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Observation of gapped Dirac magnons in a Co bilayer grown on Ru(0001)
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Beyond their fundamental interest in exploring bosonic Dirac physics, Dirac magnons hold potential for the
development of efficient spin-transport devices. Here, we demonstrate the experimental realization of gapped
terahertz Dirac magnons in an epitaxial Co bilayer on Ru(0001) using spin-polarized electron spectroscopy.
Supported by first-principles calculations, we show that although the substrate breaks sublattice symmetry,
thereby opening a gap at the K̄ points, the local valley topology is preserved. This is evidenced by a spectral
weight redistribution, valley-centered curvature concentrations, and a nonzero local Berry phase. Our results
establish the interface as a tuning parameter, paving the way for engineering Dirac magnons in a variety of
simple ultrathin bilayer magnets.

DOI: 10.1103/cprf-rwsn

The discovery of topological phases of matter has fun-
damentally reshaped our understanding of condensed-matter
systems, extending well beyond the fermionic realm of
electrons in graphene and topological materials to bosonic
excitations [1–8]. Among these, Dirac magnons, characterized
by symmetry-protected features, have emerged as a frontier
in quantum magnetism [8–22]. Fundamentally, these massless
quasiparticles offer a unique framework to explore the inter-
play between lattice symmetry, sublattice interactions, and the
topology of the magnonic bands [23–25].

From an application perspective, these symmetry-protected
magnons offer a compelling platform for next-generation
spintronics and magnonics, providing viable routes toward
efficient spin transport and highly tunable magnon Hall ef-
fects, both of which prevent the Joule heating inherent to
conventional electronic currents. Notably, Dirac magnons op-
erating at the terahertz (THz) scale are intrinsically resilient
against thermal noise, enabling robust room-temperature op-
eration. Beyond transport, they may provide a playground for
testing topological bosonic quantum phenomena that are oth-
erwise obscured by thermal noise in conventional low-energy
bosonic systems.

Despite this profound potential, the experimental real-
ization and manipulation of THz Dirac magnons remain
challenging. A central challenge lies in identifying simple
material systems where such magnons are accessible to spec-
troscopic probes and are easily tunable [13,14].
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Symmetry arguments establish that a bilayer hexagonal-
close-packed (hcp) ferromagnet is host to Dirac magnons at
the K̄ point of the surface Brillouin zone (SBZ). The underly-
ing physics of these topological excitations is fundamentally
analogous to Dirac fermions in graphene, where the sublat-
tice symmetry enforces a linear crossing of the dispersion
relations [3,26]. In this case, the layer index of the bilayer
serves as a pseudospin degree of freedom, mathematically
isomorphic to the A and B sublattices of a honeycomb lattice
[8,14,16,17,26,27]. Consequently, the interlayer exchange
coupling acts as the magnonic counterpart to the electronic
hopping parameter, mediating the interaction strength across
the magnetic lattice. This structural equivalence ensures that
the magnon Hamiltonian, when linearized near the K̄ point,
takes the form of the Dirac equation, giving rise to magnonic
Dirac cones [26,28,29]. This correspondence permits the
description of magnons as massless bosons, with a group ve-
locity fundamentally governed by the strength of the exchange
interactions [see Supplemental Material (SM) Note I [30]].

Very recently, this prediction has been expanded to a broad
class of layered structures characterized by C3v symmetry,
reflecting a major push toward high-throughput material dis-
covery in topological magnonics [31,32].

An important consideration is that in realistic device archi-
tectures, magnetic films are grown on substrates that impose
lattice mismatch strain, symmetry breaking, and most im-
portantly, proximity effects. These interfacial phenomena can
significantly modify the system’s intrinsic magnetic proper-
ties. Consequently, several critical questions arise: (i) Can the
magnonic Dirac cone be realized experimentally in a realistic
hcp ferromagnetic bilayer? (ii) How does the substrate envi-
ronment dictate the stability and the local topological char-
acter, specifically the local Berry curvature and Berry phase,
of these excitations? (iii) Would these ultrathin magnetic
films on a metallic substrate possess a nonzero Berry phase?
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In this Letter, we address these open questions by inves-
tigating a prototypical system: an hcp Co bilayer epitaxially
grown on a Ru(0001) substrate. We provide direct experi-
mental evidence for the existence of Dirac magnons at the
high-symmetry K̄ point of the SBZ. Crucially, despite the
influence of the substrate, the resulting magnonic states retain
their local topological character and nonzero Berry phase. Our
results demonstrate that the substrate not only lifts the degen-
eracy of the magnonic Dirac point but also redistributes the
Berry curvature over a broader region of momentum space.
This extended curvature can drive an anomalous velocity [33]
over a large fraction of momentum space, offering compelling
prospects for THz magnon (spin) transport. Consequently, we
establish that the substrate serves not merely as a passive
support, but as an active tuning parameter. Finally, we pro-
pose a systematic route to restore the Dirac point and the
quantized Berry phase via a magnetic symmetrization of the
system.

Magnetic excitations were investigated using spin-
polarized high-resolution electron energy-loss spectroscopy
(SPHREELS), a technique uniquely suited for probing
magnons in ultrathin magnetic structures across the entire
SBZ [34–37]. In SPHREELS, a monochromatic, spin-
polarized electron beam excites the magnons and the subse-
quently scattered electrons carry the fundamental characteris-
tics of these excitations, including their energy (frequency),
wave vector (wavelength), and lifetime [38–41]. All exper-
iments were conducted at room temperature. The scattering
geometry is schematically illustrated in the inset of Fig. 1,
with the scattering plane aligned along the �̄-K̄-M̄ symmetry
path of the SBZ. The spin-polarization vector P was oriented
either parallel or antiparallel to the scattering plane’s normal
vector n̂. The energy distribution of the scattered electrons
was recorded for both orientations of P, yielding two partial
intensity spectra, I↑ and I↓. As shown in Fig. 1, these spec-
tra exhibit signatures of both spin-dependent (magnons) and
spin-independent (vibration) excitations [42]. The difference
Idiff = I↓ − I↑ [or asymmetry A = (I↓ − I↑)/(I↓ + I↑) ] spec-
tra effectively isolate the magnetic excitations, allowing the
dispersion to be mapped across the entire SBZ through a series
of constant-momentum scans (see SM Note II [30]).

The experimental intensity map of Idiff, probed across the
energy-momentum space along the �̄-K̄-M̄ high-symmetry
path of the SBZ, is presented in Fig. 2. Near the zone
center (�̄ point) and in the midway of �̄-K̄ , the spec-
tra are dominated by a prominent acoustic magnon mode
characterized by a notably stiff dispersion relation. As
the momentum increases toward the K̄ point, a secondary
optical mode becomes more pronounced at higher ener-
gies, exhibiting a comparatively soft dispersion. At the K̄
point, these two modes converge to form a gapped Dirac
crossing, a hallmark of the broken inversion symmetry
in this bilayer system. To elucidate the physical origin
of the observed intensity profile and confirm the protected
nature of the crossing, we compared the experimental data
with results derived from ab initio calculations. To ensure
that all experimental features were accurately captured, we
employed a theoretical framework combining first-principles
calculations with atomistic linear spin-wave theory. Our ap-
proach incorporates three critical factors that extend beyond
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FIG. 1. SPHREEL spectra. The spectra were recorded at a wave
vector of q = −0.7 Å−1, using an incident energy of Ei = 4 eV. The
partial intensity spectra are denoted by I↑ (I↓), where the subscripts
↑ (↓) represent the direction of the spin polarization vector P, be-
ing parallel (antiparallel) to the magnetization M, respectively. The
asymmetry A = (I↓ − I↑)/(I↓ + I↑) plot is shown in the lower panel.
The data clearly resolve the presence of both the first (acoustic) mode
at an energy of approximately 70 meV and the second (optical) mode
centered around 330 meV. The difference spectrum represents the
magnon signal. A schematic representation of the scattering geome-
try is provided in the inset. The atomic structure of the hcp bilayer is
also depicted, where the first and second layers are distinguished by
dark red and dark blue spheres, respectively.

simplified models: (i) noninteger, layer-dependent magnetic
moments; (ii) long-range exchange couplings Ji j extending
significantly beyond the first coordination shell; and (iii) the
intrinsic surface sensitivity of the experimental technique.
Following the determination of these magnonic parameters,
we calculated the magnonic band structure and the Bloch
spectral function. The final intensity map was then simulated
by incorporating the surface sensitivity profile inherent to the
SPHREELS probe, which primarily samples the outermost
layer of the film (see SM Note II [30]). This approach facili-
tates a more direct comparison between the predicted spectral
weight and the experimental observations. For a direct com-
parison, the resulting calculated intensity map is presented
alongside the experimental data in Fig. 2, with the calculated
magnon dispersion branches superimposed on both maps
as solid curves. These calculations assume pseudomorphic
growth of the Co film, where the in-plane lattice parameter is
constrained to the Ru(0001) substrate (a‖ = 2.706 Å), while
the interlayer spacing is allowed to relax to its experimental
value [43,44]. To isolate the effects of epitaxial strain, we also
present the magnon dispersion for a hypothetical unstrained
scenario in which the system adopts the bulk Co in-plane
lattice parameter (a‖ = 2.506 Å, dashed curves). The differ-
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FIG. 2. Intensity map of magnetic excitations in energy–
momentum space. The logarithmic-scale map is plotted along the
high-symmetry �̄-K̄-M̄ direction (excluding the M̄ point). Ex-
perimental results are presented on the left, with corresponding
theoretical calculations on the right. A magnified view near the Dirac
crossing is provided in the upper-right-hand corner, highlighting the
intensity inversion between the acoustic and optical branches across
the crossing point. Solid and dashed curves indicate the calculated
dispersion relations for relaxed structures using the in-plane lattice
parameters of Ru(0001) and Co(0001), respectively. Black circles
represent the calculations with symmetrized exchange parameters
(see text). A schematic representation of the SBZ is provided in
Fig. S1 [30].

ence in spectral broadening between theory and experiment is
primarily due to the system’s itinerant character. Specifi-
cally, the persistence of the experimental intensity up to
0.8 eV is driven by intrinsic lifetime broadening and inco-
herent single-particle background contributions. Furthermore,
the suppressed optical magnon intensity near the zone center
is consistent with the dynamic structure factor and selection
rules, while the low-energy intensity near the zone-boundary
K̄ point arises from a broadened quasielastic tail under ex-
treme kinematic conditions and residual surface adsorbates
(see also SM Note II [30]). Despite the notable damping
of these modes, our results confirm the presence of gapped
Dirac magnons at the K̄ point. This topological feature is
experimentally manifested by a striking intensity inversion
(or “flipping”) between the acoustic and optical branches in
the immediate vicinity of the K̄ point. This redistribution of
spectral weight, where the maximum intensity shifts from one
branch to the other upon crossing the high-symmetry point,
serves as the signature of a Dirac crossing. This behavior is
fundamentally analogous to the pseudospin character switch-
ing observed in the Dirac fermions of graphene, where the
wave-function character is transferred between the two sub-
lattices across the Dirac point [3]. In magnonic systems, this

intensity flip provides a direct experimental visualization of
the rapid rotation of the magnon wave functions, a mechanism
that constitutes the physical origin of the nonzero Berry phase.
This is further supported by a self-consistent framework of
three experimental observations: (i) dispersion dynamics, i.e.,
the convergence of magnonic branches, (ii) spectral weight
redistribution and constant-energy slices consistent with a
gapped Dirac crossing and a nonzero Berry phase, and (iii) the
robustness of these features against inherent Landau damping
(see SM Note III [30]).

It is important to note that the gap at the Dirac crossing is
an extrinsic effect arising from the substrate. In a freestand-
ing hcp Co bilayer, the two layers are equivalent, and the
Dirac point is protected by this layer (sublattice) symmetry.
This symmetry guarantees a twofold degeneracy correspond-
ing to the two-dimensional irreducible representation E of
the C3v magnetic point group, as discussed in Ref. [31]. In
the present case, the Ru(0001) substrate breaks the sublattice
symmetry, as evidenced by the distinct intralayer exchange
parameters of the interface layer (J Int.

1‖ ≈ 6.1 meV) and the
surface layer (JSurf.

1‖ ≈ 10.8 meV), along with their respec-
tive magnetic moments μInt. ≈ 1.34μB, μSurf. ≈ 1.65μB (see
Fig. S2 [30] for a comprehensive comparison). This imbalance
acts as an effective staggered potential that lifts the Dirac
degeneracy, opening a 25 meV gap between the lower branch
(peaking at 320 meV) and the upper branch (with a minimum
at 345 meV). To confirm this, calculations performed with
artificially symmetrized parameters (J Int.

i, j‖ = JSurf.
i, j‖ and μInt. =

μSurf.) are presented as solid circles in Fig. 2. These results
demonstrate the restoration of the Dirac point at the K̄ point.
In this symmetric limit, the magnon bands carry a Berry phase
of π (see SM Note IV [30]). Note that the effective coupling
in the magnon Hamiltonian scales as Ji j/

√
μiμ j (see SM Note

II [30]). Consequently, the reduction in Ji j values observed in
the interface layer is partially compensated by the simultane-
ous decrease in the magnetic moments μi of this layer. This
correlation is a characteristic feature of itinerant magnetism,
where both exchange interactions and magnetic moments are
self-consistently determined by the electronic structure. To
quantify the local topological properties, we mapped the Berry
curvature �n(ω, q), with the results presented in Fig. 3 (see
also the animation provided in SM [30]). Note that since
the Berry phase and Berry curvature are geometric properties
and not direct physical observables, their identification relies
on detecting their measurable consequences, i.e., an intensity
winding about the Dirac crossing. In Fig. 3(a), � is en-
coded on the magnonic band structure. As is clearly seen, the
25 meV gap serves as a focal point for the system’s topology.
The band-resolved 2D maps of �n(q) presented in Figs. 3(b)
and 3(c), for the upper and lower bands, respectively. The
results reveal that the �n(ω, q) is somewhat localized near the
gapped Dirac points in the form of Berry flux poles. It seems
that despite the physical gap, the magnonic wave functions
undergo a rapid rotation in the pseudospin space near the
high-symmetry K̄ points, making these regions act as intense
sources (or sinks) of a fictitious magnetic field. Integrating
the �n(q) along a loop of radius 0.37 Å−1 (half of the M̄-K̄
path) around K̄ yields a Berry phase of ≈0.3π . This nonquan-
tized value confirms that the substrate-induced gap broadens
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FIG. 3. Calculated energy-momentum mapping of the Berry cur-
vature. (a) Visualization of the Berry curvature for an hcp Co bilayer
on Ru(0001), projected onto the magnon bands. The color scale
represents the Berry curvature �. (b), (c) 2D Berry curvature maps
for the top and bottom bands, respectively. All color bars use a
symmetric logarithmic scale. The results reveal intense poles at the
high-symmetry K̄ and K̄ ′ points. While the substrate breaks inversion
symmetry and lifts the Dirac degeneracy, the localized Berry cur-
vature demonstrates that the bands retain their intrinsic topological
character. See the animation in SM [30].

the Berry flux, which is no longer singular. This leads to a
radius dependence of the Berry phase (see SM Note V [30]).
Critically, the Berry curvature is perfectly antisymmetric be-
tween valleys, �n(K̄ ) = −�n(K̄ ′), a condition enforced by
the mirror symmetry of the bilayer. While this antisymmetry
ensures a vanishing total Chern number (C = 0) and renders
a net anomalous magnon Hall effect symmetry forbidden,
the effect remains accessible through the selective excita-
tion of individual magnon populations. Importantly, these
enlarged poles remain a robust fingerprint of the gapped Dirac
physics, acting as a “symmetry-protected topological mem-
ory” that dictates the intrinsic dynamics of these high-energy
magnons.

It should be emphasized that our primary objective is not
merely to quantify the magnitude of the gap itself. Rather, our
central finding is that magnons at the high-symmetry K̄ point
carry a nonzero local Berry phase even in the presence of such
a substrate-induced gap.

The observed Dirac-like crossing and the associated Berry
curvature redistribution serve as the essential parent phase for
a magnonic topological insulator. This system can be driven
into a topologically nontrivial state with a nonzero Chern
number by introducing interfacial Dzyaloshinskii-Moriya in-
teractions [45–47].

The magnonic band gap at the K̄ point can be tuned,
and the quantized Berry phase restored, through a “magnetic
symmetrization” of the heterostructure. This can be achieved
by depositing a few atomic layers of Ru as a capping
layer, which equalizes the chemical environment at both in-
terfaces and effectively restores the sublattice interchange
symmetry [31]. Furthermore, our calculations demonstrate
that alternative symmetrization approaches, such as adding a
Pd monolayer, can substantially reduce the potential gradient
between the sublattices, thereby facilitating the emergence of
a Dirac point at K̄ (see SM Note VI [30]). Beyond restoring
the requisite magnetic symmetry, the inclusion of Pd can
effectively suppresses Landau damping [30,40].

In conclusion, we have provided direct experimental ev-
idence for the existence of gapped Dirac magnons in an
epitaxial hcp Co bilayer on Ru(0001). Using SPHREELS,
we probed the magnonic spectrum over a large fraction of
the SBZ and identified the intensity flipping of the magnon
spectral weight in the vicinity of the K̄ points, an observation
fundamentally related to the rapid rotation of the magnonic
wave functions in pseudospin space. While broad spectral
features are an inherent physical property of itinerant mag-
nets, the identification of a Dirac crossing is supported by
a self-consistent framework comprising several experimen-
tal observations: (i) dispersion dynamics, (ii) spectral weight
redistribution, (iii) constant-energy slices, and (iv) intensity
winding around the crossing point. Our findings demonstrate
that while the Ru(0001) substrate breaks sublattice symmetry
and opens a finite gap at the K̄ points, the underlying local
valley topology and the local nonzero Berry curvature remain
intact, characterized by intense Berry curvature poles dis-
tributed over a broader region of momentum space. Our work
establishes that the substrate is not merely a passive support
but may be regarded as a tuning parameter for engineering
local topological features in ultrathin magnetic films. The
Dirac point and its associated quantized Berry phase can, in
principle, be recovered through the magnetic symmetrization
of the layers. The results can be extended to various hcp ferro-
magnetic bilayers far beyond the investigated system [48,49].
In principle, one can consider the inclusion of antisymmetric
exchange interactions or extend these findings to hcp and
triangular magnetic insulators in the form of ultrathin slabs
[45,47,50–52]. Beyond providing a potential playground for
bosonic Dirac physics, these findings pave the way for a new
generation of magnonic devices and the realization of tunable
topological thermal Hall effects in layered and nanostructured
quantum magnets [53].

Financial support by the Deutsche Forschungsgemein-
schaft (DFG) through the DFG Grants No. ZA 902/8-1 and
No. ZA 902/9-1. A.E. acknowledges the funding by the Fonds
zur Förderung der wissenschaftlichen Forschung (FWF) un-
der Grant No. I 5384. K.Z. thanks the Physikalisches Institut
for hosting the group and providing the necessary infrastruc-
ture.

Data availability. The data that support the findings of this
article are openly available [73].

L200405-4



OBSERVATION OF GAPPED DIRAC MAGNONS IN A Co … PHYSICAL REVIEW B 114, L200405 (2026)

[1] F. D. M. Haldane, Model for a quantum Hall effect with-
out landau levels: Condensed-matter realization of the “parity
anomaly”, Phys. Rev. Lett. 61, 2015 (1988).

[2] C. L. Kane and E. J. Mele, Z2 topological order and the quantum
spin Hall effect, Phys. Rev. Lett. 95, 146802 (2005).

[3] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,
and A. K. Geim, The electronic properties of graphene, Rev.
Mod. Phys. 81, 109 (2009).

[4] M. Z. Hasan and C. L. Kane, Colloquium: Topological insula-
tors, Rev. Mod. Phys. 82, 3045 (2010).

[5] L. Lu, J. D. Joannopoulos, and M. Soljačić, Topological pho-
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