionality (D) of the system, as p = 1/(D + 1). On the other hand, 
when Coulomb interaction between localized electrons suppresses 
the low-energy DOS, the exponent is p = 1/2 in all dimensions, which is 
called the Efros–Shklovskii (ES) VRH model. Usually in lightly doped 
semiconductors, the crossover occurs from the activation-type con-
duction to one of the VRH-type conductions with decreasing tem-
perature.

Such a crossover behaviour is observed for all of the samples: 
undoped, 6%-Ge-doped and 20%-Se-doped Mn3Si2Te6 crystals. Extended 
Data Fig. 3a–c shows the temperature-dependent ρ T( )ab  as a function 
of 1/T. Consistent with our electronic-structure calculations (Fig. 2g, h 
and Supplementary Note 1), all of the samples exhibit the semiconduct-
ing behaviour above and below Tc, except just below Tc, where a dip in 
ρ T( )ab  is observed due to suppression of spin fluctuations, as typically 
found in itinerant magnets46,47. At low temperatures, ρ T( )ab  is well 
described by the activation model, ρ T( )ab  ∝  k Texp(Δ/ )B  with activation 
gap Δ ≈ 4.3, 14.2 and 26.0 meV, for the undoped, 6%-Ge-doped and 
20%-Se-doped samples, respectively. However, on further lowering the 
temperature (for example, below T ≤ 6 K for the undoped sample), ρ T( )ab  
starts to deviate from the thermally activated semiconducting behav-
iour and shows the crossover to the VRH-type conduction. In Extended 
Data Fig. 3d–f, we plot ρ T( )ab  as a function of 1/Tp with p = 1/4, 1/3 and 
1/2, which corresponds to the Mott-VRH models with three and two 
dimensions, and the ES-VRH model, respectively. The ES-VRH model 
shows better agreement with the measured ρ T( )ab  than the Mott-VRH 
models, and the characteristic energy scale T0 ~ 1,444–8,591 K is found 
to be comparable with those found in other lightly doped semiconduc-
tors, including thin films of Sr2IrO4, Si and Ge (refs. 48–50). This crossover 



behaviour, observed in both undoped and doped samples, indicates 
the presence of the impurity band, as illustrated in Fig. 3a.

In the paramagnetic phase above Tc, the semiconducting behaviour 
is maintained. For all of the samples, the gap energy is larger in the 
paramagnetic phase (ΔPM) than in the ferrimagnetic phase (Δ; Extended 
Data Table 1). As discussed in Supplementary Note 1, the bandgap of 
Mn3Si2Te6 is mainly determined by two parameters; one is ferromag-
netic correlation between the Mn spins, and the other is the SOC. 
The former shifts the band top of the valence bands with nodal-line 
degeneracy towards the Fermi level EF with respect to the localized Mn 
states at high binding energy, while the latter lifts the nodal-line band 
degeneracy and pushes only one of the bands towards EF by ΔSOC/2.  
In the paramagnetic phase, local exchange interaction remains finite, 
but the absence of long-range ferromagnetic order within the Mn1 
layer significantly reduces the intralayer hopping strength and thus 
reduces the bandwidth of the valence state (Supplementary Note 1). 
This significantly enhances the bandgap of Mn3Si2Te6, consistent with 
experiments.

Electronic conduction under magnetic fields
In itinerant ferromagnets or ferrimagnets, electronic conduction around 
Tc is mainly governed by spin fluctuations46,47. Generally, external mag-
netic field suppresses thermally excited spin fluctuations near Tc and 
thus helps in stabilizing ferromagnetic or ferrimagnetic order with 
enhanced Tc. Extended Data Fig. 4a–f shows the temperature-dependent 
in-plane resistivity ρ T( )ab  and its first derivative ρ Td /dab  at various mag-
netic fields for H ab and H c. We determined Tc with the temperature 
at which ρ T Td ( )/dab  exhibits a peak. The estimated Tc of undoped, Ge- and 
Se-doped Mn3Si2Te6 monotonically increases with magnetic field for 
both field directions (Extended Data Fig. 4g–i). We found that Tc shifts 
to higher temperatures more rapidly for H c than H ab in the undoped 
and 6%-Ge-doped Mn3Si2Te6. Considering the easy-plane magnetic ani-
sotropy, the weaker enhancement of Tc for H ab than for H c is unusual, 
which requires further investigation.

At low temperatures, the semiconducting behaviour of ρ T( )ab  shows 
strong dependence on magnetic field orientation. The field-dependent 
activation gap Δ H( ) is extracted from the Arrhenius plots of ρ T( )ab  for 
H ab and H c (Extended Data Fig. 5). For H ab, the slope of ρ T( )ab  in 
the Arrhenius plot changes slightly. This small change is related to 
suppression of spin fluctuation and thus a slight increase of the fer-
romagnetic correlation under external magnetic fields, consistent 
with magnetization curves under in-plane magnetic fields (Extended 
Data Fig. 2). In contrast, we observed dramatic reduction of the slope 
of ρ T( )ab  for H c in all of the samples. The field-dependent activation 
gap Δ H( ) consistently exhibits the distinct behaviours for H ab and 
H c in Extended Data Fig. 5d–f. These observations unambiguously 
confirm that the SOC-driven gap modulation with rotating magnetiza-
tion is much more effective than the field-induced suppression of spin 
fluctuations.

Absence of magnetic-field-induced phase transition up to 70 T
Now we focus on the magnetic ground state at low temperatures under 
high magnetic fields. Under pulsed magnetic fields up to 70 T, we found 
no signature of the spin-flop transition in torque magnetometry τ θ H( , ) 
(Extended Data Fig. 6a). For different tilting angle θ of the external mag-
netic field against the c axis, τ θ H( , ) exhibits the monotonous field 
dependence without any noticeable anomaly. Consistently, the 
field-dependent magnetization M H( ) for H ab  also monotonously 
increases with magnetic fields up to 60 T (Extended Data Fig. 6b). From 
the linear extrapolation of M H( ), the external magnetic field needed 
for full saturation of magnetic moments is estimated to be ~240 T. The 
absence of the spin-flop transition, at least, up to H ~ 70 T is consistent 
with the strong interlayer AFM interaction in Mn3Si2Te6 (Supplementary 
Note 1)29, which makes the ferrimagnetic order robust against external 
magnetic fields. Furthermore, in the MR measurements under static 

magnetic fields up to 30 T for H ab, we found that Mn3Si2Te6 remains 
in the semiconducting regime (Extended Data Fig. 6c). This contrasts 
to the case of H c, in which a magnetic field of only ~4 T is sufficient to 
induce the metallic state, confirming that the observed insulator- 
to-metal transition is not associated with a field-induced magnetic phase 
transition.

Angular MR
The angular MR of the undoped and doped Mn3Si2Te6 strongly depends 
on temperature as shown in Extended Data Fig. 7. For the undoped 
Mn3Si2Te6, angle-dependent ρ T θ( , )ab  under H = 5 T reveals that the 
maximum angular MR ( )ρ1/ min

 ρ θ θd ( )/d   decreases with increasing tem-
perature, showing a clear kink at Tc, and rapidly diminishes above  
Tc (Extended Data Fig. 7). We found that up to Tc, the angular MR remains 
larger than ~103% per radian for both undoped and doped samples. As 
spin rotation under H c  mainly determines the activation gap Δ H( ) 
(Fig. 3b), the angular MR remains large at high magnetic fields above the 
critical field Hc, at which the activation gap is closed. As shown in Extended 
Data Fig. 7, the angular MR increases with H and then shows a saturation 
behaviour when H > 3 T for the undoped sample and H > 6 T (8 T) for the 
sample doped with 6% Ge (20% Se) (Extended Data Fig. 7k). Unlike other 
itinerant magnets whose angular MR is observed only in relatively narrow 
magnetic field and temperature ranges, Mn3Si2Te6 exhibits the angular 
MR larger than 103% per radian in wide ranges of external parameters: 
magnetic fields larger than ~0.5 T, tilting angle of the magnetic field up 
to ∘θ| | < 90 , temperature up to ~80 K (Extended Data Fig. 7). Furthermore, 
with chemical doping, the activation gap and the angular MR can be 
tuned (Extended Data Fig. 7j). This is because the band degeneracy is 
protected by the symmetry, and the SOC-driven gap modulation is rela-
tively robust to external perturbations in magnetic nodal-line semicon-
ductors (Extended Data Fig. 7 and Extended Data Table 2).

Terahertz absorption measurements
The terahertz absorption measurements were performed with a TERA 
K15 terahertz time-domain spectrometer (Menlo Systems) coupled 
with a SpectromagPT magneto-optical cryostat (Oxford Instruments). 
In the TERA K15, a femtosecond laser emits 90-fs pulses at a central 
wavelength of 1,560 nm with a 100 MHz repetition rate, and a terahertz 
pulse is generated from an InGaAs photoconductive emitter. After 
the terahertz pulse has passed through the sample, it is detected by 
an InGaAs photoconductive receiver. All terahertz optical paths were 
enclosed in a plexiglass box purged with nitrogen gas to eliminate water 
vapour absorption. The SpectromagPT system is a closed-cycle type 
and is operated in the temperature range of 1.5−300 K and the magnetic 
field range of 0−7 T. The Mn3Si2Te6 crystals were fixed to a Au-coated 
Cu sample holder with Kapton tape. The time-dependent electric field 
waveform acquired by terahertz time-domain spectroscopy was con-
verted to a complex-valued function (with both amplitude and phase) 
of frequency by using fast Fourier transformation.

Our terahertz time-domain spectroscopy measurements give spec-
troscopic evidence for the contrasting gap modulation with different 
magnetic field orientations in undoped or doped Mn3Si2Te6. For the 
undoped sample at H = 0 T, we find that the temperature dependence 
of the absorption coefficient is not monotonic (Extended Data Fig. 8a, 
d, g): the absorption increases with temperature for 5−40 K (Extended 
Data Fig. 8a), decreases for 40−90 K (Extended Data Fig. 8d), but 
increases again for 90−300 K (Extended Data Fig. 8g). This temperature 
dependence is remarkably consistent with the resistivity ρ T( )ab  exhib-
iting exactly the opposite pattern (Extended Data Fig. 4a). This implies 
that the non-monotonic temperature dependence of ρab, especially 
the bump above 40 K, is intrinsic. For Ge- or Se-doped samples, we 
found that the change of absorption within 40−90 K is more sup-
pressed, consistent with the observed weak bump in ρab for Ge- or 
Se-doped samples (Extended Data Fig. 4b, c).
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The in-plane (Extended Data Fig. 8j–l) and out-of-plane (Extended 

Data Fig. 8m–o) magnetic fields generate distinct behaviour of the 
terahertz absorption at T = 1.5 K. Under the in-plane field up to 7 T, 
there is a systematic, yet weak, redshift of the absorption onset, con-
sistent with ρab under in-plane field (Extended Data Fig. 4a–c). In stark 
contrast, under the out-of-plane field, the absorption increases while 
its onset redshifts rapidly, signalling the closing of the gap as expected 
from our transport data and theory. For undoped Mn3Si2Te6, the gap 
essentially closes already at 1.8 T, well below the saturation field Hsat, 
indicating the touching of the valence band with the impurity level. 
The Ge- or Se-doped samples show the same trend with external mag-
netic fields but more insulating behaviour, consistent with the ρab 
(Extended Data Fig. 4d–f). These observations unambiguously prove 
our proposal on the electronic-structure origin of the metal–insulator 
transition induced by magnetization rotation due to the nodal-line 
band degeneracy in Mn3Si2Te6.

First-principles calculations
Electronic-structure calculations were performed with the full-potential 
local-orbital density functional theory calculation package51. The  
Perdew–Burke–Ernzerhof generalized gradient approximation func-
tional was used for the exchange correlation functional, and relativistic 
effects were treated within a full four-component Dirac formalism. For 
the Brillouin zone integration, we used a 16 × 16 × 8 k-point mesh in the 
full Brillouin zone. To obtain the maximally localized Wannier func-
tion and evaluate the Berry curvature, we used the pseudopotential 
plane-wave code Quantum Espresso52, combined with the Wannier90 
and WannierBerri packages53,54.

Data availability
The data that support the findings of this study are available from the 
corresponding authors on request.
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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). b–d, The energy dispersive 
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Extended Data Fig. 4 | Electronic conduction of Mn3Si2Te6 under magnetic 
fields. a–f, Temperature dependent in-plane resistivity ρ T( )ab  (left panel) and 
its first derivative dρ T dT( )/ab  (rigth panel) for undoped (upper), Ge-doped 
(middle) and Se-doped (lower) Mn3Si2Te6 at different magnetic fields and 
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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( )sat  and fields H( )sat  along the c-axis and the 
ab-plane, the magnetocrystalline anisotropy energy (K), the activation gap above Tc (Δ )MP  and below Tc (Δ), and the 
temperature scale T0 of the ES-VRH model
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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 listed
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