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Topological magnons give rise to possibilities for engineering novel spintronics devices with critical
applications in quantum information and computation, due to their symmetry-protected robustness
and low dissipation. However, to make reliable and systematic predictions about the material
realization of topological magnons has been a major challenge, due to the lack of neutron scattering
data for most materials and the absence of reliable ab initio calculations for magnons. In this work, we
significantly advance the symmetry-based approach for identifying topological magnons through
developing a fully automated algorithm, utilizing the theory of symmetry indicators, that enables a
highly efficient and large-scale search for candidate materials hosting perturbation-driven topological
magnons. This progress not only streamlines the discovery process but also expands the scope of
materials exploration beyond previous manual or traditional approaches, offering a powerful tool for
uncovering novel topological phases in magnetic systems. Performing a large-scale search over all
1649 magnetic materials in the Bilbao Crystallographic Server (BCS) with a commensurate magnetic
order, we discover 387 perturbation-induced topological magnon materials, significantly expanding

the pool of topological magnon materials and showing that more than 23% of all commensurate
magnetic compounds in the BCS database are topological. We further discuss examples and
experimental accessibility of the candidate materials, shedding light on future experimental
realizations of topological magnons in magnetic materials. We provide an open-source program that
checks the symmetry-enforced magnon band topology of any commensurate magnetic structure
upon perturbations and allows researchers to reproduce our results.

The discovery of topological insulators' revealed that in electronic materials,
symmetry-protected topological surface states can arise from nontrivial
Berry phases of electronic bands in the bulk. Beyond electronic band
structures, in strongly correlated magnetic materials, similar phenomena
can also occur in spin wave excitations of ordered magnets, giving rise to
topological magnons’. As collective excitations of spin degrees of freedom in
magnetically ordered materials, magnons carry energy and spin through the
crystal lattice without transporting electric charge, making them potential
candidates for low-dissipation information processing’. The concept of
topology introduces robustness to these excitations, allowing for the exis-
tence of magnon modes that are protected against elastic scattering by
impurities or defects, making topological magnonics a robust route towards

spintronic devices”. It is therefore highly desirable to identify a list of
material candidates that realize topological magnons.

At the microscopic level, characterizing and understanding the mag-
non excitations in magnetically ordered structures usually depends on a
model spin Hamiltonian that captures spin-spin (and possibly multi-spin)
interactions, possible anisotropies, and couplings to external fields. Theo-
retically solving the spin model can determine the ground-state magnetic
order and the magnon spectrum, identify the possible nontrivial topology of
the magnon bands, and predict topological surface states therein. In contrast
to weakly correlated topological electronic™™ and phonon'' materials,
where ab initio calculations have been instrumental in their discovery,
strongly correlated magnetic materials present greater challenges for ab
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initio in reliably predicting their magnetic properties. Obtaining such a
microscopic spin model has become possible thanks to the increasing
development and accessibility of magnetic spectroscopy, specifically
Inelastic Neutron Scattering (INS) spectroscopy for bulk structures'’, and
other techniques such as Spin-Polarized Electron Energy Loss Spectroscopy
(SPEELS) for thin-film structures'*"*. Additionally, Resonant Inelastic X-ray
Scattering (RIXS)" was also able to probe magnetic excitations in both thin
films'®"” and bulk structures'*™".

Due to the difficulty for first principles to accurately predict spin
models in strongly correlated magnetic materials, a good microscopic
spin model is typically established by fitting experimentally measured
magnon dispersion data obtained by the aforementioned spectro-
scopic measurements. The topology of the magnon bands can also be
diagnosed by calculations of the magnon spectra using this model.
Identifying materials that can host topological magnons with this
approach is extremely limiting, as it relies on the existence of magnon
dispersion data, which are not available for the overwhelming
majority of magnetic materials. Moreover, fitting the measured
magnon dispersion with spin wave theory results can also encounter
many challenges, such as overfitting and local minima. These diffi-
culties make this approach not applicable for a large-scale search for
topological magnon materials, calling for a different methodology
that does not depend on the specific spin model of magnetic
materials.

A symmetry-based approach was recently developed by Karaki et al.”’,
which searches topological magnons induced by external perturbations
using constructed or literature-sourced microscopic spin Hamiltonians.
This method starts with identifying the materials that host symmetry-
enforced degeneracies in their magnon band structure. By applying external
perturbations, including electric fields, magnetic fields, and/or mechanical
strains, the original magnetic symmetry of the ordered magnet is broken
down to a subgroup, and the protected degeneracy can be lifted, leading to

topological gaps in the magnon spectrum. The topological nature of the
resulting magnon bands can be diagnosed using the theory of symmetry
indicators™” and topological quantum chemistry”*** (TQC). Candidate
materials for hosting topological magnons are then selected by filtering out
those with trivial symmetry indicators for all of their magnetic subgroups.
Finally, symmetry-allowed spin models are constructed for the candidate
materials to examine the potential emergence of topological magnons
induced by external perturbations. Applying this approach to all of the 23
magnetic insulators in Bilbao Crystallographic Server (BCS) that remain
ordered at room temperature, 12 materials were predicted to host field-
induced topological magnons’".

However, this symmetry-based approach necessitates case-by-case
examinations and detailed knowledge of spin Hamiltonians for potential
candidate materials, which limits its automation and makes large-scale,
high-throughput searches for topological magnon materials challenging.
This raises the natural question: Can a symmetry-based approach be
developed with a spin-model-independent methodology to facilitate a large-
scale material search for topological magnons? Here, we demonstrate that not
only is an efficient and automated search algorithm for topological magnons
possible, but it also represents a novel, energetics-free approach for identi-
fying topological phases of matter. By eliminating the need for detailed spin
models and leveraging symmetry-based approaches, our algorithm enables
large-scale, high-throughput discovery of topological magnon materials, far
surpassing traditional methods in both speed and scope. Building on the
ideas of TQC and symmetry indicators, we develop a fully automated search
algorithm for field-induced topological magnons and carry it out for all
materials with commensurate magnetic order in BCS. Among all 1649
commensurate magnetic materials in BCS, we identified 387 candidates
(~23.4%) that host field-induced topological magnons. Flowchart Fig. 1
summarizes the conventional approach to identify topological magnons and
the shortcut enabled by our algorithm, presented in the workflow diagram
Fig. 2.

Fig. 1 | Flowchart summarizing the overall goal of
the search algorithm developed in this paper. On

Traditional Approach (e.g. refs [89-91])

New Approach

the left is the conventional approach®”" used to
identify topological magnon phases (including non-

Crystal Growth

type-I topological magnons identified in ref. 21,
where spin models were based on INS previous fit-

\

Symmetry-
based

tings or theoretically constructed, and band topol-
ogy was diagnosed through nontrivial SZ values).
An alternative approach is introduced through the

Inelastic Neutron Scattering
Spectroscopy (INS)

Algorithm
(presented in
this paper)

symmetry-based analysis presented in this work,
where more than 350 materials, out of the 1649

|

commensurate magnetic materials on the BCS
MAGNDATA database™, are found to host field-
induced topological magnons.

Spinwave Band Structure

Explicit
calculation
of
topological
invariants

Fitting using a few-NNs spin
Hamiltonian:

1 afl cacB
HZE Z ']iajb iasjb

iajb;a, 8

No topological magnons

Topological magnons

npj Computational Materials | (2025)11:216


www.nature.com/npjcompumats

https://doi.org/10.1038/s41524-025-01706-2

Article

MSG + WPs | Find irrep labels of magnon
+ Subgroup of MSG “| bands at high symmetry points
Zrzi oy UiUr T XiX Y
3 @F’; e @ *) Choose energetics
Decompose each 3 i} ' deri t hich
energy level into irrep | ¢ @FI b 5% € ordering at hig
labels in subgroup i ®1,+ 8 i symmetry points €
(perturbation) i ! 74 Zy Y UsUs T X{Xy! (equiv. to family of spin
[ i models)
Y :
: A
Choose energetics 3 P () . .
ordering within split D oTY %1 D/.r.lg\l i i Identify gaps via
energy levels —) - 6\9% [ ) '—) compatibility relations
(equiv. to family of P T a4t g DDy . gzt | & compute their STs
perturbation Hamiltonians) i Rt 1. 1 1. 1 %20 1 @ \ I
: ! ) i
) | P/ ;
Dismiss
Material
False Exhausted Exhausted False At least

families of perturbation
Hamiltonians

Fig. 2 | Workflow diagram of our developed search algorithm. Flowchart sum-
marizing the automated search algorithm for finding induced nontrivial magnon
band topology given a generic magnetically ordered structure. More details about the
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in the open-source program.

Results

Out of the 1171 magnetic materials in BCS that pass the later-
mentioned second filter, 387 successful candidates pass our search
algorithm, and therefore they are guaranteed to host topological
magnons induced by the relevant perturbations. We present a Sup-
plementary Section 1 where we summarize all topological magnon
materials along with an example of the required perturbation to
realize a guaranteed topological magnon phase. In subsequent Sup-
plementary Sections (starting from Supplementary Section 3), we
provide detailed information on the magnetic structures that passed
our search filters. Each section contains the BCS materials that
belong to this magnetic structure and subsections of the successful
subgroups that met our filtering criteria. Each of those subsections
has a list of the possible perturbations required to realize that sub-
group, a table of the number of times a given ST can appear in the
magnon spectrum, a table of the possible SZ values for each band
gap, and one possible schematic arrangement of the magnon band
structure. Each schematic picture (e.g., Supplementary Fig. 7)
encodes the unperturbed magnon band representation, compatibility
relations between irreps, the symmetry-lowering process, the induced
band gaps, and the ST values for this particular order of irreps. We
also provide an open-source code to allow researchers to study the
magnon band topology of commensurate magnetic structures.

Computational approach for discovering topological magnons

TQC, reviewed in more detail in the “Methods” section, builds on enu-
merating all topologically trivial band structures that are smoothly con-
nected to the atomic insulator limit, constructed from a Wannier basis
respecting all symmetries of the structure®***. For any given space group,
the band representations corresponding to a trivial atomic insulator can be
identified by checking if a specific band representation belongs to one of the
Elementary Band Representations (EBRs) or their composites. If not, the

corresponding set of bands is topological. The associated band repre-
sentations at the high-symmetry points are referred to as Symmetry Indi-
cators (SZs) for band topology™™”.

Technically, an isolated set of bands is characterized by a
symmetry vector b = {nf{} composed of nf multiples of irreducible repre-
sentations (irreps) « of the little groups of the distinct high-symmetry
momenta k appearing in the set of bands***’. Such a vector is named a Band
Structure, and its components are constrained by the compatibility relations
that determine how the irreps at the high-symmetry points are connected to
those at another K point while maintaining the gap condition. The set of all
allowed band structures is denoted by {BS}. A subgroup of {BS} is the set of
atomic insulators (denoted by {AI}) that are induced from symmetry-
respecting localized Wannier orbitals. Therefore, given a band structure b,
we can diagnose its topology as follows. If b € {BS} and b & {Al}, these bands
are not smoothly connected to the atomic limit and therefore are of non-
trivial topology. If b € {AI}, then symmetry alone is inconclusive regarding
the existence of nontrivial topology. Last, b ¢ {BS} indicates a violation of the
compatibility relations, and therefore, a full gap cannot exist at all high-
symmetry points in the BZ.

By allowing components of b to be negative integers, we can define an
inverse operation to the direct sum of two representations, and therefore, the
sets {BS} and {AI} are now abelian groups of the same rank. The SI group is
defined as the quotient group™:

{BS}

XBS - {AI}

= Ly XLy % ... (1)

The SZs for MSGs have been tabulated in refs. 22,25. This forms a key
ingredient to our search algorithm Fig. 2 whose main strategy is to break the
MGSG down into a subgroup with a nontrivial SZ group through an external
perturbation. Formulas for the STs relevant to the materials identified in
this work were calculated and listed in Supplementary Section 94. The ST
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groups of the perturbation-induced magnon band gaps are then calculated
while considering all different orders of the band irreps both before and after
applying the perturbation. For a given magnetic structure, the magnon band
representations, described in more detail in “Methods” section, induced
from representations of the magnetic site symmetry groups (SSGs) of the
WPs of the magnetic moments to the full MSG, have been systematically
worked out*” and are imported into our search program via the BCS tool
MBANDREP*,

Although the induced magnon band representation encodes con-
nectivity of the magnon bands through compatibility relations and
symmetry-protected degeneracies encoded in the dimension of the irreps, it
does not determine the energetics of the magnon bands. This leaves each
high-symmetry momentum with a number of possibilities originating from
the different orderings of irreps. Therefore, combining these different orders
of irreps at the high-symmetry momenta, as long as the irreps are connected
according to the compatibility relations, gives a number of possibilities for
the magnon band structure of a given magnetic material. This is why in our
search algorithm shown in Fig. 2, it is essential to sweep over all of the
different orders of irreps. This originates from the lack of spin models and
reliable ab initio calculations for magnon band structures, which, if available,
would collapse these possibilities to one specific order of irreps.

Our automated search algorithm, which is summarized as a
flowchart diagram in Fig. 2, proceeds as follows. Firstly, we classify all
commensurate magnetic materials from the BCS MAGNDATA tool™
according to their magnetic structure (ie., their MSG and WP).
Secondly, we filter out MSGs whose subgroups that all have a trivial
(Z,) SI group. This constraint excludes 345 out of the 1651 MSGs.
Among the 1649 commensurate materials on BCS MAGNDATA”,
1263 pass this filter. Thirdly, we restrict to MSGs and WPs that host
symmetry-enforced magnon band degeneracy that can be split upon
the application of a symmetry-breaking external perturbation, such
as a magnetic field B, an electric field E, or a mechanical strain o.
This translates to searching for structures that give rise to at least one
multi-dimensional irrep that can be decomposed into lower-
dimensional irreps upon the symmetry-lowering process. Out of the
1263 materials that pass the first filter, 1171 of them pass the second
filter and proceed as follows. For a given magnetic structure, the
input data consists of two parts: MSG of the material plus the WPs
of its magnetic moments and a symmetry-indicated subgroup of the
MSG corresponding to the perturbation of interest.

The output of the algorithm is a binary result, with two possible
outcomes:

Positive: Based solely on the symmetry of the magnetic phase, the
material will host topological magnon bands upon the application of the
specified perturbation.

Negative: Symmetry is not sufficient to predict topological magnons
under the specified perturbation. Topological magnons are not ruled out,
but their presence depends on the spin interaction details in the material.

The algorithm proceeds in three main steps:

1. Iterate over different orderings of the original MSG irreps. This step
aims to exhaust all equivalence classes of unperturbed magnon
Hamiltonians, where two Hamiltonians are said to belong to the same
equivalence class if they share the same energetic ordering of irreps at
high-symmetry momenta.

2. Tterate over different orderings of irreps splitting upon small pertur-
bations. In this step, a perturbation is said to be small if the irrep
splitting does not, at any momentum k, swap the ordering of two
subgroup irreps. This step is intended to exhaust all equivalence classes
of small perturbation Hamiltonians.

3. Identify all gaps and evaluate their SIs. For each energetic ordering
associated with a perturbed Hamiltonian, the band gaps are verified by
checking whether the collection of bands below a potential gap satisfies
the compatibility relations of the subgroup. Concretely, this is decided

based on whether the symmetry vector b ofthese bands belongs to the
null space of the compatibility relation matrix C. For each identified
gap, we compute its SZ** to determine if it is topologically nontrivial.

The algorithm terminates in two cases. First, if no gap with nontrivial
topology is identified in step (3) for any (equivalence class of) perturbed
Hamiltonian, the algorithm terminates with a negative result. On the other
hand, once all equivalence classes of perturbation Hamiltonians are
exhausted (steps 1 and 2) without encountering a termination, the algorithm
terminates with a positive result. This exhaustion ensures the existence of at
least one topological gap upon applying the relevant perturbation.

Topological magnon compounds

To demonstrate our search results, we discuss two examples in detail, by
working out the linear spin wave spectra of their spin Hamiltonians and
identifying the magnon band representations therein to validate the pre-
dictions of our automated search through calculating the SZs of the induced
magnon band gaps. We focus on two candidate materials, both of which
host Weyl points in their magnon spectra, known as Weyl magnons™*. As
tabulated in the Supplementary Materials, it turns out that many candidate
materials hosting Weyl magnons are characterized by a topological invar-
iant v, associated with Weyl-SZ groups whose nontrivial values indicate the
existence of bulk Weyl points™ that can either lie on a high-symmetry plane
in the Brillouin zone or at generic momenta depending on the MSG, along
with surface magnon arcs®™** resembling Fermi arcs in electronic Weyl
semimetals. In the first example, NdMnO3, we analyze a case where Weyl
magnons are SZ -signaled to lie on a high-symmetry momentum plane. To
validate our prediction based on the tabulated values of the SZ's, we build a
symmetric spin model, calculate its magnon spectrum, identify Weyl points
on that high-symmetry plane, and identify their associated surface magnon
arcs after terminating the periodicity of the lattice on one surface. In our
second example, Ca,RuQ,, we encounter a different situation where Weyl
points exist at generic momenta, causing different Chern numbers on dif-
ferent planes in the momentum space. For this end, we check that the
tabulated SZ of the gap of interest is consistent with explicit calculations of
the magnon spectrum. We then identify the Weyl magnons and validate the
variance of the Chern numbers between the different high-symmetry
planes.

NdMnO;
Our first example is the orthorhombic perovskite NdMnOs, in which Mn**
moments become magnetically ordered below a transition temperature
Ty = 78 K*. The magnetic structure belongs to MSG Pn'ma’ with the Mn**
ions located at VWP 4b. The magnetic structure is such that the magnetic
moments align antiferromagnetically along the a-axis and acquire a small
ferromagnetic component along the b-axis (see Supplementary Fig. 2a). It
turns out that below a second transition temperature of around T, = 15K,
the Nd** moments located at VWP 4¢ become magnetically ordered as well™.
In the low-temperature phase, the Mn** moments at VWPs 4b and the Nd**
moments 4c¢ exhibit long-range magnetic orders. It turns out that both
phases pass our filters, hosting topological magnons as detailed in Supple-
mentary Section 76.

Here we focus on the first phase in which only the 4b JWP moments are
magnetically ordered. The magnon band representation induced from this

WP to the full MSG is:

(Ap),, 1 Pn'ma’ (62.448) = 2I7(1) @ 2T (1) ® R R, (4)
®S:5,(4) @ 2T,(2) @ Uy U (2)
eU, U, (2) @ X/ X;(2) X7 X7 (2)
@Y7 (2) ®ZZ;(2) & Z] Z5 (2).
@

therefore there is a symmetry-enforced four-fold degeneracy at R and S,
two-fold degeneracy at the 7,U, X, ), Z and no degeneracy at I. Upon
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Fig. 3 | Weyl magnons in NdMnO;. a Surface spectral density of magnons in
NdMnOs3, in a semi-infinite system along the c-axis as a function of (k,, k). Red and
blue points refer to the projections of the bulk Weyl points over the surface Brillouin
zone with topological charges —1 and +1, respectively. As shown in Supplementary
Fig. 3, as the iso-energy cut approaches the Weyl energy, magnon arcs start to appear
and eventually connect each projection of a Weyl point to the projection of its

inversion-related Weyl partner. The intersection of the two magnon arcs forms an
X-shaped connectivity pattern that disappears as the iso-energy cut deviates from
the Weyl energy. b Weyl points in the magnon spectrum of NdMnOj3 between the
middle two bulk bands. This is plotted on a line connecting two Weyl points with
(k,=3.117, k, = 0). These two Weyl points are related by two-fold screw {2, %%%}/.

applying a magnetic field along the a-axis, the MSG is broken down into the
subgroup P2{/c’, which can also be achieved using a uniaxial strain
perpendicular to the [001] direction. This perturbation results in the
decomposition of the little groups irreps of the Pn’'ma’ MSG into irreps of
the P2} /¢’ subgroup as detailed in Supplementary Section 2. Accordingly,
the four-dimensional irreps of the original MSG at the R, S points
decompose into two two-dimensional irreps of the magnetic subgroup
P2/ /¢, therefore inducing a band gap in the magnon spectrum.

To illustrate the guaranteed topological magnons in our materials
search predictions, we explicitly construct a symmetric spin model for
this material based on couplings up to third nearest neighbors (see
Supplementary Section 2). These values were chosen such that in the
classical ground state of the Hamiltonian, ordered moments align along
the experimentally-reported ground-state directions” shown in Supple-
mentary Fig. 2a. By performing a linear spinwave calculation around that
ground state, the magnon band structure is obtained (see Supplementary
Fig. 2b). Now, we apply a small magnetic field, 3 T, along the g-axis to
achieve the symmetry breaking into the P2{ /¢’ magnetic subgroup. Upon
turning the field on, a gap opens between the first and second pair of
magnon bands at the High-Symmetry Points (HSPs) of the BZ. This
allows us to calculate the SZ of the induced band gap, using the subgroup
P2 /d ST group Z, % 7, which can be calculated as a function of the
irreps of the maximal k-points:

z, = #' mod 2 3)

z, = 202707 4 2nETED 4 T 4 30" mod 4 (4)

which we calculate using irreps of the perturbed spectrum (shown in Sup-
plementary Fig. 2d) to be 03 signaling Weyl points pinned to the high-
symmetry plane k, = 0. This SZ matches our automated search predictions
(see Supplementary Section 76.1) for a nontrivial topology associated with
the magnon spectrum gap.

In fact, any spin model, as long as it respects the space group sym-
metries and hosts the actual magnetic order in the ground state, will always

feature an odd Z, index after being broken into the P2 /¢’ subgroup. It
turns out, as tabulated in the Supplementary Materials, that many other
magnetic materials with different magnetic structures also have such an odd
Z, inversion index in their symmetry indicators. For example,
MSGP A4, /ncm & VWP 4b has 16 materials that are guaranteed to host
symmetry-indicated Weyl magnons, if broken down to the subgroup
C2' /¢ (15.89) through suitable perturbations. The same conclusion applies
to 3 materials belonging to the MSG P .mna & VWP 4a after being broken
down to the P2 /¢’ subgroup. Here, we find two pairs of Weyl magnons
around E = Eyy,,~6.07 meV pinned to the k, = 0 plane. One Weyl point is
located at momentum (2.882, 3.117, 0) with — 1 topological charge. Other
Weyl points are related to this one by symmetries as follows. After applying
the field (along [100]), only two-fold screw {2 | %%%}/, glide {m,| %%%}/
(where 7 means combined with time reversal) and inversion Z survive. The
bulk Weyl points (see Fig. 3b and Supplementary Fig. 2c) are related as
follows:
* T relates points (k,, k,, k) to (— k, — k,, — k), with opposite chirality.
o {2100 %%%}/ relates (k,, k,, k) to (k,, — k,, — k.), with the same chirality.
The topological charge of the Weyl points was calculated as the Chern
number of the upper two bands on a small sphere enclosing the Weyl point
using the method developed by” and the fermionic dual of the magnon
Hamiltonian®. To compute the surface states, we consider a semi-infinite
system along the c-axis and calculate the surface spectral density Ny(E, k., k,)
using the Green’s function renormalization technique™:

1
N(EK) =~ lim ImTr Gy(E + i, K ®)

where Gy is the block of the Green’s function that corresponds to the
principal layer containing the surface”. In Fig. 3a and Supplementary Fig. 3,
one can see that each pair of Weyl magnons is connected by a surface
magnon arc, analogous to Fermi arcs in Weyl semimetals. This results in a
total of two magnon arcs due to the symmetry-related bulk Weyl magnons
discussed earlier. The sequence of the iso-energy cuts for the surface spectral
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Fig. 4 | Schematic representation of the magnon band structure in NdMnOs.

Upon the symmetry breaking discussed in the main text, the resulting order of the
irreps at the HSPs is not unique. This is one possibility that the band structure might
fall into. Unlike the constructed spin model that produced a 03 SZ, a different spin

model can give rise to a different possibility, such as the one presented here, in which
the ST is 03. Regardless of the spin Hamiltonian details, the SZ belongs to the same
topological class.

density, in Supplementary Fig. 3, enables a clear distinction between bulk
and surface states. At energies below and above the Weyl node energy, the
spectral weight is characterized by diffuse features, indicative of bulk band
projections. In contrast, while approaching the Weyl energy, a sharply
defined X-shaped pattern emerges, consisting of arc-like features that
connect the projections of Weyl nodes. Another possible arrangement of
irreps is shown in Fig. 4, in which irreps of D point are swapped compared to
Supplementary Fig. 2b, resulting in a band gap with a SZ value of 01, which
belongs to the same topological class.

CazRu04
Now we discuss another example for which preliminary INS data exist in the
literature”. Ca,RuO, is a Mott insulator that undergoes an anti-
ferromagnetic ordering transition at Ty = 110 K*'. It turns out that Ca,RuO,
has a rich phase diagram due to the interplay between spin, charge, orbital,
and lattice degrees of freedom™, however, here we will focus on the spin
excitations around its AFM ground state reported in ref. 41. In this mag-
netically ordered phase, the magnetic moments of the Rui*" ions align mostly
along the orthorhombic b axis witha Q = 0 propagation vector. It was also
shown recently” that the magnetic moments have a canting angle from the
c-axis. This magnetically ordered structure is such that the moments are
located at the WP 4a of MSG Pbca (61.433), as shown in Supplementary
Fig. 4. These inputs indicate symmetry-enforced two-fold degeneracy at all
high-symmetry points (HSPs) except at I'.

According to our tabulated results (see Supplementary Section 71), this
structure will feature at least one induced topological gap upon lowering the

symmetry group down to the P1(2.4) subgroup. This subgroup has only
inversion symmetry, which can be realized by applying a magnetic field in a
low-symmetry direction that breaks all MSG symmetries but inversion.
Unlike the previous example, here we perform a linear spin wave (LSW)
calculation based on the magnetic interactions reported in the INS study®’,
including up to third nearest neighbor intraplane Heisenberg interaction,
single-ion anisotropy along the b axis, and an antiferromagnetic inter-layer
coupling. We also add extra small symmetry-allowed terms to remove
accidental degeneracies, by requiring that our LSW spectrum closely mat-
ches the lowest pair of bands observed in the INS study at zero field. Our
main purpose is to show that upon the specified symmetry breaking, three
band gaps are induced with at least one gap admitting nontrivial SZ. The
LSW spectrum based on our spin model (for more details, see Supple-
mentary Section 2) is shown in Supplementary Fig. 4b where the four Ru**
magnetic sublattices give rise to four magnon bands. The two lower energy
modes are very close in energy to the magnons observed in the INS study"’.

By applying a 10 T magnetic field along a low-symmetry direction, we
achieve symmetry breaking down to the subgroup P1 (2.4), which hasa ST
group 73 % 7,,. In this symmetry-breaking process, all two-dimensional
irreps decompose into one-dimensional irreps of P1. Therefore, such a
perturbation lifts all symmetry-protected degeneracies in both the higher
and lower pairs of magnon bands at all HSPs. This gives a total of three
band gaps, with the middle gap acquiring a nontrivial inversion SZ 1112.
This value indicates that the Chern number of the two lower (and accord-
ingly the two higher) magnon bands on the k; = 0, 7 planes (where i = x, y, z)
is an odd integer, i.e., it is 1 mod 2. This is confirmed by explicit Chern
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number calculations shown in Supplementary Fig. 5. The 7, = 2 index
diagnoses difference between the Chern numbers on k,=0 and k,=n
planes, which is confirmed as shown in Supplementary Fig. 5. This signals
an even number of Weyl points between the k;=0, 7 planes at generic
momenta. This is consistent with our spin model that gives 14 Weyl points
in half of the 1st BZ k; € (0, m), with the sum of their topological charges in
half of the Brillouin zone equal to 2. The presence of an even number of
Weyl points accounts for the even disparity in Chern numbers between the
high-symmetry planes. Their opposite-charge partners in k; € (—, 0) are
related by inversion symmetry. Explicit locations of the Weyl points and
their topological charges are summarized in Supplementary Table 2.

The SZ of P1 can be calculated using parities of magnon Bloch
eigenstates at the 8 HSPs as follows:

27 5= 1 (Ng —N{)mod 2
ke HSPs. k, = ®
zg = Y 3(Ng—N{)mod 4
ke HSPs

where N} is the number of bands with + inversion eigenvalue below a given
gap, and x; = {x, y, z}. The spectra for the unperturbed and perturbed LSW
Hamiltonian are shown in Supplementary Figure 4b, d, along with the band
irreps and the calculated values of the SZs of the band gaps. Note that as long
as the irreps of the Pbca (61.433) decompose into irreps of the subgroup
P1(2.4) via a small perturbation, the ST of the middle gap is robust with the
same value as shown in Supplementary Fig. 4d. This is regardless of the form
of the symmetry-allowed spin model or the external perturbation chosen to
break the symmetry. The SZ for other two band gaps depends on the spin
model and the used perturbation. For example, a different spin model can
lead to a different arrangement of irreps (see Supplementary Fig. 6) that has
only one nontrivial SZ in the middle gap. Although the focus so far was on
the middle gap due to its robust SZ, according to our calculation of the LSW
spectrum, the first and third band gaps also exhibit nontrivial topology in the
perturbed spin Hamiltonian reported in the INS study”. However, the sizes
of these gaps are smaller, at least in our spin model, compared to the middle
gap. Overall, all calculated values of ST's are consistent with our automated
search results in Supplementary Section 71.

Experimental accessibility of candidates

The experimental confirmation of the predicted topological magnons in this
work often requires the application of mechanical strains and/or magnetic/
electric fields in controlled directions. This requires the growth of thin films
and crystals of macroscopic dimensions to realize these effects. Synthetic
routes to these high-quality and macroscopic-sized crystals of many of the
identified families of materials have been well established in the literature,
and for which a few demonstrative examples will be provided here. In the
case of transition metal insulators, single crystals of NiFe,O, have been
grown at up to the cm scale by Czochralski growth using a Na,CO; flux®.
Meanwhile, doping of MnV,0, has been achieved using Crand Zn to adjust
the p-type doping and modulate the magnetic transition temperature®.
High-quality crystals of the metal-to-insulator transition compound NiS,
have been grown at the multiple mm scale by both Te flux and chemical
vapor transport growths*>*. Thin films of perovskite candidate BiCrO; have
been grown on many different substrates, including SrTiO; (001) and
NdGdO; (110), allowing for control of strains applied from the substrate”.
f-block insulator DyOCl is a 2D material and has been grown at the mm
scale and exfoliated, allowing for similar substrate control for
measurement”®. Inter-metallic MnsSi; growth has been demonstrated as
both mm-sized single crystals and as thin films grown on Si (111)**".
Additionally, large single crystals of NdMnO;, highlighted in the “Topo-
logical magnon compounds” section, have been grown by a floating zone
growth in air’'. For Ca,RuQ,, single crystals of multi-millimeter size have
been grown via floating growth using Ruthenium self-flux and an Ar/O,
atmosphere to precisely control the oxygen concentration™. Further tuning
of the structure of Ca,RuQ, can be obtained by alloying Sr in both powders

and single-crystal form. We list some interesting candidate materials that
host either gapless Weyl states or magnon axion insulating states upon the
relevant perturbations detailed in the Supplementary Materials, alongside
their chemical categories in Table 1.

Discussion

In this work, we present a major development in the symmetry-based
approach for identifying topological magnons through a fully automated
algorithm that enables an efficient, large-scale search for candidate materials
hosting field-induced topological magnons. This innovation significantly
broadens the scope of materials exploration, surpassing the limitations of
manual or limited methods. It provides a powerful tool for uncovering novel
topological phases in magnetic systems, opening new avenues for
exploration in this area. Applying this algorithm to all 1649 magnetic
materials in BCS with a commensurate magnetic order, we ran a large-scale
search and discovered 387 candidate materials for topological magnons. We
further discussed examples and experimental accessibility of these candidate
materials. It is noteworthy that some of materials identified in this work can
admit a complex magnetic phase diagram where spin reorientation can
occur, resulting in a different magnetic structure, for example upon cooling
(e.g., the Morin transition in a-Fe,O5” and the abrupt spin reorientation
transition in CeFeO;™ at T=240K), under pressure (e.g., FeBO;), or
under doping (e.g, SmFeOs™). Therefore, our results are valid for each
material if it belongs to the magnetic phase reported on BCS and detailed in
the Supplementary Materials.

Now we discuss the limitations of our findings. Firstly, we note that the
perturbations we consider for inducing topological band gaps (electric,
magnetic fields, and mechanical strains) should be small enough so that
upon symmetry reduction, the irreps splitting does not swap the order of
the subgroup irreps at any momentum k with other subgroup irreps. The
strength of the required perturbation will quantitatively depend on the
energetic details of the considered magnet and, therefore, on the interaction
strengths. For example, for the case of applying mechanical strains, dis-
tortion of the lattice geometry and the magnetic structure’ ™, implicitly
encoded in the MSG reduction to one of its subgroups, can strongly affect
the exchange integrals ¢ between orbitals at neighboring lattice sites, usually
mediated by the super-exchange mechanism, consequently affecting the
exchange couplings J~f/u, where u is the on-site Hubbard repulsion.
Therefore, energetically, to a leading order, strain amounts to changes in the
spin-spin exchange interactions™”"*, subject to the symmetry constraints
of the strain-induced lattice structure.

Another limitation is the neglect of finite-temperature effects and
magnon-magnon interactions, which lead to magnon lifetime broadening
that can obscure the induced magnon band gap® that protects the
topology. In realistic materials, the magnon-magnon interaction will
depend on the spin value S of the magnetic moments (higher S indicates the
suppression of the magnon-magnon interaction terms as seen in Eq. (13), at
least at small finite temperatures compared to the transition temperature)
and the exchange couplings between the magnetic moments. However, we
expect that the topological magnons discovered in this work survive when
the perturbation-induced magnon band gap is much larger than the
broadening.

Additionally, the experimental detection of such symmetry-indicated
topological features (e.g., Weyl nodes or band gap opening) can be chal-
lenging depending on the energetics of the magnon spectrum, the antici-
pated topology, and the accessibility to apply a sufficiently large
perturbation. Remarkably, INS (with a typical energy resolution of
~1-2meV) has been successful so far not only in mapping the magnon
dispersion and intensity across the full BZ, but also in accessing topological
features such as band gap openings and band crossings (e.g., Dirac nodes)
through characteristic intensity modulations**>®. Additionally, indirect
signatures for the nontrivial magnon band topology can be seen in the
thermal Hall effect of magnons”’”. However, in cases where interesting
topological features appear at small energy scales (a few meV), it can be
difficult for techniques such as RIXS and SPEELS with typical energy
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Table 1 | Chemical categories of some synthesis-relevant topological magnon compounds identified in this work with a

nontrivial Z, inversion index upon breaking into one of the magnetic subgroups (e.g. P, P2,/c’,C2'/m’,C2 /c, ..etc) of their
respective MSGs

Category

Properties

Materials

I- Transition metal magnets

I-A Transition metal insulators a-Fe, 05", CoO, MnTe,, NiFe;04, NiCr,04, MnV,04, CdYb,S,, CdYbySes, MNPb,SbeS14,
FePb,SbeS14, Bap,Co0O,Ag,Se,, SroCo0.AgoSe,, SroFesS,03, BaCoSO, SraZnlrOg, CaylrOg,
CagLiRuOg, SrsLiRuOg, SrsNaRuOg, SrFeO,, CasLiOsOg, Ca,MnGaOs, CuSb,0g, CroReOg,
CayFes05, Mn3TeOg, FeTayOg, GeNixO4, LiIMNAs, CsMnP, CsMnBi, RoMnAs, RoMn, RoMnP, KMnP,
KMnAs, RbMnAs, RoMnBi

1-B Metallic TM pnictogens and chalcogens CrN, Lig.sFeCrq 5S4, FeCroSy, SrMnSb,, CoNb3Sg, CsCo,Se,, CaCo4 gsASa, SroCrzAs,0,, CuSe,05

I-C Metal-to-insulator transition compounds NiS,, KCuMnS,, USb

I-D Transition metal intermetallics MnPty sPdg 5, MnzPt, MnCoGe, MnsSis, Feg 7Mng 3, Niq 4C00 36Mn+ 28Gag 72, MNzSny, PrMnSiy,

CaFe,Alg, FeGe, FeSn, FeSn,, FeGe,, MnzCug sGeg sN, MnzGaN, MnsZnN, MnzGaC, MnsCuN,
Mn,As, Fe,As, CroAs, EuFesAs,

II- f-block magnets

II-A Insulating f-block magnets UO,, NpSe, NpS, DyOCI, HoP, Laz0sO7, La, gCag 20sO7, Cd,0Os,07, HooRu,07, EraRu,07,
DysAls012, TbaAls012, HO3AI5012, EraGasO12, DyzGasOqa, ThaGasO12, HogGasO12, LnaTrsO12,
TmyMn,0-, Ho,CrSbO-,, Ho,Ru,07, Er,TioO,, GdaSn,y0-, ErsPt,04, EraSn,04, Gd,TioO7, NdSn,0-,
Nd,Hf>07, Nd»>Zr,07, Nd>2ScNbO,, Sm,TioO7, ThoSno,07, Yb,TioO7, YbaSno,O7

1I-B Metallic f-block pnictogens and chalcogens UP, USb,, UP,, UGeS, UGeTe, NpBi, NpTe, NdCoAsO, LaCrAsO, CeCo,P,, CeSbTe

II-C f-block Intermetallics Ho(Cog g6Gag 33)2, Celr(Ing.97Cdo 03)s, ErNiGe, NdCo,, GdMg, ProPdslIn, NdZn, HosNiGe,, PrsCoGe,,

Tbo6Y0.4RhIns, NdMg, NdPt, TbPds 05SNng o5, HozGes, NdNiMg5, ErsGe,, CesNizGes, HoRh,
Yb,Pd(Ing.4Sno 6), NdPdsAl,, ErFe,Sis, NdScSiCq sHo 2, UNiGas, UPd,Ge,, URN3Sis, NpNiGas,
UoPd5 35SNn0 65, ErMNoGes, YMN,Sin, YMnoGep, EuMN,Sis, CeMn,Sis, NdMn,Sis, CeMn,Sin,
PrMn,Sis, PrMn,Sis, ErMnyGe,, ErMn,Sis, ToMn,Sis, DyCu, TbPt, ToPty gCug 2, NdSi, DyPt, TmNi,
PrSi, NdNig gCug.4, HoNi, HoPt, ErPt, TmPt, Tb,CoGag, Dy,CoGag, Nd>RhIng, UsRhoSn, UoNiSn,
CeRh,Si,, CeRuAl4g, UsNisIn, YbCo,Sis

11I- Structurally distinct magnets

lI-A

Perovskite oxides and their derivatives

BiCrOgs, TbCrg sMno 503, Lug.6Mno.4MNnOs, Pbg 7Bio sF€0.762Wo.23103, Pbo gBio.2Fe0.728W0.26403,
NdoCuQy, SralrOy4, NdoNiO,4, CaRuQy, LapNiOy4, LaSrsFesOy, CaCuszFe,Sbo04p, SroCoOsOg,
Sr,FeOsOg, CugNioSbOg, Bi,RuMnO,, NdFeOs, CeFeOJ, TbFeOg, SmFeOJ, NaOsO3, LaCrOs,
YCrO3, LaMnOg, ErCrO3, TmCrO3, YRUO3, PrMnO3, Prg 95K 0sMNO3, NAMnO3, KMnF3, NdMnOs,
(CH3NH3)(Co(COOH)s), Hop 2Big.gFeOs, Hog.15Bi0.ssF€03, Lag s75Bao.12sMno.g75Tio.12503,
Lag.90Bap.10MnNo 90 Tio.1003, Lag.95Ba0.0sMNo g5 Tio.0503, Lag.95Ba0.0sMNOs, LaMnOg, YCrp sMng 503,
SmFeO3, SrRuO3, TbCrO3, DyCrO3, TeNiOs, YVO3, LaSrFeO,4, Nd>CuOy4, ProCuOy4, LaSrFeQy,
LaCaFeQ,, LaBaFeQy,, Lag 75Big.25Feq 5Cro 503, LaCrOs, CeFeOg, INCrO3, TICrO3, ScCrO3, LasNiOy,
NdoNiOy, LapCo04, GdaCuOy4, SmoCuOy, Eu,CuOy, Big glag 2Fep sMng 503, PrCrO3, SmCrO3,
NdMng gFeg 203, Big gLag 2Feg.sMng 503, PrCrO3, SmCrOz, NdMng gFeg 203, RbaFexO(AsOy)o,
NdMn03, NdMno_gFeg_QO;;, PI’U_5S|'0_5COO;>,, PI’D_5SI'0_4Bag_1COOg, PI’D_5SI'0_5MI'103, (Tmo_7Mn0_3)Mn03,
(Hog gMng 2)MNO3, Tbg 555r0.45MNO3, Tbg 55Sr0.45MNO3, SMCrO3, TbFeO3, ScoNiMNnOg, La,CoPtOs,
CagFe g75Cr0.125Ga0s

Ii-B

Halides and oxyhalides

KNiF3, KMnF3, FeF3, LiCoF,, NaMnF,4, NasNiFeF;, CsMnyFg, FesFs(H20),, CraFs, CsMnFy, TIMnF,,
Na,NiCrF7, CsCoCl3(D20),, CsNiF3, SrFeO,F, LasNiOsF2, Lag 5Sro sFe0q sFo.5, MNSeO3F,,
Cu3Mg(OD)gBr,, LagNiOsF4 o3

i-C

Polyatomic oxides (sulfates, phosphates,
carbonates, vanadates, germanates, and silicates)

NiSQ4, FeSO,4, CoS0O,, FeSO4F, FEOHSO,, LisFe(S04),, NaFeSO4F, NaCoSO4F, Cos(PO,),,
CuFe,(P207),, FeaMnBOs, AgMNnVO,, VPO4, NasCo(CO3),Cl, Na,BaMn(VO,4)., MNnCOgz, NiCOs,
CoCO3, Cu3Y(Se03),0,Cl, CuzBi(Se03)>0,Br, (NH2(CHaz)2)(FeMn(HCOO)g), (CH3NH3z)Co(COOH)s,
(NH2(CHa),)(FeCo(HCOO)e), NH4FeCly(HCOO), [C(ND,)3]Mn(DCOO0)3, KFe3(SO4)2(OH)e,
NaFe3(SO,)2(OH)s, AgFe3(SO4)>(OD)s, FeBOaf, CoFePOs, NaFePO,, NasBaFe(VO,),, LaMnzV4045,
ZrCo,Ge4045, CeC0,Ges015, CeMnCoGe4042, ZrMny,Geys04,, GdFeZnGe,045, ErFeCuGe,045,
NaCeGe,0g, Fe4SioSn;7046, MN,SiO4, MN,GeOy, CuCH(C4H4NL)2(BF 4), CuBr(C4H4N2)(BF )

Such values diagnose either gapless Weyl magnons or gapped magnon axion insulator states depending on the MSG of the chosen material and possibly the details of the magnetic interactions between
spins therein. T highlights some materials that admit spin reorientation transitions as mentioned in the “Discussion” section. For the full table of materials that passed our search filters, see Supplementary
Section 1.

resolutions of ~30-100 meV and ~10-20 meV, respectively, although sen-
sitive to spin excitations.

Furthermore, while the nontrivial topology of magnon bands ensures
robustness””’, against certain classes of disorder, particularly static and elastic
impurities that preserve magnon energy, this protection is not absolute; in
realistic materials, dynamic defects such as thermally excited phonons™”,
time-dependent spin disorder, or fluctuating local lattice deformations can
act as energy sinks, giving rise to inelastic scattering processes. These inter-
actions not only compromise magnon coherence and lifetime but may also
induce transitions out of the topological magnonic states, thereby weakening
the topological protection. A comprehensive understanding of magnon

transport thus requires considering both elastic and inelastic scattering
channels, especially in finite-temperature regimes where dynamic processes
are prevalent. A possible resolution to overcome such effects might be the
theoretical proposal by Malz et al.”* to enhance the effects of topology of
magnon band structures using an electromagnetic field to pump more
magnons (via magnon-photon coupling) into the topology-relevant states
(e.g., states with large Berry curvature in the case of insulating magnon band
structure or states close to Weyl nodes in the case of semi-metallic magnon
spectra) to drive large non-equilibrium steady state magnon edge currents.
In the symmetry-based search algorithm discussed in this work, spin-
orbit couplings (SOCs) are assumed in all magnetic materials, which
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explicitly break the SO(3) spin rotational symmetries. Magnets of negligible
(or weak) SOCs can exhibit distinct properties compared to spin-orbit-
coupled ones discussed in this work, such as different topological
properties”, and different representations associated with spin-group
symmetries in the case of negligible SOC’*””. New physical phenomena can
emerge in magnets with negligible SOCs, such as recently discovered
altermagnetism in collinear magnets”*™'. One future direction is to extend
the current search algorithm to altermagnets with weak SOCs, making use
of the representation theory of spin space groups. This can lead to new types
of topological magnons in altermagnetic materials, protected by spin-group
symmetries.

Another future direction is to generalize the current approach to
magnon polarons, which arise from the hybridization of magnons and
phonons in magnetically ordered materials. It is well established that this
hybridization can lead to the emergence of topological magnon
polarons*™*; however, only a few materials have been identified to host
these topological bosonic modes®. The current theoretical framework can
be expanded to encompass not only pure topological magnons® and
topological phonons'’, but also to enable a systematic search for materials
hosting topological magnon polarons. These intriguing possibilities open
the door to future research directions, which we aim to explore in upcoming
projects.

Methods

Review of topological quantum chemistry

In this work, we are interested in crystalline solids with a commensurate
long-range magnetic order formed by localized magnetic moments that is
described by a local order parameter (S7) where i is the lattice site index and
o is the component of spin S ;. A general bilinear spin Hamiltonian that
captures the interactions between the localized moments takes the following
form:

~ 1
HZE Z ]xa’{]jhsta]

ij;a,bia,B

—gup Y BS; @)

i,a;a

where i, j run over the primitive magnetic cells, 4, b run over the magnetic
sublattices, and &,  run over the spin components. Such a Hamiltonian can
describe exchange interactions, single-ion anisotropy, and couplings to an
external magnetic field. The magnetic order breaks the time reversal and
space group Gy symmetry of this Hamiltonian down to a magnetic space
group Gy, whose elements leave the ordered magnetic moments (S7)
invariant; therefore, G, is the relevant symmetry group for magnon bands.
Here, we restrict our attention to spin-orbit-coupled magnets where spin
rotational symmetries are absent. This makes the relevant magnetic space
groups for magnons single-valued due to the bosonic nature of the
excitations.

Spinwave excitations arise from the transverse fluctuations around the
ordered moments, and they give rise to a spectrum of dispersive, coherently
propagating magnons, which is the focus of this study. In the framework of
topological quantum chemistry (TQC)****”*, the band representations®
can be constructed based on three symmetry ingredients: the space group
(SG) of the lattice, the Wyckoff positions (VWP), and the nature of the atomic
orbitals in the material***". The band representation of the space group (SG)
is obtained by inducing the representation of the site symmetry group SSG
of the WP to the full space group of the lattice:

pc=p1G ®)

where p is a representation of the SSG which is related to the full space group
through the coset decomposition:

G= legoch )

where Gy is the SSG of the WPs q of interest, and g, are the coset repre-
sentatives of G, which map the points g to other points of the W/P. Then this

band representation is reduced to the representation of the little co-groups
of the points of interest in the BZ, usually high-symmetry momenta:
(p1 G| Gk~ pg, (10)
where Gg is the little group of the momentum K of interest. In analogy, to
build a magnon band representation®, we start with building a repre-
sentation of the magnetic SSG G, where g, belongs to the Wyckoff position
of the magnetic moments, which is a subgroup of G, that leaves both the site
(up to a primitive lattice translation) and the magnetic order invariant. This
translates into the requirement that §° transforms trivially under elements of
G, :
C

885, =S, V8 € Gy, (1)
where z refers to the local orientation of the magnetic moment. This reduces
the number of allowed magnetic SSGs to 31 magnetic point groups that
preserve the magnetic order out of the 122 magnetic point groups®. Since
magnons are transverse modes constructed from the $* components, the
allowed representations of the 31 magnetic point groups compatible with
the magnetic order are determined by how the transverse spin components
transform under SS§G. The magnetic SSGs compatible with the magnetic
order along with the induced pair of elementary band representations
(reflecting the particle-hole symmetry of the spin wave Hamiltonian), were
worked out and tabulated®. The band co-representations induced from a
chosen WP of a M &G have been worked out™ and accessible via the BCS
tool MBANDREP**. Here, we work directly with the representations of the
full magnetic space group (MSG) rather than starting with the little co-
groups' irreps at individual k-points. In particular, we employ the framework
of magnetic band representations, as implemented in the BCS tool
MBANDREP*”, which correctly handles the induction of MSG
representations, from representations of the magnetic SSGs of the magnetic
WPs. These induced MSG co-representations are subsequently restricted
to high-symmetry momenta in the Brillouin zone (BZ) to extract the
relevant irrep labels of the magnon bands, forming the key input to our
topological classification methodology summarized in Fig. 2.

Linear spin wave theory
For a generic bilinear spin Hamiltonian,

.1 wB A%
HZE Z ]iéﬁhsirasfh

ij;a,bia,f

(12)

the standard method for calculating the spinwave excitations is linear spin
wave theory, which relies on an expansion in the spin fluctuations around
the classical ground-state order. In LSWT, transverse spin components are
transformed to magnon creation &' and annihilation operators & using the
Holestein—Primakoff transformation:

(13)

with the magnon operators satisfy the bosonic commutation relations
[&i, le] = J;and [u,, aj] = [a; , Zﬂ = 0. (5%, &) are the transverse spin
components are in its local frame, that is, locally rotated such that the z-axis
is aligned along the polarization direction (S;) = S;z; = (0,0,S;). The
square root is expanded in powers of % and by truncating it to a linear order
in é, a Hamiltonian of the form:

o =0 +H? + H (14)
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£ 0) . . ~(2) . .
where A is the classical ground-state energy, a? s a quadratic

Bogoliubov-de Genes (BdG) bosonic Hamiltonian and H represents
higher order correction terms that describe magnon-magnon interactions.
Finally, this BAG Hamiltonian is Fourier-transformed and diagonalized via
a paraunitary matrix through a Bogoliubov transformation to find the
magnon wavefunctions and spectrum.

An alternative yet equivalent approach is the so-called equation of
motion (EOM) approach*** in which the low-energy dynamics is captured
by the small deviations of spins from their ordered directions :

(15)

with |s;|<S;. By expanding the Hamiltonian in terms of the deviations, then
considering their Heisenberg EOM, we reach a dynamical EOM that gov-
erns the spinwave dynamics:

_ds?
T zﬁ: (M- R)jq 5]
I

(16)
where M, ;3 = 9, J(oy)“’ﬂ with o, is the y-Pauli matrix and R is a 2N x 2N,
where N is the number of spins in the primitive magnetic unit cell, is a semi-
positive-definite symmetric matrix that describes the spin-spin interactions
and is referred to as the “magnon” Hamiltonian. The spectrum is then
calculated as the eigenvalues of M - R.

Fermionization map of LSW systems

For the calculation of the topological charges of the Weyl magnons, we used
the numerical technique” after mapping the LSW Hamiltonian into its
fermionic counterpart. An LSW problem can be mapped into a free-fermion
system through the similarity transformation™:

H;=vR-M- VR (17)
where R is the magnon Hamiltonian in Eq. (16) of a generic spin-orbit
coupled magnet, and Hy is the free-fermion Hamiltonian. Since R is a
positive-definite matrix for a gapped LSW system, its square root is well-
defined. The key feature is that Hy shares the same spectrum and band
topology as the spinwave Hamiltonian. It also preserves the same
symmetries of the magnon Hamiltonian, therefore if a unitary symmetry
g of the magnetic order exists, its implementation on the magnon
Hamiltonian takes the form [O,, R] = 0 and [Og, M] = 0, where O, € SO(2N)
and the fermionic counterpart preserves it O,H Of = H;. For an anti-
unitary symmetry p, [Op, R] =0, {Op, M} =0, and the fermionic
Hamiltonian H satisfies OPHfO; = —H,.

Therefore, this mapping can be used as an additional route to apply the
results of TQC and SI theories to the spinwave problem. In this mapping, a
spinless electronic counterpart replaces the spinwave problem; the spinwave
variables S* take the role of the atomic orbitals. Therefore, the band repre-
sentation is induced from the site symmetry group of the spinwave variables.
Thus, a tabulation*"** of the magnetic site symmetry groups compatible with
the magnetic order and their representations provides a direct way to study
the induced magnon band representation for a given MSG using
MBANDREP**! BCS tool as discussed in the text.

Data availability

No datasets were generated or analysed during the current study.

Code availability

The search program developed in this work to identify topological magnon
compounds can be accessed through the following link: https://github.com/
MohammedKaraki/topological-magnon-search to both facilitate the
reproduction of our results and provide a tool for other researchers to
investigate the magnon band topology in magnetic systems.
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