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the relativistic SOC in altermagnets even without breaking the crystal 

inversion symmetry. We will refer to this mechanism as ‘weak’ alterma-

gnetic LKSD. A comparison of the weak and strong altermagnetic LKSD 

is illustrated in Fig. 1a,b.

Both LKSD mechanisms can enrich fields ranging from spintronics, 

ultrafast magnetism, magnetoelectrics and magnonics, to topological 

matter, dissipationless quantum nanoelectronics and superconductiv-

ity20,21. For example, the strong altermagnetic LKSD has been theoreti-

cally shown to enable analogous spin-polarized currents to those used 

for reading and writing information in ferromagnetic memory devices 

while simultaneously removing the capacity and speed limitations 

imposed by a net magnetization20,21,27–31. The weak altermagnetic LKSD 

has been linked to Berry-phase physics governing the dissipationless 

anomalous Hall currents while, again, removing the roadblocks asso-

ciated with magnetization for realizing robust quantum-topological 

variants of these effects14,21,22,32–37. Several of the predicted uncon-

ventional macroscopic time-reversal-symmetry-breaking responses 

accompanied by the vanishing magnetization have already been experi-

mentally confirmed in altermagnetic RuO2 or MnTe (refs. 22,38–41). 

Here, using angle-resolved photoemission spectroscopy (ARPES), we 

directly identify the weak and strong altermagnetic LKSD in the band 

structure of MnTe.

Weak altermagnetic LKSD in MnTe

A schematic crystal structure of α-MnTe is shown in Fig. 1c,d. The two 

crystal sublattices A and B of Mn atoms, whose magnetic moments order 

antiparallel below the transition temperature of 310 K, are connected by 

a non-symmorphic sixfold screw-axis rotation and are not connected 

by a translation or inversion20,22. The resulting non-relativistic elec-

tronic structure of this altermagnet is of the g-wave type20 with three 

spin-degenerate nodal planes parallel to the kz axis and crossing Γ and 

K points, and a fourth kz = 0 nodal plane (Fig. 1a).

Q10

In Fig. 2, we show ARPES measurements42 at 15 K using a soft X-ray 

photon energy of 667 eV, performed on thin MnTe(0001) films grown 

by molecular-beam epitaxy on a single-crystal InP(111)A substrate22,43 

(see Methods and Supplementary Figs. 1 and 2). The measurements 

are within the kz = 0 nodal plane along kx (Γ–K path) and ky (Γ–M path). 

Figure 2a shows the measured raw data along the kx axis (bottom panel), 

compared with one-step ARPES simulation44,45 (top panel) considering 

the bulk MnTe electronic structure for the initial states (see Methods). 

The intense spectral weight around −3.5 eV binding energy, indicated 

by a dashed magenta line in the experimental and theoretical panels 

of Fig. 2a, corresponds to a resonance resulting from Mn d states. For 

a better visualization of the bulk electronic structure of MnTe, this 

spectral weight is filtered out in the experimental ARPES band maps 

shown in Fig. 2b,c. Refinements by the curvature mapping46 extracted 

from the area highlighted by a dashed white rectangle are shown in 

the insets of the top panels of Fig. 2b,c. These are compared with the 

corresponding relativistic ab initio electronic-structure calculations 

plotted in the bottom panels of Fig. 2b,c. The theoretical bands, with 

red and blue colours depicting opposite spin polarizations along the z 

axis, show the weak altermagnetic LKSD within the kz = 0 nodal plane. 

The relativistic band-structure calculations were performed assum-

ing the Néel vector along the in-plane y axis (corresponding to the 

Γ–M axis), consistent with earlier magnetic and magnetotransport 

measurements of the Néel-vector easy axis in epitaxial thin films of 

MnTe (refs. 22,47). Altermagnetism and SOC thus generate in this case 

an unconventional spin polarization of bands that is orthogonal to 

the direction of the magnetic-order vector. Note that the exclusive 

spin-polarization component along the z axis of electronic states in 

the kz = 0 plane is protected by a relativistic (non-symmorphic) mirror 

symmetry of the magnetic crystal.

The experimental ARPES band maps in Fig. 2b,c are fully consistent 

with the ab initio band structures. This includes the overall band disper-

sions, as well as the substantially larger splitting of the top two bands Q11
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the relativistic SOC in altermagnets even without breaking the crystal 

inversion symmetry. We will refer to this mechanism as ‘weak’ alterma-

gnetic LKSD. A comparison of the weak and strong altermagnetic LKSD 

is illustrated in Fig. 1a,b.

Both LKSD mechanisms can enrich fields ranging from spintronics, 

ultrafast magnetism, magnetoelectrics and magnonics, to topological 

matter, dissipationless quantum nanoelectronics and superconductiv-

ity20,21. For example, the strong altermagnetic LKSD has been theoreti-

cally shown to enable analogous spin-polarized currents to those used 

for reading and writing information in ferromagnetic memory devices 

while simultaneously removing the capacity and speed limitations 

imposed by a net magnetization20,21,27–31. The weak altermagnetic LKSD 

has been linked to Berry-phase physics governing the dissipationless 

anomalous Hall currents while, again, removing the roadblocks asso-

ciated with magnetization for realizing robust quantum-topological 

variants of these effects14,21,22,32–37. Several of the predicted uncon-

ventional macroscopic time-reversal-symmetry-breaking responses 

accompanied by the vanishing magnetization have already been experi-

mentally confirmed in altermagnetic RuO2 or MnTe (refs. 22,38–41). 

Here, using angle-resolved photoemission spectroscopy (ARPES), we 

directly identify the weak and strong altermagnetic LKSD in the band 

structure of MnTe.

Weak altermagnetic LKSD in MnTe

A schematic crystal structure of α-MnTe is shown in Fig. 1c,d. The two 

crystal sublattices A and B of Mn atoms, whose magnetic moments order 

antiparallel below the transition temperature of 310 K, are connected by 

a non-symmorphic sixfold screw-axis rotation and are not connected 

by a translation or inversion20,22. The resulting non-relativistic elec-

tronic structure of this altermagnet is of the g-wave type20 with three 

spin-degenerate nodal planes parallel to the kz axis and crossing Γ and 

K points, and a fourth kz = 0 nodal plane (Fig. 1a).

Q10

In Fig. 2, we show ARPES measurements42 at 15 K using a soft X-ray 

photon energy of 667 eV, performed on thin MnTe(0001) films grown 

by molecular-beam epitaxy on a single-crystal InP(111)A substrate22,43 

(see Methods and Supplementary Figs. 1 and 2). The measurements 

are within the kz = 0 nodal plane along kx (Γ–K path) and ky (Γ–M path). 

Figure 2a shows the measured raw data along the kx axis (bottom panel), 

compared with one-step ARPES simulation44,45 (top panel) considering 

the bulk MnTe electronic structure for the initial states (see Methods). 

The intense spectral weight around −3.5 eV binding energy, indicated 

by a dashed magenta line in the experimental and theoretical panels 

of Fig. 2a, corresponds to a resonance resulting from Mn d states. For 

a better visualization of the bulk electronic structure of MnTe, this 

spectral weight is filtered out in the experimental ARPES band maps 

shown in Fig. 2b,c. Refinements by the curvature mapping46 extracted 

from the area highlighted by a dashed white rectangle are shown in 

the insets of the top panels of Fig. 2b,c. These are compared with the 

corresponding relativistic ab initio electronic-structure calculations 

plotted in the bottom panels of Fig. 2b,c. The theoretical bands, with 

red and blue colours depicting opposite spin polarizations along the z 

axis, show the weak altermagnetic LKSD within the kz = 0 nodal plane. 

The relativistic band-structure calculations were performed assum-

ing the Néel vector along the in-plane y axis (corresponding to the 

Γ–M axis), consistent with earlier magnetic and magnetotransport 

measurements of the Néel-vector easy axis in epitaxial thin films of 

MnTe (refs. 22,47). Altermagnetism and SOC thus generate in this case 

an unconventional spin polarization of bands that is orthogonal to 

the direction of the magnetic-order vector. Note that the exclusive 

spin-polarization component along the z axis of electronic states in 

the kz = 0 plane is protected by a relativistic (non-symmorphic) mirror 

symmetry of the magnetic crystal.

The experimental ARPES band maps in Fig. 2b,c are fully consistent 

with the ab initio band structures. This includes the overall band disper-

sions, as well as the substantially larger splitting of the top two bands Q11
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Fig. 1 | Illustration of weak and strong altermagnetic LKSD. a, Top and 

middle panels, ab initio band structure of MnTe at k z = 0 along the Γ–K path for 
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