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A metallic room-temperature d-wave 
altermagnet
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Gexing Qu1,2, Wan Li1,3, Wenliang Zhu    4, Hanqi Pi1,2, Zhongxu Wei1, 
Yu-Jie Sun    5,6,7, Yaobo Huang    8, Xiquan Zheng9, Yingying Peng    9, 
Lunhua He    1,10,11, Shiliang Li    1,2,11, Jianlin Luo1,2, Zheng Li    1,2  , 
Genfu Chen    1,2  , Hang Li    1  , Hongming Weng    1,2,11   & Tian Qian    1 

Altermagnetism is a recently discovered unconventional magnetic phase 
that is characterized by time-reversal symmetry breaking and spin-split 
band structures in materials with zero net magnetization. Recently, 
spin-polarized band structures and a vanishing net magnetization 
were observed in semiconductors MnTe and MnTe2, confirming this 
unconventional magnetic order. Metallic altermagnets offer advantages 
for exploring physical phenomena related to low-energy quasiparticle 
excitations and for applications in spintronics because the finite electrical 
conductivity of metals allows direct manipulation of the spin current 
through the electric field. We demonstrate that KV2Se2O is a metallic 
room-temperature altermagnet with d-wave spin-momentum locking. 
Our experiments probe the magnetic and electronic structures of this 
compound and reveal a highly anisotropic spin-polarized Fermi surface and 
the emergence of a spin-density-wave order in the altermagnetic phase. 
These characteristics suggest that KV2Se2O could be a helpful platform for 
high-performance spintronic devices and for studying many-body effects 
coupled with unconventional magnetism.

Altermagnetism describes a new type of long-range magnetic order 
beyond conventional ferromagnetism and antiferromagnetism1–5. 
Historically, altermagnets were classified as antiferromagnets, as 
both exhibit zero net magnetization. Recent theoretical studies 
have found that non-relativistic spin-splitting can exist in certain 
magnets with zero net magnetization, even without spin–orbit 
coupling (SOC), leading to the concept of altermagnetism1–11. In the 
language of symmetry, an enhanced symmetry group called a spin 

space group12–19 classifies magnetic order by the allowed symmetry 
operations connecting opposite-spin sublattices. In conventional 
antiferromagnets, opposite-spin sublattices can be connected by 
inversion or translation operation, whereas ferromagnets have only 
one spin sublattice, which does not require any symmetry opera-
tion. By contrast, altermagnets essentially require rotation or a mir-
ror operation to connect opposite-spin sublattices1,2,6,7, resulting in 
momentum-dependent spin-splitting in electronic band structures. 
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experimentally verified. Recent spin- and angle-resolved photoemi
ssion spectroscopy (SARPES) experiments have revealed momentum- 
dependent spin-splitting in the band structures of MnTe (ref. 27) and 
MnTe2 (ref. 28), which is solid evidence for the existence of the alter-
magnetic phase. These two materials are semiconductors with a global 
bandgap at the Fermi level (EF)12,13,29,30, which limits their potential 
applications in spintronics. The metallic candidates CrSb and RuO2 
have attracted widespread attention31–41. Owing to the C3 symmetry 
of the spin sublattices in CrSb and MnTe, opposite-spin channels have 
the same group velocities in all directions, leading to an unpolarized 
current. Despite the observation of the anomalous Hall effect and spin 

The same symmetry operation connects opposite-spin sub-bands in 
reciprocal space1,2,6. Unlike the spin-splitting induced by the Rashba–
Dresselhaus interaction20,21 in non-magnets lacking inversion symmetry 
and the Zeeman interaction in ferromagnets, the non-relativistic sym-
metry operation acts as a crucial aspect in the momentum-dependent 
spin-splitting in altermagnets1,2. The combination of spin-split band 
structures and zero net magnetization in altermagnets has immense 
application potential, ranging from spintronics to quantum informa-
tion processing22–26.

Although symmetry analyses of spin structures have pre-
dicted numerous altermagnet candidates1,2, only a few have been 
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Fig. 1 | Magnetic structure characterization. a, Crystal structure and magnetic 
structure of KV2Se2O. Red and blue arrows indicate the up and down spins of the  
V atoms. b, Top view of the V2O plane. Red and blue dashed circles surrounding the 
V atoms denote the up and down spins. Opposite-spin sublattices are connected 
by the [C2||C4z] operation. c, Schematic for the sign of spin-splitting in the 3D  
BZ of KV2Se2O. Schematic spin-polarized bands are plotted at the top. Red, blue 
and green curves represent spin-up, spin-down and spin-degenerate bands.  
d, 51V frequency-sweep NMR spectra at different temperatures. Bin indicates the 
internal magnetic field corresponding to the frequency. Dots are the spectra 
measured at zero field. Empty circles are the spectra at 10 and 200 K measured 
under μ0H = 0.8 T with the magnetic field H parallel to the c axis. Inset, magnetic 
moments M of the V atoms as a function of temperature T. e, Spin-lattice 

relaxation rate 1/T1T of 51V extracted from d, where T1 is the spin-lattice relaxation 
time. Above the SDW transition temperature, 1/T1T was measured at the third 
satellite peak on the right (red diamonds) and at the centre of the spectra (blue 
circles). Error bars are the standard deviation of the least squares fitting, as 
detailed in Methods. Below the transition temperature, 1/T1T was measured 
at the highest positions of the broad left (purple triangles) and right peaks 
(green triangles). f, Temperature-dependent magnetic susceptibilities (χ) 
under μ0H = 1 T with magnetic fields parallel and perpendicular to the c axis. 
Top left inset, zoom-in of χ marked by the black dashed box. Top right inset, 
field-dependent magnetization at 30 and 300 K with magnetic fields parallel and 
perpendicular to the c axis, where f.u. represents formula unit.

http://www.nature.com/naturephysics


Nature Physics

Article https://doi.org/10.1038/s41567-025-02822-y

current and torque in RuO2 (refs. 37–40), there remains controversy 
about whether it is non-magnetic or magnetic41–43.

In this work, we identified a metallic altermagnet KV2Se2O with a 
magnetic ordering temperature well above room temperature. The 
momentum-dependent spin-splitting across EF reached 1.6 eV, one of 
the highest values reported for altermagnets. This altermagnetic order 
is characterized by d-wave exchange splitting, which is a magnetic 
counterpart to unconventional d-wave superconductivity. The extreme 
anisotropy of the spin-polarized Fermi surfaces (FSs) with C2 symmetry 
results in notable differences in the group velocities of opposite-spin 
channels. This enables the generation of a highly polarized electric 
current and a giant spin current, which are crucial for achieving 
high-performance spintronic devices. Another spin-density-wave 
(SDW) order arises from perfect FS nesting below 100 K, which is a 
unique opportunity for studying the interplay of many-body effects 
coupled with unconventional magnetism.

Magnetic structure of altermagnetic order
KV2Se2O has a tetragonal layered crystal structure with space group 
P4/mmm (Fig. 1a)44. The V2O plane has an anti-CuO2 structure, with Se 
atoms located directly above and below the centre of the V2O square. 
The V2Se2O layers are separated by K atomic layers. X-ray and neutron 
diffraction data are refined well using space group P4/mmm, confirming 
the high crystallinity of the samples (Extended Data Fig. 1).

The well-defined peaks in the 51V nuclear magnetic resonance 
(NMR) spectra reveal that the magnetic moments of the V atoms form 
long-range order in the measured temperature range (Fig. 1d). Above 
100 K, the spectra at zero field have a single set of peaks with quad-
rupole splitting, which indicates that the magnetic moments have 
a uniform magnitude. Below 100 K, the zero-field spectra split into 

two sets of peaks with different central frequencies, suggesting an 
SDW transition that results in magnetic moments with two distinct 
magnitudes. The inset of Fig. 1d shows that the magnitudes of the 
magnetic moments decrease slightly with increasing temperature, 
indicating that the magnetic ordering temperature is well above room 
temperature. Above 100 K, the NMR spin-lattice relaxation rate (1/T1T) 
gradually decreases with decreasing temperature (Fig. 1e), reflect-
ing the suppression of spin fluctuations in the magnetically ordered 
phase. The drop near 100 K is attributed to further suppression of spin 
fluctuations because of the formation of another SDW order. Below 
50 K, 1/T1T has an upturn, suggesting enhanced spin fluctuations at low 
temperatures. The temperature dependence of 1/T1T is well consistent 
with the magnetic susceptibility data in Fig. 1f, as 1/T1T is proportional 
to the dynamic magnetic susceptibility.

Under a magnetic field of 0.8 T along the c axis, the NMR spectra 
at 200 K split into two sets of peaks with similar intensities, and the 
central frequency shifts by ±0.8 T, indicating that the spins with equal 
populations align oppositely along the c axis. The NMR data reveal a 
collinear compensated magnetic order, which is essential for alterma-
gnets. Based on these results, we propose a magnetic structure with 
altermagnetic order, as illustrated in Fig. 1a. Nearest-neighbour V atoms 
in the V2O plane have opposite spins aligned along the c axis. This 
magnetic structure is supported by the ARPES results, which show 
excellent agreement with the calculations based on this structure 
(Figs. 2 and 3). The opposite-spin sublattices cannot be connected by 
a translation or inversion operation. Instead, they are connected by 
the spin group symmetry [C2||C4z] (Fig. 1b), where C2 represents the 
non-relativistic spin-space operation to flip the magnetic moments 
and C4z represents a fourfold rotation along the z axis in real space. This 
altermagnetic order leads to momentum-dependent spin-splitting 
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spin-degenerate bands. e, ARPES intensity plot measured at 20 K with hν = 67 eV, 
showing band dispersions along Γ–X–M–Γ. The spectra along Γ–X and M–Γ are the 
sum of the data collected under linear horizontal and linear vertical polarizations 
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Fig. 3 | SARPES data. a, Schematic illustration of the geometry in the SARPES 
experiments. Sz denotes the spin polarization in the electronic structure of 
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c,f, ARPES intensity plots showing the band dispersion along cut 1 (c) and along 
cut 2 (f). Red and blue dashed curves are calculated spin-up and spin-down bands. 
The black curves are the MDCs at EF. d,g, Spin-resolved MDCs at EF along cut 1 
(d) and along cut 2 (g). Red and blue curves are spin-up and spin-down signals. 
e,h, Momentum-dependent spin polarizations calculated by the asymmetry 
of the spin-up and spin-down signals in d (e) and g (h). Red and blue filled areas 
highlight the spin-up and spin-down polarizations. All data in this figure were 
collected at 20 K with hν = 67 eV under linear vertical polarization.
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with a d-wave form in electronic bands1,2. As schematically illustrated 
in Fig. 1c, the bands along [100] and [010] exhibit opposite 
spin-splitting, corresponding to the same [C2||C4z] symmetry operation 
in real space. By contrast, the bands are spin degenerate along [110] 
enforced by the [C2||M1 ̄10] symmetry, where M1 ̄10 represents a mirror 
operation about the (1 ̄10) plane.

Band structure with d-wave spin-splitting
Based on the magnetic structure in Fig. 1a, we calculated the electronic 
structure of KV2Se2O. Figure 2a displays the spin-resolved FSs in the 
three-dimensional (3D) Brillouin zone (BZ), which consist of 
quasi-one-dimensional (1D) FS sheets extending along the kx and ky direc-
tions and quasi-two-dimensional (2D) FS pockets at the BZ boundary. 
These FSs originate from opposite-spin 3d orbitals of the V↑ and V↓ sublat-
tices. Orbital- and spin-resolved band calculations indicate that the crys-
tal fields lift the degeneracy of the V 3d orbitals, which have opposite 
spin-splitting corresponding to the opposite-spin sublattices (Extended 
Data Fig. 2). The spin-up dxz orbital of V↑ and spin-down dyz orbital of V↓ 
were nearly half-filled. Owing to their strong in-plane anisotropy, the 
bands derived from these two orbitals form the quasi-1D FS sheets. The 
bands associated with the spin-up dxy orbital of V↑ and spin-down dxy 
orbital of V↓ are nearly fully occupied. They form the small quasi-2D FS 
pockets, as the dxy orbital is more isotropic in the a–b plane. Comparing 
the band structures at kz = 0 and π reveals weak kz dispersion near EF 
(Extended Data Fig. 3b). By contrast, the bands around −1 eV show mod-
erate kz dispersion because of the contribution from the dz2 orbital, which 
has stronger out-of-plane coupling. Overall, the band structure of KV2Se2O 
has a nearly 2D nature, consistent with the photon energy (hν)-dependent 
ARPES results (Extended Data Fig. 3c), reflecting the weak interlayer cou-
pling in its layered crystal structure.

The band calculations without SOC show identical dispersion 
but opposite spin-splitting along Γ–X–M and Γ–Y–M, whereas the 
bands along Γ–M remain spin degenerate (Fig. 2d), illustrating d-wave 
spin-splitting in the altermagnetic phase of KV2Se2O. When SOC is 
included, small gaps appear at the intersections along Γ–X–M and 
Γ–Y–M, whereas the band degeneracy along Γ–M is preserved (Extended 
Data Fig. 4). The degeneracy is lifted when deviating from kz = 0 and 
π (Extended Data Fig. 5). However, the splitting is minimal due to the 
weak SOC in the V 3d orbitals, making the effects of SOC on the d-wave 
exchange splitting negligible.

The altermagnetic spin-splitting arises from the anisotropic  
crystal fields of ligand O and Se atoms. The anisotropy of crystal fields 
leads to band anisotropy between Γ–X–M and Γ–Y–M. Because of the 
C4z rotation symmetry, the bands along Γ–X–M of one sublattice cor-
respond to those along Γ–Y–M of the other sublattice. As the bands of 
the two sublattices have opposite spin polarizations, the band anisot-
ropy results in momentum-dependent spin-splitting between them. 
The spin-splitting across EF reaches a maximum of 1.6 eV at the X and 
Y points, as indicated by the green arrow in Fig. 2d, which is one of the 
highest values reported for altermagnetic materials. This notable 
spin-splitting is associated with the V↑ dxz and V↓ dyz orbitals, which form 
highly anisotropic bonds in the a–b plane. The anisotropy in bonding 
enhances the band anisotropy, leading to the large altermagnetic 
spin-splitting (Extended Data Fig. 6).

These calculated results are in good agreement with the measured 
FSs and band dispersions (Fig. 2c,e). We compared the ARPES data taken 
at 20 K with the calculated bands in Fig. 2e, as the spectral features are 
much clearer at low temperatures. The band dispersions at 20 K are 
largely consistent with those at 120 K (Extended Data Fig. 8). The extra 
feature near the M point along X–M and the gap opening at EF on some 
bands at 20 K arise from the SDW order, which will be discussed below. 
Furthermore, the strong intensity midway between Γ and M aligns more 
closely with the calculations at kz = π (Extended Data Fig. 3d). The excel-
lent agreement between the experimental and calculated results strongly 
supports the magnetic structure with altermagnetic order in KV2Se2O.

To verify the spin polarization of the band structure, we conducted 
SARPES experiments. As the NMR data reveal that the spins align along 
the c axis, the spin polarization Sz in the band structure was parallel to the 
normal direction of the (001) sample surface. In the experimental set-up, 
schematically illustrated in Fig. 3a, the spin detector can measure the 
in-plane spin polarization S∥. As the samples were rotated away from the 
normal direction by an angle θ, the spin polarization Sz has an in-plane 
projection S∥ = Sz sin θ. To enhance the in-plane projection, we measured 
momentum cuts in higher BZs by rotating the samples at larger angles.

Figure 3b shows the momentum locations of two measured cuts that 
pass through four representative spin-polarized FSs in the BZ. The spin 
polarizations follow a down-down-up-up sequence along cut 1. Moving 
towards cut 2, two quasi-1D FSs with opposite spin polarizations cross 
each other, resulting in a switch of their positions. Consequently, the 
spin polarizations change to a down-up-down-up sequence along cut 2. 
The spin-integrated ARPES spectra along the two cuts have two hole-like 
bands with their tops close to EF (Fig. 3c,f), indicating that these cuts are 
nearly tangent to the hole-like FS pockets. Additionally, two nearly linear 
bands intersect below EF along cut 1, whereas the intersection point 
shifts above EF along cut 2. This results in a switch of their kF positions, 
corresponding to the intersection of the quasi-1D FSs in Fig. 3b.

Then, we measured the spin polarizations of the ARPES spectra 
near EF along the two cuts. The spin-up and spin-down momentum 
distribution curves (MDCs) at EF have four peaks (Fig. 3d,g), corre-
sponding to four spin-polarized FSs. These peaks exhibit clear intensity 
differences between the spin-up and spin-down MDCs, confirming the 
existence of spin polarization. Figure 3e,h shows that the spin polari-
zations have down-down-up-up and down-up-down-up sequences 
along cuts 1 and 2, respectively, in agreement with the calculations.  
The maximum spin polarization in the spectra is about 10%. As the 
samples were rotated by 26° and 22° for cuts 1 and 2, respectively, the 
in-plane projection S∥ = Sz sin θ ≈ 0.4Sz. As calibration, we measured 
the spin polarizations of the topological surface state of Bi2Se3, which 
is fully in-plane spin-polarized due to spin-momentum locking. The 
spectra have a maximum spin polarization of about 30% for Bi2Se3 
(Extended Data Fig. 9). Given the 40% in-plane projection in the experi-
ments with KV2Se2O, the maximum value of 10% is consistent with the 
spin polarizations along the z axis in the bands. These results reveal that 
the spin polarizations along the two cuts is antisymmetric with respect 
to the nodal line Γ–M, providing solid evidence for the altermagnetic 
order with an unconventional d-wave spin texture in KV2Se2O.

Another SDW order
Next, we analyse the electronic structure in the SDW phase below 
100 K. Figure 4b,c displays the band dispersions along Γ–X and Y–M 
at 20 K. The bands labelled α, β, γ and δ are consistent with the cal-
culations in Fig. 2d. In addition to these original bands, extra bands  
(α', γ' and δ') are observed near EF. The dispersions of these extra bands 
match those of the original bands α, γ and δ, except for a shift of π/a along 
the kx direction, indicating band folding with a wavevector q = (π/a, π/a). 
The folded band α' (γ') intersects the original band γ (α) at EF, where a hybrid-
ized gap opens. The α and γ bands are associated with the quasi-1D FSs, 
which are perfectly nested through q = (π/a, π/a) (Fig. 4d). Figure 4e shows 
the symmetrized energy distribution curves (EDCs) at different momen-
tum locations on the quasi-1D FSs, which exhibit a uniform gap size across 
the FSs. The temperature-dependent symmetrized EDCs indicate that 
the gap remained well above the SDW transition temperature, although 
the coherent peak disappeared (Fig. 4f). The pseudogap-like behaviour 
may arise from strong phase fluctuations above the SDW transition.  
By contrast, the poorly nested FS pockets at the X and Y points remained 
gapless in the SDW phase, indicating a metallic ground state (Extended 
Data Fig. 10). These results reveal that FS nesting plays an important role 
in the SDW transition.

Under the band folding with q = (π/a, π/a), the in-plane period 
becomes √2a ×√2a. In the SDW phase, the zero-field NMR spectra 
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have two sets of peaks, indicating two distinct magnitudes of the mag-
netic moments. Each set of peaks further splits into two under a mag-
netic field along the c axis (Fig. 1d), revealing that the magnetic 
moments of each magnitude have opposite spins aligned along the  
c axis. Based on these results, we propose a magnetic structure in the 
SDW phase, as depicted in Fig. 4g. The calculations based on this struc-
ture indicate that the band folding opens a sizeable gap in the quasi-1D 
FSs (Fig. 4h), consistent with the experimental observations. In the 
SDW phase, the opposite-spin sublattices are connected by the spin 
group symmetry [C2||M1 ̄10] (Fig. 4g). Therefore, KV2Se2O maintains its 
altermagnetism in the SDW phase.

Summary and outlook
Through a systematic characterization and analysis of the magnetic 
and electronic structures of KV2Se2O, we have unambiguously demon-
strated the existence of altermagnetic order with d-wave spin-splitting 
in the electronic bands. As a metallic room-temperature altermagnet 
with highly anisotropic C2-symmetry spin-polarized FSs, KV2Se2O holds 
remarkable potential for spintronic applications. Given the anti-CuO2 
structure of the V2O plane, the d-wave altermagnet KV2Se2O is structur-
ally compatible with d-wave cuprate superconductors, thus paving 
the way for uncovering previously unknown physics at the interfaces 

of unconventional superconductors and altermagnets45–48. The emer-
gence of an SDW order provides a unique opportunity for explore 
intriguing quantum phenomena induced by many-body interactions, 
such as unconventional superconductivity, in the context of alter-
magnetism. Furthermore, by extracting K atomic layers through the 
topochemical deintercalation method, an exfoliable 2D compound 
V2Se2O with a van der Waals structure can be synthesized44, offering 
a promising platform for developing 2D spintronic devices based on 
altermagnetism.
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Methods
Sample synthesis and characterization
KV2Se2O single crystals were grown using KSe as the self-flux agent.  
The K:V:Se:O molar ratio of the initial mixture was 6:2:7:1. The reactants 
were first sealed in a Nb tube, which was then jacketed with an evacu-
ated quartz ampule and loaded into an alumina crucible. The quartz 
ampule was heated at 1,000 °C for 20 h and then gradually cooled to 
650 °C at a rate of 2 K h−1 before the furnace was switched off. The sam-
ples obtained were black and sensitive to air and moisture.

The d.c. magnetization measurements were performed on a super-
conducting quantum interference device with a vibrating sample 
magnetometer (Quantum Design). Several pieces of single crystal were 
used, and the background signal of the sample holder was deduced. 
The temperature-dependent magnetic susceptibility of KV2Se2O was 
measured in zero-field-cooling and field-cooling modes with the mag-
netic field μ0H applied parallel to the c axis and a–b plane, respectively. 
The magnetic field dependence of the magnetization of KV2Se2O was 
measured with μ0H up to 7 T.

NMR spectroscopy
NMR measurements were carried out using a commercial NMR spec-
trometer from Thamway Co. Ltd. The NMR spectra were acquired by 
integrating the intensity of the spin echo at each frequency. 51V with 
nuclear spin I = 7/2 has seven NMR peaks due to quadrupole splitting. 
At high temperatures, the satellite peaks are higher than the central 
peak. Such behaviour has been observed in NaV2O5 at 34 K (ref. 49). The 
internal fields were calculated using Bin = f/γ, where f is the frequency 
and the gyromagnetic ratio γ = 11.19913 MHz T−1. As the internal field at 
the 51V position comes primarily from its own electrons, the hyperfine 
coupling constant should be like that of other vanadium materials. 
The magnetic moments were estimated with M = Bin/AAF, where the 
hyperfine coupling constant AAF = 16 T/µB is the value for LaVO3 and 
V2O3 (ref. 50) and µB is the Bohr magneton.

The T1 values were measured by using a single saturating pulse and 
were determined by standard fits to the recovery curves of the nuclear 
magnetization to the theoretical function for the nuclear spin I = 7/2. 
The central peak was fitted by

M (∞) −M (t)
M (∞) = 1

84 exp (− t
T1
) + 3

44 exp (−6t
T1
)

+ 75
364 exp (− 15t

T1
) + 1,225

1,716 exp (−28t
T1

) ,

and the third satellite peak was fitted by

M (∞) −M (t)
M (∞) = 1

84 exp (− t
T1
) + 3

28 exp (− 3t
T1
) + 3

11 exp (−
6t
T1
)

+ 25
77 exp (− 10t

T1
) + 75

364 exp (− 15t
T1

)

+ 3
44 exp (−21t

T1
) + 4

429 exp (−28t
T1

) ,

where M(t) is the nuclear magnetization at time t after the saturation 
pulse.

Neutron diffraction
Neutron powder diffraction measurements was conducted at the 
general-purpose powder diffractometer (GPPD) at the China Spalla-
tion Neutron Source. The GPPD is a time-of-flight diffractometer with 
a neutron bandwidth of 4.8 Å, and it provides a maximum resolution 
Δd/d = 0.15%. The neutron pattern data in this study were acquired from 
three different banks of GPPD: 150° bank, 90° bank and 30° bank, which 
correspond to the central solid angles of the detector being 2θ = 150°, 
90° or 30°, respectively. The d-space range for data obtained from the 
150° bank was between 0.05 and 2.7 Å, for data obtained from the 90° 

bank it was between 0.06 and 4.3 Å, and for data obtained from the 30° 
bank it was between 0.12 and 28.11 Å. The sample under investigation 
was loaded into TiZr cans. The diameter of each can was approximately 
9 mm. All measurements were performed at room temperature. The 
diffraction profiles were analysed by Rietveld refinement with the 
FULLPROF suite/GSAS.

X-ray diffraction
Single crystal X-ray diffraction measurements were performed by 
using the custom-designed X-ray instrument at 80 K. It was equipped 
with a Xenocs Genix3D Mo Kα X-ray source (17.48 keV), which provided 
2.5 × 107 photons per second in a beam spot size of 150 μm at the sample 
position. The measured samples were mounted on a Huber four-circle 
diffractometer. Diffraction signals were collected by a highly sensitive 
single-photon counting PILATUS3 R 1M solid-state area detector with 
980 × 1,042 pix2. Each pixel was 172 μm × 172 μm. The 3D mapping of 
momentum space was obtained by taking images in 0.1° increments 
while rotating the samples.

ARPES
ARPES measurements were performed at the dreamline (BL09U) beam-
line and the BL03U beamline of the Shanghai Synchrotron Radiation 
Facility using a Scienta Omicron DA30L electron analyser under both 
linear vertical and linear horizontal polarized incident light. The data 
were collected over a photon energy range 25 to 80 eV. The samples 
were cleaved in situ under a base pressure better than 5 × 10−11 mbar. 
SARPES measurements were carried out using the Scienta Omicron 
DA30L electron analyser and a single very-low-energy electron diffrac-
tion spin detector. The spin detection direction was perpendicular to 
the entrance slit.

Density functional theory calculations
The first-principles calculations were performed using the Vienna ab ini-
tio simulation package51, with the generalized gradient approximation 
of Perdew–Burke–Ernzerhof52 type used as the exchange-correlation 
potential. SOC was not taken into account because of its minor influ-
ence on the band structure and the preservation of spin as a good 
quantum number in collinear magnetic structures without SOC. In the 
self-consistent calculation, a Monkhorst–Pack (9 × 9 × 5) k-point mesh53 
and an energy cutoff of 600 eV were used. To get the tight-binding 
model Hamiltonian, we used the package wannier90 (refs. 54,55) 
to obtain maximally localized Wannier functions of V d orbitals,  
Se p orbitals and O p orbitals.

To induce the SDW phase, we expanded the unit cell of the original 
magnetic structure by a factor of √2 × √2 without altering the atomic 
positions. To investigate the resulting magnetic moments, we applied 
small correlation effects (with U = 1.0 eV)56,57 to one pair of V atoms, one 
spin-up and the other spin-down. For direct comparison with the ARPES 
experiments, we conducted a band-unfolding procedure58,59 to obtain 
the effective band structure in the BZ before enlarging the cell.

Data availability
All the data are available from the corresponding authors upon reason-
able request. Source data are provided with this paper.
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Extended Data Fig. 1 | Single crystal X-ray and powder neutron diffraction 
data. a, (K, L) map of reciprocal space at H = 1 measured at 80 K. The double peaks 
originate from the small non-monochromaticity of the Mo x-ray source, which 
consists of Kα1 (17.48 keV) and Kα2 (17.37 keV), and bremsstrahlung. The bright and 
sharp diffraction peaks indicate that the samples are of high quality with only 

one crystalline phase. b, Observed XRD intensities from 143 indexed Bragg peaks 
compared with the calculations based on the crystal structure with space group 
P4/mmm. c, Powder neutron diffraction spectrum at 300 K refined to the crystal 
structure with space group P4/mmm. The observed (Iobs) and calculated (Ical) 
patterns and the difference between them (Iobs - Ical) are plotted.
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Extended Data Fig. 2 | Calculated orbital- and spin-resolved band structures along high-symmetry lines. Red and blue dots represent spin-up and spin-down bands. 
The size of the dots scales the projection of orbital components.
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Extended Data Fig. 3 | Electronic structure in the 3D BZ. a, Calculated 
spin-resolved FSs at kz = π. Red and blue curves are spin-up and spin-down 
FSs. Black dashed lines indicate the BZ boundary. b, Calculated spin-resolved 
band structure along high-symmetry lines at kz = 0 (solid curve) and π (dashed 
curve). Red, blue, and green curves are spin-up, spin-down, and spin-degenerate 
bands. c, ARPES intensity plot at EF measured along Γ–X with varying photon 

energy, showing FSs in the ky = 0 plane. Vertical dashed lines and arrows indicate 
negligible kz dispersion of the FSs. d, Comparison of the ARPES data taken at  
20 K with the calculated bands at kz = π. The spectra are a sum of the data 
collected under LH and LV polarizations (Extended Data Fig. 8) with  
hν = 67 eV. Dashed curves are shifted upward by 90 meV for better matching  
the experimental data.
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Extended Data Fig. 4 | Spin-resolved band structures at kz = 0 without (left) and with (right) SOC. Opposite spin polarization components along the c axis are 
indicated by a red-blue color scale.
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Extended Data Fig. 5 | Calculated band structures along ̄Γ − M̄ at kz = 0.4π (red line in a) without (b) and with (c) SOC. The inset in c shows a zoom-in view of the 
bands within the black square.
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Extended Data Fig. 6 | Tight-binding calculations. a, Tight-binding calculations 
of the bands derived from the V1 dxz (dashed curves) and V2 dyz orbitals (solid 
curves) in the nonmagnetic phase. b, Tight-binding calculations of the bands 
derived from the V↑ dxz (dashed curves) and the V↓ dyz orbitals (solid curves) in 

the magnetically ordered phase. Red and blue represent spin-up and spin-down 
polarizations. c, Schematic of the V↑ dxz and V↓ dyz orbitals, which form δ and  
π bonds, respectively, along the b axis.
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Extended Data Fig. 7 | Polarization-dependent ARPES data. a-c, ARPES intensity plots along Γ−X, Y−M and Γ−M measured at 20 K with hv = 67 eV under LV 
polarization. d-f, Same as a-c but measured with LH polarization. Red, blue, and green dashed curves are spin-up, spin-down, and spin-degenerate bands at kz = 0.
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Extended Data Fig. 8 | Comparison of the ARPES data taken at 120 K with the calculated bands at kz = 0 (a) and π (b). The ARPES spectra are a sum of the data 
collected under LH and LV polarizations with hν = 67 eV. Red, blue, and green dashed curves are spin-up, spin-down, and spin-degenerate bands.
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Extended Data Fig. 9 | Spin-resolved ARPES results of the topological surface 
state of Bi2Se3. a, ARPES intensity plot showing band dispersions across ̄Γ.  
b, Spin-resolved MDCs at an energy indicated by black dashed line in a. Red and 

blue curves are spin-up and spin-down signals. c, Momentum-dependent spin 
polarizations calculated by the asymmetry of the spin-up and spin-down signals 
in b. Red and blue filled areas highlight the spin-up and spin-down polarizations.

http://www.nature.com/naturephysics


Nature Physics

Article https://doi.org/10.1038/s41567-025-02822-y

Extended Data Fig. 10 | Gapless FS pocket at the Y point. a, Symmetrized ARPES spectra along M–Y–M at 20 K. b, Symmetrized EDCs at 20 K at the kF points marked  
by dashed lines in a. c, Symmetrized EDCs at the kF point #3 in a at different temperatures.
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