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Direct Optical Probe of Magnon Topology in Two-Dimensional Quantum Magnets
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Controlling edge states of topological magnon insulators is a promising route to stable spintronics
devices. However, to experimentally ascertain the topology of magnon bands is a challenging task. Here we
derive a fundamental relation between the light-matter coupling and the quantum geometry of magnon
states. This allows us to establish the two-magnon Raman circular dichroism as an optical probe of magnon
topology in honeycomb magnets, in particular of the Chern number and the topological gap. Our results
pave the way for interfacing light and topological magnons in functional quantum devices.
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The study of topological states of matter has recently
been extended to systems with bosonic quasiparticles such
as magnons, photons, excitons, and polaritons [1-10]. The
large interest in topological states stems from the hope of
utilizing their properties to realize fault-tolerant quantum
information devices for large-scale quantum computing.
Several predictions exist of how to realize paradigmatic
models of topological matter such as the quantum Hall and
quantum anomalous Hall effects with magnons [9—12]. In
electronic systems, where the edge state population can be
controlled by shifting the chemical potential, e.g., through
electrostatic gating, it is straightforward to experimentally
verify the topological nature of a given state via conduc-
tivity measurements. In contrast, magnon systems lack a
chemical potential, and the ground state is usually a Bose-
Einstein distribution centered around zero momentum. In
order to harness magnon edge states for the realization of
stable spintronics devices, it is therefore necessary to find
other means of probing the topology of the magnon bands.

The topology of two-dimensional band structures is
quantified by their Chern numbers, which are given by
an integral of the Berry curvature over the Brillouin zone
[13]. The Berry curvature can in turn be viewed as the
imaginary part of the more general quantum geometric
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tensor [14], which endows the Hilbert space of quantum
states with a Riemannian structure [15]. Both the Berry
curvature and the quantum metric, the real part of the
quantum geometric tensor, are crucial for the understanding
of a plethora of physical effects, such as flat band super-
fluidity [16], superconductivity [17], orbital magnetic
susceptibility [18,19], and the nonadiabatic anomalous
Hall effect [20]. Recently, a connection was found between
the quantum geometric tensor and the light-matter coupling
(LMC) in noninteracting fermionic systems [21], as well as
between the Berry curvature and angle-resolved photo-
emission spectra [22-25]. Although a similar connection
for bosonic systems would allow us to optically address the
topology of magnon bands, the generalization of these
results to boson systems is nontrivial due to the different
exchange statistics and transformation properties of the
boson operators.

Here, we specifically show that the magnon topology of
canted honeycomb antiferromagnets (AFMs) can be probed
at zero temperature by the two-magnon Raman circular
dichroism (RCD). We demonstrate that the frequency-
integrated RCD is tied to the Chern number of the magnon
bands, while frequency-resolved measurements of the RCD
give access to the size of the topological magnon gap. More
generally, we show that the connection between the RCD
and the magnon topology follows from a fundamental
relation between the light-matter coupling and the quantum
geometric tensor for noninteracting boson systems, which
we derive. Our results are relevant for a large class of van
der Waals (vdW) honeycomb magnets, where the magnon
band structure is topological [26,27].
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FIG. 1. Magnon band structure and two-magnon Raman

scattering in a canted honeycomb antiferromagnet. (a) and
(b) Hlustration of a canted antiferromagnet on the honeycomb
lattice. Panel (a) shows a side view of the system indicating the in-
plane Néel order, out-of-plane ferromagnetic order, and canting
angle 6. Panel (b) shows a top view illustrating the direction of the
out-of-plane Dzyaloshinskii-Moriya interaction on each next-
nearest-neighbor bond. (c) Probabilities P,,(Pj) for magnon pair
creation in the lower (upper) magnon branch, via Raman
scattering of right- to left-hand polarized light, and vice versa.
(d) Schematic of the two-magnon Raman processes leading to a
nonzero circular dichroism: Incident photons of right- or left-
handed polarization (red and blue wiggly lines) are scattered into
left- or right-handed photons, respectively, while simultaneously
creating a magnon pair at the K or K’ points (solid lines). For
right- to left-handed (left- to right-handed) scattering magnons
are predominantely created in the lower (upper) band.

The low-energy magnetic properties of monolayer vdW
transition-metal (phosphorous) trichalcogenides, such as
Crl;, CrCls, MnPS;, and MnPSe;, are described by a short-
range spin Hamiltonian on the honeycomb lattice [28,29].
To lowest order, this Hamiltonian reads

HO — ny
(ij)
—l—DZUUﬁ'(S,’XSJ’)—B'ZSi, (1)

(]

(S1S3+818)) +J.> S
W)

where J,, and J, are the in-plane and perpendicular nearest-
neighbor exchange interactions, D is the strength of the next-
nearest-neighbor Dzyaloshinskii-Moriya interaction (DMI),
and B is an external magnetic field. Since the magnetic
ground state has an inversion center at every nearest-
neighbor bond, the nearest-neighbor Dzyaloshinskii-
Moriya interactions vanish [30]. The coefficients v;; arise
from electronic virtual hopping processes along isosceles
triangles, and take values v;; = +1 as illustrated in Fig. 1.
Although the intrinsic strength of the DMI might be small, a

synthetic scalar spin chirality interaction can be induced via
circularly polarized lasers [10,31,32], and the DMI can be
enhanced through the application of out-of-plane electric
fields [33,34].

For J,, > J. and an out-of-plane magnetic field B = BZ,
the ground state of Eq. (1) has a canted antiferromagnetic
order (see Fig. 1). The Néel vector of the field-free system
is taken to lie along the x axis, and will tilt into the xz plane
as B increases [35,36]. Employing a sublattice-dependent
Holstein-Primakoff transformation around the local spin
axes, the Hamiltonian is given to leading order in S~! by
Hy=>x <I)LH0k<I>k in the basis ®] = (a]T(, b};, a_y,b_y).
To diagonalize the Hamiltonian, we perform the
Bogoliubov transformation ®, = U ¥y, where Uy is a
paraunitary matrix, and the resulting magnon energies are
denoted €y,, (m = £). The magnon band structure as a
function of B interpolates between that of a collinear AFM
(B = 0) and that of a collinear ferromagnet (FM) obtained
above the saturation field B, = 6JS (see Fig. 3).

The Berry curvature of an antiferromagnet can be written
as Q,(k) =Y, Q,(,Z’)(k), where Q" is the contribution
of band n to the Berry curvature of band m and is defined
by [37]

[k 20y Hok U] [k 7 0x Ho U]

(n)
Q) (k) = —2Im
) (€xn— 1)’

(2)

Here u,, (it,) is the mth column (nth row) of the
transformation matrix Uy (Uy = 7,Uy1.), and the energies
in the denominator are the eigenvalues of the matrix 7,H.
The Chern number of band m is given by the Brillouin zone
integral C,, = (27)7" [3, dk Q,, (k). Except for the lines
D =0 and B = 0, the magnon bands have nonzero Chern
numbers and are topological (see Fig. 2). The dominant
contribution to the Berry curvature of the magnon bands
comes from the K and K’ points, where Q, = —Q_.

In the presence of an external electromagnetic field, the
Hamiltonian acquires a dependence on the vector potential
A. In magnetic systems this dependence can arise from a
variety of optomagnetic interactions, the most common of
which are the Peierls coupling [38—40], the Aharonov-
Casher effect [41,42], and the inverse Faraday effect
[43,44]. The microscopic processes underlying these inter-
actions are briefly summarized in Table 1. At optical
frequencies the dominant mechanism is two-magnon
Raman scattering, where magnon pairs are created at finite
k with equal and opposite momenta [39]. In honeycomb
antiferromagnets the Raman scattering probability is domi-
nated by contributions from the regions around K and K'.
In particular, the scattering of right-handed into left-handed
photons (left-handed into right-handed photons) mainly
generates magnons at K and K’ in the lower (upper) branch
(see Fig. 1). This leads to a nonzero Raman circular
dichroism that is shown below to be directly related to
the Berry curvature. Since the Berry curvatures of the lower
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TABLE L.
underlying physical processes.

Mechanisms of light-matter coupling. Summary of the most common light-matter coupling mechanisms and their

Mechanism

Physical process

Aharonov-Casher effect
Peierls phases

Inverse Faraday effect

Phase accumulation of magnetic moment in an electric field

Electric field modulation of virtual electronic hopping processes

An effective magnetic field generation by the optical spin density

and upper branches are opposite, this also leads to
a sign reversal of the RCD when the frequency crosses
the gap.

Expanding the total Hamiltonian in powers of A defines
the nth-order light-matter couplings L") as [21]

H(A) = Hy+ LA, + LD A,A, + O(A%).  (3)

The nth-order LMC is a tensor of rank n given by the
nth-order derivative of H(A) with respect to A. When the
dependence of the Hamiltonian on A is of the form
H(k,A) = H(k — A), the derivatives with respect to A
can be replaced by derivatives with respect to k. In this
case the linear and quadratic LMCs can be written as
LLI) = —akﬂHO and Lf,{%) = ak}lakl’Ho.

The relationship to the quantum geometric tensor is
established by evaluating the matrix elements of the
LMCs in the magnon basis. The magnon Hamiltonian for
the canted honeycomb AFM has the general form H =
Sk Wi H\ Wy, where W' = (af fL ,a_i.f_y) [45]. Since the
geometry of the quantum states is encoded in the matrices
U\ connecting the magnon basis ¥ to the spin-flip basis @, it
is useful to rewrite this as H = > ) W} (UxHy Uy) P,
where H) is the Hamiltonian in the @ basis. The magnon
Hamiltonian has a block structure, with matrix elements
belonging to either of two categories. The first category
corresponds to interband  processes (o |H|By) =
(I_Jk’HkUk)aﬂ, which are the only types of transitions
allowed in the FM phase and will be denoted as FM
processes. The second category corresponds to pair creation

TABLE II.

or annihilation processes (af_x|H|0) = (UxHyUx),p-
which are the only types of transitions allowed in the
AFM phase and will be denoted as AFM processes. In
the canted phase both FM and AFM processes contribute to
the LMCs, and to distinguish them we use a bar over the
index corresponding to a state with negative momentum.

The LMCs are obtained from the Schrodinger
equation Hy Uy = &, Uy, where & is the diagonal matrix
of eigenvalues of 7,Hy and 7, is the third Pauli matrix
in Bogoliubov space. Differentiating this equation and
multiplying by Uy from the left gives Uy[d, Hy]Ux =
[aﬂgk](]k Uk + (Sk - (E;k>[UkaﬂUk], where gk and g_k are
used to distinguish energies corresponding to columns
(rows) of Uy (Uy). The quadratic LMCs are similarly
obtained from the second derivatives of the Schrédinger
equation, and the matrix elements of the linear and
quadratic LMCs are summarized in Table II. In particular,
the quadratic LMCs are found to be related to the quantum
geometric tensor 77, = (d,ni|(1 — |ny)(ng|)|0,nc) [14]
expressed in terms of the matrix Uy. Since the above
argument only relies on the form of the Hamiltonian and the
relation H(k,A) = H(k — A), the expressions in Table II
hold for any quadratic bosonic Hamiltonian with this
property.

Although the formal expressions are identical for FM
and AFM processes, the application of H) to the trans-
formation matrices Uy introduces a factor 7, in the AFM
case (since u,, are eigenvectors of 7,y ). This changes the
meaning of i, from being a column of the Hermitian
transpose U, to a column of the inverse U;! (in the FM
case these matrices are equivalent).

Light-matter couplings and quantum geometry. Linear and quadratic light-matter couplings of interband and pair creation

or annihilation processes in terms of the single-magnon energies €, and Bogoliubov transformation matrices Uy, with columns u,,.. The
vectors i, denote the rows of the inverse matrix Uy '. In the summations over /, care must be taken to assign the correct sign to the

energies €, in accord with their sign as eigenvalues of 7, H),.

Ferromagnetic Antiferromagnetic
L}(l%l)lll _0”€"k _0/‘€"k
L/(ii)zm _(emk - enk)ﬁnkayumk _(emk + enk)ﬁnkayumk
LY 0,0,€mx + 23 (€ — €nc)Re[ (i, 0t ) (T30, i )] 0,0,€m — 23 (€ + €nc)Re[ (i, 0, 1) (T30, )]
L,(,%,)‘,l,,, [(aﬂemk - a/4€nk)ﬁnk av Uk + % (emk - enk)ﬁnk aﬂab Uk [(aﬂemk + a/46nk)ﬁnk au Uk + % (emk + enk)ﬁnk a;t al/”{mk

= > i€ =€) (i Oy tipe ) (T Oyt )] + (0 <> )

= i€+ €n) (kO tupe ) (i Oyt )] + (1 <> v)
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The general relations in Table II can be used to establish
a connection between the quantum geometric tensor
and the Raman circular dichroism [46,47]. The RCD is
defined at normal incidence as y = PR — PL. It measures
the difference in total scattering cross section between an
incident laser with right- and left-handed polarization,
denoted by PR and PF, respectively. The scattering cross
section due to the Raman Hamiltonian Hy is given by

Pr=) (¥, |Hy [¥o)8(ho + Eg~ E,).  (4)

ns'

where Hy  (e; - d;;)(ey - d;;), e, is a photon polarization
vector, and d;; is the vector between spins i and j. The
incident polarization is denoted by s = R (s = L) for right-
handed (left-handed) light, and the scattered polarization s’
is summed over. Further, |¥,) are eigenstates of the
equilibrium Hamiltonian H;, and the Raman energy hw =
hw;, — hw,. is the difference between incident and scat-
tered photon energies. The RCD can be written in terms of
the LMCs as y = 8Im[(L — LY)LY)], where L2

denotes the complex conjugate of Lﬁ).

In the collinear AFM limit B — 0, the Berry curvature
and the RCD are directly related via Q = —y/(2ad2).
Here a is the lattice constant, dy = (hg, A, hy), and h; is
the component of the Hamiltonian proportional to the Pauli
matrix ;. However, for the collinear AFM both the Berry
curvature and the RCD are independent of the DMI, and the
system is topologically trivial. This follows from the fact
that the AFM LMCs depend on the sum €, + €,
(cf. Table II), so that any dependence on D cancels. The
relation between y and Q further shows that the frequency-
integrated RCD of a collinear AFM vanishes. In the FM
limit B > B, the Berry curvature and RCD are related
by @ = —/(2a%d}) + py/(2d3), where dy, = (h,. h,. h.)
and py isaterm linearin D. For D/J < 0.1 this term is small,
and the circular dichroism is approximately given by
x~—(2a%) [dk g Qf (ex), where f(ex) is the Bose-
Einstein distribution. For the typical low-temperature sce-
nario f(ey ) = 6(k) the circular dichroism vanishes, while at
finite temperature a nonzero value might be assumed.

Figure 2 shows the zero temperature RCD of the canted
AFM as a function of DMI, external magnetic field, and
photon energy. Clearly, the integrated RCD is closely related
to the Chern number of the magnon bands. It vanishes in
the topologically trivial state but is nonzero otherwise, and
thus constitutes an optical probe of the magnon band
topology in canted AFMs. In this sense the Berry curvature
determines the circular dichroism of a canted honeycomb
AFM in a manner strongly reminiscent of the relationship
between the circular dichroism and Berry curvature found in
electronic systems [48]. We note that to observe a finite
integrated RCD signal, both a finite (in-plane) antiferro-
magnetic and (out-of-plane) ferromagnetic order parameter

(b) 10 0.2
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) | |
2 00 0.0
=
o5 —01
2005 00 01 %1 005 00 o005 01 02
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FIG. 2. Raman circular dichroism as a probe of magnon band
topology. (a) Chern number of the lower magnon band as a
function of Dzyaloshinskii-Moriya interaction D and external
magnetic field B. (b) Frequency-integrated Raman circular
dichroism y. The parameters are J,, =J, =J =1, B; = 6JS,
and § =5/2.

are needed. The former allows for optical generation of
magnons with finite momenta via pair creation processes,
while the latter guarantees that the magnon band structure is
topological. The decay of the RCD with increasing external
magnetic field is due to the suppression of pair creation
processes when approaching the ferromagnetic limit.
Figure 3 further shows that performing frequency-
resolved measurements of the RCD provides direct access
to the topological gap A, at K. The dominant Raman
processes create magnon pairs at K/K’, and thus the RCD
is dominated by the Berry curvature at these points. Since
Q, =-Q_ at K and K’ the RCD changes sign as @

(a) % % % (b)
20 \ 20 20
== é
15 15 15

—~ ~
3 = ﬁ/ 3
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B/
.
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\\ // — B/B.—1)
5 5 | —— B/B,=1/2 15
—— B/B,=3/4
055 T 0 . 0
K I K M K p(au) 95 0 25
© 4
— A,
29| — Arw
2
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0.0 0.25 05 0.75 0 10 20
B/J huw/J
FIG. 3. Raman circular dichroism, topological gap, and mag-

non Berry curvature. (a) Magnon band structure and density of
states as a function of magnetic field [see (b) for labels]. The
density of states is given in arbitrary units (a.u.). (b) Frequency-
resolved Raman circular dichroism y as a function of
ho = hwy, — hog. (¢) Magnon gap A/ at K and peak distance
Agcp of the Raman circular dichroism as a function of magnetic
field. (d) Two-magnon density of states p, density of states A
weighted by the magnon Berry curvature, and Raman circular
dichroism y as a function of photon energy for B/B, = 0.5. In all
panels the parameters are J,,=J,=J=1, D/J=0.1,
B, =6JS, and S =5/2.
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traverses the gap, and the distance Arcp between the
negative and positive peaks of the RCD gives a direct
measurement of the topological gap A,. As the sign of the
Berry curvature is determined by the direction of the
magnetic field B, the RCD changes sign when the magnetic
field direction is inverted.

In addition to probing the topological gap, Fig. 2(d) shows
that the RCD gives a measure of the two-magnon density
of states (2DOS) weighted by the Berry curvature, defined
as A=Q,po+Qspps, Where p,,(€) =) (d(e—€,—¢,).
Assuming the 2DOS can be independently probed, the
shape of the RCD (peak width and intensity) provides
information about the k-space distribution of the magnon
Berry curvature. In particular, it shows that for the canted
AFM the main sources of Berry curvature are located at K
and K’, and that the Berry curvature changes sign between
the magnon bands.

We have shown that the magnon band topology of canted
antiferromagnets is probed by the circular dichroism of the
dominant two-magnon Raman scattering process. In par-
ticular, frequency-resolved RCD measurements give direct
access to the topological gap as well as to the k-space
distribution of the magnon Berry curvature, while the
integrated signal is tied to the Chern number of the magnon
bands. Since band topology in magnon systems is noto-
riously hard to validate, due to the bosonic exchange
statistics of the quasiparticles and the lack of a chemical
potential, these findings provide an important step toward
utilizing topological magnon excitations in functional
spintronics devices.

Our results are of relevance for a wide range of magnetic
insulators described by spin Hamiltonians such as Eq. (1).
These systems present diverse magnetic orders including
collinear out-of-plane ferromagnetism (monolayer Crlj,
CrCl;, and VI3), collinear out-of-plane and in-plane
AFM order (MnPS; and MnPSe;, respectively), and zigzag
AFM order (FePS;, FePSes;, and NiPS;). A canted AFM
can thus be realized by applying an in-plane or out-of-plane
magnetic field to MnPS; or MnPSe;, respectively. Out of
the abovementioned materials, Crl; in particular has been
argued to display substantial out-of-plane DMIs of the
appropriate form [26,27]. More generally, we expect the
RCD to map out the Berry curvature of any system whose
topology is determined by a single Chern number. In
systems where the topology is governed by something
other than a single Chern number (e.g., multiple Chern
numbers or a Z, invariant), the relation between the
magnon topology and the RCD is less clear. However,
as the frequency-resolved RCD is intimately connected to
the Berry curvature, it should still provide a strong
indication of a nontrivial magnon band topology.

To probe magnon topology via the RCD requires both a
finite integrated Berry curvature (i.e., the system is in a
topological state) and that magnons can be optically gen-
erated at finite momenta. For a given system one should

therefore check whether the magnetic order is described by a
spin Hamiltonian containing interactions that can generate a
nontrivial topology, and if the magnetic order allows
for a nontrivial topology and for magnon pair generation
at finite momenta. In the typical case this requires either
Dzyaloshinskii-Moriya or Kitaev interactions, as well as
some degree of noncollinearity in the magnetic order. We
note that the RCD has to vanish for a centrosymmetric
system (i.e., magnetic point groups including inversion
symmetry), while it is allowed for the class of gyrotropic
materials.

To establish the connection between the Raman circular
dichroism and the magnon Berry curvature we have derived
a general relation between the magnon LMCs and the
quantum geometric tensor. Utilizing this relation we have
shown that the magnon band topology of canted AFMs is
probed by the RCD. However, since these relations hold for
general quadratic boson Hamiltonians, our results pave the
way for probing the quantum geometry of diverse bosonic
quasiparticles such as magnons, photons, excitons, and
polaritons. In addition to probing magnon states, the two-
magnon Raman processes studied can be used to generate
magnons at the K and K’ points. Since this is where
topological edge modes are expected to appear in a finite
geometry, it is likely that such processes can be used to
generate magnon edge currents with tunable propagation
[40]. Our Letter thereby opens vast possibilities for
interfacing light and topological magnon modes in func-
tional spintronics devices.
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