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Altermagnetism is a magnetic phase combining characteristics of both anti-
ferromagnetism and ferromagnetic ordering. Despite growing theoretical
interest in altermagnetic materials, reports of experimentally verified high-
Néel temperature layered compounds are limited or remain to be firmly
established. Here, we present an angle-resolved photoemission spectroscopy
and density functional theory study of Coy/4TaSe,, acompound we identify as a
layered altermagnetic material. Magnetic susceptibility measurements con-
firm type-A antiferromagnetic ordering with a Néel temperature of 178 K. Our
spin-resolved and spin-integrated angle-resolved photoemission spectroscopy
measurements reveal an electronic band structure in excellent agreement with
density functional theory calculations, demonstrating clear signatures of
altermagnetic spin splitting at the Fermi surface. Furthermore, temperature-

dependent angle-resolved photoemission spectroscopy reveals a recon-
structed valence band structure, with observable band shifts upon heating
above the Néel temperature, consistent with the suppression of altermagnetic
order. These findings establish Coy4TaSe, as a promising platform for
exploring altermagnetic phenomena.

The interplay between magnetic ordering and electronic properties
has been a prime topic of investigation within condensed matter
physics since the field’s inception. As a result of this work, magnetic
materials have been implicated in emerging technologies, such as
magnetic storage and spintronics'. Long-range magnetic ordering has
been traditionally classified into two main categories: ferro(ferri-)
magnetic (FM) and antiferromagnetic (AFM). The distinguishing factor
separating these phases is that, in the latter case, spin sublattices are
related by a crystal symmetry that requires the net magnetization to be
zero (and not compensated accidentally). An ideal FM possesses fully

uncompensated magnetic moments, resulting in permanent net
magnetization, which breaks time-reversal symmetry and lifts the spin-
degeneracy of electronic states”>. Compensated AFM materials, on the
other hand, feature vanishing net magnetic moments®. The question of
how compensated AFM ordering affects the electronic bands is highly
contingent upon the crystallographic symmetries relating to magnetic
sublattices. This distinction has led to the further classification of
compensated collinear AFM materials under the term “altermagnet-
ism”, the altermagetic materials being such that (as opposed to com-
pensated ferrimagnets) a crystal symmetry assures the compensation,
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but (as opposed to traditional antiferromagnets) this symmetry is
neither translation nor inversion*®. Altermagnets are distinguished
from other compensated AFM materials by macroscopic electronic
responses resembling ferromagnets, including spin-splitting of the
electronic bands; however, just like in FMs, the exchange splitting is on
the scale of the Hund'’s rule coupling (i.e., electronvolts), and, unlike
FMs, it integrates to zero and shows a characteristic winding across
momentum space>®’ ™,

The search for altermagnetic materials is driven by the need to
overcome technological limitations inherent to both ferromagnets
and antiferromagnets. In ferromagnetic spintronics, stray fields and
spin torques introduce inefficiencies and crosstalk between devices,
while antiferromagnets, despite their robustness against external
perturbations, suffer from weak spin-readout signals due to the
absence of a net magnetic moment'. Altermagnets present a compel-
ling alternative by combining the best aspects of both material classes:
robust spin-polarized transport and the absence of stray fields. Early
indications of altermagnetism came in compensated AFM materials
showing the anomalous Hall effect’. Research into altermagnetic
materials remains in its infancy, with limited experimental studies of
altermagnetic band splitting being performed mostly on MnTe'>%° and
CrSb* 2,

Transition metal dichalcogenides (TMDs) have seen significant
research interest due to their van der Waals layered structure and their
exhibition of collective quantum phenomena, such as super-
conductivity, magnetism and charge density wave (CDW)
formation®~°. Due to the layered structure of these materials, inter-
calation of transition metal elements between the TMD layers has
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Fig. 1| Establishment of Altermagnetic Crystal and Magnetic Structure in Coy,
4TaSe,. a 3D visualization of the Coy/4TaSe, unit cell, with Co, Ta, and Se atoms
being represented by blue, green, and gray spheres, respectively. b Viewing of the
Coys4TaSe; crystal structure along the c-axis. The smaller dashed parallelogram
represents the 1H-TaSe, unit cell, and the larger solid one represents the Co, 4 TaSe,
unit cell. ¢ Bulk hexagonal Brillouin zone with high-symmetry points labeled.

d Magnetic susceptibility of CoysTaSe; featuring a clear magnetic transition at
Tn=178 K, as indicated by the dashed vertical line. The field-cooled (FC) and zero-
field-cooled (ZFC) susceptibilities were measured under a 0.1T field applied parallel

become a popular approach for tuning electronic and magnetic
properties. The intercalated elements interact with the unique band
structure of the TMD layers, introducing crystal symmetry
modifications® and many-body instabilities, including emergent
charge density wave ordering®, superconductivity*>**, and itinerant
magnetism®-*>*%, While the choice of intercalant is a key design factor,
the intercalated sublattice structure also provides significant control.
Recently, the intercalated TMD compound, Co;,4NbSe,, has been stu-
died, which contains cobalt atoms forming a hexagonal sublattice
between van der Waals layers of 2H-NbSe,, preserving the space group
of the parent compound, including inversion symmetry”~*°, Neutron
diffraction, magnetic susceptibility”’, and SR measurements® were
used to characterize the magnetic behavior of Co;4NbSe,, which
revealed a type-A AFM ordering with moments oriented along the c-
axis. Density functional theory (DFT) calculations and angle-resolved
photoemission spectroscopy (ARPES) measurements®**° indeed
revealed the presence of altermagnetic splitting along the I' — M’
direction within the k, = m/2c plane (See Fig. 1c).

We synthesized Coy4TaSe, by intercalating cobalt, which uni-
formly doubles the in-plane 2H-TaSe, unit cell (Fig. 1a,b). Our magnetic
characterization suggests that the Co atoms order anti-
ferromagnetically below 178 K with an easy-axis anisotropy, consistent
with previous reports of a type-A AFM via neutron scattering®.

The crystal and magnetic structure shows that the AFM symmetry
contains a mirror plane, while the opposite spin sites are not related by
a simple inversion or translation, thus satisfying the condition of
altermagnetism. Compared to Co,,4sNbSe,, Coy4TaSe, brings more
extended 5d orbitals, leading to higher Fermi velocities, modified k,
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to the c-axis and are presented as red and blue points, respectively. e Magnetic
configuration with spin up (red) and spin down (yellow) pointing along the c-axis.
Moments are ordered ferromagnetically in the plane and antiferromagnetically
between c-axis layers. f Longitudinal resistivity of Co,4TaSe; single crystals as a
function of temperature. The Néel temperature at Ty = 178 K is indicated by the
downward-pointing arrow at the top of the panel. The bottom-right inset presents
the derivative of the resistivity with temperature, with Ty indicated by the vertical
dashed line.
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dispersion, and smaller net spin polarization of the Fermi surface for
comparable energetic splitting. These differences place Co;4TaSe; in a
distinct physical regime, allowing direct tests of how altermagnetism
scales with bandwidth and dimensionality. Recent neutron diffraction
studies reported a local Co moment of 1.35 g, lower than the expected
3 ug in the high-spin & configuration, suggesting involvement of Co
bands in the valence band structure®. Combined with reduced mag-
netic entropy recovery, this suggests partial delocalization of the
magnetic moments, likely involving hybridization with Ta 5d orbitals.
The partial delocalization of Co moments, typical of 3d transition
metals, combined with local crystal environments favoring alter-
magnetism, strongly motivates an electronic structure study of Coy,
sTaSe,.

In this work, we combine spin-resolved and spin-integrated ARPES
measurements with DFT calculations to investigate the valence band
structure of Coy4TaSe,. Our results indicate signatures of alter-
magnetic band splitting in this material.

Results

Coy,4TaSe, crystal structure and altermagnetic characteristics
Coy4TaSe, crystallizes in the hexagonal P6;/mmc space group (No.
194), matching that of the 2H-TaSe, polytype. The experimental lattice
constants are a = 6.8828(1) A and ¢ = 12.4535(3) A *. The structure
within the unit cell consists of 1H-TaSe, layers separated by inter-
calated Co atoms, as shown in Fig. 1a. The green, grey, and blue spheres
represent Ta, Se, and Co atoms, respectively. These cobalt atoms
occupy the 2a Wyckoff site, which preserves the space group and
introduces a 2 x 2 doubling of the 2H-TaSe, unit cell within the ab-
plane, which can be seen from the c-axis view, as depicted in Fig. 1b.

The 2H-TaSe, unit cell is shown as the smaller dashed line while
the Coyy4TaSe; unit cell is outlined by the solid line. Figure 1c shows the
hexagonal bulk BZ, with the k, = 0, /2c, and rr/c planes marked in blue,
pink, and red, respectively. High-symmetry points within these planes
are labeled as I, M, K (k, = 0); I', M, K’ (/2c); and A, L, H (1r/c).

The magnetic character of the Coy/,TaSe, sample was established
using magnetic susceptibility measurements, shown in Fig. 1d. We find
a sharp suppression of the magnetic susceptibility below 178 K, indi-
cating antiferromagnetic ordering below this temperature®. This
transition temperature is further corroborated by temperature-
dependent heat capacity measurements, which show a clear lambda-
like anomaly at Ty = 178 K (See Supplementary Fig. 1). Figure 1le pre-
sents a diagram that depicts the magnetic configuration within the unit
cell. The moments are centered on the Co 3d orbitals and show type-A
behavior, with ferromagnetic in-plane exchange interactions and AFM
out-of-plane coupling.

Our DFT calculations show that magnetic moments are well
localized on Co, with only about 10% of the opposite-sign magnetiza-
tion generated in the TaSe; layers, indicating that the reduction of the
moment compared to ideal Co* high-spin state is due to Co forming an
itinerant band, corresponding to the non-integer valence state. Indeed,
recent neutron scattering studies on Coy;,TaSe, report a reduced
magnetic moment on the Co sites, but no magnetization on other
atoms*.

Figure 1 f presents the in-plane longitudinal resistivity (p,) as a
function of temperature and the temperature derivative of the resis-
tivity (dpx/dT) within the Fig. 1f inset. The resistivity increases
monotonically with temperature, which suggests metallic behavior.
The temperature variation of the resistivity is much larger below the
Néel transition, which is common in materials with strong scattering of
carriers off spin fluctuations. This influence of the magnetic ordering
on the resistivity suggests that Co electrons are itinerant and con-
tribute substantially to overall conductivity. Indeed, our DFT calcula-
tions suggest that about a quarter of the total density of states at the
Fermi level comes from Co. The magnetic and transport properties of
our samples are consistent with the previous report®.

Observation of altermagnetic spin-splitting

Given the support of altermagnetism in the crystal and magnetic
structure, we search for evidence of spin-splitting in the electronic
bands. ARPES is widely considered to be the most direct experimental
probe of the electronic band structure, which motivates our use of it
alongside DFT calculations. The sample temperature was maintained
at T =7 K, well into the AFM phase. Core-level photoemission reveals
distinct Ta 4f, Ta 5p, and Se 3d peaks. Notably, the Se peaks are
accompanied by two shallower features, which can be attributed to
shifted orbital energies near the surface, consistent with a Se cleavage
plane**(see Supplementary Fig. 2). Figure 2a reveals the Fermi surface
measured using a photon energy of 55 eV and calculated within the
k,=m/2c plane (where theoretically the maximal splitting is expected).
Calculations are overlaid upon the experimental Fermi surface, with
red/blue lines indicating the spin-up/down Fermi surfaces. For com-
parison, the experimental ARPES measurement without the calcula-
tions overlaid is shown in Fig. 2b. The Fermi surface is described by a
small electron-like pocket surrounding the I’ point, petals along the
' — K’ direction, and the dog-bone pockets surrounding the M’ point.

The spin-splitting of the Fermi surface shows clear g-wave sym-
metry with a six-fold alternation of the opposite-spin Fermi surfaces.
The Fermi surfaces show spin-degeneracies along the I' — K’ direc-
tions. Moving away from the I’ — K" direction, the magnitude of the
splitting increases when rotating toward the I' — M’ direction. The
altermagnetic spin-splitting is most prominent on the dog-bone
pocket, showing clear separation of the opposite-spin Fermi surfaces
along I' — M'. The evolution of the Fermi pockets with increasing
binding energy is shown in Fig. 2¢, d for E — E = - 100 meV and -150
meV, respectively. In Fig. 2¢, the closed petal pockets along the I’ — K’
direction transform into open spin-split pockets crossing the K’ point.
Continuing down to Fig. 2d, the Fermi surface shows a highly spin-
polarized constant energy contour, with both the narrow elliptical
pockets and the fan-shaped pockets along the I' — M’ direction
showing complete spin-polarization.

Next, we turn our attention to the electronic band dispersion. The
electronic bands are calculated between the three-dimensional high-
symmetry directions within the k, = O and m/2c planes, with high-
symmetry points labeled according to their k, plane with unprimed
and primed labels, respectively, as shown in Fig. 2e. Complete spin-
degeneracy of the electronic bands are observed except along the
[’ — M’ direction, where the separation between the solid blue line and
dashed red line represents the splitting between opposite-spin elec-
trons. The dog-bone pocket can be identified as the two steeply dis-
persing bands crossing the Fermi energy close to the M' point. The
momentum separation between these Fermi crossings is about 0.01
A7, We compare our DFT calculation with the ARPES-measured dis-
persion along the I' — K’ and for angles rotated by 10, 20", and 30°
toward I’ — M’ in the four panels of Fig. 2f. The directions of these cuts
are also shown in Fig. 2b for clarity. The two right panels in Fig. 2g
demonstrate the dispersion decreasing with the photon energy from
hv=>55eV (k,=m/2c) to 51eV (k, = n/4c) and 48 eV (k, = 0), respectively.
The three-dimensional dispersion of the low-energy bands is more
clearly presented in Supplementary Fig. 5. The I' — K’ dispersion
shows two spectral features crossing the Fermi energy, which form the
front (left) and back (right) of the petal Fermi pockets. Rotating toward
the I' — M’ direction shows a gradual broadening of the spectral
intensity corresponding to the gradual separation of the spin-split
bands. Similarly, moving away from the k, = n/2c plane reduces the
broadness of the spectral feature following the reduction of the spin-
splitting. The momentum distribution curves (MDCs) integrated over a
range of £13 meV were taken at the Fermi energy and are indicated in
the right-most panels of Figs. 2f,g.

A zoomed-in view of these MDCs is shown in Fig. 2h, where the
solid line represents the raw photoemission intensity and the shaded
area surrounding the solid line represents the standard deviation of
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Fig. 2 | Observation of altermagnetic spin-splitting in Co,/4TaSe,. a, b ARPES-
measured Fermi surface with and without the DFT-calculated Fermi surface over-
laid. ¢, d Further CECs taken at £ - Ex=(2025): 100 meV and -150 meV, respectively.
e Calculated electronic band dispersion taken along several high-symmetry direc-
tions. Unprimed high-symmetry labels denote points residing within the k, = 0
plane, while primed labels correspond to points lying in the k, = /2c plane. The red
dashed and solid blue lines denote opposite-spin bands, which show spin-
degeneracy along every presented direction except I'-M'. f ARPES-measured band
dispersion along I’ — K’ (left-most panel), then rotated by 10" increments toward
the ' — M’ direction. MDCs taken along each of the cuts at the Fermi energy are
shown on the top of each panel, with colors ranging from pink (I" — K’) to blue
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(" — M’) corresponding to the rotation angle. g Decreasing k, from m/2c toward k, =
0 (= M). The purple and red MDCs are taken at the Fermi energy and correspond
to k, = m/2c and O, respectively. h The MDC taken at the Fermi energy along the
[’ — M’ direction measured using 55 eV photons (top panel, in blue) and 48 eV
(bottom panel, in red). The shaded region surrounding each MDC indicates the
standard deviation of photoemission counts measured for MDCs above the Fermi
energy. Curve fitting using Voigt functions was performed to confirm the size of the
altermagnetic spin-splitting and estimate the lineshape of the individual bands. The
sample temperature was maintained at 7 K, well into the altermagnetic phase.
ARPES measurements were performed at SSRL Beamline 5-2.

the noise taken above the Fermi energy. The MDC taken at hv = 55 eV
shows a clear hump on the right side, indicating the presence of a
second feature with a separation close to the momentum resolution
limit. We perform a fit of the MDC using Voigt functions, where we find
two peaks of similar width separated by ~0.09A7, close to the instru-
mental (Gaussian) peak width of ~0.08A™. This is to be contrasted with
the MDC obtained along the I — M using hv = 48 eV, which shows a
single-peak lineshape.

Electronic band structure across the altermagnetic transition

The influence of magnetic ordering on the electronic band structure is
further investigated by varying the temperature across Ty = 178 K.
Figure 3a, b present the ARPES-obtained Fermi surfaces, measured
using 55 eV photons, at a temperature of 7 K and 200 K, respectively.
The Fermi surface shows a significant broadening of its features, which
produces an enlargement of the Fermi pockets along the I' — K’
direction. Similarly, the intensity coming from the petal-shaped
pockets along I" — K’ is significantly reduced above Ty, however, the
band forming this feature doesn’t disappear, as it can still be resolved
in the dispersion cuts across both temperatures (See Supplementary
Fig. 3). Figs. 3¢, d focus on the dispersion cuts along the I' — M’
direction. Attention is drawn to two regions shown within the red and
green boxes, which contain the most apparent modifications to the
spectra. The red box in Fig. 3¢ shows the band forming the small hole-
like pocket around the " point. Compared with the high-temperature
result within the same region in Fig. 3d shows the suppression of the
spectral intensity at the Fermi energy potentially indicates a downward
shift of the pocket away from Er. The region within the green box
highlights the spin-split bands producing the dog-bone pocket dis-
cussed in Fig. 2. The low-temperature cut shows a two-peaked spec-
trum corresponding to the altermagnetic splitting (red and blue
diamonds in Fig. 2c), while the high-temperature spectrum shows a

narrower band crossing the Fermi energy (gray diamonds in Fig. 2d).
Measurements at intermediate temperatures between 20 K and 80 K,
presented in Fig. 3e, establish that both the hole-like band around the
I point and the widened dog-bone feature persist when heating the
sample to 20 K and 80 K, but disappears for T = 200 K, above Ty.
Cycling the temperature back down below Ty reestablishes the low-
temperature features. The dispersion cuts provide an overview of the
temperature-dependent modifications, though consideration of the
energy distribution curves (EDCs) and momentum distribution curves
(MDCs) provides a more direct comparison of the photoemission
intensities. Figure 3f presents stacked MDCs integrated over a 15 meV
window and taken 50 meV apart. The MDC peak positions exhibit
minimal variation between the T =7 K and T = 200 K profiles, sug-
gesting that temperature-dependent modifications to the band struc-
ture are comparable to or smaller than the experimental resolution.
Differences in the MDC peak intensities provide clues as to how these
details of the band structure are modified across the magnetic tran-
sition. The innermost peaks display reduced intensity at T = 200 K
across all binding energies considered, consistent with thermal
broadening of these features. The outer peaks, however, retain similar
intensities for -100 meV < E - Er < 0 meV, but become suppressed in
the range -200 meV < £ - Ex < -100 meV. This behavior may reflect the
closing of small altermagnetism-induced band gaps at elevated tem-
peratures. Stacked EDCs taken within the corresponding red (green)
boxes in Figs. 3¢, d are shown in Fig. 3g (Fig. 3h). The blue (red) EDC
lines provide the 7 K (200 K) sample temperature results.

The altermagnetic spin-split bands discussed in Fig. 2 show a
reduced spectral intensity in the PM phase, as is seen in the left-most
EDC in Fig. 2f. This effect may arise due to changing photoemission
matrix element effects with modified orbital composition across the
magnetic transition. In addition to this reduction near the Fermi
energy, further redistribution of the spectral intensity is observed
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Fig. 3 | Temperature evolution of the Electronic Structure across Ty. a, b ARPES-
measured Fermi surface measured using 55 eV photons at a sample temperature of
7 K and 200 K, respectively. ¢, d Corresponding band dispersion along the I’ — M’
for low and high temperatures. The red and green boxes highlight parts of the
dispersion spectrum showing clear modifications with temperature. e The tem-
perature variation of the band dispersion along the [’ — M’ direction at T=20K, 80
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K, 200 K, and cycled back to 80 K. f Stacked MDCs along the [' — M’ direction
integrated over 15 meV and offset by 50 meV. The shaded region surrounding each
MDC indicates the standard deviation of photoemission counts measured for
MDCs above the Fermi energy. g, h Experimental EDCs stacked along the I’ — M’
direction taken from within the red and green boxes.

within the remaining EDCs of Fig. 2f, which are likely due to a combi-
nation of thermal broadening, suppression of altermagnetic splitting,
and magnetic gaps closing near the M’ point.

Spin texture of the altermagnetic band structure

To assess the origin of the observed band splitting in the ARPES
spectrum, we performed spin-resolved ARPES using a Scienta DA30
hemispherical analyzer equipped with a 3D Spin VLEED detector,
focusing our attention on the out-of-plane S, spin component (see
Fig. 1e). We consider the EDCs across the dog-bone pocket along the
I’ — M’ direction in Figs. 4a, b. Fig. 4a presents the spin-resolved EDCs
obtained during spin-resolved ARPES measurements taken across the
dog-bone pocket along the I’ — M’ direction, taken at k; = 0.35 A,
0.38 A", and 0.41 A™. For ease of interpretation, Fig. 4b presents the
spin-integrated ARPES intensity with approximated spin-up (down)
EDC peak positions indicated by red (blue) diamonds, capturing the
independent dispersion of these two spin channels. Across these
selected momenta, the spin-resolved EDCs reveal a clear evolution of
the spectral weight associated with opposite spin channels. At
k= 0.41A™, the spin-down component exhibits a peak shifted closer to
the Fermi energy relative to the spin-up component, indicating an
energy splitting between the two spin levels. Moving toward
k, = 0.38A, the spectral features corresponding to the two spin
channels become more closely aligned in energy. On the opposite side,
at k; = 0.35A7, the spin-down peak shifts downward toward higher
binding energy and the spin-up component moves closer to the Fermi
energy. This evolution demonstrates a flipping of the dominant spin
character across the dog-bone pocket, in agreement with the spin
texture predicted by our DFT calculations.

The corresponding spin polarization extracted from the EDCs is
shown in Fig. 4c. The polarization is obtained from the asymmetry
between the spin-resolved intensities, normalized by the Sherman
function of the detector. Across the dog-bone pocket, the low-energy
spin polarization exhibits a clear sign change, evolving from positive to
negative as momentum is swept across this spectral feature. This sign

reversal is consistent with the momentum-dependent spin-splitting
described above. To further scrutinize the g-wave character of the
altermagnetic splitting, we present the EDCs taken along the curved
path, connecting a point along the I' — M’ direction, where pro-
nounced altermagnetic splitting is expected, with a point along the
I’ — K’ direction, where spin-degeneracy is expected. For clarity, we
have included a diagram of the cut directions in Fig. 4d, where cut 1 is
along the I’ — M’ line and cut 2 is the curved trajectory. Indeed, the
EDCs taken along cut 2 are presented in Fig. 4e, showing a decreasing
spin polarization when moving from the I’ — M’ line to the I’ — K’ line.
Taken together, our spin-resolved ARPES measurements establish that
the electronic states near the Fermi level not only show clear spin-
polarization, but also carry a well-defined and alternating S, polariza-
tion, consistent with the predicted altermagnetic ground state.

It is important to note that the two cobalt sites within the unit cell
are related by mirror symmetry and a general k does not retain Kra-
mers degeneracy. However, the hexagonal crystal symmetry forces
nodal (spin-degenerate) planes within the /~K-H-A plane, along with
the k, = 0 and k, = m/c planes (see Fig. 2). Therefore, the electronic
structure obtained in DFT calculations and confirmed via ARPES
measurements, as presented in Fig. 2, exhibits clear g-wave splitting.
Previous reports on MnTe and CrSb similarly revealed g-wave alter-
magnetic splitting>*. Coy,TaSe, is unique among the discussed
altermagnetic materials due to its layered van der Waals structure,
opening a pathway for potential implementation in heterostructures
and interfaces involving topological materials and superconductors®.
Recent studies have extended this concept to engineered systems,
including epitaxial thin films*, few-layer altermagnetic bilayers exhi-
biting all-electrical layer-spin control*, and heterostructures enabling
electrical manipulation of spin transport*. Within this emerging con-
text, an altermagnetic intercalated transition metal dichalcogenide
such as Coy4TaSe, provides an intrinsically layered, van der Waals
platform that bridges bulk and interface-based altermagnetism, posi-
tioning it as a promising candidate for future device-oriented and
heterostructure studies. Furthermore, there is currently significant
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Fig. 4 | Spin-polarization of electronic bands via Spin-ARPES. a Spin-resolved
EDCs corresponding to the momenta indicated in (b). The relative energy position
of the spin-up and spin-down peaks shift continuously across the dog-bone pocket,
demonstrating a reversal of the spin polarization and a finite energy splitting
between the two spin channels. b Band dispersion from the total photoemission
intensity (/. + /) along the I' — M’ direction across the dog-bone pocket. The three
vertical dashed lines indicate the momenta at which spin-resolved EDCs are
extracted (k = 0.41, 0.38, and0.35A™"). Colored markers denote the approximate
peak positions of the spin-up (red) and spin-down (blue) components, illustrating
the momentum-dependent reversal of the dominant spin character across the
band. ¢ The out-of-plane spin polarization ({S,)) for the EDCs presented in (a) using
the measured asymmetry divided by the Sherman function. The polarization

exhibits a clear sign reversal across the dog-bone band, varying from approximately
-13% to +13%. The bottom panel depicts the calculated electronic band dispersions
over that same interval. Arrows serve as a guide to the eye for corresponding the
calculated dispersions with the observed evolution of the spin polarization. d DFT-
calculated Fermi surface with the relevant cuts overlaid. e The spin-resolved EDCs
taken along a curved path between a point on the I’ — M’ line (EDCI1) and the " — K’
direction (EDC2). As the EDCs are rotated, the spin polarization continuously
decreases until it reaches the nodal plane along the I — K’ direction. The calculated
band dispersions along the ' — M’ and I" — K’ directions are reproduced in the
right two panels to illustrate the end points of the path. Vertical dashed lines
indicate the momenta locations of EDC1 and EDC2. a-c were taken along cut 1,
along the I’ — M’ direction, while (e) was taken along the curved path, cut 2.

research interest in synthesizing Moiré lattices in transition-metal
dichalcogenides.

Taken together, these findings support a dual character of mag-
netism in these Co-intercalated 2H-TMD systems. The Co moments
exhibit partial localization, which allows for RKKY-mediated coupling
to the itinerant electrons and results in band hybridization features
appearing below Ty. Simultaneously, the itinerant component is
responsible for momentum-selective gap openings and redistributions
of spectral weight at the Fermi level, consistent with the direct parti-
cipation of the Fermi surface in the magnetic ordering. This inter-
mediate picture, which bridges the physics of localized and itinerant
limits, aligns with broader observations in other 3d transition metal
systems where incomplete moment recovery and momentum-
dependent reconstructions coexist. This interplay leaves a clear
imprint on the low-energy electronic structure. The absence of strong
precursor fluctuations above Ty suggests that this interplay becomes
operative only in the magnetic ordered state, pointing to a cooperative
mechanism in which static order locks in the reconstruction of the
electronic bands.

We have revealed a characterization of the magnetic and elec-
tronic structure of Coy4TaSe,. This is an intercalated TMD compound
exhibiting a hexagonal symmetry of magnetization in momentum
space, i.e., a g-wave altermagnet. Low-temperature spin-resolved and
spin-integrated APRES is used in conjunction with first-principles DFT
calculations to study the altermagnetic electronic structure, where a
clear g-wave spin-splitting of the Fermi surface and valence band
structure is observed in agreement with the calculated spin-resolved

band structure. This spin splitting is present when the electronic
structure is measured using 55 eV photons, corresponding to the
k,=m/2c plane, whereas measuring the same band using 48 eV photons
(k, = 0) shows a vanishing of the splitting. The ARPES-measured band
structures are compared below (T =7 K) and above (T =200 K) the Néel
temperature (Ty = 178 K). In addition to the vanishing of the alter-
magnetic spin-splitting at high temperature, several more dramatic
reconstructions of the band structure are observed, including the
closing of the small I’ pocket and the reduction in the spectral inten-
sity at the Fermi surface. This work, in conjunction with recent SR and
neutron scattering studies of the magnetic structure, suggests an
intermediate localized-itinerant behavior of the moments, based on
observed modifications of the electronic structure both near and away
from the Fermi energy. Thus, Coy4TaSe; is a promising platform for
the manifestation of altermagnetism as an additional factor in under-
standing the complex interplay of magnetism and the electronic band
structure of a material.

Methods

Crystal growth and characterization

Coy4TaSe; single crystals were synthesized via chemical vapor trans-
port using iodine as the transport medium. Initially, a polycrystalline
precursor was prepared by sealing stoichiometric amounts of cobalt
powder (Alfa Aesar, 99.998%), tantalum powder (Alfa Aesar, 99.8%),
and selenium pieces (Alfa Aesar, 99.9995%) in an evacuated silica
ampoule and heating the mixture at 950 °C for five days. The mixture
was then cooled to room temperature, pulverized, and annealed
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further for another 5 days at 950 °C to let the precursor homogenize
properly. Approximately 1.5 g of the resulting powder was combined
with 0.28 g of iodine and placed in a fused silica tube of 14 mm inner
diameter. The tube was evacuated and sealed under vacuum. The
sealed ampoule, 10 cm in length, was placed horizontally in a single-
zone furnace with the hot zone (furnace center) maintained at 940 *C
for two weeks. This process yielded multiple well-faceted, flat, plate-
like single crystals of Coy/4TaSe, in the hot end of the tube.

Synchrotron-based high-resolution ARPES measurements
Synchrotron-based high-resolution ARPES measurements on Coy,
4TaSe; were performed at the Stanford Synchrotron Radiation Light-
source (SSRL) Endstation 5-2. Millimeter-sized single crystals were
prepared by mounting them onto the metal sample holder and sand-
wiching them under a ceramic post held together by silver epoxy
paste. The sample was cleaved at a temperature of 7 K and with a
pressure better than 5 x 10™ Torr maintained during the course of the
measurements. The energy and angular resolution were set to 20 meV
and 0.I', respectively.

Synchrotron-based Spin-Resolved ARPES measurements
Synchrotron-based Spin-Resolved ARPES measurements on Coy,
4+TaSe, were performed at the Advanced Light Source (ALS) Beamline
10.0.1.2. These measurements utilized a Scienta DA30 hemispherical
analyzer equipped with two Focus FERRUM VLEED spin polarization
detectors. The Sherman function value for the Ferrum VLEED detec-
tors is 0.18. The sample was cleaved at a temperature of 7 K and with a
pressure better than 5 x 10 Torr maintained during the course of the
measurements. The energy and angular resolution were set to 40 meV
and 0.5, respectively.

Ab initio density functional theory calculations

First-principles Density Functional Theory (DFT) calculations were
performed using a plane-wave basis set within the pseudo-potential
framework, as prescribed in the Vienna Ab initio Simulation Package
(VASP)*"*%, The exchange-correlation interactions were treated using
the Generalized Gradient Approximation (GGA) within the Perdew-
Burke-Ernzerhof (PBE) functional*. A plane-wave energy cutoff of 600
eV was employed throughout the calculations. Structural optimization
was conducted by relaxing the internal atomic positions until the
Hellmann-Feynman forces were reduced below 0.001 eV/A, while
keeping the lattice parameters fixed at experimentally determined
values (a =b = 6.88 A and ¢ = 12.47 A). A 9 x 9 x 4 k-point mesh was
utilized for Brillouin zone sampling, and the electronic self-consistency
criterion was set to 107 eV.

Data availability

The first-principles relaxed CIF atomic coordinates and ARPES source
data for the Fermi surface, the dispersion along the M' — " — M’ for
both 7 K and 200 K, and the spin-resolved EDCs along the I' — M’
direction are available in the UCF STARS database, at https://stars.
library.ucf.edu/datasets/30. The data supporting the findings of this
study are available within the paper and the Supplementary Informa-
tion. Further data are available from the corresponding author upon
request.
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I. SUPPLEMENTARY NOTE 1. MAGNETORESISTANCE AND HEAT CAPACITY MEASUREMENTS

Supplementary Figure 1a shows the magnetoresistance of Co,,4TaSe; measured with current in an arbitrary direc-
tion in the ab-plane and magnetic field along the c-axis. The magnetoresistance is defined as MR = (p(H) — p(H =
0))/p(H =0). At 1.8 K the MR at 9 T is very small (0.9%), which is consistent with those observed in other members
of the intercalated TMDs [1, 2]. The MR decreases with increasing temperature, attaining a value of 0.014% at 200
K. The temperature-dependence of the heat capacity measured on Co;/4TaSe; single crystals is presented in Sup-
plementary Fig. 1b. For temperatures between 0 and 178 the heat capacity shows a Debye-like monotonic increase
with increasing temperature. At T = 178 K a clear lambda-like anomaly is present, indicating the presence of a
second-order phase transition, consistent with that reported in a previously [3].

II. SUPPLEMENTARY NOTE 2. CORE-LEVEL PHOTOEMISSION SPECTRUM

Supplementary Figure 2 presents the core-level spectrum for the Co;/4TaSe; sample at the measurement position
for the ARPES presented in the main text. A photon energy of 120 eV was used for the collection of the core-level
spectrum. Prominent SOC-split Ta 4f and Se 3d peaks were observed at E — Ep = 21.6 eV, 23.5 eV, 52.7 €V,
and 53.5 eV, respectively. Surface replicates were observed for Se peaks at 53.1 and 52.3 €V, indicating that a Se-
plane cleavage was measured. These results are in agreement with micro-ARPES measurements on closely related
Coy/4NbSey, which demonstrated the prevalence of the Se-cleavage [4].

III. SUPPLEMENTARY NOTE 3. MOMENTUM DEPENDENCE OF TEMPERATURE-DEPENDENT
ELECTRONIC BAND RECONFIGURATION

Supplementary Figure 3 presents the ARPES-measured dispersion cuts along the I' — K direction (within the I'-K-
H-A plane). The apparent disappearance of the petal-pockets from the Fermi surface in Fig. 3b of the main text can
be explored by considering the dispersion cuts along the I' — K direction. The front of the petal-pocket is formed by
the band crossing the Fermi energy closest to the I' point, which can be clearly seen as a sharp feature in the top row
of Supplementary Fig 3. However, the high-temperature dispersion results, taken at a temperature of 200 K, does
not show a removal of the band but a suppression of its intensity near the Fermi energy.

IV. SUPPLEMENTARY NOTE 4. PHOTON ENERGY VARIATION OF THE FERMI SURFACE

Supplementary Figures 4-6 present the photon-energy variation of the obtained ARPES spectrum for Co; /4 TaSes.
Supplementary Figure 4a-e presents the in-plane Fermi surfaces measured using 40, 45, 50, 55, and 60 eV photons,
respectively. Supplementary Fig. 4f presents the Fermi surface within the I'-M-L-A plane (See Fig lc of the main
text), as obtained by varying the photon energy. The main circular intensity shows little photon-energy dependence,
indicating that they form quasi-2D pockets. The petal-pockets show more pronounced k, dependence, as can be seen
by the pocket moving closer, then further from the I' (forming the I'-A line) and the narrowing/broadening of the
petal pocket width. The presence of open Fermi surface pockets with weak k, dispersion is a signature of quasi-
2D systems, where electrons are tightly confined within atomic layers (in-plane) and weakly coupled between them
(out-of-plane). The layered crystal structure naturally leads to anisotropic orbital overlap, with significantly reduced
dispersion along k.. The modest k.-dependence of the main pocket suggests finite but weak interlayer coupling, while
the petal features are highly 2D and likely tied to symmetry or hybridization effects. Supplementary Figure 5 further
highlights this trend by presenting the low-energy CECs, taken at £ — Fr = 0 meV, -25 meV, and -50 meV.

The Fermi surfaces and CECs taken within the I'-M-L-A plane are presented in Supplementary Figure 6. The top
row presents the CECs for both low temperature (T = 7 K), while the bottom row shows the high temperature (T =
200 K) results. Weakly dispersing, yet clearly three-dimensional dispersion is demonstrated for each of the pockets,
which appear to gently oscillate with increasing k .
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Fig. 1. Magnetoresistance and Heat Capacity of Co,,,TaSe> single crystals. a The magnetoresistance is measured
with the current applied within the ab plane and a magnetic field applied perpendicularly along the c-axis. Sample temperatures
of 1.8 K (blue curve), 40 K (brown), 100 K (green), 150 K (purple), and 200 K (red) are indicated by their respective colored
curves. b The heat capacity vs temperature measured under zero applied magnetic field. The downward-pointing arrow
indicates the Néel temperature (Tn=178 K).
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Fig. 2. Core-level spectrum for Co,/sTaSez. Peaks associated with Ta 4f, Ta 5p, and Se 3d orbitals are identified, and
labels are placed above the corresponding features. Spin-orbit split orbitals are labeled by their orbital angular momenta. The
inset presents a zoomed view of the Se core levels. The primary bulk spin-orbit-split peaks are indicated by black arrows, while
duplicate peaks associated with the surface environment are indicated by blue arrows.
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Fig. 4. Variation of ARPES-measured Fermi surface with photon energy. Experimental Fermi surfaces were measured
using (a) hv = 40 eV, (b) 45 eV, (c) 50 eV, (d) 55 eV, and (e) 60 eV photons. (f) Fermi surface parallel to the I' — M direction
along the out-of-plane momentum. The vertical axis and dashed red horizontal lines correspond to the 7-12th BZ I" point. The
two vertical dashed lines label the M point projection. The out-of-plane Fermi surface was obtained using 30-140 eV photons.
Here overline bars are used over the high-symmetry labels to indicate they are located at an arbitrary k.. Panels (a-c) are
plotted with intensity scaling indicated by the intensity bar on the right of panel (c), while panel (f) has intensity indicated by

the scale on the right.
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Fig. 5. Fermi surface and low-energy CECs using different photon energies. The rows present the CECs measured
using photon energies of 50 eV, 55 eV, and 60 eV, going from top to bottom. The columns present the CECs taken at the Fermi
surface, £ — Er = -25 meV, and -50 meV, going left to right. Each panel contains an outline of the first surface-projected BZ,
with high-symmetry labels included on the top-left panel. Intensity bars are included on the far right panels. All panels share
the same intensity scaling.
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Fig. 6. Temperature dependence of the Fermi surface and CECs along the out-of-plane momentum direction.
The top row shows the low-temperature (T = 7 K) CECs at E — Er = 0.0 €V, -0.05 eV, -0.1 eV, and -0.15 eV, going left to
right. The bottom row shows the same CECs, but measured at a higher sample temperature of T = 200 K, above the Néel
temperature. In each panel, the rectangular projection of the bulk BZ is indicated by the blue dashed line. The top-left panel
includes the high-symmetry labels. Intensity bars are included on the far right panels. All panels share the same intensity
scaling.
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