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Magnons with momentum-dependent chirality are a key signature of altermagnets. We identify
bicircular light as a smoking-gun optical probe for chiral altermagnetic magnons, selectively targeting
their quantum geometry induced by an alternation of magnonic chirality. We show that in d-wave
altermagnets, under a canting magnetic field, the altermagnetic magnons realize a nontrivial quantum
geometry, resulting in an enhancement of the nonlinear second-order light-magnon interactions. We find
that the scattering of bicircular pulses probes the present magnonic quantum geometry, even if the
magnonic topology is trivial. Hence, our findings establish bicircular Raman response as an optical effect of
choice to identify altermagnetic magnons. As such, we propose a universal experimental protocol to
distinguish altermagnets from antiferromagnets by detecting their magnon chirality patterns with light,

independently of the underlying magnon topology.

DOI: 10.1103/12cl-b9jj

Introduction—EXxcitations in ordered media, such as
magnets, provide insights into the physical character of
the underlying order. Magnons, the quanta of spin waves,
carry spin-precessional information, such as chirality, in
magnetic materials [1-3]. The dynamical chirality of
magnons can be defined as the sum of the expectation
value of right-handed (RH) and left-handed (LH) spin-
precessional angular momentum once the magnetic polari-
zation is aligned by single-ion anisotropy or an external
magnetic field [4]. Because of time-reversal symmetry
(TRS) breaking in ferromagnets, only RH magnons exist
upon exciting a ferromagnetic ground state, resulting in
chiral propagation of magnons [5-7] and magnon spin
currents with only one sign under a fixed magnetic field
[8-10]. The LH magnon chirality is recovered in anti-
ferromagnetic (AFM) ground states, given their pseudo-
TRS [4,11-13].

In a recently proposed classification of magnetic materi-
als [14—16], altermagnets, the excitations of their magnetic
order, i.e., altermagnetic (AM) magnons, possess chiral
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properties despite a vanishing net magnetic moment of the
system, even without any chiral Dzyaloshinskii-Moriya
interactions that split energies of RH and LH magnons in
conventional antiferromagnets [4,16-23]. Unlike conven-
tional antiferromagnets, the altermagnets break TRS by
their spin space groups, and thus lift electronic band
degeneracies according to their magnetic polarizations
[16-19,24-27]. Similarly, in altermagnets, the RH and
LH magnons are energetically lifted on low-symmetry
points of magnon band structures [16-20]. This splitting
of AM magnons, and their chirality, are induced by the
asymmetric exchange interactions due to the alignment of
nonmagnetic atoms between magnetic atoms [16—19]. The
chirality of magnetic excitations distinguishes altermagnets
from antiferromagnets [16], and thus gives insight into the
classification of magnetic order on a lattice, which makes
the detection of magnon chirality of AM magnon bands
highly desirable [18,28].

The chiral magnons in altermagnets have been inves-
tigated theoretically in various types of altermagnets such
as d-wave altermagnet RuO, [17], Mn,SeTe [29], etc., and
g-wave altermagnets a-MnTe [19], CrSb [30], a-Fe,04
[31], etc. A full classification of magnons can be dictated
by the spin space group classifications [32-36], following
similar strategies for (magnetic) space groups [37-42].
Experimentally, the energy splitting of magnons has been
observed by inelastic neutron scattering in the g-wave
altermagnets a-MnTe and a-Fe,O5 [29,43]. Notably, the
splitting of magnon bands was found to be absent in AM
MnF, [28]. Electrical detection of magnon chirality has
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been conducted in a-Fe,O5 [44], but the excitation energy
(~10 GHz) is much lower than the splitting of chiral
magnon bands, and thus makes their observations unlikely
to originate from altermagnetism. To our best knowledge,
a direct probe of the split chirality at a certain frequency of
AM magnons remains elusive until now. It should be
stressed that the energy scale of chiral magnons is much
higher than the range of electrical probes [44-49], whereas
inelastic neutron scattering and conventional Brillouin light
scattering experiments are not sensitive to AFM or AM
magnon chirality [50-53].

Centrally to this Letter, quantum geometry, consisting of
the quantum metric and Berry curvature, can characterize
the momentum-space Riemannian structure of Bloch wave
functions arising from a given Hamiltonian [54,55].
Nontrivial geometry is found to give rise to Hall con-
ductances [56—62], nonlinear transport [63,64], and higher-
order optical responses [60,65-69] in various materials.
In altermagnets, electronic quantum geometry has been
reported to induce nontrivial topology [70-73], nonlinear
electron transport [74,75], magnetic instability [76], and
magneto-optical signatures [77-79]. On another note,
bicircular light (BCL), which targets information of differ-
ent symmetry by its phase slip and frequency tunability, has
been utilized to probe quantum geometries [8§0—82]. For
magnons, the nontrivial topology of AFM spin waves could
also be captured by light-matter coupling (LMC) under
a canting (perpendicular) magnetic field [68]. Although yet
to be explored, LMC underpinned by the magnonic quan-
tum metric, rather than the Berry curvature [68,83-86],
promises to be pivotal for capturing geometrical properties
of magnons. Whether a universal relation exists between
magnon chirality distribution in altermagnets and mag-
nonic quantum geometry is an open question, which we
address here.

As shown in Fig. 1(a), we propose an optical probe of
chiral AM magnons and their quantum geometry with
bicircular light (yg +y1) in an altermagnet canted by
a magnetic field. We validate our findings in systems with
trivial magnonic Chern numbers [68], in a minimal d-wave
AM Heisenberg model. After applying a canting magnetic
field, a splitting of magnonic nodal line is found to appear
at I'-M high-symmetry line where the LH and RH magnons
hybridize. We show that in the first Brillouin zone (BZ),
the magnon chirality switches as a function of wave
vector k. As a consequence, the alternating chirality of
AM magnons in the Bloch space gives rise to nontrivial
geometry of magnon bands, alongside the presence of
trivial band topology, which we reveal with accumulated
phases in magnonic Wilson loop. We deduce an enhance-
ment of LMC through quantum metric in the dominant
second and subleading fourth-order terms. Within our
approach, the quantum geometry of AM magnons is
revealed to be accessible by nonlinear bicircular Raman
spectroscopy. Such effects are found to be unique to AM
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FIG. 1. Modeling AM magnons with split chirality. (a) Minimal

spin model for d-wave AM magnons, canted by an external
magnetic field. The spin structures before (left) and after (right)
applying a canting field. The AM magnons are bicircularly
probed by photons of opposite handedness (yL/R). (b) Magnon
band structure with external canting field (red lines) and without
(blue lines). Here, we set S =1, with J;, =1+0.5 meV,
Japm = 2.0 meV, K = 0.8 meV. Hy # 0 to match the energy
scale of 2.0 meV. The definitions of the parameters are further
detailed in the End Matter.

systems, and are absent in AFM ones, as we further
demonstrate.

Modeling AM magnons—We start from a minimal
d-wave AM spin-lattice tight-binding model to investigate
the AM magnons [20]. We consider an AM Heisenberg
model canted by an external magnetic field without
Dzyaloshinskii-Moriya interactions; see End Matter for
technical details. The model includes magnetic crystalline
anisotropy to stabilize the magnetizations. As shown in the
left panel of Fig. 1(a), the considered spin Hamiltonian
preserves a Cy.T||Cy,/, symmetry without an external
magnetic field, as expected for a d-wave AM spin model,
where x/y denote x or y direction. Setting AM splitting
AJ = 0, we can restore pseudo-TRS in the model and yield
an AFM ground state. In the following, we will also show
that the nontrivial geometrical effects are present regardless
of the scale of exchange interactions, but only rely on the
AM symmetry.

We use a Holstein- anakoff (HP) transformatlon for
our AM model [87]: S i+ lS =28a,, SX, V, =

V2Sal, ', +ist, = v/2Sb,, and st zsi,—\/ Sb!,

where a;, b; (al,bl) are magnon annihilation (creation)

operators at the lattice sites i. Transforming the basis
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into Bloch space as a; = 1/\/]V2k age~*7  with
position vectors r;, and analogously for the b;, we
obtain the quadratic bosonic Hamiltonian in the basis
y/,i = (az,bz,a_k,b_k), with a linear-wave approxi-
mation. We only consider the in-plane wave vector
k = (k. k,) of magnons. The eigenmodes are obtained
by a bosonic Bogoliubov—de Gennes (BdG) transforma-
tion, y; = Ugy, in which ¢,'( = (a}‘;, ﬂ,L A_, ﬁ_k) denotes
the eigenmode basis. U diagonalizes the Hamiltonian H (k)
by UTH(k)U = hQ(k) with the magnonic eigenfrequency
matrix Q(k) = diag|w, (k), w,(k), w,(=k), w,(—k)] [88],
and w;(k), with i = 1, 2, denote the energies of magnons
with a wave vector k. The transformation matrix U is
normalized by UU" = I, where U' = 13U'r; is the para-
unitary conjugate of U in BdG transformation (see End
Matter). The model supports @; = w;, where i denotes the
index with a opposite wave vector, as it obeys the C,,
symmetry, which culminates in (C4,T)? = 1. This indicates
a trivial topology of considered magnon bands, since the
symmetry obstructs the existence of nontrivial Pfaffian
operators at high-symmetry points [89]. Moreover, our
model can be adiabatically transformed into a nonrelativ-
istic AFM model, while preserving the C,, 7 symmetry,
meaning that both belong to the same topological class.
It has been investigated that the nonrelativistic AFM
magnons have trivial topology [21,61,62], which is con-
sistent with the model studied hereby that realizes topo-
logically trivial magnons.

In Fig. 1(b), we show the magnon band structure of the
d-wave AM model with and without the perpendicular
magnetic field (red and blue lines). The high-symmetry
points are defined in the right-lower panel of Fig. 1(b).
Consistent with previous findings [17,20], we find split
chirality for magnon bands. Without an external magnetic
field, a magnonic nodal line appears at the I'-M high-
symmetry line, and a Dirac-type band touching appears at
the I" point. The perpendicular field lifts the degeneracy at the
nodal line and at the I" point, which aligns with our expect-
ation, since the field breaks the C,.T'||C, symmetry, as shown
in Fig. 1. As will be shown below, the canting field is essential
for the identification of magnonic quantum geometry.

Chirality and quantum geometry of AM magnons—Since
the split AM magnon bands are chiral [17], it is
important to quantify their chirality p; which is
shown in Figs. 2(a) and 2(b). The chirality of AM
magnons can be inferred from their angular momentum
(87); = (S%); — (S});» where (...); denotes the expect-
ation value associated with magnon band index .
Subscripts a/b denote the spin precession of sublattice
a'™ /b, which provide constant and definite (opposite)
angular momenta. Since the equilibrium magnetization
vanishes, one can further define the normalized chirality
upon HP and BdG transformations,

(a) - lu,,) 1
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FIG. 2. Interplay of magnonic chirality and quantum geometry

in altermagnets. (a),(b) The chirality of lower and upper magnon
bands |uy;) = [U(k)],, |ua) = [U(k)],. The magnon chirality
over momentum space (p;) is presented, with the blue and red
colors representing the RH and LH chirality, respectively.
(c) Magnonic Wilson lines along IBZ. The blue and red curves
denote Wilson lines for |u;;) and |uy ). The parameters are the
same as in Fig. 1.

pi=Y U =Y U P, (1)

i,RH i,.LH

which represents the difference between the amplitude of
RH and LH magnons [17]. Here, p; > 0(p; <0) repre-
sents an RH (LH) magnon chirality, and p; =0 repre-
sents a linear polarization. On the high-symmetry line
I'-M, one can observe that although the magnon bands are
lifted, the chirality of both bands is similarly linear in our
model. What is more, the distribution of chirality p; over
the first BZ behaves distinctly in AM and AFM; see
Supplemental Material (SM) for details [90].

We emphasize that the LH and RH characters of
magnons are directly captured by the amplitudes in the
original basis (ay/by) of the system, i.e., in the column of
the BAG matrix that denotes the eigenvectors of magnons in
the Bloch space. Meanwhile, given the alternating feature
of p; in momentum space, it is worth inspecting quantum-
geometric consequences of the distribution of magnon
chirality, since the quantum geometry relies on the differ-
ential features of the eigenvectors [54,55]. To characterize
the geometry and topology of the modeled AM magnons,
we calculate the gauge-invariant magnonic Wilson loop
[Fig. 2(c)] along a closed path surrounding the irreducible
Brillouin zone (IBZ), whose quantization is guaranteed by
the C4,T symmetry in our model [89,91,92]. The Wilson
loop is deduced from the phases of the Wilson line:
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FIG. 3. Quantum metric and nonlinear light-magnon couplin%
in a d-wave altermagnet. (a) The quantum metric of magnons ggz
in the lower band of the canted minimal d-wave AM model, over

the first Brillouin zone. The component of magnonic metric g@

peaks at the chirality (p;) crossover boundary. (b) The momen-
tum-space features of the second-order LMC term Lg). L(dzb),
which is enhanced by the magnonic quantum metric, is maximal
at the magnon chirality crossover regions. The parameters are the

same as in Fig. 1, except that H matches the energy of 0.5 meV.

W(k) = [Tosz U' (ki) U(k;), where k; denote the wave
vectors at different points of the Wilson loop contour.
Importantly, we use a different definition from fermionic
Wilson loop, since the overlap of neighbor bosonic BdG
eigenvector should be represented by U(k,)U(k,). The
magnonic Wilson loop eigenvalue moves from ¢ = 0 to
¢ = +x/4, and back to ¢ = 0, which indicates the eigen-
vectors of the magnon bands accumulate a Berry phase,
which is subsequently dissolved around the loop over the
boundary of IBZ; see Fig. 2(c). The phase accumulated
along the Wilson loop is also found to be parameter-
independent (see SM [90]), indicating that the nontrivial
quantum geometry is protected by the model symmetry
[89,91,92], rather than arising from specific parameter
choices. The magnonic Wilson loops are not winding
around the IBZ, in agreement with our previous discussion
of topology. Meanwhile, in an AFM model, the Wilson
loop does not possess any nontrivial accumulated phases
(see SM [90]).

We confirm that the AM magnons with trivial Chern
number carry nontrivial quantum geometry, by an explicit
evaluation of the quantum metric tensor; see Fig. 3(a). The
quantum geometry of magnons is captured by magnonic

quantum geometric tensor, Q' = gy — (i/2)Q0 [68].
Here, we use the superscript (m) to denote the magnonic
nature of the quantum geometric tensor considered. In

particular, the magnonic Berry curvature QS,‘:), which nat-
urally presents in topologically nontrivial magnons such as
Chern magnons, can be characterized by dichroic Raman
scattering [68]. For topologically trivial magnons, the pres-
ence of any Berry curvature is not underpinned by Chern
topology. Here, the characteristic signature arising from the
unique alternation of chirality of AM magnons across BZ

[17] is the nontrivial magnonic quantum metric gg,f). The
enhancement of the magnonic quantum metric is guaranteed

by the lower bound associated with the derivative of magnon
chirality, as described in the End Matter. The canting field
that split the magnon nodal line is found to be essential here
given the definition of the magnonic metric [see End Matter,

Eq. (B1)]. Given that the quantum metric gf;,?) can also be

probed by the LMC [64,69], we focus on the metric-induced
optical features associated with the nonlinear magnonic
LMC in the following.

Light-magnon interaction in altermagnets—We now
construct a methodology to probe the quantum geometry
in AM magnons with light. At optical frequencies, the
magnonic LMC can be described by the Fleury-Loudon
(FL) mechanism [68,93], where the photon electric field
couples to spin-dependent electric dipoles. Although mag-
nons do not naturally admit a direct Peierls substitution
[94,95], the FL term generates an effective coupling,
H(k,A) = H(k —A) (see SM [90]), with A = (A,,A,)
the vector potential of light. Accordingly, under the long-
wavelength approximation, i.e., A - d;; < 1, with d;; denot-
ing the position vector from spin i to j, the light-magnon
coupling can be expanded as [68,93] H(k,A) =

H(k) + Lfll)Aa + Lfb)AaAb + -+, and the second-order
LMC Hamiltonian is given by

LY = ¢ 1+ UluQUtu, - Q,U'U, + UTT,Q,

1 _ _
+§ (UTUabQ + Qab - QUTUah) + (Cl < b)? (2)

where the subscripts a, b in the right-hand side give
U,=0, U, Uy =0 0,U, and analogously Q, = d; €,
Q,p = 0,0, 2. The further contributions are negligibly
small, whereas are also calculated up to the fourth order for
completeness; see SM [90]. One finds that the quantum
metric enters in the first term of Lizb), thus confirming that
the emergent quantum metric in the magnon bands can
enhance the nonlinear LMC [68]. In Fig. 3, we show the
distribution of quantum metric and LMC strength as
a function of wave vector around the first BZ. In Fig. 3(a),
the metric is found maximal at the lifted I'-M line. The
absolute value of L)g) in the perturbative Hamiltonian is
also calculated for the first diagonal term, as shown in
Fig. 3(b). Although Eq. (2) contains additional terms
beyond the quantum metric, our calculations reveal a direct
correspondence between the maxima of the quantum metric
and the LMC strength, confirming the interplay between
nontrivial quantum geometry and nonlinear Raman
response of AM magnons. Furthermore, in a PT-symmetric
AFM model with trivial magnon topology, where the
alternation of magnon RH and LH chirality is prohibited,
a simultaneous vanishing of the quantum metric and the
LMC terms is observed (see SM [90]). We also note that the
canting field is introduced only to lift the degeneracy on
I'-M high-symmetry line, rather than to generate the LMC
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terms. Indeed, the LMC strength decreases with an increas-
ing canting field (see SM [90]). We then establish the BCL
scattering as an experimental probe for the LMC in
altermagnets, given its tunability on the polarizations of

the incident light, which allows to target ng,)

Probing AM magnons with bicircular light—We now
show how BCL can be used to probe the nontrivial
magnonic geometry of AM magnons within realistic
experimental setups. The BCL field takes the form
A(t) = A e/t 4 Ap e~ [80,81], including left and
right circularly polarized light components (A; and Ag)
with frequencies 7w and . For a =0, the nonlinear
LMC of AM magnons to linearly polarized light is
retrieved from the bicircular coupling. The combinations
of left and right circularly polarized beams, yielding
linearly polarized light, have been previously proven
successful in probing nontrivial electronic quantum geom-
etry [96]. The nonlinear Raman response is estimated
by Ppc & 3 [(UHRU)i*8(w; — oy + @y,), where ay,
and w,. are the incident and scattered light frequencies,
and Hy is the Raman scattering Hamiltonian given by
HR & Zij(A;kC 'dij)(Ain : dl])H(k)’ where Ain and Asc
denote field of incident and scattered light (see also SM
[90]). To propose a credible realization for experiments, we
set # =1 and assume that the incident and scattered
photons have the same polarizations. We can reconstruct

Liz,,) on filtering out the first-order contribution Lgl), which
is distinctly sensitive to phase delay a of BCL (see SM
[90]). In Fig. 4, we show how the magnonic LMC cross
section Pgc [68] measured as a function of a allows to
probe the magnonic metric gg), which captures the
momentum-space chirality crossovers unique to the AM
magnons. Transforming LMC terms to a circular basis (see
SM [90]), one finds that the dependence of cross section
Py on phase difference a consistently captures the inter-
play between the Raman response and the polarizations of
the incident and scattered light, which reflects the AM
magnon chirality. A single-beam linearly polarized laser,
having an equal superposition of left and right circularly
polarized components, can in principle also detect such an
AM LMC signal. However, it does not permit tracking the
signal as a function of the relative phase introduced in our
proposal. Notably, we also observe that the AFM phase lacks
similar features (see Fig. 4), consistent with degenerate LH
and RH chirality (see SM [90]). Physically, our formalism
probes the two-magnon processes via Raman scattering,
which is insensitive to the wave vector of magnons, and thus
cannot resolve detailed magnon dispersions, unlike inelastic
neutron scattering measurements [93,97].

Discussion and conclusions—We discuss the applicabil-
ity of our results. On the material side, the LMC effects
of AM magnons could be realized in various types of
AM materials, given that our proposed experimental
signatures do not rely on a specific lattice. In materials

Altermagnet

(=]

N

N

P, (Arb. Unit)
- o

Antiferromagnet

o

6
hw (meV)

FIG. 4. Cross section of magnonic LMC with bicircular light.
Bicircular light of frequency w;, with phase shift @ between left-
and right-circular components is inelastically scattered to fre-
quency ., experiencing a Raman shift ® = w;, — @,.. Resolution
of the light-AM magnon cross section Ppc capturing the scattering

of AM magnons from light against  and @ allows to retrieve Lﬁ)

enhanced by the magnonic quantum metric gflrz) reflecting the

chirality pattern. The parameters are the same as in Fig. 3.

with strong spin-orbit coupling, non-FL contributions can
dominate the magnonic Raman response [98], and the
candidate materials should therefore be chosen to avoid
such regime. Suitable examples include the d-wave alter-
magnets RuO, [17] and MnF, [28], as well as LuFeO;
[99,100], and the g-wave altermagnet a-Fe,O5 [31,43].
Their magnon energy scale is typically around 0—100 meV,
as reported in the above references. Depending on the
different lattice symmetries, e.g., g, f, i wave, we expect
analogous enhancements of LMCs with different sym-
metries over k space to be manifested in the scattering of
BCL. We note that other types of AM models, such as
honeycomb and checkerboard altermagnets [70-72], can
also accumulate nontrivial magnonic Berry phases and
realize topological magnons. We expect that such nontrivial
quantum geometry can likewise be observed using BCL.
Additionally, magnon-magnon interactions in altermagnets
are expected to renormalize the magnon bands and induce
chirality-dependent anisotropic damping, which may
provide additional signatures of the altermagnetic order
[101-103]. Extending the magnonic LMC theories beyond
linear spin-wave theory, e.g., including three-magnon
processes, remains a promising direction for future works.
Our results show that the LMC effects can clearly dis-
tinguish altermagnets from conventional antiferromagnets
due to a qualitative difference between the AM and AFM
magnons, as reflected by their distinct quantum geometries.
Our findings provide an optical criterion for confirming the
presence of AM order with its unique spin excitations.

Note added—We recently became aware of Ref. [104],
where Liu et al. use topological ferromagnetic magnons to
showcase probing magnonic quantum geometry with LMC.
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End Matter

Appendix A: Details of the AM spin Hamiltonians—
Below we provide further technical details on the
d-wave altermagnet model studied in this Letter [20].
In real space, the spin Heisenberg Hamiltonian H

written in terms of the lattice spin operators SIT,S},
which we consider in this Letter, reads,

H= —(ZJISJ ST+ 0,8] -s})
(i) (i,

- <ijs} S+ IS) -sj)
(i) (i,

(A1)

with Jy, = J & AJ the intrasublattice exchange coupling
coefficient, Japy < O the intersublattice AFM exchange
coupling coefficient, K > 0 the easy-axis magnetic
anisotropy, X,Z the unit vectors in the x and z directions,
the Bohr magneton up, Landé g factor, and H{, an
external field along x direction, which cants the
sublattices; see Fig. 1(a). AJ gives the scale of AM
splitting of magnons, and (ij),, denotes the nearest
neighbors in the x, y directions, respectively. Under the
HP transformation and a Fourier transformation, the
corresponding momentum-space magnon Hamiltonian
amounts to

H(k) = (A) + Az)oeto + (A) — Ay)og73 + Bioy7y

+ 3260‘[1 + B30'1‘L'0. (AZ)
In the above, the model parameters read
A],Z = S[J],z(l — COS kx) + JQ,] (1 — COS ky)

+ K(3c0s?0 — 1) /4 — cos 20J ypn/2
+ gusHy sin6/2],

Bl = SJAFM(l -+ cos 29)/2,

Bz = _SJAFM(I — COS 29)/2,

B; = —SKsin’0/4, (A3)

where 6 = arctan [gugSHo/(—=2J spm + K)] i the cant-
ing angle induced by the external magnetic field H,,
and 60153 (70.123) denote the Pauli matrices operating
on sublattice and wave vector degree of freedom,
respectively.

Appendix B: Relation between magnon chirality and
quantum metric—In the following, we provide further
technical details on the unique quantum geometry of AM
magnons retrieved and probed by light in this Letter. The
magnonic metric gsz) considered in the main text reads,
in terms of magnon band eigenvectors |u;) = [U],,

([U]1230, (k) [UL,) (U730, H(K) [U])
(hay = haw,)?

duy = Re

(B1)

which is consistent with Refs. [62,68]. We emphasize
that the quantum geometry of magnons driven by the
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considered BAG Hamiltonians is fundamentally a sym-
plectic quantum geometry [62,68,105,106]. We now
detail how the nontrivial metric texture [Fig. 3(a)], which
reflects the chirality (p;) alternation, and its coincidence

with the Lfb) pattern [Fig. 3(b)] identified in the main

text, arise. The enhancement of diagonal terms gg,?

[Fig. 3(a)] occurs under a local k-space condition:
|([U],730,, H(k)[U],)|* > 1. These matrix elements,
equivalently translate to a local enhancement of matrix
elements |UTU,| occurring in the LMC matrix elements,
ie., Lfll) and Lfb), as defined in the main text, and
consistently with the identifications of Ref. [68].
Crucially, the matrix elements |UTU,,| closely reflect the
magnon chirality features. On direct differentiation, the
gradient d,p;, introduced by the unique alternation of
AM magnonic chirality (p;), by definition consists of the

terms (U3;')*0,U;;'. The gradients of Uy;' inverses in the

individual magnon bands i, within the (U;;')*9,U;;' terms,
translate into the enhancements in the matrix elements
|UTU,|. A general inequality relating the quantum metric to
the chirality alternation exists for collinear AM and AFM
models in the limit Hy, — 0,

d.p.]2
Clpl , (B2)

(m)) o
|gaa | =124,

with A; arising through Bogoliubov transformation, as
derived in SM [90]. This inequality saturates for large-
wave-vector magnons, which indicates that the enhance-
ment of the quantum metric becomes a direct signature
of alternating magnon chirality at the BZ boundary.
To visualize these relations quantitatively, we presented
the k-space resolved local patterns in Figs. 2(a) and 2(b)
against the textures in Figs. 3(a) and 3(b), and in Sec. II of
SM [90].
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