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Abstract

Altermagnetism defies conventional classifications of collinear magnetic phases,
standing apart from ferromagnetism and antiferromagnetism with its unique com-
bination of spin-dependent symmetries, net-zero magnetization, and anomalous Hall
transport [1-6]. Although altermagnetic states have been realized experimentally
[7, 8], their integration into functional devices has been hindered by the structural
rigidity and poor tunability of existing materials [9-11]. First, through cobalt interca-
lation of the superconducting 2H-NbSes polymorph, we induce and stabilize a robust
altermagnetic phase and using both theory and experiment, we directly observe the
lifting of Kramers degeneracy [12—15]. Then, using ultrafast laser pulses, we demon-
strate how the low temperature phase of this system can be quenched, realizing the
first example of an optical altermagnetic switch. While shedding light on overlooked
aspects of altermagnetism, our findings open pathways to spin-based technologies and

lay a foundation for advancing the emerging field of altertronics [16, 17].

*** These authors contributed equally.

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 transport phenomena
[2, 18-20]. These degeneracies are shaped by opposite spin sublattices, interconnected
through rotational symmetry in real space [1, 7]. Distinct from both ferromagnetism and
antiferromagnetism, this newly identified phase has sparked considerable interest, present-
ing new challenges for the development 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 in-
trinsically break time-reversal symmetry, giving rise to phenomena such as the anomalous

Hall effect, highlighting their potential for novel electronic applications [9-11, 21].
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This rapidly evolving field presents compelling opportunities to extend this phenomenol-
ogy to two dimensional (2D) material systems [22, 23]. 2D and thin-film altermagnets,
along with their layered analogues, are particularly intriguing, envisioned as altermagnetic
counterparts to graphene and graphite. [24]. While significant progress has been made, the
high symmetry of most 2D antiferromagnets prevents the stabilization of the altermagnetic
phase [25-27] and scalable layer-by-layer synthesis methods remain scarce [28], highlighting
the need for innovative approaches. Building on proposed material growth strategies [24],
we tune the superconducting polymorph 2H-NbSe, via site-ordered Co intercalation, sta-
bilizing a robust and well-defined altermagnetic state. Using a combined theoretical and
experimental approach, we demonstrate its magnetism, altermagnetic band splitting, and
spin texture, establishing Co;/4NbSe; as the first g-wave altermagnetic layered material.
Finally, we show how to control the low-temperature phase of this layered altermagnet by

using ultrafast laser pulses.

Single crystals of Co;/,NbSe; were synthesized using the chemical vapour transport
(CVT) method. Their composition and phase were monitored respectively by X-ray photo-
electron spectroscopy (XPS) and X-ray diffraction (XRD). (For further details, refer to the
Methods Section and the Supplementary Information Figs. S1-S3.) Consistent with Ref.
[24], the crystal structure depicted in Fig. la reveals Co-intercalated NbSe, planes, which
doubles the unit cell of the system, giving a 2 x 2 modulation, which we detect by low-energy
electron diffraction (LEED) at low temperature (see Fig. 1b). However, while the doubling of
the unit cell is an intrinsic feature of the crystal structure, we also observe, by spectroscopy,
a reduction of the 2x2 modulation above 150 K (See Supplementary Information Fig. S7),
possibly attributable to the occurrence of an additional charge order (See Supplementary

Information Figs. S4—S6 for time-resolved optical spectroscopy measurements).

Similar to other intercalated transition metal dichalcogenides (TMDs) [29], Co;/4NbSe,
cleaves to reveal two distinct surface terminations, each displaying markedly different elec-
tronic properties. Figs. 1c—1d present schematics of these two terminations, which were ex-
perimentally distinguished using scanning tunneling microscopy (STM). The Se-terminated
surface, which appears to be the cleanest, exhibits the characteristic triangular tiling of the
2H-NbSe; polymorph (Fig. le). In contrast, the Co-terminated surface is typically more
disordered yet remains clearly distinguishable from the Se-terminated surface (Fig. 1f). Ad-

ditional STM data are provided in Supplementary Information Fig. S2.
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FIG. 1. Surface-dependent crystalline and electronic structure. a. Schematic of
Coy/4NbSey formed by 2H-NbSe; planes linked by Co atoms in a 2 x 2 reconstruction. b. LEED
data (145eV, 10K) showing the reconstruction: the orange circles indicate the 2 x 2 features, while
the blue circles are the primitive ones. ¢—d. Schematics showing the possible surface terminations
after cleaving: Se and Co. These two terminations are clearly visible in both STM and micro-
ARPES data. e. Se-termination (characterized by the 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 with yellow corresponding to Se-terminated
regions. h. Core levels acquired from the two different surface terminations (curve colours match-
ing the circle colours in g); the highlighted spectral features are attributed to surface replicas for
the Se-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).
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FIG. 2. Fermiology, DFT, and spin splitting. Fermi surfaces at bulk T (51 eV, a.), A (75
eV, b.), and an intermediate point near k, = 0.25 A~! (55 eV, c. - this energy makes the matrix
elements favorable to detect the splitting in the Fermi surface). d. Zoom-in on the splitting,
with and without DFT calculations. The arrows indicate sections were the bands are prominently
separated. e. (E, k)-spectra at an intermediate point between I and A (44 eV shows more favorable
matrix elements in this direction - See Supplementary Information for additional energies) using
p- (LH, left) and s-polarized (LV, right) light, with DFT calculations on the lower panel.f. DFT
spin-polarized 2D Fermi surfaces of Co;/,NbSes at k, = 0 A~! | k. = 0.5 A~1 | and k. = 0.25
A~1 g. MDCs at the Fermi level from e., confirming multiple split bands. h. DFT spin-polarized
bands of Coy/4NbSey unfolded in the large Brillouin zone of (1 x 1) NbSez along M —T' — M for
k., =0A"1 05A1 and 0.25 A~ | with spectral weight Pg . i. spin-ARPES at opposite

k-points (55€eV, as in c.), showing EDCs at ks; and MDCs at the Fermi level (insets).
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Spectroscopically, our data analysis reveals multiple splittings in the electronic band
structure and suggests a need to revisit earlier interpretations and the inferred determination
of altermagnetic splittings [30]. 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 sample’s surface composition
through Se 3d and Co 3p core level measurements (Fig. 1g). This approach allowed accurate
positioning of the light spot on either Se- or Co-terminations. The Se-termination, which
seems dominant in this sample, exhibits surface replicas of the 3d core levels (red curve),
while Co-terminated regions show distinct spectral features, including an additional peak at

lower energies (blue curve) possibly formed by a different coordination of Co-Se atoms; see

Fig. 1h.

The energy and momentum (F, k) dispersions along the I' — M direction, along with the
Fermi surface maps, 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 in Supplementary Information Fig. S7 and S9, the in-
plane back-folding results from the 2 x 2 modulation, which becomes significantly weaker
above 150 K. This modulation is evidenced by the replication of I'-point features at the
M-point. The Se-termination is overall the most prevalent and dominates high-resolution
ARPES measurements with larger light spot sizes, as seen in the Supplementary Information
Figs. S7-S12. We accordingly restrict our analysis to data obtained from this termination;

other surface-specific phenomena will be the focus of a separate study.

From a recent comprehensive classification of space groups and their associated allowed
altermagnetic spin-splittings [31], it follows that 2 x 2 reconstructed Co;/4NbSe; (SG 194)
must feature g-wave altermagnetic spin-split bands of the generic form k.k, (3k2 — k7).
Thus, in this g-wave altermagnet, the role of k, is pivotal: the breakdown of Kramers
degeneracy manifests in the electronic structure away from bulk high-symmetry points.
Accurately resolving these altermagnetic features, within the Brillouin zone, requires high-
resolution photon energy dependent measurements to control k,. The small step size in
photon energy is not merely advantageous but essential in identifying altermagnetic features.
The large c-axis lattice constant of Co;/4NbSe; (see Supplementary Information Fig. S1 and
discussion) means each photon energy probes multiple k. values simultaneously, leading to

partial spectral broadening [32]. Nevertheless, varying photon energy enables modulation of
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FIG. 3. Control of the altermagnetic phase. ARPES spectra (black indicates high intensity in
the ARPES scale) collected at two distinct photon energies: 37.5eV (top row) and 47.5¢V (bottom
row), and for temperatures above and below T. These are shown for both a. p-polarization (LH)
and b. s-polarization (LV). c. The difference between spectra collected above and below Ty ; orange
(purple) corresponds to a negative (positive) difference. The strong electronic renormalization,
indicating a transition, 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
Ty (orange) and above it (purple). These are shown for two k values (kI and k2) as indicated in
a. e. Optical control of the altermagnetic phase. By increasing the pump excitation fluence, the
sign change of the AR signal located at 50 K for 150 pJ em ™2 is quenched. The curves have been

normalized to the absorbed fluence.



matrix elements and band intensities, which significantly enhances the detection of subtle
spectral features. Such features are shown in white-black color scale, where black indicates
the presence of electrons. This capability is exemplified in the Fermi surface maps obtained
at different photon energies (Fig. 2a—c; see also Supplementary Information Figs. S10-S12).
Despite k.-broadening effects, these maps probe distinct k. planes, corresponding to bulk
[, A, and an intermediate point near k, = 0.25 Afl, where altermagnetic features appear
pronounced. While all Fermi surfaces share common features, i.e. hexagonal flower-like
central contours and elongated ‘spindles’, the map in Fig. 2c reveals a clear splitting of the
bands, a feature that eluded detection in prior studies (see arrows pointing at flat portions of
the Fermi contours where the separation is more prominent in Fig. 2d). These splittings are
also visible in the (E, k) spectra (Fig. 2e) and their momentum distribution curves (MDCs)
extracted at the Fermi level (Fig. 2g). 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, as one can see from Fig. 2, strongly vary with both geometry and photon

energy.

The experimental Fermi surfaces align with DFT (Fig. 2f and Fig. S16) 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 highlighted in Fig. 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 (F, k) distributions across different &, values and acquired micro-ARPES data, as
shown in Fig. 2h, where blue and orange curves correspond to I'- and A-points, respectively
(see also Supplementary Information Fig. S13 for DFT-calculated (FE, k) spectra in the
[' — 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 Coy/4NbSe, supercell (SC) into
the bigger Brillouin zone of the 1 x 1 NbSey primitive cell (PC) via an unfolding scheme [33].
The thickness of the bands in the unfolded electronic dispersions is proportional to the

spectral weight:



2

Pl = S| (R 0

which is the probability of finding a set of PC states,

i)

Em>, contributing to the SC state,

‘ff m> [33], where m and n are band indices and ¢ runs over the number of K vectors.

Notably, while eigenvalues for k, = 0 and k, = 0.50 are spin-degenerate (as expected for
an antiferromagnetic system), DFT results for k, = 0.25 (Fig. 2h, where the red/blue colors
are used to highlight spin-up/down bands) provide a precise benchmark for identifying where
Kramers degeneracies are lifted, enabling a one-to-one correspondence with the experimental
data. Near the Fermi level, the theoretical altermagnetic splitting is in excellent agreement
with the experimental spectra (Fig. 2e), and the bands forming the altermagnetic pairs are
labeled as £k 2. The non-zero spin character of these bands is further validated by spin-
ARPES measurements (Fig. 2i), collected for the o, spin-component at multiple k& values
within the plane centered at k, = 0.25. Both energy distribution curves (EDCs) at +k,; and
MDCs at the Fermi level across numerous k points reveal a small, yet clear, spin-reversal
pattern. This behavior is consistent with theoretical predictions and is observed at four
different k& points in the MDCs (insets of Fig. 2i), further supporting the validity of our
findings.

Altermagnetism in some compounds has been recently established, yet controlling this
phase remains a formidable challenge [16]. Temperature is a natural tuning parameter for
altermagnetic behaviour. Dale et al. analyzed the temperature dependence of Co;,4NbSe;
and reported notable changes in the MDC extracted at the Fermi level [30]. In agreement
with Dale et al., we observe a similar behavior; see, for example, Fig. 3a for bands acquired
at 47.5eV. Our study also reveals a pronounced band renormalization when crossing the
Néel temperature Ty, as shown in Fig. 3a—d (see also Supplementary Information Fig. S8).
This renormalization, observable across multiple photon energies and independent of light
polarization, indicates that while the Fermi wavevector kr remains constant, thus no change
in the electron count is observed, the electronic bandwidth decreases significantly as the
system transitions from 20K (7" < Ty) to 70K (T > Ty). This effect is particularly
evident in Fig. 3c-d. Fig. 3c displays the difference in spectral intensity between data
collected above and below Ty, highlighting the redistribution of spectral weight. Orange

color denotes predominant low temperature features, while purple color is used for high
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temperature. Fig. 3d shows EDCs extracted at specific k points (indicated in Fig. 3a) across
various photon energies. This observation underscores a strong modulation of spectral weight
accompanying the low temperature transition. Crucially, micro-ARPES provides precise
spatial control, allowing us to control and check the micron-sized sample position across all
temperatures. These changes, which are both partially similar to but also additional to those
observed in Ref. [30], become visible at a temperature as low as 70 K, suggesting that the
transition temperature in this material may be lower than previously reported. Furthermore,
in Supplementary Information Fig. S7, we report that at 155 K there is negligible 2 x 2 band
folding, suggesting that the high-temperature transition might be linked to charge order

effects different from magnetism.

While temperature control is an expected lever for probing altermagnetic phases, we
also demonstrate an optical mechanism to quench the low-temperature phase transition,
achieving a fluence-dependent control by means of an ultrashort laser pulse. Fig. 3e shows
the evolution of the reflectivity variation (AR/R) measured immediately after the absorption
of the ultrashort pump pulse (¢ ~ ty). At a fluence of approximately 150 pJ cm ™2, we observe
two sign changes in AR/R, occurring near 130 K and 50 K. These temperatures correspond
to the 2 x 2 ordering and the low-temperature transition in the resistivity (Supplementary
Information Fig. Slc), respectively, suggesting a link between the sign of AR/R and specific
phases of Co;/4NbSe,. By increasing the fluence to ~ 300 pJ cm™2 we observe the sign change
at b0 K disappears, i.e. the low-temperature phase is quenched. Further increasing the
fluence to ~ 500 11.J em~2 shifts the sign change at 130 K to lower temperatures, suggesting
that the 2 x 2 modulation is also strongly perturbed at this fluence. Importantly, we estimate
that at the highest fluence the continuous laser heating remains below 5 K, ruling out lattice
average heating effects as the origin of the observed AR changes. Given the short timescale
at which the sign change is observed, the quenching of the low-temperature phase is likely
to have an electronic origin. By demonstrating the first example of optical control of the
phase diagram in a layered altermagnet, we open pathways for ultrafast, energy-efficient
manipulation in altermagnetic materials [34].

Open questions remain regarding the transition temperature observed in our study com-
pared to previous observations. For instance, Refs. [24, 30] attribute the Néel temperature
to a higher value; we identify it as a structural transition temperature, consistent with both

reflectivity and diffraction measurements. In contrast, the low-temperature transitions ob-
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served in Ref. [30] from 30K to 40K were attributed to a charge-density wave (CDW),
similar to that in the parent compound NbSe,, which occurs near comparable temperatures
[35, 36]. However, Mandujano et al. have recently proposed that Co intercalation in NbSe,
suppresses the bulk pristine CDW [37], and indeed we observe no evidence of its presence
in the electron-phonon coupling oscillations in our data; see Supplementary Information
Figs. S4-S6. Instead, our results suggest a magnetic phase transition as the more plausible
interpretation. Despite this, our investigation clearly demonstrates altermagnetism in this

compound, with unquestionable agreement between theory and experiment.

In conclusion, we have demonstrated the realization and control of altermagnetism in the
layered g-wave system Co,/4NbSe,, stabilized via Co intercalation in 2H-NbSe,. Using micro-
ARPES, spin-ARPES, and temperature-dependent reflectivity combined with DFT, we pro-
vide direct evidence of Kramers degeneracy lifting and reveal the spin-polarized band split-
ting characteristic of altermagnetic phenomena, including temperature-driven band renor-
malization. Importantly, we introduce optical pumping as a novel mechanism to control
phase transitions in a layered altermagnet, achieving an optical switch independent of ther-
mal effects. By simply modulating the laser fluence, we control reflectivity and suppress
low-temperature transitions, offering a pathway to ultrafast, energy-efficient spin technolo-
gies. These findings establish Co;/4sNbSe; as a model system for layered altermagnets and
highlight optical control as a foundation for advancing spin-based information processing

and altertronics.
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Methods

Sample Growth

Single crystals of Co;/4NbSe; 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 residual
oxygen during synthesis, the quartz ampoule was chemically cleaned and subjected to vac-
uum heat treatment prior to loading. The raw materials were then sealed in a quartz ampoule
(approximately 10 mm in diameter and 150 mm in length) along with iodine (5mg/cm? rel-
ative to ampoule volume) as the transport 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 Co;,4NbSe;, the
source region was held at 960-980°C, while the growth region temperature was initially
increased incrementally from 880°C to 900°C over 100 hours. Subsequently, both zones
were held at constant temperatures for an additional 300 hours to facilitate the growth of
large single crystals. Finally, the temperature was reduced gradually over 100 hours, 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 ‘z’ in Co,NbSe, was preliminarily determined
using energy-dispersive x-ray spectroscopy (EDS) in a field-emission scanning electron mi-
croscope (FE-SEM, JEOL 7500). High-precision quantification was subsequently performed
using x-ray photoelectron spectroscopy (XPS) at the APE-HE beamline of the Elettra syn-
chrotron radiation facility in Trieste, Italy (details in Supplementary Information). The
crystal structure and quality were confirmed using high-resolution x-ray diffraction (XRD,
D8 Advance, Bruker, Germany). Additional sample characterization is shown in the Sup-

plementary Information.

Synchrotron radiation measurements
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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 ~ 4pm FWHM. The base sample temperature was 25 K. The
standard ARPES data were acquired at the CASSIOPEE beamline at Synchrotron SOLEIL
(Paris, France) with momentum and energy resolutions better than 0.018 A7 and 10 meV,
respectively. The sample temperature was fixed at circa 20 K, ¢.e. 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 25eV to 75eV, methodology
valuable for analyzing spectral features and precisely determining k, across the Brillouin
zone. Spin-ARPES was performed 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 use of deflectors. The spin-ARPES was
performed with the sample held at a temperature of 15K. 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 1 x 1071 mbar) and after being cooled at the base

temperature of 15 K.

Computational details

Collinear spin-polarized DF'T calculations have been performed using the plane-wave pseu-
dopotential method as implemented in the Quantum ESPRESSO package [38, 39]. We
employed a norm-conserving pseudopotential for Se atoms and ultrasoft pseudopotentials
for Nb and Co atoms, with an energy cut-off of 45 Ry and 450 Ry for the wave-function and
elctron density respectively. Electronic band structure and energetics have been obtained
through Perdew-Burke-Ernzerhof (PBE) [40] exchange-correlation functional. The Brillouin
zone has been sampled with a k-vector mesh of 9 x 9 x 16 points and a first-order Methfessel-
Paxton [41] electronic smearing of 5 mRy, assuring convergence of the total energy per atom
in the supercell. We investigated the energetics of Co-intercalated 2 x 2 NbSe, (Coy,4NbSey)
in the paramagnetic (PM), ferromagnetic (FM) and altermagnetic (ALM) configuration and

as a function of the Co position (see Supplementary Information, Section VI). Electronic
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dispersions at different k, of the most stable ALM Co;/4NbSe; structure have then been
mapped into the large Brillouin zone of 1 x 1 NbSe, via an unfolding procedure [33] imple-

mented in the code unfold.x [42].
Extended data is available for this paper at https://xxxx

Supplementary Information The online version contains Supplementary Information

available at https://xxx
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I. Structural characterization of Co,;,NbSe;

In this section, we present structural characterization and basic transport measurements
of Co1/4NbSe;. XRD measurements confirm a clean and well-ordered crystalline structure
consistent with the NbSe, lattice. Using data acquired with a D8 Advance Bruker diffrac-
tometer, we applied Bragg’s law to analyze the positions of the intense diffraction peaks —
002, 004, 006, and 008 — shown in Fig. Sla. From this analysis, we extracted an out-of-plane
(c-axis) lattice parameter of 12.59 A. This value closely matches the reported c-axis lattice
parameter of 12.55 A, indicating that the incorporation of a small amount of Co slightly

enlarges the interlayer spacing in bulk transition metal dichalcogenides like NbSe,.

An illustration of the Co;,4sNbSe; crystal structure is provided in Fig. S1b. The NbSe;
unit is depicted as a purple triangular prism, while the Co atoms are shown as yellow spheres.
The Co atoms double the unit cell, giving a 2x2 modulation. Such atoms are positioned
between the single NbSe, layers, with the c-axis lattice parameter determined by the XRD
measurements. The magnetic moments of the Co atoms are represented by red and blue
arrows in the schematic and give rise to an alternating up-down stacking along the c-axis,

which yields an overall zero magnetic moment.

In addition, resistivity measurements were performed, as shown in Fig. Slc. The resis-
tivity decreases smoothly from room temperature to 50 K, at which point a rapid drop is
observed. This behavior could suggest the presence of a magnetic phase transition and we

attribute it to the Curie temperature (T¢).

Finally, LEED measurements were performed at Fj, = 145eV with the sample held at
15K, well below T observed in the transport measurements. The LEED image, shown
in Fig. S1d, reveals sharp first-order spots associated with NbSe, units, which are clearly
arranged in a hexagonal pattern and denoted by blue circles. Additionally, dimmer but
noticeable spots form a 2x2 pattern, highlighted by orange circles, corresponding to the
Co atoms. These observations corroborate the crystal structure depicted in Fig. S1b and
provide further evidence for the structural order of the sample at low temperatures. The
sharpness of the observed spots point to high quality crystalline Co;,,NbSe;, in agreement
with the XRD data.
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FIG. S1. Crystal structure properties of Co;/;NbSe;. a. XRD measurements of the
Coy/4NDbSe; reveal a c-axis lattice parameter of 12.59 A. b. A three-dimensional illustration of the
real-space crystal structure of Coy /4NbSes, with yellow spheres representing Co atoms and a purple
triangular prism corresponding to a single NbSes unit. Red and blue arrows overlaid on the Co
atoms indicate their magnetic moments. c. Resistivity measurements as a function of temperature,
with a notable drop in resistivity at 50 K marked by a vertical dashed red line. d. LEED data
acquired at 145 eV showing the reconstruction: the orange circles indicate the 2x2 features, while

the blue circles mark the primitive 1x1 ones.

II. STM data pertaining to the formation of the Co surface termination and step

height of Co,/,NbSe;.

In this section, we present additional STM data for the Co;/,sNbSe; sample. In Fig.

S2a, a topographic image of the Co surface termination is shown. This image was acquired
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FIG. S2. STM images of the cobalt surface termination and step height analysis. a.
STM topographic image of the Co surface termination acquired within 500 nm of the area shown
in Fig. 1f in the main text. b. A large area STM topographic image showing two Se step-edges.
The overlaid red line indicates where the line profile in panel c. was acquired. c. The line profile
showing an apparent step height of ~ 6.40 A, which matches closely with the ~ 6.7 A separation
between Se layers within a pristine 2H-NbSey unit cell. [Ref.] All images presented here were

acquired scanning parameters: Vigmpe = 500mV and I.; = 10 pA

approximately 500nm away from the Co surface termination imaged in Fig. 1f of the
main text. The two images exhibit noticeable differences: the STM image in the main text
displays a well-ordered hexagonal arrangement of atoms which give rise to a 2x2 modulation,
whereas the image here reveals an excess of small bright protrusions with some degree of local
ordering. An FFT of this STM topograph (not shown) indicates a faint 2x2 modulation.
While this region does not exhibit a fully developed 2x2 modulation, the Co atoms appear
to partially form the structure. We note that these samples were cleaved under ultra-high
vacuum conditions at approximately few tens of K. Consequently, it is not surprising that

the Co termination exhibits differing degrees of Co ordering.

In Fig. S2b, a larger area of the sample is shown, displaying three distinct terraces. A
line profile extracted along the red line in Fig. S2c reveals the apparent step height of the
terraces. The measured step height of 6.40 A closely matches the approximate 6.7 A sepa-
ration between Se layers in pristine 2H-NbSe,; bulk crystal. This smaller value is consistent
with the reduced c-axis lattice parameter measured by XRD, which indicates a step height

of 6.30 A; see Section .



I11. Chemical characterization of Co,;,NbSe;

The chemical composition of the sample was qualitatively and quantitatively analyzed
using synchrotron-based XPS in the soft X-ray regime (APE-HE beamline at the Elettra
synchrotron radiation facility in Trieste, Italy). The measurement geometry is illustrated in
Fig. S3a. Linearly polarized X-rays with an energy of 1200eV (red arrow) were incident on
the sample surface at an angle of 45°, with the polarization direction indicated by the blue
arrow. A photoemitted electron is represented by the green circle and arrow. An overview
XPS spectrum of the sample is shown in Fig. S3b, where the major peaks are identified and
correspond to the expected elemental composition of the sample. This result confirms that
the sample is free of contaminants, demonstrating that cleaving under ultrahigh vacuum
conditions at low temperatures is an effective method for sample preparation.

As shown in Fig. S3c—d, high-resolution spectra were acquired around the Co 2p, Nb 3d,
and Se 3d peaks to determine the stoichiometry of the sample, confirming that it matches
the expected composition. The dashed blue line beneath the data in each panel represents
the subtracted Shirley background. The as-measured peak intensities are shown on the left
axis in blue, while the integrated values are displayed on the right axis in red. The Co 2p
peaks are located at 402 eV and 417 eV kinetic energy, with an expected separation of 15eV.
The Nb 3d spectrum exhibits a relatively larger cross-section than Co 2p, with two well-
defined peaks at 988.5eV and 991 eV and a separation of 2.5eV. The Se 3d spectrum, also
characterized by a large cross-section, displays a single dominant peak at 1140eV. Together,
the Nb 3d and Se 3d core-level spectra indicate a NbSe, chemical composition. Comparison
with the Co 2p spectrum reveals a stoichiometry of Co;/4NbSey, with one Co atom for every

four Nb atoms.

IV. Time-resolved refilectivity measurements of Co,;,NbSe;

We performed time-resolved reflectivity measurements on the Co;,4NbSe, sample at the
T-Rex Laboratory of the FERMI free-electron laser (FEL) at Elettra. Figure S4 presents
two-dimensional (2D) maps of the AR/R signal as a function of both probe wavelength
and delay time for three sample temperatures: 300 K, 80K, and 20 K. In these maps, red
indicates a positive AR/R value, while blue represents a negative AR/R value. At 300K,
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FIG. S3. XPS measurements to identify elemental contributions. a. Schematic of the
measurement setup, illustrating the X-ray (red arrow) and sample (gray block) geometry, the
direction of the incoming electric field (double-headed blue arrow), and the emission of a pho-
toemitted electron (green arrow and sphere). X-rays with a photon energy of 1200 eV were linearly
polarized in the horizontal plane and incident on the sample surface at 45°. b. Overview XPS
scan displaying intensity as a function of binding energy. Dominant peaks are labeled and corre-
spond to the expected peaks for Co;/4NbSey. The data confirms that cleaving under ultra-high
vacuum conditions (= 1 x 10719 mbar) at low temperature (70 K) produces clean surfaces with no
detectable contamination. c.—e. Core-level spectra for Co 2p, Nb 3d and Se 3d used to quantify
the stoichiometry of the sample. The dashed blue line beneath the peaks represents the subtracted
Shirley background. The core levels were integrated, with the red scale shown on the right of each

panel and the as-measured intensity displayed on the left blue axes.
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FIG. S4. Time-resolved reflectivity measurements of Co,/;NbSe; for different sample
temperatures. a. The AR/R signal is shown as a function of probe wavelength (vertical axis)
and delay time (horizontal axis for the sample held at 300 K. The pump power is 30 mW. The red
colour corresponds to AR/R > 0 and the blue colour to AR/R < 0. b. The same time-resolved
reflectivity measurements are shown for a sample temperature of 80 K. Note that at time zero,
there is a change in the sign of the AR/ R signal value below 0.8 pm wavelength, as denoted by the
green circle. c. Here, the sample temperature is 20 K. Notably the AR/R signal value at larger
wavelengths are less impacted by sample temperature, whereas the absolute value of the AR/R

signal within the green circle is diminished.

with 500 11J em~2 pump fluence, we detect coherent oscillations in the visible range, signaling
the excitation of a coherent phonon with a frequency of approximately 4 THz (Fig. S4a).
At 80K, we observe a change in the AR/R signal from positive to negative near time zero
at shorter wavelengths, as highlighted by the green circle in Fig. S4b. This temperature-
dependent sign reversal is pronounced when compared to the 300 K data in Fig. S4a. At
20K, a similar change in sign is observed, albeit to a lesser extent (Fig. S4c). Notably,
AR/R at longer wavelengths, specifically greater than 700 nm, remains largely unaffected
by changes in sample temperature.

In Fig. S5, the time profile extracted at A = 700 nm from the data in Fig. S4a is shown.
Coherent oscillations are clearly visible in Fig. Sba. By isolating the oscillatory component
and performing a fast Fourier transform (FFT), we obtain the frequency spectrum of the
excited phonon mode (Fig. S5b). The peak in the spectrum is located at approximately
4 THz, identifying the frequency of the phonon.
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FIG. S5. Identifying the phonon frequency. a. The time profile (red) extracted at A = 700 nm
from the data in Fig. S4a. b. The FFT of the time profile showing a clear peak at approximately

4THz. This is the phonon frequency.

To investigate the spectral feature that exhibits a strong temperature dependence — specif-
ically the feature highlighted by the green circle in Fig. S4b and ¢ — we performed time-
resolved reflectivity experiments using a single-color probe at A = 650 nm. The results of a
temperature scan are shown in Fig. S6. This scan reveals that the spectral feature, charac-
terized by a negative AR/ R signal near time zero, disappears above T' ~ 130 K, as discussed

in the main text.

V. Additional ARPES measurements of Co,;,NbSe;.

The data acquired using different ARPES techniques are colour-coded for clarity. ARPES
data with few-micrometer-sized spatial resolution (microARPES) are presented in a “bone”
color scheme, high-energy resolution ARPES data in “purple/white,” and spin-ARPES data
in “red/blue.” The low temperature microARPES measurements were conducted at the
[05 beamline at the Diamond Light Source in Didcot, United Kingdom, and the room
temperature data at the SGM4 beamline at ASTRID2 in Aarhus, Denmark [1, 2]. High-
resolution ARPES data were collected at the CASSIOPEE beamline at Soleil Synchrotron
in France, while spinARPES data were obtained at the LE-APE beamline at the Elettra
Synchrotron in Trieste, Italy.

In this section, we provide additional ARPES data acquired at additional photon energies
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FIG. S6. A temperature dependent spectral feature. a. Time-resolved reflectivity experi-
ment using a single 650 nm probe as a function of temperature, with the sample heated from 20 K to
145 K. The time profiles are displayed in alternating red and blue colours to distinguish sequential
temperatures. Black dotted lines demarcate the spectral feature of interest near time zero. The
negative AR/ R spectral feature persists from 20 K to 140 K, disappearing at higher temperatures.

The temperature scan was conducted at a pump power of 18 mW.
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for low, intermediate and high temperatures to supplement the ARPES data in the main

text.
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FIG. 57. Coy/4NbSe; constant energy maps at different sample temperatures. Constant
energy maps obtained using photons with an energy of 25eV are shown for ¥ — Ep = 0eV,
F—FEr=01eV, E— Er=0.2eV,and F — Er = 0.3eV at three different sample temperatures:
20K, 85K, and 155 K.

In Fig. S7, we compare constant energy maps acquired using 25eV at three different
temperatures: 20K, 85K, and 155 K. For each photon energy and temperature, constant
energy maps are presented at ¥ — Er = 0eV, K — Er = 0.1eV, E — Er = 0.2¢eV, and
E — Er = 0.3eV. At first glance, the Fermi surface resembles that of bulk 2H-NbSe,,
with a large hexagonal pocket at the zone center, as evident in the constant energy maps
acquired with 70eV photons. However, notable differences are evident, where back-folding
of the bands is observed, consistent with a 2x2 reconstruction. As the sample temperature
increases from 20 K to 155 K, the back-folding of the bands disappears, accompanied by an
overall thermal broadening of the bands.

Additionally, in Fig. S8, we present microARPES measurements acquired from the same
sample position at different photon energies (37.5eV, 44eV, 47.5eV, and 55eV) and light
polarizations (LH and LV) at two distinct temperatures, 24 K and 70K. The data reveal

significant changes in the overall spectral bandwidth with temperature. Notably, these
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FIG. S8. MicroARPES measurements of Co;/;NbSe; were acquired above and below
Tc. a. Comparison of the electronic structure across the transition temperature, with data col-
lected below T (left column) and above T (right column) along the I'-M direction for three photon
energies, as indicated on the right-hand side. The spectra were recorded using LH polarization.
b. Corresponding measurements obtained with LV polarization. c. Difference spectra highlight-
ing changes between the high- and low-temperature electronic structures, acquired from the same
spot on the sample using both polarizations. The data reveal pronounced temperature-dependent

modifications, consistent with a reduction in spectral bandwidth above the critical temperature.
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FIG. S9. Comparison of Co,/;NbSe; constant energy maps acquired at different photon
energies. a. Constant energy maps obtained using photons with an energy of 37.5eV are shown
for E— FEp =0.1eV, FE— Er =0.1eV, E— Er = 0.2eV, and E — Er = 0.3eV. This photon
energy corresponds to the A-point in the 3D BZ. b. Corresponding measurements acquired using
a photon energy of 47.5eV and c. 75eV. The inset shows the back-folding of the bands from I' to
M. Notably, 47.5eV corresponds to the I'-point in the 3D BZ.

changes cannot be explained by a simple rigid shift model, as many spectral features remain
fixed in energy and momentum. Instead, the observed temperature-dependent modifications
are likely linked to large-scale effects of magnetic ordering. Despite the broader spectral
features at higher temperatures, the energy splitting remains discernible, suggesting the
persistence of local magnetic moments within the thermal energy range explored.

In Fig. 59, we present constant energy maps of Co,4NbSe; at £ — Er =0eV, F— Ep =
0.1eV, E— Er =0.2eV, and E — Er = 0.3eV for three photon energies: 37.5eV, 47.5eV,

and 75eV. At the Fermi level, the fermiology predominantly exhibits a two-dimensional
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FIG. 510. Comparison of Co;/;NbSe; constant energy maps acquired at different sample
temperature. Fermi surface (E — Er = 0) acquired with the sample fixed at 300K (left) and

25K (right) at a photon energy of 45.eV and LV polarization.

character. Varying the photon energy effectively tunes the matrix elements, enhancing the

visibility of distinct spectral features.

In Fig. S10, we compare constant-energy maps of Co;/4NbSe; at E — Ep = 0 acquired
using microARPES at 300K (left panel) and 25K (right panel). At 300K, the bands are
considerably broader than at 25K, obscuring many finer details—particularly the 2 x 2
ordering. A more detailed microARPES analysis, conducted at 25 K with additional photon

energies and spanning multiple high-symmetry points along k., is shown in Fig. S11.

For completeness, we also present energy versus momentum spectra acquired along the
['-M and I'-K high-symmetry directions in Fig. S12 and Fig. S13, respectively. The primary
observation is a redistribution of spectral weight across the bands, indicating the presence
of complex matrix elements and necessitating that the electronic structure of Co;/4NbSe;
be investigated using multiple photon energies. Notably, the large c-axis parameter con-
tributes to significant k, broadening. This implies that even with a single photon energy,
a substantial portion of the Brillouin zone is probed, effectively manifesting as an apparent

two-dimensionality of the bands, despite their potential bulk character.

Again, for completeness, we present the calculated electronic structure with the corre-
sponding spectral weight and spin channels along the I'-K direction in Fig. S14, supple-
menting the calculated electronic structure along the I'-M direction shown in the main text.

The agreement with the experimental results is excellent, further corroborating the findings

14
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FIG. S11. Co,/4NbSe; constant energy maps acquired with microARPES. From a to
g multiple photon energies have been used ranging across multiple BZs in k.. The bulk high
symmetry points have been clearly stated, with red colour (or “int”) indicating a k, in between
the A-point and I'-point. (Note that the red colour should be approximately a distance of 0.25 A!
in k, from the A-point towards the I'-point.) Each column indicates a different binding energy to

help visualize the electronic structure below the Fermi level.

of our study.
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FIG. 512. Co;/4NbSe; energy versus momentum spectra along I'-M. The electronic struc-

ture measured by using LH light polarization is shown as function of photon energy.
VI. Ab-initio energetics of Co,/,NbSe;.

In order to determine the most energetically favored position for the Co atoms in the
2 x 2 NbSe, supercell, we have fully relaxed the 4 possible configurations (Fig. S15) and
computed the total energy per Nb atom. Results are summarized in Tab. S1. We can
observe that the most stable Co intercalations are such that the Co atom is directly above

and below two Nb atoms.

16



-0.5 05 -0.6 0.6 -0.6 0.6
k, (A7) k, (A7) k, (A7)

FIG. S13. Co;/4NbSe; energy versus momentum spectra along I'-K. The electronic struc-

ture measured by using LH light polarization is shown as function of photon energy.

After that, we proceeded to further relax the most stable configurations (03 and 04, Fig.
S15) taking into account three magnetic order: paramagnetic (PM, i.e. no net magnetization
and no atomic spin), ferromagnetic (FM, net magnetization and spin aligned in the same

direction) and antiferromagnetic (AFM, no net magnetization but spin aligned in opposite
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FIG. 514. Co,/4NbSe; energy versus momentum spectra along I'-K calculated by DFT.
To complement the calculated band structure in the I'-M direction of the main text, we present
the calculated electronic structure in the I'-K direction in addition to thecorresponding spectra at

different positions in k, as shown in the three-dimensional Brillouin zone.

Configuration a (A) ¢ (A) Total energy/Nb (eV)

01 7.06 12.38 0.277
02 7.06 12.40 0.223
03 6.93 12.32 0.000
04 6.95 12.34 0.043

TABLE S1. In-plane (a) and out-of-plane (c) relaxed lattice parameters, as well as total energy
per Nb atom, for each configuration of paramagnetic Co intercalated 2 x 2 NbSe2. We set to 0 the

most energetically favorable configuration.

directions) (Fig. S16). Results are summarized in Tab. S2. We find that the system
stabilizes an AFM spin configuration and that the Co atoms are aligned on top of each

other. In the main text we than proceed to show electronic band structure and fermi
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FIG. S15. Possible configurations of Co;/,NbSe;. Stick-and-ball models (top and side views)
of possible configurations of Co;/,NbSe analised in DFT calculations. Dark (light) green spheres

are Nb (Se) atoms, while blue spheres are Co atoms.

Configuration a (A) ¢ (A) Total energy/Nb (eV)

03 6.96 12.44 0.0
AFM

04 6.96 12.51 28.1

03 6.93 12.32 15.2
PM

04 6.95 12.34 58.6

03 6.94 12.35 13.9
FM

05 6.97 12.50 26.9

TABLE S2. In-plane (a) and out-of-plane (c¢) relaxed lattice parameters, as well as total energy per
Nb atom, for most favorable Co;/4NbSe2 intercalations in the antiferromagnetic (AFM), param-
agnetic (PM) and ferromagnetic (FM) configurations. We set to 0 the most energetically favorable

PM configuration.

surfaces calculations with the AFM - 03 structure however, since we show that Kramer
degeneracy is lifted in points of the Brillouin zone which are not high-symmetry points, we

call it altermagnetic (ALM).
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FIG. 516. Spin configurations of Co;/;NbSe;. Stick-and-ball models of possible spin config-
urations of the most energetically stable Co;/,NbSey analised in DFT calculations. Dark (light)

green spheres are Nb (Se) atoms, while blue spheres are Co atoms.
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FIG. S17. ARPES Fermi surface and calculated DFT. ARPES data have been overlaid to
the DFT calculated structure. Both are considered for k, = 0.25; red and blue colors of the DFT

indicate spin up and down respectively, and black indicates high intensity in the ARPES scale.
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