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ABSTRACT

Altermagnetism defies conventional classifications of collinear magnetic phases, combining compensated magnetization
with momentum-dependent, nonrelativistic spin splitting. While altermagnetic band splitting has been established in three-
dimensional compounds such as MnTe and CrSb, layered altermagnets remain far less explored spectroscopically. Here, combining
termination-resolved micro-ARPES, fine photon-energy mapping, spin-ARPES, and density functional theory, we map the three-
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dimensional fermiology of the layered g-wave altermagnet CoNb,Seg, obtained by ordered Co intercalation of 2H-NbSe,. We

resolve the spin-split branches of the altermagnetic pairs directly in the raw photoemission spectra and, with spin-ARPES at these

experimentally identified momenta, show the reversal of the spin polarization at opposite momenta and between two regions of

the sample, consistent with opposite time-reversal domains, and its absence along the symmetry-protected nodal I'-X direction.
We further report a weak low-temperature anomaly near T, ~ 50-60 K, detected by magnetometry, temperature-dependent micro-
ARPES, and ultrafast reflectivity, whose microscopic origin remains open. These results provide a momentum-resolved benchmark

of the electronic structure of a layered altermagnet.

1 | Introduction

Altermagnetism, recognized as the third elementary type in
the classification of non-relativistic spin-group symmetries, is
defined by the coexistence of zero-net magnetization and the
lifting of Kramers degeneracies, which lead to distinctive trans-
port phenomena [1-8]. These degeneracies are shaped by opposite
spin sublattices, interconnected through rotational symmetry
in real space [9-11]. Distinct from both ferromagnetism and
antiferromagnetism, this newly identified phase has sparked
considerable interest, presenting new challenges for the devel-
opment of spin-based technologies with potentially ground-
breaking properties. The absence of net magnetization offers
an advantage over conventional ferromagnetic technologies by
mitigating stray magnetic fields. Simultaneously, the lifting of
spin degeneracies, coupled with momentum-dependent spin-
locking, facilitates efficient spin filtering. Moreover, contrary to
traditional collinear antiferromagnets, altermagnets intrinsically
break time-reversal symmetry, giving rise to phenomena such
as the anomalous Hall effect, highlighting their potential for
novel electronic applications [12-15]. This rapidly evolving field
presents compelling opportunities to extend this phenomenol-
ogy to two-dimensional (2D) material systems [16, 17]. 2D and
thin-film altermagnets, along with their layered analogues, are
particularly intriguing, envisioned as altermagnetic counterparts
to graphene and graphite [18]. While significant progress has
been made, the high symmetry of most 2D antiferromagnets
prevents the stabilization of the altermagnetic phase [19-21] and
scalable layer-by-layer synthesis methods remain scarce [22],
highlighting the need for innovative approaches. Building on
the prediction of altermagnetism through site-ordered cobalt
intercalation of the superconducting polymorph 2H-NbSe, [18],
we employ a combined theoretical and experimental approach
to demonstrate its altermagnetic band splitting and spin texture.
The altermagnetic ground state of CoNb,Se; was predicted, and
its A-type order determined by neutron diffraction, by Regmi
et al. [18]. Dale et al. reported spin-resolved photoemission
evidence for nonrelativistic spin splitting, which they distinguish
from a relativistic splitting near K by its nodal structure and
temperature dependence [23], and Sakhya et al. spin-integrated
spectra consistent with it [24]. In both works, however, the spin—
split branches are not resolved separately in the spectra and are
identified through the comparison with DFT, so that the spin
signal cannot be assigned to specific bulk bands from the data
alone. Here, we resolve the two branches of the altermagnetic
pairs directly in the raw spin-integrated data (Figure 2c-g),
measure their spin polarization at these experimentally identified
momenta, show that it is finite and reversing along I'-M, where
any relativistic o, is forbidden by symmetry, and compatible

with zero along the nodal T'-K direction, where it vanishes in
the bulk, and show its reversal between two regions of the
sample, consistent with time-reversal domains. Finally, we report
a weak low-temperature anomaly near T, =~ 50-60 K, observed
in magnetometry, in temperature-dependent micro-ARPES as a
renormalization of the bandwidth, and in ultrafast reflectivity as
a sign change of AR/R. Its microscopic origin remains open.

2 | Results and Discussion

Single crystals of CoNb,Se; were synthesized using the chemical
vapour transport (CVT) method; all the data presented in the
following have been acquired on samples from a single growth
batch. Their composition and phases were monitored by x-ray
diffraction (XRD), magnetic susceptibility, specific heat capac-
ity, and x-ray photoelectron spectroscopy (XPS) measurements
(Figures S1- S4 [25]). The crystal structure depicted in Figure la
reveals Co-intercalated NbSe, planes, which doubles the unit cell
of the system, giving a 2 X 2 modulation. Such a 2 X 2 modulation
is clearly visible at room temperature, as confirmed by XRD data
(Figure S1), and persists in the altermagnetic phase, as revealed by
low-energy electron diffraction (LEED) (Figure 1b, and Figure S1).
This confirms that the unit cell doubling is an inherent feature
of the crystallographic structure. Both our bulk (XRD) and
surface (LEED) diffraction probes show exclusively the 2 x 2
superstructure on top of the primitive 1 x 1 NbSe, pattern, with
no detectable \/3 X \/5 R30° reflections, that is, the structural
fingerprint of a CoNb;Se,-type sublattice [26-29]. Any Co; ;-
type ordered intergrowth must therefore lie below the detection
limit of these probes and be structurally disordered. We can
therefore rule it out as the origin of the sharp dispersive features
observed throughout our (micro-)ARPES dataset, which instead
arise unambiguously from a well-ordered 2 X 2 phase consistent
with stoichiometric CoNb,Seg. Spectroscopic measurements fur-
ther reveal 2 x 2 backfolded electronic features, whose intensity
diminishes progressively from 150K and vanishes at higher
temperatures (Figures S8 and S9). This temperature dependence
may originate from surface-related effects or, more trivially, from
thermal broadening reducing the spectral resolution. Neverthe-
less, these changes do not affect the central conclusions of this
study, which are drawn from bulk-sensitive observations.

Similar to other intercalated transition metal dichalcogenides
(TMDs) [30], CoNb,Se; cleaves to reveal two distinct surface
terminations, each displaying markedly different electronic prop-
erties. Figure 1c,d presents schematics of these two terminations,
which were experimentally distinguished using scanning tun-
neling microscopy (STM). The Se-terminated surface, which
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FIGURE 1 | Surface-dependent crystalline and electronic structure. (a) Schematic of CoNb,Seg formed by 2H-NbSe, planes linked by Co atoms in
a 2 X 2 reconstruction. (b) LEED data (25eV, ~ 120 K) showing the 2 X 2 reconstruction: the orange circles indicate the 2 x 2 features, while the blue
circles are the primitive ones. (c-d) Schematics showing the possible surface terminations (Se and Co) after cleaving. (e) Se-termination (characterized
by triangular tiling) and (f) Co-termination, measured by STM, and their corresponding Fourier transforms. (g) micro-ARPES spatial map acquired
by measuring the Se 3d and Co 3p core levels; yellow corresponds to Co-terminated regions. (h) Core levels acquired from the two different surface
terminations [curve colors matching the circle colors in (g)]; the highlighted spectral features are attributed to surface replicas for the Co-termination.
(i-j) Corresponding Fermi surfaces and (E, k) dispersions, collected at 25K with p-polarized photons at 47.5eV (black indicates high intensity in the

ARPES scale).

appears to be the cleanest, exhibits the characteristic triangular
tiling of the 2H-NbSe, polymorph (Figure le). In contrast, the
Co-terminated surface is typically more disordered yet remains
clearly distinguishable from the Se-terminated surface (Figure 1f).
Additional STM data are provided in Figure S3.

We used angle-resolved photoelectron spectroscopy with few-
micron spatial resolution (micro-ARPES) to validate these
observations. Fermi surfaces for each surface termination were
acquired by mapping the surface composition through Se 3d and
Co 3p core level measurements (Figure 1g). Spatially resolved
maps indicate that each homogeneously terminated region spans
approximately 20 um laterally. According to our data in Figure 1h,
the Se-termination (blue curve) exhibits surface replicas of the
3d core levels, whereas Co-terminated regions (red curve) show
distinct spectral features, including an additional peak at lower
energies possibly formed by a different coordination of Co-Se
atoms. It is important to note that the cleaving process can intro-
duce random surface vacancies, which are readily identifiable in

the core level spectra and may locally degrade the ARPES signal.
In any case, the altermagnetic phenomena discussed here are of
bulk origin and remain unaffected by either surface terminations
or surface disorder.

The Fermi surface maps, along with the energy and momentum
(E, k) dispersions along the I' — M direction (Figure 1i,j; black
indicates the presence of electrons), reveal a complex and rich
electronic structure. For both terminations, the intensity displays
a pronounced threefold symmetry, accompanied by multiple
petals and back-folded features. As shown Figure S8, such a
modulation is evidenced by the replication of I'-point features
at the M-point. The Co-termination is overall the most prevalent
and dominates high-resolution ARPES measurements with larger
light spot sizes, as seen in Figure S6- S12. In any case, our study
reveals a bulk phenomenology, thus terminations do not affect
the results we present. For simplicity, we accordingly restrict our
analysis to data obtained from this termination and we move to
the characterization of the magnetic phase.
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CoNb,Se; crystallizes in the centrosymmetric space group
P6;/mmc, No. 194. The A-type collinear antiferromagnetic order
along c reduces the magnetic space group to P6;/m’'m’c, and the
corresponding non-relativistic spin space group is generated by
combining the crystallographic operations of 6/mmm with the
spin operations that relate the two opposite-spin Co sublattices,
in agreement with the spin-group assignments of Refs. [9, 5, 31]
for this class of compounds, and with the symmetry analyses
recently reported on the same compound [23, 26]. Operations that
preserve the Co sublattices (the threefold rotations, inversion, the
mirrors perpendicular to (100) and the twofold axes along (100))
are combined with the identity in spin space, whereas those that
exchange them (the {6, |00§} screw, the mirror {m, |00§}, thec
glides perpendicular to (110) and the twofold axes along (110))
are combined with a spin flip. In Litvin notation the spin space
group is P716;/7'm 'm ~lc *™1, the same as for the NiAs-type
altermagnets MnTe and CrSb [9, 10, 32]; the full analysis is given
in Supporting Information, Section VI and Table S3 [33-35]. From
the general classification of space groups and their associated
allowed altermagnetic spin-splittings [31], it follows that the
lowest-order non-relativistic spin-split form factor compatible
with the spin group of 2 x 2 reconstructed CoNb,Sey is the g-wave
harmonic

A(k) o k, k, (3k2 — k2), @

whose nodal manifold consists of the two high-symmetry planes
k, = 0and k, = 7 /c together with the three vertical mirror planes
containing the I'-K high-symmetry lines. The splitting therefore
vanishes in the k, = 0 and k, = 7/c planes (as required by the
antiferromagnetic Kramers degeneracy at those planes) and along
the directions where the angular factor ky(3k,zc — k) is zero, while
it reaches its maximum at intermediate k, (such as k, = 7/2c)
and at general k-points off the high-symmetry directions. The
role of k, is thus pivotal: the breakdown of Kramers degeneracy
manifests in the electronic structure away from bulk high-
symmetry points. Photon-energy-dependent measurements are
therefore required to select k,, and fine photon-energy steps
are used to tune the photoemission matrix elements and to
select favorable k, windows. The large c-axis lattice constant of
CoNb,Se; (see Figure S1 and discussion) means each photon
energy probes multiple k, values simultaneously, leading to par-
tial spectral broadening [36]. Nevertheless, varying photon energy
enables modulation of matrix elements and band intensities,
which significantly enhances the detection of subtle spectral
features. This capability is exemplified in the Fermi surface maps
obtained at different photon energies in Figure 2a-c (see also
Figures S10- S12, where photon energy measurements with fine
step are reported). Owing to the large c axis, each photon energy
integrates over a k, window (Ak, ~ 0.2 A~!) comparable to the I'-
Adistance (7 /c ~ 0.25 A~1); the maps in Figure 2ac are centered
near bulk T, near A and at an intermediate k,, respectively.
The nodal structure is therefore identified through spin-resolved
observables that are independent of k, (the null along I'-K) or
protected by symmetry against k, broadening (the reversal at
opposite momenta; Supporting Information, Section VIII).

While all Fermi surfaces share common features, that is, hexag-
onal flower-like central contours and elongated “spindles”, the
map in Figure 2c reveals a clear splitting in the electronic band

structure, which complements and refines the picture emerging
from prior ARPES work on the same compound [23, 24]. In
particular, the altermagnetic splitting is directly visible in our
raw spin-integrated photoemission data, as resolved contours
in the Fermi-surface maps at intermediate k, (Figure 2c, also
highlighted by arrows in Figure 2d), and as two distinct peaks
in the corresponding momentum distribution curves (MDCs)
at the Fermi level (Figure 2g). The combination of micro-
ARPES with a ~ 4 um beam spot, fine photon-energy mapping
in the range from 25 to 75eV, and systematic light-polarization
control further allows us to address individual single-termination
regions, select favorable k, windows in which the g-wave splitting
is symmetry-allowed, and tune the photoemission matrix ele-
ments so that the otherwise nearly degenerate branches become
unambiguously visible.

We note that in the Fermi surfaces, some of the spectral features
appear as filled patches of intensity rather than contours as
expected from density functional theory (DFT) calculations. This
is attributable to photoemission matrix elements, which strongly
vary with both geometry and photon energy. For the same
reason, matrix element effects cause the splitting to be more
or less evident at nominally the same k, = 7/2c, but different
photon energies.

The experimental Fermi surfaces align with DFT (Figure 2f and
Figure S13) in capturing the fermiology across the k, planes.
The spin-splitting of the Kramers-paired bands at multiple
momenta show remarkable agreement. This agreement is further
highlighted in Figure 2d, where the spin-up (red) and spin-
down (blue) bands from the DFT calculations coincide exactly
with the experimental data. There is a similarly strong match
between the DFT calculated (E, k) distributions across different
k, values and acquired micro-ARPES data, as shown in Figure 2h,
where blue and orange curves correspond to I' and A points,
respectively (see also Figure S14 for DFT-calculated (E, k) spectra
in the I'-K direction). In order to display a simpler representation
of the electronic dispersion for comparison with micro-ARPES
measurements, we have mapped the spin-polarized electronic
eigenvalues and eigenvectors of the bulk altermagnetic 2 x 2
CoNb,Se; supercell (SC) into the bigger Brillouin zone of the
1 x 1 NbSe, primitive cell (PC) via an unfolding scheme [37]. The
thickness of the bands in the unfolded electronic dispersions is
proportional to the spectral weight

2

Pe,(k) = Y (Rm)kin| , @

n

which is the probability of finding a set of PC states, |Ein),
contributing to the SC state, |[Km) [37], where m and n are band
indices and i runs over the number of K vectors.

Notably, while eigenvalues for k, =0 and k, = 7/c are spin-
degenerate (as expected for an antiferromagnetic system), DFT
results for k, = w/2c (rightmost panel in Figure 2h, where
the red/blue colors are used to highlight spin-up/down bands)
provide a precise benchmark for finding where Kramers degen-
eracies are lifted, identifying CoNb,Se; as a g-wave altermagnet
and enabling a one-to-one correspondence with the experimental
data. Near the Fermi level, the theoretical altermagnetic splitting
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FIGURE 2 | Fermiology, DFT, and spin splitting. Fermi surfaces at bulk I' (51 eV, (a)), A (75¢V, (b)), and an intermediate point near k, = 7 /2¢
(55¢eV,(c)). (d) Zoom-in on the splitting, with and without DFT calculations. The arrows indicate sections where the bands are prominently separated. (e)
Top: (E, k)-spectra at 44 eV (nominal k, near A; see Supporting Information, Section VIII), where matrix elements favor the split branches (see Supporting

Information for additional energies), using p- (LH, left) and s-polarized (LV,

right) light. Bottom: same (E, k)-spectra with overlaid DFT calculations.

(f) DFT spin-polarized 2D Fermi surfaces of CoNb,Seg at k, = 0, k, = 7 /c, and k, = 7 /2c. (g) MDCs at the Fermi level from (e), highlighting multiple
split bands. (h) DFT spin-polarized bands of CoNb,Seg unfolded in the large Brillouin zone of (1 x 1) NbSe, alongM — T — M for k, = 0, k, = 7 /c, and
k, = 7 /2c, with spectral weight P¢, = defined in Equation (2). (i) spin-ARPES at opposite k-points (55 eV p-polarized, as in (c)), showing EDCs at k; and

MDCs at the Fermi level (insets).

is in excellent agreement with the experimental spectra (lower
panel in Figure 2e), and the bands forming the altermagnetic
pairs are labeled as +k, ;,. Including spin-orbit coupling (SOC)
opens gaps of up to 0.1 and 0.2eV at band crossings at I' and
A, respectively, where the altermagnetic splitting vanishes by
symmetry. At the momenta of the altermagnetic pairs +k;, ,,
SOC shifts the bands by less than 20meV and leaves (S,) ~
+0.5h (essentially fully polarized), whereas the nonrelativistic
splitting is &~ 150 meV (Supporting Information, Section VI and
Table S4). Moreover, any time-reversal-even o,, including the
hidden Ising polarization of the NbSe, layers [38, 39], is forbidden

along I'-M by the vertical mirror containing this direction, and
cannot account for the spin-ARPES pattern discussed below.
The non-zero spin character of these bands is further validated
by spin-ARPES measurements (Figure 2i), collected for the o,
spin component at multiple k values within the plane centered
at k, = m/2c. Both energy distribution curves (EDCs) at +kg,
and MDCs at the Fermi level across numerous k points reveal
a small, yet clear, spin-reversal pattern. The corresponding
spin polarization and its 1o statistical error bands are shown
in Figure S23, to directly assess the significance of the sign
reversal. The antisymmetric part of the polarization, [P(k) —
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P(—k)]/2 ~ 6 = 1.5% in magnitude at E — E, = —0.05¢€V, corre-
sponds to about four standard deviations and is insensitive by
construction to any k-independent instrumental offset; the data
treatment is detailed in Supporting Information, Section VII.
This behavior is consistent with theoretical predictions and
is observed at four different k points in the MDCs (insets
of Figure 2i), further supporting the validity of our findings.
Importantly, a non-zero spin signal and sign swap at time-
reversal momenta have been found systematically for various
cleaves. Moreover, moving the beam spot by ~ 1mm on the
same cleaved surface reverses the spin contrast at the same
momentum, consistent with a region of opposite time-reversal
domain (Figure S20). An additional sanity check is provided by
spin-ARPES along the I'-K direction, which corresponds to a
symmetry-protected nodal plane of the g-wave form factor of
Equation (1): the measured spin signal along this direction is
compatible with zero within the 1o uncertainty (Figures S19
and S23). In the bulk, o, along I''K vanishes by symmetry
even when SOC is included, because the c glide containing I'-
K is a symmetry of P6,/m’'m’c without time reversal; at the
surface this glide is lost, but the hidden Ising polarization
of the topmost NbSe, layer that would then be allowed is
expected to be strongly reduced by the covalent bonding of
adjacent layers through the intercalated Co (Supporting Infor-
mation, Section VII). This discussion, along with considerations
about the domain size and extra sets of data, is expanded in
the dedicated Section VII of the Supporting Information and
Figures S19- S23. The combination of micro-ARPES and spin-
ARPES presented here thus robustly confirms the altermagnetic
character of CoNb,Ses, in excellent agreement with DFT cal-
culations showing the g-wave altermagnetic splitting and its
k, dependence.

Interestingly, we observe a small kink at T ~ 50K in the mag-
netization as measured by SQUID (Figure S3), which we refer
to as the low-temperature anomaly at T,. We note that this
temperature does not coincide with the ~ 28-36K transition
recently associated with the non-centrosymmetric \/5 X \/§ R30°
ordering of Co-excess CoNb;Se, [18, 26, 27, 40], which is not
detected in our diffraction probes (Figure S1). Moreover, due to
competing magnetic interactions, even small changes in the Co
concentration would stabilize a magnetic transition temperature
lower than 170 K [26], which is inconsistent with our data. There-
fore, the presence of this signal does not change the robustness
of the conclusions presented above; however, it warrants further
investigation. In order to gain more insight into this phenomenon,
we measured micro-ARPES spectra below and above T, at two
photon energies and at linear vertical (LV) and linear horizontal
(LH) light polarizations. We report a temperature-driven behavior
(Figure 3a), with a significant band renormalization (Figure 3a—d
and Figure S7). We observe the renormalization across multiple
photon energies and independently of light polarization; in
particular, Figure 3c displays the difference in spectral intensity
between data collected above and below T, for the different
photon energies and polarizations, so that modifications to the
bandwidth appear more evidently. This is also shown more
explicitly in Figure 3d with EDCs extracted at specific k points
(indicated in Figure 3a) across various photon energies for both
temperatures. Crucially, micro-ARPES provides precise spatial
control, allowing us to maintain the same position when varying
the temperature.

Additionally, we performed time-resolved reflectivity measure-
ments on the same batch of samples. Figure 3e shows the
evolution of the reflectivity variation (AR/R) measured shortly
after the absorption of the pump pulse (¢t —t, ~ 100fs). At a
fluence of ~ 150 uJ cm™2, two distinct sign changes in the AR/R
signal are observed near 130 and 50K, as measured directly
by the cryostat sensor, corresponding to ~ 170K and ~ 60K
on the sample due to nonlinear sensor-to-sample offset. A sign
change of AR/R is commonly observed when the electronic
structure changes at the onset of an ordered phase, as in cuprate
superconductors and charge-density-wave systems [41, 42]. The
sign change near 130K can be related to the paramagnetic-
altermagnetic transition; the effect near 50K coincides with the
band renormalization shown in the micro-ARPES spectra in
Figure 3 and with the kink in the magnetization. The micro-
scopic origin of this anomaly remains open, and extrinsic effects
cannot be excluded. We only note that the optical response is
electronic in character: as detailed in the Supporting Information,
Section 1V, the steady-state pump-induced heating is below 3K,
and the reflectivity signal AR/R (650 nm) evolves on a sub-200 fs
timescale, faster than expected for phonon-mediated effects. This
statement concerns the probe signal and not the origin of the
anomaly: the sign change reflects a modification of the allowed
optical transitions, consistent with the band renormalization
observed by micro-ARPES. No anomaly is resolved in the heat
capacity near T, (Supporting Information, Section I); given the
dominant lattice contribution at these temperatures, this does
not exclude a small electronic contribution, and high-resolution
thermodynamic measurements will be required to establish the
origin of the anomaly.

3 | Conclusions

In conclusion, we have resolved the altermagnetic band splitting
of the layered g-wave altermagnet CoNb,Seg, stabilized via Co
intercalation in 2H-NbSe,. Using micro-ARPES, spin-ARPES,
and temperature-dependent reflectivity combined with DFT, we
provide direct evidence of Kramers degeneracy lifting and reveal
the spin-polarized band splitting characteristic of altermagnetic
phenomena; moreover, we report a low-temperature anomaly
accompanied by a renormalization of the bandwidth with tem-
perature, whose microscopic origin requires further investigation.
These findings establish CoNb,Se; as a well-characterized model
system for layered altermagnets, on which future studies of
exfoliated flakes, heterostructures and transport can build.

4 | Methods
4.1 | Sample Growth

Single crystals of CoNb,Se; were synthesized using the chemical
vapor transport (CVT) method. High-purity cobalt (Co, 99.99%),
niobium (Nb, 99.999%), and selenium (Se, 99.9999%) powders
served as starting materials. To prevent contamination and resid-
ual oxygen during synthesis, the quartz ampoule was chemically
cleaned and subjected to vacuum heat treatment prior to loading.
The raw materials were then sealed in a quartz ampoule (approx-
imately 10 mm in diameter and 150 mm in length) along with
iodine (5 mg/cm?® relative to ampoule volume) as the transport
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FIGURE 3 | Low-temperature anomaly. ARPES spectra (black indicates high intensity in the ARPES scale) collected at two distinct photon energies:

37.5eV (top row) and 47.5eV (bottom row), and for temperatures above and below T,. These are shown for both (a) p-polarization (LH) and (b) s-
polarization (LV). (c) Difference between spectra collected above and below T; orange (purple) corresponds to a negative (positive) difference. The
strong electronic renormalization manifests as a decrease in the overall bandwidth, while kr remains constant. (d) EDCs collected at different photon
energies (indicated along the vertical axis) for spectra below T, (orange) and above it (purple). These are shown for two k values (k; and k,) as indicated
in (a). () AR/R signal as measured by ultrafast reflectivity at ¢ — t, ~ 100fs for 150 uJ cm~2 fluence. The two zero-crossings of the AR/R signal at
Ty ~ 50K and T; = 130K are highlighted. The temperature axis refers to the sensor; on the sample, T, corresponds to ~ 60K and T, corresponds to

~ 170K.

agent. The sealed ampoule was evacuated to a high vacuum and
placed in a two-zone horizontal furnace, with the source region
maintained at a higher temperature than the growth region.
Optimal temperature gradients and iodine concentration were
critical for achieving high-quality crystal growth. For CoNb,Seg,
the source region was held at 960°C-980°C, while the growth
region temperature was initially increased incrementally from
880°C to 900°C over 100 h. Subsequently, both zones were held
at constant temperatures for an additional 300 h to facilitate
the growth of large single crystals. Finally, the temperature was
reduced gradually over 100 h, with the source region cooled
to 200°C and the growth region to 100°C, before allowing the

ampoule to cool naturally to room temperature. The resulting
single crystals measured approximately 5 X 5 x 0.1 mm?. Residual
iodine was removed from the crystals by rinsing with a methanol
solution. The mole fraction “x” in Co,NbSe, was preliminarily
determined using energy-dispersive x-ray spectroscopy (EDS) in
a field-emission scanning electron microscope (FE-SEM, JEOL
7500). High-precision quantification was subsequently performed
using x-ray photoelectron spectroscopy (XPS) at the APE-HE
beamline of the Elettra synchrotron radiation facility in Trieste,
Italy (details in Supporting Information). The crystal struc-
ture and quality were confirmed using high-resolution x-ray
diffraction (XRD, D8 Advance, Bruker, Germany). Additional

Advanced Materials, 2026

70f 10

85U8017 SUOWILOD 3A 118810 3edldde ay3 Aq peusencb s e s9oile O ‘8sn Jose|ni 10} ArIqiT]8UIIUO A1 UO (SUOIPUOD-PUE-SULLBI WO A8 | 1M AlRIq 1 BU1|UO//SANL) SUORIPUOD PUe SWB | 8L 88S *[9202/0T/0z] uo Ariqiauliuo A8|iM ‘0luel L I IS PAIUN AQ 985/ BWPR/Z00T OT/I0p/L00" A3 1M ARe.q 1 Bul{UO"PeoLreApe;/:Sdny Wo.j pepeoiumod ‘0 ‘S60rTZST



sample characterization is shown in Sections I and II of the
Supporting Information.

4.2 | Synchrotron Radiation Measurements

Micro-ARPES measurements were performed on in situ cleaved
samples. The beam was focused using the capillary mirror optic at
the 105 beamline at Diamond Light Source, with a final beam spot
of ~ 4 um FWHM. The base sample temperature was 25K. The
standard ARPES data were acquired at the CASSIOPEE beamline
at Synchrotron SOLEIL (Paris, France) with momentum and
energy resolutions better than 0.018 A-'and 10 meV, respectively.
The sample temperature was fixed at circa 20K, that is, well
below the magnetic transition temperature, for all measurements.
The Fermi surfaces were obtained by rotating the sample around
the analyzer focus, with the slit positioned orthogonal to the
rotation axis. Data were acquired using photon energies in the
range from 25 to 75 eV, which allows us to tune the photoemission
matrix elements and to locate the high-symmetry points along
k, (Supporting Information, Section VIII). Spin-ARPES was per-
formed using V-LEED technology at the APE-LE laboratory at the
Elettra Synchrotron (Trieste, Italy) and with LH light. For these
measurements, the samples were aligned with the slit along the
I'-M direction and kept under normal emission conditions. The
various momenta were reached via the use of deflectors. The spin-
ARPES was performed with the sample held at a temperature
of 15K. The treatment of the spin-resolved data is described in
Supporting Information, Section VII. In all ARPES and spin-
ARPES measurements, the samples were fixed to the sample
holder using silver epoxy (HD20E, Epotek). A small ceramic post
was secured to the top of the sample using the same epoxy. Once
the samples were introduced into the measurement chamber,
they were cleaved under ultrahigh vacuum conditions (better
than 1071 mbar) and after being cooled to the base temperature
of 15K.

4.3 | Computational Details

Collinear spin-polarized DFT calculations (without Hubbard
correction, that is, DFT+U) have been performed using the
plane-wave pseudopotential method as implemented in the
Quantum ESPRESSO package v.7.2 [43, 44]. We employed a
norm-conserving pseudopotential for Se atoms and ultrasoft
pseudopotentials for Nb and Co atoms, the latter taken from
the Garrity-Bennett-Rabe-Vanderbilt library [45], with energy
cutoffs of 45 and 450 Ry for the wave function and electron den-
sity, respectively. Electronic band structure and energetics have
been obtained using the Perdew-Burke-Ernzerhof (PBE) [46]
exchange-correlation functional. The Brillouin zone has been
sampled with a I'-centered Monkhorst-Pack k-point mesh of 9 x
9 X 16 points and a first-order Methfessel-Paxton [47] electronic
smearing of 5mRy, ensuring convergence of the total energy
per atom in the supercell within 1 meV /atom. We investigated
the energetics of Co-intercalated 2x2 NbSe, (CoNb,Ses) in
the paramagnetic (PM), ferromagnetic (FM), and altermagnetic
(ALM) configurations and as a function of the Co position
by relaxing both lattice parameters and internal coordinates
until residual forces were below 1073 Ry /Bohr (see Supporting
Information, Section VI). Bulk altermagnetic 2 x 2 CoNb,Se,

supercell eigenvalues and eigenvectors have then been mapped
into the 1x1 NbSe, primitive-cell Brillouin zone using the
scheme of Popescu and Zunger [37], as implemented in the code
unfold.x [48].
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