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Altermagnetismis a recently discovered unconventional magnetic phase
thatis 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 MnTe,, confirming this
unconventional magnetic order. Metallic altermagnets offer advantages
for exploring physical phenomenarelated 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 KV,Se,0 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 KV,Se,0 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 antiferromagnetism’™>.
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 altermagnetism' ™. In the
language of symmetry, an enhanced symmetry group called a spin

space group™ " 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 sublattices"**’, resulting in
momentum-dependent spin-splitting in electronic band structures.
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Fig.1|Magnetic structure characterization. a, Crystal structure and magnetic
structure of KV,Se,0. Red and blue arrows indicate the up and down spins of the
Vatoms. b, Top view of the V,0 plane. Red and blue dashed circles surrounding the
Vatoms denote the up and down spins. Opposite-spin sublattices are connected
by the [C,||C,,] operation. ¢, Schematic for the sign of spin-splitting in the 3D

BZ of KV,Se,0. Schematic spin-polarized bands are plotted at the top. Red, blue
and green curves represent spin-up, spin-down and spin-degenerate bands.

d, 'V frequency-sweep NMR spectra at different temperatures. B;, indicates the
internal magnetic field corresponding to the frequency. Dots are the spectra
measured at zero field. Empty circles are the spectraat 10 and 200 K measured
under u,H = 0.8 T with the magnetic field H parallel to the c axis. Inset, magnetic
moments Mof the Vatoms as a function of temperature 7. e, Spin-lattice
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relaxation rate 1/7,T of *'V extracted fromd, where T; is the spin-lattice relaxation
time. Above the SDW transition temperature, 1/7, T 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, 1/7,7Twas measured
atthe highest positions of the broad left (purple triangles) and right peaks
(greentriangles). f, Temperature-dependent magnetic susceptibilities (x)

under u,H =1T with magnetic fields parallel and perpendicular to the c axis.

Top leftinset, zoom-in of y 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.

The same symmetry operation connects opposite-spin sub-bands in
reciprocal space"*. Unlike the spin-splitting induced by the Rashba-
Dresselhaus interaction?* in non-magnets lacking inversion symmetry
andthe Zeemaninteractionin ferromagnets, the non-relativistic sym-
metry operationactsasacrucial aspect inthe momentum-dependent
spin-splitting in altermagnets". The combination of spin-split band
structures and zero net magnetization in altermagnets has immense
application potential, ranging from spintronics to quantum informa-
tion processing® 2,

Although symmetry analyses of spin structures have pre-
dicted numerous altermagnet candidates'?, only a few have been

experimentally verified. Recent spin- and angle-resolved photoemi-
ssionspectroscopy (SARPES) experiments have revealed momentum-
dependent spin-splitting in the band structures of MnTe (ref. 27) and
MnTe, (ref. 28), which is solid evidence for the existence of the alter-
magnetic phase. These two materials are semiconductors with aglobal
bandgap at the Fermi level (E;)'>****°, which limits their potential
applications in spintronics. The metallic candidates CrSb and RuO,
have attracted widespread attention® *'. Owing to the C, symmetry
ofthe spin sublatticesin 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
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Fig. 2| Electronic structure of the altermagnetic configuration. a, Calculated
spin-resolved FSs in the 3D BZ. Red and blue surfaces are spin-up and spin-down
FSs.b, Calculated spin-resolved FSsin the k, = 0 plane. Red and blue curves are
spin-up and spin-down FSs. ¢, ARPES intensity plot at £ measured at 120 K with
hv =67 eV,showing FSsin the k-, plane. Black dashed lines inb and cindicate
the BZboundary. d, Calculated spin-resolved band structure without SOC along
high-symmetry lines. Red, blue and green curves are spin-up, spin-down and
spin-degenerate bands. e, ARPES intensity plot measured at 20 K with hv = 67 eV,
showing band dispersions along '-X-M-T. The spectraalong '-X and M-T are the
sum of the data collected under linear horizontal and linear vertical polarizations
(Extended DataFig. 7). Dashed curves are the calculated bands, which are shifted
upward by 90 meV to better match the experimental data.

current and torque in RuO, (refs. 37-40), there remains controversy
about whether it is non-magnetic or magnetic**,

In this work, we identified a metallic altermagnet KV,Se,O with a
magnetic ordering temperature well above room temperature. The
momentum-dependent spin-splitting across E; reached 1.6 eV, one of
the highest valuesreported 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 C,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

KV,Se,0 has a tetragonal layered crystal structure with space group
P4/mmm (Fig.1a)**. The V,0 plane has an anti-CuO, structure, with Se
atoms located directly above and below the centre of the V,0 square.
TheV,Se,0 layers are separated by K atomic layers. X-ray and neutron
diffractiondataare refined well using space group P4/mmm, confirming
the high crystallinity of the samples (Extended Data Fig. 1).

The well-defined peaks in the 5'V nuclear magnetic resonance
(NMR) spectrareveal that the magnetic moments of the Vatoms form
long-range order in the measured temperature range (Fig. 1d). Above
100K, 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 (1/7,7)
gradually decreases with decreasing temperature (Fig. 1e), reflect-
ing the suppression of spin fluctuations in the magnetically ordered
phase. Thedrop near100 Kis attributed to further suppression of spin
fluctuations because of the formation of another SDW order. Below
50K,1/T,Thasan upturn, suggesting enhanced spin fluctuations at low
temperatures. The temperature dependence of 1/T;Tis well consistent
with the magnetic susceptibility datain Fig. 1f,as 1/7, Tis 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 shiftsby +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, whichis essential for alterma-
gnets. Based on these results, we propose a magnetic structure with
altermagnetic order, asillustrated in Fig. 1a. Nearest-neighbour Vatoms
in the V,0 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
atranslation or inversion operation. Instead, they are connected by
the spin group symmetry [C,||C,,] (Fig. 1b), where C, represents the
non-relativistic spin-space operation to flip the magnetic moments
and C,, represents afourfold rotation along the zaxis in real space. This
altermagnetic order leads to momentum-dependent spin-splitting
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Fig.3|SARPES data. a, Schematicillustration of the geometry in the SARPES
experiments. S,denotes the spin polarization in the electronic structure of
KV,Se,0, whichis perpendicular to the (001) sample surface. fis the angle
between the normal direction of the sample surface and the emission direction
of photoelectrons. S, denotes the in-plane projection S, =S, sin 6, which can be
detected by the spin detector. b, Calculated spin-resolved FSs at k, = O with green
dashed lines indicating the momentum locations of cuts1and 2 in the BZ.

¢ 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.
Theblack curves are the MDCs at £ d,g, Spin-resolved MDCs at £; 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
ofthe spin-up and spin-down signalsind (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 hv = 67 eV under linear vertical polarization.
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with a d-wave formin electronic bands'2. As schematically illustrated
in Fig. 1c, the bands along [100] and [010] exhibit opposite
spin-splitting, corresponding to the same [C,||C,,] symmetry operation
in real space. By contrast, the bands are spin degenerate along [110]
enforced by the [C,||M;jo] symmetry, where M;;, represents a mirror
operation about the (110) plane.

Band structure with d-wave spin-splitting

Based on the magnetic structure in Fig. 1a, we calculated the electronic
structure of KV,Se,0. 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 k, and k, direc-
tions and quasi-two-dimensional (2D) FS pockets at the BZ boundary.
These FSs originate from opposite-spin 3d orbitals ofthe V,and V, sublat-
tices. Orbital-and spin-resolved band calculationsindicate 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 d,, orbital of V, and spin-down d,, 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 d,, orbital of V, and spin-down d,,
orbital of V, are nearly fully occupied. They form the small quasi-2D FS
pockets, as the d,, orbital is moreisotropicin the a-b plane. Comparing
the band structures at k, = 0 and 1 reveals weak k, dispersion near E;
(Extended DataFig. 3b). By contrast, the bands around -1 eV show mod-
erate k,dispersion because of the contributionfromthe d,. orbital, which
has stronger out-of-plane coupling. Overall, the band structure of KV,Se,O
hasanearly 2D nature, consistent with the photonenergy (hv)-dependent
ARPES results (Extended Data Fig. 3¢), reflecting the weak interlayer cou-
plinginitslayered crystal structure.

The band calculations without SOC show identical dispersion
but opposite spin-splitting along '-X-M and I'-Y-M, whereas the
bands along'-Mremain spin degenerate (Fig.2d), illustrating d-wave
spin-splitting in the altermagnetic phase of KV,Se,0. When SOC is
included, small gaps appear at the intersections along '-X-M and
I'-Y-M, whereas the band degeneracy along'-Mis preserved (Extended
Data Fig. 4). The degeneracy is lifted when deviating from k,= 0 and
1 (Extended Data Fig. 5). However, the splitting is minimal due to the
weak SOCinthe V3d orbitals, making the effects of SOC on the d-wave
exchange splitting negligible.

The altermagnetic spin-splitting arises from the anisotropic
crystalfields of ligand O and Se atoms. The anisotropy of crystal fields
leads to band anisotropy between -X-M and I'-Y-M. Because of the
C,, rotation symmetry, the bands along '-X-M of one sublattice cor-
respond to those along '-Y-M of the other sublattice. As the bands of
thetwo sublattices have opposite spin polarizations, the band anisot-
ropy results in momentum-dependent spin-splitting between them.
The spin-splitting across £; reaches a maximum of 1.6 eV at the X and
Y points, asindicated by the green arrowin Fig. 2d, which is one of the
highest values reported for altermagnetic materials. This notable
spin-splittingisassociated withtheV, d,,andV, d,, orbitals, whichform
highly anisotropic bondsin 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
FSsandbanddispersions (Fig.2c,e). We compared the ARPES datataken
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 £ on some
bands at 20 K arise from the SDW order, which will be discussed below.
Furthermore, the strongintensity midway betweenI'and M aligns more
closely with the calculations at k, =t (Extended Data Fig. 3d). The excel-
lentagreementbetween the experimental and calculated results strongly
supports the magnetic structure with altermagnetic order in KV,Se,O.

To verify the spin polarization of the band structure, we conducted
SARPES experiments. Asthe NMR data reveal that the spins align along
thecaxis, thespinpolarizationS,inthebandstructure was parallel tothe
normaldirection of the (001) sample surface. Inthe experimental set-up,
schematically illustrated in Fig. 3a, the spin detector can measure the
in-planespin polarization§,. Asthe samples were rotated away fromthe
normal direction by an angle 6, the spin polarization S, has anin-plane
projectionS, =S§, sin 8. To enhance the in-plane projection, we measured
momentum cutsin higher BZs by rotating the samples at larger angles.

Figure 3b shows the momentumlocations of two measured cuts that
pass through four representative spin-polarized FSsinthe BZ. The spin
polarizationsfollow adown-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 adown-up-down-up sequence along cut 2.
Thesspin-integrated ARPES spectraalong the two cuts have two hole-like
bandswiththeir tops closeto £ (Fig. 3¢,f), indicating that these cuts are
nearly tangent to the hole-like FS pockets. Additionally, two nearly linear
bands intersect below E; along cut 1, whereas the intersection point
shifts above E; along cut 2. This results in a switch of their k; positions,
corresponding to the intersection of the quasi-1D FSsin Fig. 3b.

Then, we measured the spin polarizations of the ARPES spectra
near E; along the two cuts. The spin-up and spin-down momentum
distribution curves (MDCs) at £, have four peaks (Fig. 3d,g), corre-
spondingto 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 1and 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 1and 2, respectively, the
in-plane projection S, =S, sin 6 = 0.4S,. As calibration, we measured
the spin polarizations of the topological surface state of Bi,Se,, which
is fully in-plane spin-polarized due to spin-momentum locking. The
spectra have a maximum spin polarization of about 30% for Bi,Se,
(Extended DataFig. 9). Giventhe 40% in-plane projectioninthe experi-
ments with KV,Se,0, the maximum value of 10% is consistent with the
spin polarizations along the zaxis in the bands. These results reveal that
the spin polarizations along the two cuts is antisymmetric with respect
to the nodal line '-M, providing solid evidence for the altermagnetic
order with an unconventional d-wave spin texture in KV,Se,0.

Another SDW order
Next, we analyse the electronic structure in the SDW phase below
100 K. Figure 4b,c displays the band dispersions along '-X and Y-M
at 20 K. The bands labelled «, 3, y and & are consistent with the cal-
culations in Fig. 2d. In addition to these original bands, extra bands
(o, y'and &) are observed near E;. The dispersions of these extra bands
matchthose of the original bands o, yand §, except for a shift of i/a along
the k. direction, indicating band folding withawavevector q = (1/a, i/a).
Thefoldedband a'(y’) intersectstheoriginalbandy («) at £, whereahybrid-
ized gap opens. The a and y bands are associated with the quasi-1D FSs,
whichare perfectly nested through q = (1/a, i/a) (Fig. 4d). Figure 4e shows
the symmetrized energy distribution curves (EDCs) at different momen-
tum locations onthe quasi-1D FSs, which exhibit auniformgap sizeacross
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 Xand Y points remained
gaplessin the SDW phase, indicating a metallic ground state (Extended
DataFig.10). Theseresultsreveal that FS nesting playsanimportantrole
inthe SDW transition.

Under the band folding with q = (1/a, t/a), the in-plane period
becomes \/Ea X \/Ea. In the SDW phase, the zero-field NMR spectra
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Fig. 4 |Electronic structure in the SDW phase. a, ARPES intensity plot at £
showing FSsin the k,-k, plane. The green dashed lines indicate the momentum
locations of cuts 3 and 4 in the BZ. b,c, ARPES intensity plots showing band
dispersions along cut 3 (b) and cut 4 (c). o, 3, yand 6 denote the original bands,
whereas a’, y’and 6’ denote the bands folded from «, yand 8. The colour scale in
the dashed box in b is adjusted to enhance the bands near the X point. d, Original
FSs (solid curves) extracted from the datain a with folded FSs (dashed curves) by
q =(1/a, /a). The black dashed lines indicate the reconstructed BZ in the SDW
phase. e, Symmetrized EDCs at 20 K at different k; points of the quasi-ID FS,
whose positions are marked by squaresin a.f, Symmetrized EDCs at the k; point
of the quasi-1D FS (marked by the black arrow in ¢) at different temperatures.

g, Top view of the V,0 plane in the SDW phase. Red and blue dashed circles
surrounding the Vatoms denote up and down spins. The size of the dashed
circles represents the magnitudes of the magnetic moments. The black dashed
lines indicate one unit cellin the SDW phase. The black dotted line indicates the
M,jo mirror plane. Two opposite-spin sublattices are connected by the [C,||Mj(]
operationin the SDW phase. h, Calculated spin-resolved band structure along
[-X-M-T inthe SDW phase. The size of the dots scales the spectra weight from
the calculations. The black dashed circles highlight the gap opening at £;. The
datainaand fwere collected with hv = 67 eV whereas those inb, cand e were
collected withhv=36 eV.

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
caxis. 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 [C,||M;;0] (Fig. 4g). Therefore, KV,Se,0O maintainsits
altermagnetismin the SDW phase.

Summary and outlook

Through a systematic characterization and analysis of the magnetic
and electronicstructures of KV,Se,0, we have unambiguously demon-
strated the existence of altermagnetic order with d-wave spin-splitting
inthe electronic bands. As a metallic room-temperature altermagnet
with highly anisotropic C,-symmetry spin-polarized FSs, KV,Se,0 holds
remarkable potential for spintronic applications. Given the anti-CuO,
structure of the V,0 plane, the d-wave altermagnet KV,Se,O is structur-
ally compatible with d-wave cuprate superconductors, thus paving
the way for uncovering previously unknown physics at the interfaces

ofunconventional superconductors and altermagnets® *¢, The emer-
gence of an SDW order provides a unique opportunity for explore
intriguing quantum phenomenainduced 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
V,Se,0 with a van der Waals structure can be synthesized*!, offering
a promising platform for developing 2D spintronic devices based on
altermagnetism.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Sample synthesis and characterization

KV,Se,0 single crystals were grown using KSe as the self-flux agent.
The K:V:Se:0 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 °Catarate of 2 K h™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 asuper-
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 KV,Se,O was
measured in zero-field-cooling and field-cooling modes with the mag-
netic field o H applied parallel to the caxis and a-b plane, respectively.
The magnetic field dependence of the magnetization of KV,Se,O was
measured with gogHupto 7 T.

NMR spectroscopy

NMR measurements were carried out using acommercial NMR spec-
trometer from Thamway Co. Ltd. The NMR spectra were acquired by
integrating the intensity of the spin echo at each frequency. *'V with
nuclear spin/=7/2 has seven NMR peaks due to quadrupole splitting.
At high temperatures, the satellite peaks are higher than the central
peak.Such behaviour hasbeenobservedinNaV,0;at 34 K (ref. 49). The
internal fields were calculated using B,, = f/y, where fis the frequency
and the gyromagneticratioy =11.19913 MHz T As the internal field at
the’'V position comes primarily fromits own electrons, the hyperfine
coupling constant should be like that of other vanadium materials.
The magnetic moments were estimated with M = B, /A,;, where the
hyperfine coupling constant A, =16 T/ is the value for LavVO, and
V,0; (ref. 50) and pg is the Bohr magneton.

The T, 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/=7/2.
The central peak was fitted by

M) =M® _ 1 <—£>+iex (—g>
Moy 84 OP\TT )t &P\,
75 (_g)+ 1,225 (_2_&)
362 OP\7 7 ) T 1716 n)

and the third satellite peak was fitted by

M(w)-M@) _ 1 (_L)Jriex (_3_t)+iex (_6_f)
M) 84 P77 ) 28 P 7) Ta®P\ T,
B ap(10), 75 g1
7P\ ) 36 P T
NERWE-UNEDWE )
Z P T )PP\ T )

where M(¢) is the nuclear magnetization at time ¢ 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 atime-of-flight diffractometer with
aneutron bandwidth of 4.8 A, and it provides a maximum resolution
Ad/d = 0.15%. The neutron patterndatain 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 260 =150°,
90°or 30°, respectively. The d-space range for data obtained from the
150° bank was between 0.05and 2.7 A, for data obtained from the 90°

bank it was between 0.06 and 4.3 A, and for data obtained from the 30°
bank it was between 0.12 and 28.11 A. The sample under investigation
wasloadedinto 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
withaXenocs Genix3D Mo Ka X-ray source (17.48 keV), which provided
2.5x10” photons per secondinabeam spot size of 150 pm at the sample
position. The measured samples were mounted onaHuber four-circle
diffractometer. Diffraction signals were collected by a highly sensitive
single-photon counting PILATUS3 R 1M solid-state area detector with
980 x 1,042 pix2. Each pixel was 172 pm x 172 pm. 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 (BLO9U) beam-
line and the BLO3U 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 x 10™ mbar.
SARPES measurements were carried out using the Scienta Omicron
DA30L electron analyser and asingle very-low-energy electron diffrac-
tion spin detector. The spin detection direction was perpendicular to
the entranceslit.

Density functional theory calculations

Thefirst-principles calculations were performed using the Vienna ab ini-
tiosimulation package®, with the generalized gradient approximation
of Perdew-Burke-Ernzerhof 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. Inthe
self-consistent calculation, aMonkhorst-Pack (9 x 9 x 5) k-point mesh*
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 orbitalsand O p orbitals.

Toinduce the SDW phase, we expanded the unit cell of the original
magnetic structure by a factor of v/2 x /2 without altering the atomic
positions. Toinvestigate the resulting magnetic moments, we applied
small correlation effects (with U=1.0 eV)*** to one pair of Vatoms, one
spin-up and the other spin-down. For direct comparison with the ARPES
experiments, we conducted aband-unfolding procedure®*’ to obtain
the effective band structure in the BZ before enlarging the cell.

Data availability
Allthe dataare available from the corresponding authors uponreason-
ablerequest. Source data are provided with this paper.
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-1

Extended Data Fig. 1| Single crystal X-ray and powder neutron diffraction
data. a, (K, L) map of reciprocal space at H=1measured at 80 K. The double peaks
originate from the small non-monochromaticity of the Mo x-ray source, which
consists of K, (17.48 keV) and K, (17.37 keV), and bremsstrahlung. The bright and
sharp diffraction peaks indicate that the samples are of high quality with only
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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. ¢, 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 (/,,,- I.,) 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.
Thessize 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 energy, showing FSsin the k, =0 plane. Vertical dashed lines and arrows indicate
spin-resolved FSs at k,=. Red and blue curves are spin-up and spin-down negligible k, dispersion of the FSs. d, Comparison of the ARPES data taken at
FSs. Black dashed lines indicate the BZ boundary. b, Calculated spin-resolved 20 K with the calculated bands at kz=1. The spectra are a sum of the data
band structure along high-symmetry lines at k,= 0 (solid curve) and m (dashed collected under LH and LV polarizations (Extended Data Fig. 8) with
curve).Red, blue, and green curves are spin-up, spin-down, and spin-degenerate hv=67eV.Dashed curves are shifted upward by 90 meV for better matching
bands. ¢, ARPES intensity plot at £; measured along I'-X with varying photon the experimental data.
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bands within the black square.

Nature Physics


http://www.nature.com/naturephysics

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

2 r X M Y r r X M Y r
Extended Data Fig. 6 | Tight-binding calculations. a, Tight-binding calculations the magnetically ordered phase. Red and blue represent spin-up and spin-down
of the bands derived from the V, d,, (dashed curves) and V, d,, orbitals (solid polarizations. ¢, Schematic of theV, d,,and V, d,, orbitals, which form § and
curves) in the nonmagnetic phase. b, Tight-binding calculations of the bands mtbonds, respectively, along the b axis.
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Extended Data Fig. 7 | Polarization-dependent ARPES data. a-c, ARPES intensity plots along '-X, Y-M and '-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 k,= 0.
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Extended Data Fig. 8 | Comparison of the ARPES data taken at 120 K with the calculated bands at k,= 0 (a) and it (b). The ARPES spectra are asum of the data
collected under LH and LV polarizations with hv=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 blue curves are spin-up and spin-down signals. ¢, Momentum-dependent spin
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b, Spin-resolved MDCs at an energy indicated by black dashed linein a. Red and inb. Red and blue filled areas highlight the spin-up and spin-down polarizations.
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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 k; points marked
by dashed linesin a. c, Symmetrized EDCs at the k; point #3 in a at different temperatures.
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