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C O N D E N S E D  M AT T E R  P H Y S I C S

Dirac magnons in a thin elemental 
itinerant ferromagnet
Khalil Zakeri1*, Christopher Hins1, Robin R. Neumann2,3, Alexander Mook4,2, Arthur Ernst5,6,7

A distinct difference between graphene—an atomic layer of carbon—and conventional semiconductors is that its 
electrons behave as massless Dirac fermions, giving rise to unprecedented physical properties. Magnetically ordered 
solids host magnons, quasiparticles associated with magnetic degrees of freedom. While Dirac magnons have re-
cently been predicted in specific insulating or rare-earth magnets, their existence in thin 3d magnets remains elusive 
because of the complex nature of itinerant magnetism and dimensionality effects. Here, we demonstrate the pres-
ence of Dirac magnons in a thin itinerant elemental ferromagnet. By investigating atomically designed hexagonal 
close-packed cobalt films, we establish that magnons in such structures resemble the Dirac electrons in graphene. We 
explain the physical nature of these Dirac magnons and discuss the consequences of symmetry, dimensionality, mag-
netic interactions, the number of atomic layers, and cobalt’s itinerant magnetism on the properties of the Dirac 
points. Our results pave the way for finding and engineering Dirac magnons in a variety of low-dimensional layered 
3d ferromagnets and metamaterials.

INTRODUCTION
The year 2025 was named the international year of quantum science 
and technology to celebrate the centennial of the initial development of 
quantum mechanics. One of the seminal contributions to quantum 
science was made by Paul Adrien Maurice Dirac, laying the foundation 
for quantum electrodynamics. In 1928, Dirac formulated an equation, 
which fully accounts for the special relativity in the context of quantum 
mechanics, describing all spin-half fermions, called “Dirac parti-
cles” (1). Several decades later, the Dirac electrons were found in 
condensed-matter systems, where the hopping between sublattices 
creates a coupling between the two components of the electronic wave 
function, mimicking the structure of the Dirac equation. The most 
prominent example of a material hosting Dirac electrons is graphene, a 
single atomic layer of carbon atoms ordered in a honeycomb lattice 
(2, 3). The presence of Dirac electrons in several other materials, e.g., 
topological insulators (4, 5), Dirac semimetals (6) and some d-wave 
superconductors (7), has now been well established (8).

Beyond fermions, a solid exhibits different types of bosons as the 
representative quasiparticles of collective excitations associated with 
different degrees of freedom. Examples are phonons as the represen-
tative bosonic quasiparticles of lattice vibrations and magnons as the 
representative bosonic excitations associated with the spin degree of 
freedom in magnetically ordered materials. As made possible by the 
coupling of different sublattices, these bosonic quasiparticles can, in 
principle, exhibit properties in analogy to Dirac electrons, for in-
stance, a linear dispersion relation. It turned out that under some 
circumstances, one can realize Dirac bosons in specific types of ma-
terials, belonging to certain spin space groups (9–13).

Among the bosonic quasiparticles, magnons are of particular in-
terest because they can be used to transmit information in magnonic 
devices (14, 15) and are important for applications in quantum in-
formation technology (16). The experimental discovery of Dirac 
magnons would open up unprecedented possibilities for taking ad-
vantage of the unconventional nature of these quasiparticles for such 
applications. Dirac magnons with a nonzero Berry phase as well as 
topological magnons with a nonzero Chern number have been pro-
posed to exist in either bulk complex magnetic materials having 
certain symmetries (17–28) or rare-earth magnets with hexagonal 
close-packed (hcp) structure such as gadolinium (Gd) (29, 30). 
However, practical applications in the field of magnonics require 
high-quality thin films that can be integrated into current device 
technologies, such as complementary metal-oxide-semiconductor 
architectures. In most bulk, multielement compounds that host Dirac 
magnons, the structural complexity of the crystal lattice largely 
hinders the fabrication of nanoscale devices for terahertz magnonics 
(14). Such complex materials are often incompatible with conven-
tional lithographic nanofabrication methods. Consequently, the dis-
covery of Dirac magnons in thin films of elemental 3d magnetic 
metals would advance the fields of topological and Dirac magnonics. 
Furthermore, thin-film architectures potentially offer a more con-
trollable environment for tuning the magnetic properties, which 
might provide greater versatility for the fundamental investigation 
and manipulation of these phenomena, for instance, through the ex-
ploitation of dimensionality and interface-driven effects.

In contrast to fermionic Dirac systems, where topological effects 
are largely governed by states near the Fermi level, bosonic Dirac 
points influence the dynamical response through excited states. A 
Dirac crossing in the terahertz regime serves as a topological singu-
larity characterized by a quantized Berry flux, and the associated 
Berry curvature enters the high-frequency equations of motion of 
the bosonic quasiparticle wave packet (31). These Dirac nodes can 
therefore dictate the transverse trajectory and anomalous velocity of 
magnons when driven out of equilibrium by processes such as in-
elastic electron scattering, temperature gradients, hot-electron relax-
ation, spin injection, or other ultrafast excitation schemes. Because 
3d ferromagnets, such as cobalt (Co), typically have a large exchange 
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stiffness, with magnon energies reaching several hundred milli–
electron volts (frequencies of several tens of terahertz), identifying 
these features in 3d magnetic thin films would likely shift the focus 
toward high-energy, terahertz-regime dynamics, potentially offering 
an accessible platform for exploring nonequilibrium topological phe-
nomena on ultrafast (femtosecond) timescales.

The theoretical framework for magnonic band formation and the 
subsequent realization of Dirac-like magnonic band crossing in lay-
ered structures is fundamentally different from that governing bulk 
materials (15). This fundamental difference is rooted in the reduced 
dimensionality and broken symmetry inherent to the slab structure. 
Crucially, the appearance of multiple magnon bands in layered ar-
chitectures is exclusively a consequence of the broken translation 
symmetry perpendicular to the plane, rather than being driven by 
the lattice symmetry and the presence of distinct sublattices, which 
are the primary mechanisms in bulk magnetic systems (15, 32). Be-
yond the broken translation symmetry, another critical consideration 
is that in a thin itinerant magnetic film, the surface (or interface) 
layers have distinct values for the Heisenberg exchange coupling 
constants and the atomic magnetic moments compared to both the 
center and the bulk counterpart. Such layer-dependent magnetic 
properties arise primarily from the extension of the electronic wave 
function (and the associated spin density) into the surrounding 
vacuum or nonmagnetic substrate. This fact can impose additional 
symmetry constraints through changes in boundary conditions, funda-
mentally affecting the magnonic band protections. Together, these 
factors indicate that Dirac magnons in thin films are controlled by 
the slab symmetries rather than inherited directly from the bulk.

In most insulating multielement compounds, magnetism is typi-
cally localized, with magnetic moments confined to specific atomic 
sites and exchange mediated by nonmagnetic ligands. Rare-earth mag-
nets can also be effectively treated within a localized moment frame-
work. However, because the coupling between 4f states is mediated 
by itinerant electrons, the resulting interaction can be long-range in 
nature (33, 34). In contrast, magnetism in 3d ferromagnetic metals 
such as Co stems from a purely itinerant band structure. In this case, 
the same 3d electrons are responsible for both the formation of the 
magnetic moment and exchange coupling. Because of the intricate 
landscape of these moments and interatomic exchange interactions, 
as well as the potential coupling between magnons and single-particle 
Stoner excitations, the existence of unconventional magnon mani-
folds in 3d magnets is not guaranteed a priori. For instance, an in-
spection of the calculated magnon spectra for bulk hcp Co in (35) 
suggests that such interactions may lift the magnonic Dirac degeneracy. 
Conversely, results obtained within a similar theoretical framework 
in (36) exhibit a persistence of these Dirac points, highlighting the 
sensitivity of such topological features to the specific treatment of itin-
erant electron dynamics. Consequently, given the itinerant nature of 
magnetism, the formation of Dirac magnons in 3d ferromagnetic films 
is not a foregone conclusion and requires experimental verification.

Here, we provide direct experimental evidence of Dirac magnons 
in elemental Co thin films ordered in the hcp structure. Using spin-
polarized high-resolution electron spectroscopy experiments com-
bined with the results of first-principles calculations, we show that 
in thin Co films of several atomic layers, one observes clear signa-
tures of Dirac magnons, which can be efficiently excited by spin-
polarized electrons. We demonstrate that despite the fact that the 
magnons in a thin Co film, as an itinerant magnet, are damped, they 
form Dirac-like band crossings and exhibit a Berry phase of ∣ϕ

B
∣ = π , 

as expected for Dirac magnons. We unravel the impact of both the 
symmetry and dimensionality on the appearance of such magnon 
modes exhibiting a nonzero Berry phase. It is shown that the magnon-
ic band structure of hcp Co films with an even number of layers is 
composed of pairs of bands, which are the direct consequence of the 
peculiar symmetries of the hcp-type stacking and the finite number of 
layers within the structure. These pairs of bands degenerate at the high-
symmetry K-point of the surface Brillouin zone (BZ), forming Dirac 
cones. In stark contrast to the single Dirac point, whose existence is 
dictated by the three-dimensional bulk crystal symmetries, the ob-
served Dirac band crossings require symmetry considerations of the 
whole structure, not just the symmetry of the surface. We anticipate 
that our results will pave the way for finding Dirac magnons in a vast 
variety of thin 3d ferromagnets grown on nonmagnetic substrates with 
hcp-type stackings. The Dirac point in bulk hcp Co could potentially 
be affected by interactions with the Stoner continuum. However, the 
thin-film geometry and high surface sensitivity of our experimental 
approach facilitate the detection of these features. As pointed out in 
(29), continuum scattering is expected to substantially obscure Dirac 
magnons in bulk Co during neutron scattering experiments. Our re-
sults demonstrate that electron spectroscopy resolves these excitations 
with high precision, providing a distinct advantage over bulk-sensitive 
probes for identifying topological magnonic features in itinerant sys-
tems. Consequently, we establish high-resolution electron scattering as 
an effective tool for probing and identifying the magnonic states of a 
thin film exhibiting a nonzero Berry phase.

Thin-film architectures provide a versatile platform for engineering 
magnon properties, offering a route toward potential applications in 
spintronics and magnonics. In principle, the linear band crossings of 
Dirac magnons emulate the Dirac spectrum of relativistic fermions. 
Consequently, they can play a central role in enabling high-fidelity spin 
transport, as their linear dispersion yields high group velocities and 
reduced scattering rates. While analogous linear magnon modes can 
also arise in antiferromagnets at lower energies, their contribution to 
Berry curvature–driven effects is typically absent once a gap opens at 
the linear touching point so that topological transport phenomena are 
not generically supported in that case. This unique combination of 
relativistic-like dynamics, symmetry protection, and bosonic character 
establishes them not only as a potential building block for energy-
efficient spintronic and quantum technologies but also as a powerful 
probe for investigating fundamental condensed-matter physics.

It is worth pointing out that in a recent purely theoretical study, some 
of us have shown that magnonic Dirac crossings can emerge in engi-
neered fcc(111) layers resulting from dimensionality and specific stack-
ing sequences in ultrathin (two to four layers) ferromagnets (37). Such 
features are absent in the parent fcc (face-centered cubic) bulk, where 
the single-band magnon dispersion is continuous along all directions. 
As we shall show here, the Dirac nodes in hcp Co thin films represent, 
by contrast, discretized points of an intrinsic Dirac nodal line protected 
by the nonsymmorphic symmetry of the hcp lattice. This fundamental 
distinction establishes hcp Co as a more robust and scalable platform, as 
its topological properties are inherent to the crystal symmetry rather 
than being contingent on a specific layer-by-layer growth sequence.

RESULTS
Concept of Dirac magnons in hcp Co
In the bulk crystal of Co, the atoms are ordered in an hcp lattice. In 
the conventional unit cell basis, the structure is characterized by two 
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hexagonal lattices, which are shifted with respect to each other by 
the displacement vector ( 2

3
 , 1
3
 , 1
2
 ) (see also text S1). Considering the 

symmetries of the hcp lattice, one recognizes that in the conven-
tional notation, it is necessary to include two atoms to describe the 
structure. These atoms are marked by A1 and A2 in Fig. 1A, where a 
schematic illustration of the hcp lattice of Co is presented. The cor-
responding BZ is shown in Fig. 1B. Another consequence of the 
symmetry operators of this lattice is that the magnonic band struc-
ture of the system has to exhibit two bands. The magnonic band 
structure of hcp Co calculated on the first-principles basis is pre-
sented in Fig. 1C. Both the magnonic Bloch spectral function and 
magnon dispersion relation are shown over the entire BZ (see Mate-
rials and Methods for a detailed description of the first-principles 
calculations). The calculated bulk magnon dispersion for hcp Co 
(Fig. 1C) is in very good agreement with previous theoretical re-
ports. Specifically, our results for the acoustic and optical branches 
along the high-symmetry directions closely reproduce the ab initio 
calculations in (35, 36, 38–42). This validates our computational 
framework, providing a reliable foundation for the thin-film calcu-
lations presented in the following sections.

The magnonic band structure exhibits two bands, well separated 
at the zone center ( Γ-point). These bands cross at the high-symmetry 
K-point. At this high-symmetry point, along the K-H direction, and 
within the entire A-L-H-A plane, the two bands fully degenerate. A 
careful inspection of the magnonic band structure indicates that in 
the vicinity of the crossing point (K-point), the magnons exhibit a 
linear dispersion relation, similar to the Dirac electrons in graphene. 
The Dirac point is located at K (0.55 eV). This is clearly visible in 
Fig. 1D, where a magnified part of the magnonic band structure 
near the K-point is shown. The presence of the Dirac magnons in 
this system is also demonstrated in Fig. 1E, where the constant en-
ergy cuts are presented. The presence of Dirac magnons in this sys-
tem is a direct consequence of the symmetries of the hcp lattice and 
the presence of different magnetic sublattices (see below). Similar to 
other hcp ferromagnets, e.g., Gd (29, 30), the magnonic bands of Co 
resemble the electronic bands of graphene, as the bosonic Hamilto-
nian of magnons in this system can be interpreted in analogy to the 
fermionic Hamiltonian of electrons in graphene.

The point group symmetry of the hcp lattice of Co is D6h . It has a 
center of inversion, a screw symmetry, and a threefold symmetry 
about the c axis. Moreover, in the absence of spin-orbit coupling, the 

single-particle magnon Hamiltonian is also invariant under an ef-
fective time-reversal symmetry. The simultaneous presence of these 
symmetries not only leads to fully degenerate magnon bands along 
the A-L-H-A symmetry path but also to the formation of Dirac 
points at the high-symmetry K-points and nodal lines along the ver-
tical direction to the H-point of the BZ. The symmetry-driven na-
ture of the magnon Dirac band crossings can be demonstrated by 
calculating the Berry phase along a closed loop encircling the nodal 
line. The results indicate that for the contours about the K-points, 
the band has a Berry phase of ∣ϕ

B
∣ = π (see Materials and Methods 

for details of the calculations).

Magnons in hcp thin ferromagnetic films with a finite 
number of layers
To investigate the potential formation of Dirac magnons in hcp 
films with various surface orientations, we conducted a symmetry-
based analysis. Our results indicate that the thin hcp(0001) films are 
the best candidate for realization of Dirac magnons (see text S1 and 
table S1).

As noted earlier, the point group symmetry of the hcp lattice of 
Co is D6h . However, once a thin film is formed, the symmetry is 
lowered because of the presence of the surface and interface and the 
finite number of atomic layers (hereafter referred to as C3v symme-
try; see also Fig. 1A). In principle, unlike bulk hcp Co, thin hcp(0001) 
Co films exhibit broken translational symmetry perpendicular to 
the surface while preserving hexagonal symmetry within the film 
plane. This structural environment allows for the control of sublat-
tice coupling through epitaxial strain or layer thickness, providing a 
direct mechanism to tune the energy and dispersion of the Dirac 
crossing for any practical application. Consequently, we examined 
the possible formation of Dirac magnons in an epitaxial film of 
hcp Co(0001) with the thickness of 20 monolayers (MLs) grown 
on W(110).

The details of the sample preparation and characterization are 
provided in Materials and Methods. The magnons were probed by 
means of spin-polarized high-resolution electron energy-loss spec-
troscopy (SPHREELS) (43–46). The scattering geometry used in the 
experiment is shown in Fig. 2A. In this particular example, the ma-
gnon propagation direction was along the Co(0001)[1120 ] direc-
tion, corresponding to the Γ − K −M  direction of the reciprocal 
space, as indicated in Fig. 2B.
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Fig. 1. Lattice structure and the prediction of the Dirac magnons in hcp Co. (A) hcp lattice of Co, which includes two atoms in the conventional unit cell, marked as A1 
and A2. The red and blue hexagons show the two nearly identical types of representations of the atomic structure in the vicinity of the (0001) surface, highlighting the role 
of different sublattices in the symmetry of this surface. (B) BZ of Co. The letters indicate the high-symmetry points. (C) Magnonic band structure of Co, calculated on the 
basis of first principles. The contour map represents the magnonic Bloch spectral function, and the open circles represent the magnon energies. (D) Magnonic band 
structure near the high-symmetry K-point, indicated by the blue dotted rectangle in (C), exhibiting a linear dispersion. (E) Constant energy slices at the energies in the 
vicinity of the Dirac point.
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Typical SPHREELS spectra are presented in Fig. 2 (C to H). The 
spectra were recorded at wave vector transfers of ∣Q∣ = 0.5 and 
0.6 Å−1 along the Γ − K  direction and using an incident electron 
energy of Ei = 4.0 eV. The red and blue colors represent the cases in 
which the spin of the incident beam was parallel and antiparallel 
to the scattering plane’s normal vector n̂ , respectively (44, 45). The 
broad features observed in both spin channels of the spin-polarized 
spectra are attributed to non–spin-flip excitations. Given the metallic 
character of the sample and the abundance of electrons near the 
Fermi level, several processes are possible, including short-lifetime 
single-particle excitations (47). The corresponding difference I↓ − I↑ 
and asymmetry ( I↓ − I↑)/(I↓ + I↑ ) spectra for ∣Q∣ = 0.5 Å−1 (0.6 Å−1) 
are shown in Fig. 2D (Fig. 2G) and Fig. 2E (Fig. 2H), respectively. 
Both difference and asymmetry spectra include all the possible ma-
gnon modes of the system. The spectra clearly exhibit a multimode 
character. Specifically, they feature two intense magnon modes lo-
calized primarily in the two topmost layers, accompanied by several 
satellite peaks attributed to bulk modes residing mainly in the inner 
layers (15, 32, 45, 48–52). The reduced visibility of the higher-energy 
modes in the asymmetry spectra can be traced directly to the math-
ematical definition of the asymmetry itself. Because the total inten-
sity appears in the denominator, it is expected that these magnon 
peaks are inherently less pronounced in the asymmetry spectra (see 
text S2). To identify the origin of the magnon modes observed in the 
experiments, we performed first-principles calculations of the mag-
nonic Bloch spectral function (MBSF). The MBSFs associated with 
the top two layers are shown in Fig. 2 (D and G) for two representa-
tive cases, corresponding to the experimental spectra. Very similar 

to the experiment, one clearly observes the presence of two classes 
of magnons, denoted as α1 and α2 modes. Note that in the adiabatic 
calculations presented here, the lifetime broadening due to the Lan-
dau damping has not been taken into consideration. Hence, the ma-
gnon modes appear as sharp excitations. Here, the most important 
result is that the presence of the two classes of magnons in the sys-
tem (referred to as α1 and α2 modes) is a direct consequence of the 
hcp structure, as the modes are predominantly localized on one of 
the sublattices A1 and A2 . To better follow the dispersion relation of 
these two classes of magnons, two peak functions were used, each 
of which mimics one of the two classes (53). Details are also pro-
vided in text S2 and fig. S1. The peak positions extracted from the 
experimental data, following the procedure detailed in text S2 and 
fig. S2, are represented by squares and triangles.

In Fig. 2I, a set of difference spectra, recorded at various wave 
vectors, is presented, indicating a clear dispersion of all the magnon 
modes. In addition, the peak functions representing the α1 and α2 
modes are also shown as a guide to the eye. Figure 2I demonstrates 
that in contrast to the modes denoted by α1 , those marked as α2 ex-
hibit a rather weak dispersion relation. The two classes of modes de-
generate at the high-symmetry K-point of the surface BZ. The data 
also reveal a distinct band crossing of these modes at the K-point, 
within the lifetime broadening, accompanied by a linear dispersion 
relation both above and below this point (see also fig. S2).

To verify the Dirac properties of the magnon modes of the sys-
tem, we analyzed the intensity map of these magnons in the energy-
momentum space. The intensity map along the main symmetry 
directions of the surface BZ is summarized in Fig. 3. The results are 
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Fig. 2. SPHREELS spectra recorded on a 20-ML thick film of hcp Co on W(110). (A) Scattering geometry used in the experiment. EiEi and EfEf  denote the energy of the in-
cident and scattered electron beams, respectively. ki ( θi ) and kf ( θf  ) denote the momentum (angle) of the incident and scattered electron beams, respectively. (B) Propagation 
direction of the magnons in the reciprocal space for the spectra shown in (C) to (I). (C to H) Typical SPHREELS spectra recorded on 20-ML Co on W(110) at the incident energy 
of Ei = 4 eV at room temperature. The spectra shown in (C) to (E) and (F) to (H) are recorded at the wave vector transfers of ∣Q∣ = 0.5 and 0.6 Å−1, respectively. The spin-
polarized spectra are shown in (C) and (F), the difference spectra are shown in (D) and (G), and the asymmetry spectra are presented in (E) and (H). The spectra shown in red 
and blue were recorded with the spin polarization vector of the incident electron beam being parallel and antiparallel to the scattering plane’s normal vector n̂ (or the mag-
netization M ), respectively. In (D) and (G), the spectral function calculated on the basis of first principles is also shown by the orange color for a comparison. One recognizes 
the presence of two classes of magnon modes. These are denoted by α

1
 and α

2
 . (I) Series of the difference spectra recorded along the Γ − K  high-symmetry direction (and 

beyond). The solid black curves in (D), (G), and (I) contain two peak functions mimicking the α
1
 and α

2
 modes and may be used as the guide to the eye. The square and trian-

gular symbols represent estimated peak positions extracted from the experimental data using the approach explained in text S2. For an extended version, see fig. S2.
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compared to those of ab initio calculations. In Fig. 3A, the results of 
a 20-ML sample are presented and are compared to the magnon 
bands calculated on the basis of first principles. The solid symbols 
represent the magnon energies of the two modes, and the vertical 
lines represent the upper limit of their error bars. As discussed in 
text S2, because of the presence of several magnon modes and the 
fact that each magnon mode has a certain lifetime broadening and 
amplitude, it is unrealistic to try to separate all these magnon modes. 
Instead, we estimate the magnon energies by analyzing the center of 
mass of the maxima observed in the spectra. The presence of 20 ma-
gnon bands in the calculations is a direct consequence of the con-
fined geometry in the direction perpendicular to the layers, leading 
to a discretization of the magnon Dirac nodal line. To unravel the 
origin of the observed magnon modes, experiments were performed 
on a thinner sample with the thickness of 15 MLs only along the 
Γ −M  direction. Along this symmetry direction, neither a band 
crossing nor a nonzero Berry phase is expected. The magnons are an-
ticipated to behave classically, as in standard slab (thin film) systems. 
The SPHREELS spectra recorded on this sample are presented in 
fig. S4. The resulting magnonic spectrum over the energy-momentum 

space is presented in Fig. 3B, together with the results of the 20-ML 
film. The similarity of the data for the two samples along this symme-
try direction ensures that the probed magnon signal can be attributed 
to the topmost two layers, with some contributions from the layers 
located in the inner part of the Co film. Further details are provided 
in text S3 and fig. S5. This fact is also supported by the calculated 
layer-resolved MBSF and layer-resolved magnonic density of states 
(MDOS). The MBSF projected onto all 20 layers is shown in Fig. 3C. 
The spectral function projected onto the two topmost layers is pre-
sented in Fig. 3D, further confirming that the main contribution to the 
measured spectra originates from the magnons mainly localized in 
the two topmost surface layers. The same behavior is also observed 
in Fig. 2 (D and G), where the spectral function projected onto the two 
topmost surface layers for two representative wave vectors is shown. 
For an extended discussion, see text S3 and S4 and figs. S5 to S7.

It is crucial to recognize that the presence of Dirac magnons in 
thin magnetic films is not obvious, even when their bulk counter-
part is theoretically predicted to exhibit them. A critical consideration 
overlooked in previous experimental and theoretical investigations 
is the inherent reality of layered structures: The surface (or interface) 
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Fig. 3. Magnon dispersion relation of thin hcp Co films on W(110), with thicknesses of 15 and 20 MLs. (A) Intensity map of a 20-ML Co film. The normalized difference 
spectra are plotted as the color map. The spectra were normalized to the elastic peak. The apparent enhancement of the high-energy background intensity near the 
K -point is partly a consequence of this normalization procedure and partly due to the presence of single-particle excitations within the Stoner continuum. The magnon 
energies of the α

1
 and α

2
 modes are shown by the solid circles and squares, respectively. The error bars (standard errors) are shown by the vertical lines. The results of 

ab initio calculations are also shown by solid curves. (B) Comparison between the results of the 20-ML sample and the sample with the film thickness of 15 MLs. Note that 
the results of the 15-ML sample are shown along the Γ − M direction only. To account for the excitation cross section, the result of Q > 1.3 Å−1 is scaled so that the back-
ground intensity matches the results recorded at Q = 1. 2 Å−1. All spectra were recorded at room temperature. Calculated magnon BSF projected onto (C) all 20 layers and 
(D) the top two atomic layers. The solid circles and squares indicate the peak positions of the two main magnon modes α

1
 and α

2
 , respectively. The results of the 20- and 

15-ML samples are shown by the green and gray colors, respectively. For an extended version, see also fig. S3.
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layers have distinct values for the Heisenberg exchange coupling 
constants and the atomic magnetic moments compared to both the 
bulk and inner layers of the slab. The layer dependence of magnetic 
parameters is well established, as confirmed by both first-principles 
calculations and experimental results (45, 48, 54, 55). It is attributed 
to the extension of the electronic wave function, and consequently, 
the spin density, into the vacuum (or the nonmagnetic substrate, 
if present). Our calculations fully incorporate all these effects. This 
layer-dependent phenomenon can enhance the magnetic symmetry 
of the system, as the ratios of the exchange parameters and mag-
netic moments enter the Hamiltonian (see also text S5). As a result, 
the modes associated with the surface/interface do not simply ap-
pear below the bulk continuum, as one would expect from the re-
duced mean fields close to the surface. Instead, they appear at the 
edge of the bulk continuum and can therefore hybridize with the 
bulk modes (see also text S5).

As a consequence of the itinerant nature of magnetism in Co, the 
magnons are damped in this system. The main source of damping of 
high-energy exchange-dominated magnons in itinerant magnets is 
due to their decay into electron-hole pair excitations, known as Stoner 
pairs, as has been confirmed by the calculations accounting for this 
so-called Landau damping (35, 36, 56–60). Irrespective of their strong 
damping, the magnons still exhibit Dirac-like properties in the vi-
cinity of the K -point, as seen in the intensity maps presented in 
Fig. 3. A similar behavior can also be observed in the constant en-
ergy slices of the magnonic spectrum.

In Fig. 4, we show the constant energy slices away and close to 
the Dirac point energy. The results for the energy of ℏω = 200 meV, 
away from this point, are shown in Fig. 4A. The experimental data, 
shown in the right quarters, are compared with the calculated MBSF, 
shown in the upper left quarter. A simple but practical way to in-
clude the effects of Landau damping in MBSF is to broaden the cal-
culated MBSF by a value corresponding to the broadening observed 
in the experiment. Such a consideration would mimic the effect of the 
Landau damping on the spectral function. The results of this analysis 
are presented in the lower left quarter of Fig. 4A, where a broadening 

of 42 meV is assumed. Both experimental and computational results 
show the expected ring-like pattern of the intensity map centered 
around the zone centers.

The results for the Dirac point are presented in Fig. 4B. Both the 
experimental and computational results are presented for the energy 
ℏω = 380 meV. While the spectral function as calculated on the basis of 
first principles is shown in the upper left quarter, the broadened MBSF 
by 80 meV is shown in the lower left quarter. The results further con-
firm the presence of the Dirac point as a high-intensity area located at 
the K-point. The Dirac point is clearly visible in the calculated MBSF 
without considering the broadening caused by the damping. The pres-
ence of the Landau damping smears out the spectra. The calculated 
results of MBSF exhibit a high intensity at this point even after con-
sidering the damping, similar to the experimental results. The inten-
sity at the other parts of the surface BZ is lower than at this point. In 
particular, the calculations predict that the map along the Γ −M 
direction and at the M-point should exhibit a lower intensity com-
pared to the Γ − K  path and the K-point. This behavior is clearly 
observed in the experimental results. A similar conclusion can be 
drawn by looking at the MBSF projected onto the two topmost lay-
ers. The results of the MBSF projected onto these layers are present-
ed in Fig. 4 (C and D), where we show the spectral function with 
and without considering the broadening associated with the Landau 
damping. The better agreement between the results of the calcula-
tions when the spectral function is projected onto the topmost layers 
and those of the experiment indicates, once again, that the main con-
tribution to the experimental spectra originates from the two top-
most surface layers. Because of the fact that SPHREELS is mainly a 
surface probe technique, such a behavior is expected.

DISCUSSION
Impact of itinerant electrons and the number of 
atomic layers
It is important to notice that because of the itinerant nature of magne-
tism of Co, the pattern of both the Heisenberg exchange parameters 
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calculated spectral function broadened by 80 meV is shown. The projected MBSFs onto the two topmost layers are shown in (C) and (D) and are compared to the experi-
mental magnon spectrum. The results of ℏω = 200 meV and ℏω = 380 meV are shown in (C) and (D), respectively.
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and magnetic moments across different layers is no longer uniform. It 
is often observed that both of these quantities are enhanced in the 
vicinity of the surface. This is attributed to the contribution of differ-
ent orbitals to the interatomic Heisenberg exchange interaction and 
the spin-density redistribution near the surface (see also Materials 
and Methods). One of the prime consequences of this fact is that the 
surface magnon modes of the Co films are located in the close vi-
cinity or within the bulk modes (instead of being located far below 
them), as observed in Figs. 2 and 3. An extended discussion is pro-
vided in text S5 and S6 and figs. S7 and S8.

As seen in Fig. 4 (B and D), the Dirac point is not as sharply de-
fined as the corresponding feature presented in Fig. 1 (D and E) for 
bulk Co calculations, excluding damping. This finding aligns with 
results for the bulk itinerant magnet FeSn (25) and has been attrib-
uted primarily to the Landau damping of these magnon modes. The 
results indicate that the Stoner continuum does not cause a detect-
able gap in the two-dimensional (2D) Dirac crossings in thin Co 
films. Given that thin films can in principle exhibit a different Stoner 
continuum than the bulk, this is reasonable (35, 59).

Beyond the effects of Landau damping, another contributing 
factor is the fact that layered systems composed of a finite number 
of layers often exhibit multiple Dirac points in the vicinity of the 
K-point (see, e.g., Fig. 5A). A careful analysis of the magnonic band 
structure revealed that the appearance of these points, instead of a 
single Dirac point, is a result of the confinement in the direction 
perpendicular to the layers and the even number of layers in the 20-ML 
film, in which the A1/A2 stacking sequence of hcp is preserved.

In general, for a film composed of a finite number of layers, there 
exist several “confined magnon modes.” The energy spread of these 
modes is mainly determined by the strength of interlayer Heisenberg 
exchange interactions and is approximately given by the projection 
of the bulk magnon bands onto the surface. In the vicinity of the 
K-point, the confined magnon modes are spread over an energy win-
dow of about 60 meV. This is in agreement with the weak energy dis-
persion of the bulk magnonic band structure along the K-H symmetry 
path, starting from 550 meV at the K-point up to about 600 meV at 
the H-point (over an energy range of about 50 meV; see Fig. 1C and 
also fig. S8). Owing to the fact that in a slab of 20 layers, the inversion 
symmetry of the bulk is approximately preserved if substrate effects 
can be neglected, the magnonic bands pair up and form Dirac points. 
These Dirac points are spread over an energy range of about 60 meV. 
The symmetry-driven Dirac nodal line of the hcp Co bulk is trans-
formed into several discrete Dirac points at the K-point of the surface 
BZ (see also text S6). Ultimately, the Berry phase in the vicinity of 
these crossing points confirms their Dirac nature.

The analysis of the magnetic parameters revealed that the ap-
pearance of these points, instead of a single Dirac point, is a result of 
the nonzero out-of-plane interatomic exchange parameter describ-
ing the interaction between the sublattices of the same kind (A1 and 
A2 in Fig. 1A). If the exchange parameters describing this interac-
tion are set to zero, the magnonic band structure of the bulk system 
will be flat along the K-H high-symmetry line and, consequently, all 
the Dirac points would degenerate, forming a single Dirac point.

Magnon Berry phase and symmetry-driven properties
As discussed above in the case of 20 MLs, the inversion symmetry of 
the whole stack is approximately preserved (because of the A1/A2 
stacking of layers) if substrate effects can be neglected. Hence, the 
idealized or freestanding Co system meets the symmetry require-
ments for the formation of Dirac points. To ensure that these points 
are of Dirac nature, we calculated and analyzed the Berry phase of 
all the magnon bands using exchange parameters calculated from 
first principles for a freestanding 20-ML Co film. We use a linear 
spin-wave theory framework to treat the topological properties of 
layered structures. Unlike standard computational packages opti-
mized for three-dimensional bulk crystals or idealized 2D model 
systems, our implementation seamlessly integrates complex layer-
dependent interactions. It enables the precise determination of the 
full magnonic spectrum, including the band-resolved Berry phase 
and associated topological properties (see Materials and Methods). 
The results, presented in Fig. 5, clearly indicate that for the contours 
around the K(K ′)-point, where the Dirac points are located, all the 
observed magnon modes have a Berry phase of ∣ϕ

B
∣ = π . The contours 

around the other symmetry points of the surface BZ, e.g., the zone 
center Γ-point, result in a Berry phase of zero. As seen in Fig. 5A, the 
nontrivial Berry phase of ∣ϕ

B
∣ = π around the K(K ′)-point indicates 

that the single-particle eigenstates of the Heisenberg Hamiltonian 
cannot be smoothly defined without a singularity. While the magnon 
energy dispersion evolves continuously through the K-point, the un-
derlying eigenstates are mathematically singular at the crossing. The 
presence of a Dirac node necessitates an abrupt exchange in the sub-
lattice character (or pseudospin) of the magnon mode upon travers-
ing this crossing point. This sublattice swap manifests as an intensity 
winding, the consequences of which are observed in our experimen-
tal data (see below). The opposite values of the Berry phase at the K  
and K ′ valleys are inherent to the bipartite lattice of the investigated 
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Fig. 5. Berry phase of the magnonic bands in the vicinity of the Dirac points. 
(A) Magnonic band structure of a 20-ML Co film near the K -point. The magnonic 
band structure comprises pairs of bands (shown in red and blue) characterized by 
a quantized Berry phase of ∣ϕ

B
∣ = π . At the Dirac node, these branches exhibit a 

degenerate crossing where the eigenstates undergo an instantaneous exchange of 
character. (B) Distribution of the Berry phase in the 2D reciprocal space. The ma-
gnon band pairs at the high-symmetry K  - and K

′
-points have a Berry phase of 

∣ϕ
B
∣ = π . These points exhibit opposite signs of the Berry phase, indicated by the 

red and blue color mapping. The arrows denote the integration contours used to 
calculate the Berry phase around the high-symmetry points.
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system and can be traced back to its fundamental symmetries (text 
S1). The weak inversion-symmetry breaking perturbations expected 
to exist in any real sample because of the substrate can be expected 
to gap out the Dirac cones, rendering them massive and causing a 
finite Berry curvature. These gaps are, however, expected to be smaller 
than the broadening associated with the magnon lifetime and thus 
remain unresolvable.

The Berry phase of ±π is expected to result in an intensity wind-
ing of the spectra when encircling the Dirac point in bulk hcp ferro-
magnets (29, 30). One would also expect that a similar behavior 
should be observed for a thin hcp slab composed of a finite number 
of layers (see, for example, text S7). However, such an intensity wind-
ing is supposed to be rather weak because of the thin film geometry, 
the nature of electron-magnon interaction, the damping effects, and 
the presence of single-particle excitations. The experimental data 
supporting this expectation are presented in fig. S9 for a 20-ML Co 
film. We emphasize that for the 15-ML film (or any film with an odd 
number of layers), a Berry phase of ±π for the surface-localized ma-
gnon bands is not guaranteed by the symmetry of the slab. However, 
as clearly visible from the calculated magnon bands (see, for exam-
ple, fig. S7), both thicknesses exhibit several pairs of magnons that 
cross at the K-point, forming Dirac-like crossings. These crossed 
magnon bands can still have a nonzero Berry phase mainly derived 
from the local symmetry of the system.

It is not straightforward to observe an even-odd effect in the in-
tensity maps of these rather thick films discussed here. The presence 
of several Dirac-like crossings and the Landau damping in Co does 
not allow to resolve individual Dirac cones. Therefore, one expects 
the experimental intensity map to be practically similar for films 
with an even or odd number of layers.

At room temperature, a Dirac crossing at 380 meV is not popu-
lated under thermal equilibrium. However, within the framework of 
magnetism, the physical significance of a Dirac point may not be de-
fined solely by its equilibrium occupation but rather by its role as a 
source of Berry curvature, which governs magnon dynamics through 
the semiclassical equations of motion (31), in the dynamical re-
sponse. Consequently, the presence of such a node and the resulting 
anomalous magnon velocity may carry fundamental implications 
for the high-frequency dynamical response. While the treatment of 
these dynamical effects is beyond the scope of the present study, the 
observed nonzero Berry phase provides the necessary foundation for 
further investigation of such behavior.

We note that our focus here is on the integrated phase winding of 
the magnon eigenstates around the Dirac points. In a more general 
context, this is a manifestation of the Berry curvature, for which the 
observed ±π Berry phase is the global signature. This curvature can, 
in principle, govern magnon dynamics through the semiclassical 
equations of motion (31). Within this framework, the velocity of a 
magnon wave packet is determined not only by the conventional 
group velocity derived from the dispersion gradient but also by a 
particularly interesting contribution known as the anomalous veloc-
ity. This latter component is proportional to the Berry curvature and 
may become considerable under specific conditions (31). Conse-
quently, while trivial magnons elsewhere in the surface BZ follow 
trajectories dictated solely by the dispersion gradient, magnons near 
the K -point can, in principle, have an anomalous velocity. Such 
behavior could be important for systems with a mass term in the 
Hamiltonian caused, for example, by symmetry breaking. This could 
potentially provide a “topological filter” for the nonequilibrium 

response when magnons are excited in the vicinity of the Dirac 
point in a momentum-resolved excitation scheme (61). We note that 
while the treatment of these dynamical effects is beyond the scope of 
the present study, the observed nonzero Berry phase provides the 
necessary foundation for further investigation of such behavior.

We underscore that while broad spectral features are an inherent 
physical property of itinerant magnets, our identification of a 2D 
Dirac crossing is supported by a self-consistent framework of three 
independent experimental signatures: (i) the apparent merging of 
peak centers tracing the coalescence of the α1 and α2 branches across 
the entire surface BZ, (ii) the emergence of an intensity maximum at 
the K-point at the Dirac node energy, and (iii) the experimental detec-
tion of the consequences of the intensity winding about the K-point, 
confirming a nonzero Berry phase, a robust hallmark of Dirac ma-
gnons that persists despite Landau damping (see also text S8).

In the absence of spin-orbit coupling giving rise to, e.g., antisym-
metric interactions [Dzyaloshinskii-Moriya interaction (DMI)], hcp 
films do not exhibit nontrivial magnon Chern numbers (similar to 
bulk hcp ferromagnets). This is because the Berry curvature integrates 
to zero over the 2D BZ because of symmetry constraints, as is clearly 
apparent from Fig. 5B. However, beyond its fundamental importance, 
the Dirac crossing in hcp Co thin films can serve as the essential par-
ent phase for engineering magnonic Chern insulators with a nonzero 
Chern number. By using interfacial DMI in Co/heavy metal, this 
symmetry-protected degeneracy can be lifted to realize a topological 
spectral gap (62–66). This effect becomes increasingly important in 
thinner films, as the interfacial DMI strength scales inversely with the 
ferromagnetic layer thickness. Moreover, the linear dispersion of these 
∼85- to 95-THz branches may provide a foundation for ultrafast sig-
nal transport, while the concentration of Berry curvature may facili-
tate the observation of the magnon Hall effect in the terahertz regime. 
Because the energy of the Dirac node is governed by interlayer ex-
change interactions, the system remains tunable via strain or layer 
thickness, establishing hcp Co films as a potential room-temperature 
platform for high-frequency topological magnonics.

We anticipate that Dirac magnons should be observed in other 
thin films of 3d magnets ordered in the hcp structure. This would open 
up possibilities to use such magnons for practical applications. In 
this regard, one obstacle is the presence of the Landau damping and, 
consequently, the short lifetime of these magnons in itinerant magnets. 
However, one may overcome this obstacle by tuning the Landau damp-
ing via engineering of the electronic structure of the system. A strategy 
has been proposed in (14, 59, 67, 68) and has successfully been imple-
mented to similar systems. Likewise, the excitation frequency of these 
magnons can also be tuned by alloying with other elements, tuning the 
interatomic distances by epitaxial strain or growing magnetic superlat-
tices composed of alternating atomic layers made of different mag-
netic elements (67). Besides concentrating on avoiding its detrimental 
Landau damping effects, electron-magnon interactions could also be 
addressed within an effectively non-Hermitian framework and be ana-
lyzed for their non-Hermitian topology, as has been proposed in (69) 
for magnon-magnon interactions.

One of the primary advantages of 3d transition metals is their 
compatibility with conventional nanofabrication techniques, which 
facilitates the integration of Dirac magnons into the burgeoning field 
of terahertz magnonics. However, the use of metallic ferromagnets as 
a platform for topological magnonics involves a unique set of tech-
nological trade-offs. While the presence of mobile charge carriers 
introduces considerations such as ohmic dissipation and potential 
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parasitic electronic signals, these may be balanced by the advantages 
of metallic systems. Specifically, the coexistence of charge and spin 
degrees of freedom allows for the direct electrical control of ma-
gnons via the spin Hall effect and related phenomena, enabling the 
development of integrated spintronic-magnonic architectures.

Furthermore, compared to complex magnetic insulators, elemen-
tal metallic films offer greater scalability and facilitate nanopatterning 
with atomic-layer precision. These features, combined with the room-
temperature stability and high-energy Dirac magnons reported here, 
position 3d transition metals as a potential candidate for on-chip to-
pological information processing. In a similar manner, it is expected 
that artificial periodic magnetic metamaterials ordered in an hcp 
structure will also exhibit such Dirac magnons.

Beyond transport, the discovery of Dirac magnons at such high 
energies (380 meV ≈ 90 THz) may be important for the fundamental 
understanding of ultrafast spin-lattice coupling and electron-spin dy-
namics. It has been experimentally demonstrated that the relaxation of 
hot electrons in Co films is dominated by the emission of high-energy 
magnons on a femtosecond timescale (70). These high-energy excita-
tions provide a primary microscopic channel for ultrafast spin-flip 
processes (46, 71). It might therefore be relevant to investigate the im-
pact of a Dirac crossing in this energy regime to determine how it 
might alter the scattering phase space available for such relaxation. 
Because the Dirac point acts as a topological singularity in the ma-
gnon spectrum, it may, in principle, influence the rate and efficiency of 
spin-dependent electron thermalization. Our identification of Dirac 
magnons within the high-energy manifold of hcp Co films may thus 
provide a basis for more detailed microscopic investigations of these 
ultrafast processes and the possibility of their selective manipulation.

We anticipate that our results will inspire new approaches for in-
vestigating laterally resolved magnon spectra. Potential methodol-
ogies to achieve this include (i) using well-ordered self-organized 
magnets (53), (ii) using locally resolved tunneling spectroscopy 
(72), and (iii) leveraging the recently developed technique of later-
ally resolved electron energy-loss spectroscopy within an electron 
microscope (73).

In conclusion, using spin-polarized high-resolution electron spec-
troscopy experiments and first-principles calculations, we provided 
direct experimental and computational evidence of Dirac magnons 
in elemental Co thin films with an hcp lattice structure. It was dem-
onstrated that the magnonic spectrum of thin hcp Co films of several 
atomic layers shows clear signatures of Dirac-like band crossings. 
Such nontrivial magnonic states having a nonzero Berry phase can 
be efficiently excited by means of spin-polarized electrons despite 
their notable Landau damping. Berry phase and protection proper-
ties of magnons in hcp films are governed by the presence of the C3v 
and time-reversal symmetry, which, combined with the inversion 
symmetry for an even number of layers, leads to the formation of 
Dirac magnons with a Berry phase of ±π at the high-symmetry 
K-point of the surface BZ. In essence, the interplay of the thin-film 
geometry and unique electronic properties (specifically those that 
suppress the influence of Stoner excitations) facilitates the forma-
tion of the 2D Dirac crossings in atomically engineered Co films. 
These Dirac-like band crossings are fundamentally distinct from a 
single Dirac point, whose existence and Berry phase characteristics 
are governed solely by the bulk symmetries. The results highlight the 
role of dimensionality in determining magnonic band formation, 
band crossings, and their possible symmetry protection. Further-
more, our discovery of room-temperature Dirac magnons in a thin 

film enables rigorous testing of the fundamental physics of Dirac 
bosons within a highly controllable experimental environment. Our 
results clearly demonstrate that the high-resolution electron scatter-
ing techniques, using low-energy electrons, can be used to probe 
and pinpoint the magnonic states of a thin ferromagnet having a 
nonzero Berry phase driven not only by the symmetry of the surface 
itself but also by the symmetry considerations of the layer stacking. 
The results indicate that Dirac magnons must exist in a vast variety 
of hcp ferromagnetic 3d films and superlattices, epitaxially grown 
on nonmagnetic substrates, where the number and sequence of the 
atomic layers would provide the means for tuning the Berry phase in 
a well-controlled and layer-by-layer manner. We anticipate that the 
same symmetry arguments can be used to design magnetic meta-
materials, hosting Dirac magnons. To realize Dirac magnons in these 
systems, one would need to prepare 2D honeycomb-like structures, 
featuring two distinct magnetic sublattices, similar to the approach 
used in (74). Given that the most important ingredients leading to 
the formation of Dirac magnons are the symmetry aspects and a 
nonzero interaction between the two sublattices, both planar and 
nonplanar structures should host such magnons. All these may open 
up new horizons for the use of Dirac magnons in the field of mag-
nonics and in all magnon-based logic devices. It is worth empha-
sizing that the primary outcome of the study is the experimental 
demonstration of magnonic Dirac crossings in a prototypical, room-
temperature ferromagnetic thin film. These results establish a foun-
dational basis for the study of topological bosonic quasiparticles in 
the terahertz regime within the broader context of fundamental 
condensed-matter physics. While the implementation of such fea-
tures in high-frequency architectures remains beyond our present 
scope, it may represent a promising direction for future research.

MATERIALS AND METHODS
Experiments
Sample preparation
All the experiments were performed under ultrahigh vacuum con-
ditions with a base pressure of P ≃ 3 × 10−11 mbar. Co films were 
grown on an atomically smooth and clean W(110) substrate. The size 
of the single crystal used in our study was 5 mm by 8 mm by 0.3 mm. 
We used a flat W(110) crystal, with a cutting angle better than 0.1°, 
with respect to the (110) plane of the body-centered cubic structure of 
tungsten. Before the film growth, the surface of the W(110) substrate 
was cleaned under ultrahigh vacuum conditions using a cleaning pro-
cedure specially developed for refractory metals (75). In this pro-
cedure, the crystal is flashed at a temperature of about T ≃ 1200 K 
in an oxygen partial pressure of PO2

≃ 6 × 10
−8

to 9 × 10
−8 mbar 

to remove the carbon contamination. During each cycle, the flashing 
power was switched on for 20 s and off for 60 s. In the next step, a 
couple of high-power flashes ( T ≃ 2000 K) were used to desorb the 
oxygen from the surface. The procedure leads to an atomically clean 
and well-ordered W(110) surface, as confirmed by our surface struc-
tural and chemical analysis by means of low-energy electron diffrac-
tion (LEED) and Auger electron spectroscopy, respectively.

The Co layers were deposited onto the clean W(110) surface by 
means of molecular beam epitaxy at a substrate temperature of about 
T ≃ 350 to 400 K and with a deposition rate of about 0.23 monolay-
ers per minute (MLs/min). It is well known that for thicknesses be-
low 1 ML, Co grows pseudomorphically on W(110) (76). For films 
with a thickness of above 2 MLs, the structure is hcp with the epitaxial 
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relationship Co(0001)∥W(110). While the Co[1100 ] direction adopts 
itself along the [ 110 ] direction of the W(110) substrate, the large lat-
tice mismatch along the orthogonal direction leads to the formation 
a superstructure, where five Co atoms correspond to four underly-
ing W atoms (64, 76–79). This results in the formation of the so-
called floating layer. Because of the finite mean free path of electrons, 
one clearly observes the presence of such a superstructure in the 
LEED patterns recorded on samples with a film thickness below 4 MLs. 
For 15- and 20-ML samples, a perfect hcp structure was observed. 
In fig. S10A, we show a LEED pattern recorded on a 20-ML sample, 
taken at an electron energy of 80.2 eV. The corresponding simulated 
pattern at the same energy is shown in fig. S10B, indicating the per-
fect hcp structure of the studied samples.

The static magnetic properties of the samples were probed by 
means of magneto-optical Kerr effect in the longitudinal geometry. 
Typical magneto-optic Kerr effect hysteresis loops recorded on the 
studied samples are shown in fig. S10 (C to E). In fig. S10C, the mag-
netic field was applied along the Co[1100 ] direction (or the W[110 ] 
direction). In fig. S10 (D and E), the magnetic field was applied along 
the Co[1120 ] direction (or the W[100] direction). The results indicate 
that the Co[1100 ] direction represents an easy magnetization axis.
Probing the magnon dispersion relation by means 
of SPHREELS
Magnons were investigated by means of SPHREELS (43–45). In 
SPHREELS, a well-defined monochromatic beam of spin-polarized 
electrons is scattered from the surface, and the energy and momen-
tum transfer of the electrons is measured at a fixed incident energy 
(usually both the energy loss and gain of electrons during the scatter-
ing event are measured). The spin polarization of the incident elec-
tron beam in these experiments was 72 ± 5% . The spectra were 
recorded for the two possible orientations of the incoming spin-
polarized electron beam, i.e., parallel and antiparallel to the scattering 
plane’s normal vector n̂ . Before the spectroscopy experiments, a rela-
tively large magnetic field of 0.25 T was applied along n̂ to fully mag-
netize the sample. The spin-polarized spectra were then recorded in 
the magnetic remanent state, with no magnetic field applied. The 
scattering cross section was found to be the highest for the incident 
energy of Ei = 4.0 eV. Therefore, the spectra below ∣Q∣ = 1.3 Å−1 
were recorded at this energy. For the spectra at larger ∣Q ∣ , the inci-
dent energy was set to either Ei = 5.0, 7.0, 9.0, or 19.0 eV depend-
ing on the wave vector. Considering the surface BZ of hcp(0001), 
there are two possible geometries to access the K −M direction (see 
Fig. 2B). The first approach involves remaining within the first surface 
BZ and measuring along its edge. The second approach is to extend 
the measurements beyond the first surface BZ into the second one by 
measuring along the Γ − K −M path. The main challenge here is that 
at such large wave vectors, the signal count rate becomes very low. 
Moreover, achieving sufficient momentum transfer requires mea-
surements at higher incident energies. The magnon scattering cross 
section depends strongly on the incident energy: It is relatively large 
at lower incident energies (≈4 eV) but decreases considerably at high-
er energies in a nonmonotonic manner. Consequently, the reduced 
cross section at higher energies further diminishes the count rate. We 
adopted the second approach. To enhance the spectrometer’s through-
put, the scattering geometry and the pass energies were optimized.

The energy resolution was between 15 and 30 meV, and the spec-
tra were recorded at 300 K. The choice of the resolution was inten-
tional. This optimized the spectrometer’s throughput, enabling the 

acquisition of high-quality data across a large fraction of the surface 
BZ within a reasonable time frame. Electrons with their spin parallel 
to the sample magnetization are referred to as minority electrons, 
and those with spin polarization antiparallel to the sample magneti-
zation are referred to as majority electrons. Owing to the fact that 
the total angular momentum during the scattering process must be 
conserved, a magnon can only be excited when the incident elec-
tron’s spin is of minority character. Hence, a peak resulting from the 
magnon excitations is expected only in the minority spin spectra 
( I↓ ) and, consequently, a peak in the difference spectra, defined as 
I↓ − I↑ (43, 44). The peak is also observable in the spin asymmetry 
spectra defined as 

(

I↓− I↑

)

∕
(

I↓+ I↑

)

.
In the spin-polarized spectra shown in Fig. 2 (C and F) and 

fig. S4 (A, D, and G), the observed broad features are mainly non–
spin-flip in nature (47, 80). The key advantage of SPHREELS is the 
ability to effectively eliminate the influence of these spin-independent 
excitations by analyzing the difference spectra. This capability is 
the essence of performing such dedicated and complex spin-polarized 
measurements. The magnon wave vector is given by ∣Q∣ = Q∥ = 
kisinθ − kf sin

(

θ0 − θ
)

 , where ki ( kf  ) is the magnitude of the wave vec-
tor of the incident (scattered) electrons, and θ ( θ0 ) is the angle between 
the incident beam and the sample normal (the scattered beam). To 
probe magnons with different wave vectors, one may change the inci-
dent and scattered angles. In our experiment, this is achieved by rotat-
ing the sample about its main axis, i.e., changing θ and keeping θ0 fixed. 
In a similar way, the constant energy scans are also possible by fixing 
the energy loss and varying the magnon wave vector. To ensure the 
reproducibility of the spectra, all measurements were performed on at 
least three independent films prepared under identical conditions. The 
data presented reflect independent physical replicates, with consistent 
spectral features observed across all experimental runs.

To account for the drop in scattering intensity at a large momen-
tum, spectra were normalized to the quasielastic peak at zero energy 
loss. In addition, where necessary, the high-energy background was 
adjusted to ensure a consistent comparison across the measured 
momentum range.

Theory
Calculation of the magnonic band structure and magnonic 
Bloch spectral function
The magnonic band structure and magnonic Bloch spectral func-
tion were calculated by combining the results of ab initio density 
functional theory (DFT) calculations and adiabatic magnon calcu-
lations. The calculations of Co bulk were performed for an infinite 
system with periodic boundary conditions. In the case of the 20-ML 
sample, we used the slab calculations. The ab initio DFT calculations 
provide all the static magnetic properties of the system, e.g., Heisen-
berg exchange parameters and spin and orbital magnetic moments. 
In the next step, we calculated the magnonic band structure on the 
basis of the adiabatic magnon formalism (see below).

Our methodology starts with self-consistent calculations of the 
electronic structures within the framework of a generalized gradient 
approximation (GGA + U) of DFT. The Korringa-Kohn-Rostoker 
Green function formalism is implemented for both three-dimensional 
bulk magnets and layered structures composed a finite number of 
layers. The Heisenberg exchange constants were obtained by using 
the magnetic force theorem (81). We use the bulk lattice parameters 
for constructing the slabs ( a1 = a2 = a = 2.507 Å and c = 4.069 Å; 
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c∕a ≈ 1.62). This assumption is justified by our LEED experiments 
[see, for example, fig. S10 (A and B)]. For k integration, we use a tet-
rahedral integration method (82). A 30 × 30 mesh for self-consistent 
calculations and a 70 × 70 mesh for the calculations of Heisenberg 
exchange interactions were used. The slab calculations were per-
formed with a Green function method specially designed for semi-
infinite systems (83).

The results are in agreement with those of the literature (38–42). 
For the slab calculations, we used the lattice parameters of bulk Co. 
Because of the fact that Co films relax rather quickly on W(110), this 
is a very good assumption [see also fig. S11 (A and B)]. For the thick 
Co films studied here, the relativistic effects such as magnetic an-
isotropy and the antisymmetric interactions have been found to be 
rather small (64, 84). They are, therefore, neglected in the calcula-
tions. Because of the fact that the magnonic band structure of Co 
spans over several hundreds of milli–electron volts, this is a fairly 
good assumption. An important consideration is that all adiabatic 
magnon calculations overestimate the magnonic band structure of 
Co films (54, 55, 85–87). We have shown previously that the mag-
nonic band structure calculated in this way for flat films agrees both 
qualitatively and quantitatively with the experimental results only if 
the effects associated with the many-body correlations have been 
taken into consideration (15, 32, 51, 52, 60). A practical and less 
demanding approach to consider such effects is to correct the ex-
change splitting calculated by the standard DFT. For that, one may 
rigidly shift the majority bands toward the Fermi level. For Co films, 
a shift between Δ = 0.8 and 1.0 eV is expected depending on the struc-
ture (51). In the present study, we introduce a shift of Δ = 0.85 eV, 
which results in very good agreement with the experimental data. 
We note that this shift mainly changes the bandwidth of the mag-
nonic band structure and has only minor influences on the shape of 
the magnon bands. This is illustrated in fig. S11, where we present 
the results of the magnonic band structure with and without consid-
ering the correction for the effects associated with the many-body 
correlations. Within this framework, one can also calculate the atomic-
resolved MBSF and the corresponding atomic-resolved MDOS. In 
layered structures, it is convenient to project these quantities onto 
different layers to figure out the contribution of each layer to the total 
MBSF or MDOS.
Calculation of the Berry phase
The Berry phase properties of the observed magnon modes were 
evaluated using a layer-resolved Heisenberg Hamiltonian. To estab-
lish a rigorous connection with our ab initio results, the Hamiltoni-
an is parameterized using site-dependent magnetic moments mi and 
exchange coupling constants Jij

where Si is the spin operator at the lattice site i (with magnitude 
Si = mi∕gμB ). Following a Holstein-Primakoff transformation and 
subsequent Fourier transform into the 2D momentum space, we 
solve the bosonic eigenvalue problem to obtain the N magnon dis-
persions εn(Q) and the corresponding eigenvectors ∣ψn(Q)⟩ . Here, 
the mode index n ranges from 0 to N − 1, consistent with our nu-
merical implementation and the intensity modeling described above. 
We note that magnon-magnon interactions can theoretically induce 
energy renormalization or lifetime broadening (88). However, these 
effects were neglected, as the thermal energy scale is much smaller 
than the magnon bandwidth.

The topological nature of these modes is quantified by the Berry 
phase, ϕB,n , which represents the geometric phase accumulated by 
the magnon eigenstate ∣ψn(Q)⟩ as it is adiabatically transported along 
a closed contour  in the 2D surface BZ

The integrand An(Q) is the Berry connection, defined as

For the specific case of hcp(0001) thin films, our analysis reveals 
that the nonzero Berry phase is fundamentally rooted in the inter-
sublattice exchange symmetry between the A1 and A2 sites of the 
hexagonal lattice. By integrating the Berry connection along closed 
contours encircling the high-symmetry K  - and K ′-points, we obtain 
a quantized Berry phase of ϕ

B,n = ±π . This result confirms the 
Dirac nature of the magnon crossings and is consistent with obser-
vations in related hcp systems (29).

A similar formalism was used to calculate the Berry phase of the 
layered structures. The only difference is that the number of modes 
N is equal to the number of atomic layers of the ferromagnetic film. 
The results of those analyses are presented in Fig. 5.

We note that the quantized nature of the Berry phase precludes 
its evolution as a continuous scalar field across the surface BZ. In-
stead, it is a topological invariant tied to the winding of the complex 
wave function around the Dirac singularity. The quantized ±π val-
ues at the crossing are a direct manifestation of the valley-dependent 
topological charge, where the sign reflects the chirality of the spe-
cific K  or K ′ valley.
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