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ABSTRACT: Topological phonons and magnons potentially

enable low-loss, quantum coherent, and chiral transport of Phonon-magnon cooperativity

information and energy at the atomic scale. Van der Waals magnetic = Cyqnoiayer = 4927k = 6.3, Cgyy = 59

materials are promising to realize such states due to their recently

discovered strong interactions among the electronic, spin, and lattice i

degrees of freedom. Here, we report the first observation of

coherent hybridization of magnons and phonons in monolayer

antiferromagnet FePSe; by cavity-enhanced magneto-Raman spec-

troscopy. The robust magnon—phonon cooperativity in the 2D limit

occurs even in zero magnetic field, which enables nontrivial band

inversion between longitudinal and transverse optical phonons

caused by the strong coupling with magnons. The spin and lattice s *T0 = 415 = 120
. . avenumber (cm™)

symmetry theoretically guarantee magnetic-field-controlled topo-

logical phase transition, verified by nonzero Chern numbers

calculated from the coupled spin—lattice model. The 2D topological magnon—phonon hybridization potentially offers a new

route toward quantum phononics and magnonics with an ultrasmall footprint.

Intensity (a.u.)
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KEYWORDS: two-dimensional antiferromagnets, magnon—phonon hybridization, chiral topological phonons,
terahertz magnons in monolayers

ondegenerate bosonic topological bands with nonzero bands (denoted by g) is weak compared to the dissipation rates

Chern number'™ can lead to quantum Hall-like of the respective bosons (denoted by y and , respectively), i.e.,
topological channels that are completely independent of the quantum cooperativity C = 4¢°/yx < 1. Consequently, the
material’s geometry and immune to any elastic scattering, as phonons and magnons can incoherently convert into each
opposed to quantum spin Hall materials or topological other but do not form isolated topologically nontrivial
semimetals.” Such chiral topological bosons require time- bands. '~ Very recently, van der Waals (vdW) magnetic
reversal symmetry breaking, usually provided by magnetic materials,”* ™" particularly antiferromagnets (AFMs) such as
materials or magnetic fields, and were first experimentally FePS,, were discovered to exhibit much higher magnon—

demonstrated in a coupled mode of microwave photons and
tunable ferromagnetic resonance (magnons).6 Phononics and
magnonics without photons are advantageous for more
compact topological devices because their wavelengths can
be as small as atomic unit cells.”® Bulk magnonic topological
insulators with helical edge states have been experimentally
demonstrated in kagomé and honeycomb lattice ferromag-
nets’"'> and theoretically expected for single molecular
layers,"”'* but whether nontrivial chiral states exist or survive
in real nanomaterials is an open question. Similarly, tunable Received:  January 29, 2023

topological phononic gaps have been theoretically proposed in Revised:  February 14, 2023
numerous two-dimensional models with spin—phonon cou- Published: February 16, 2023
pling,"*~*° but there are yet no materials suitable to test these

predictions. The major challenge is that in typical magnetic

materials the coherent coupling between magnon and phonon

phonon cooperativity than conventional materials and may
overcome this challenge.n_35 However, it is unclear if the
cooperativity can survive in the monolayer limit or if the
hybridized magnon—phonon bands exhibit topological proper-
ties.

Here we report magnon—phonon hybridization in a vdW
antiferromagnet FePSe; in the monolayer limit with evidence

© 2023 American Chemical Society https://doi.org/10.1021/acs.nanolett.3c00351
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Figure 1. Magnon—phonon hybridization in a two-dimensional antiferromagnet. (a) Crystalline and magnetic structures of FePSe; in a single
conventional unit cell. The hexagonal Fe** lattice is slightly distorted in zigzag magnetic order but retains the 2-fold rotational, mirror, and t,,,T
symmetry. (b) Optical image of the investigated monolayer and bilayer samples inside the Raman-enhanced cavity. (c) Temperature-dependent
Raman spectrum of the monolayer shows abruptly enhanced Raman activities near 70 and 115 cm™, indicating the antiferromagnetic phase
transition with a Néel temperature of 98 K. (d) Circular-polarization-resolved magneto-Raman spectrum of the monolayer at 12 K. A pair of field-
dependent magnon modes hybridize with a pair of phonon modes under zero magnetic field and then separate and decouple under high fields.

of nontrivial topology. We discovered that the optically active
magnons and phonons strongly couple with large cooperativity
of C = 6.3 &+ 1.0, which may potentially be improved to the
bulk value of 59 + 7, using polarization-resolved magnetic-
field-dependent Raman spectroscopy. The accidental degener-
acy of optical phonons and magnons is facilitated by the
unusually high frequencies of magnonic lower branches due to
large magnetic anisotropy of the high-spin (S = 2) Fe?* ions.*
The finite coupling between in-plane phonons and magnons at
the zone center indicates anisotropic spin-exchange inter-
actions that have not been considered in previous studies of
vdW antiferromagnets.33’35 We observed band inversion
between the longitudinal and transverse optical magnon—
phonon hybrid bands due to the anisotropic zigzag magnetic
structure of FePSe; (Figure la). The magnetic group
symmetry also protects the topological crossing between
bands in zero field, which theoretically allows a topologically
nontrivial band gap to open under external magnetic fields.””**
The stable 2D magnetism protected by large single-ion
anisotropy results in robust magnon—phonon cooperativity
for possible topological magnon—phonon bands at temper-
atures as high as 50 K. Our discovery provides the first material
example of 2D topological magnon—phonon modes and
establishes FePSe; as a promising platform for experimentally
studying topological phononic and magnonic transport. In
addition, the magnon—phonon cooperativity could potentially
enable quantum coherent phononic and spintronic nano-
devices.”*

First, we experimentally observed coupled magnons and
phonons in monolayer and bilayer FePSe; crystals through
cavity-enhanced magneto-Raman spectroscopy. Stable mag-
nons have been found in ferromagnetic monolayers including
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Fe and Crl; through electron energy loss spectroscopy and
Raman spectroscopy,“’42 but magnons in similar AFM have
much smaller scattering cross section and have not been clearly
detected in thicknesses below four layers.””** Therefore, we
employ a cavity which enhances the Raman cross section by
about 15 times (Experimental Methods and Figure S1) and
protects the ultrathin crystals (Figures 1b and S2) from
degradation. FePSe; belongs to a family of 2D transition
phosphorus trichalcogenides MPX; (where M = Mn, Fe, Nj,
etc, and X = S, Se) with stable magnetic order in the
monolayer limit"” ™" and unique light—matter interactions,
such as magnetic-order-dependent photoluminescence, linear
dichroism, and second-harmonic generation.”*™*" Despite the
same honeycomb structure, the difference in exchange
interactions leads to distinctive magnetic orders and group
symmetry among the MPX; materials.”* We discovered a
symmetry-breaking phase transition near Ty = 98 K in
monolayer FePSe; (compared with 110 K in the bulk), with
two prominently enhanced features around 75 cm™" (P1) and
115 em™ (P2) (Figure 1c). The phase transition and the
spectral features resemble those of bulk FePSe; which
develops a zigzag AFM order along the X-axis with spins
aligning along the Z-axis according to inelastic neutron
scattering.47’48 Thus, we assign the same AFM order to
monolayer FePSe; indirectly, as the inelastic neutron scattering
is not feasible for monolayers. Both aforementioned features
Pl and P2 are E, modes in the cross-circular-polarization
(cross-CP) scattering channel above Ty."” Below Ty, the
magnetic order and the associated lattice distortion lower the
point group symmetry from Dy, to Cy, but preserve the 2-fold
symmetry C, along the Y-axis, the mirror symmetry M, with
respect to the XZ plane, and the symmetry t,,T, where T is

https://doi.org/10.1021/acs.nanolett.3c00351
Nano Lett. 2023, 23, 2023-2030



Nano Letters pubs.acs.org/NanoLett

(c)

v P2a

1267 Cionolayer = 49%/YK + P2b

1231 =6.3+1.0 v P2c
= + p2d
£120 1 P2e
=2
51171 , -
"§ ~29 |, e
a ==
3 [ - L] [] [ ]
]
]
=N
2 v

|~v
0 1 7 8 9

2 3 4 5 6
Magnetic Field (T)

Figure 2. Microscopic modeling of the magnon—phonon hybridization. (a) Displacement of Fe®* ions according to first-principles calculations for
the two phonon eigenmodes near the observed P2 frequency. (b) Calculated spin precession from the exchange coupling model includes both the
isotropic Heisenberg interactions and the anisotropic Kitaev interactions. (c) Theoretical field-dependent frequencies of the hybrid modes agree
with the observed peaks in the magneto-Raman spectrum at 12 K. The extracted magnon—phonon cooperativity in the monolayer is 6.3 + 1.0. The
uncertainty is calculated from the standard deviations of the fitting parameters.

the time-reversal operation and t;/, is a half-magnetic-unit-cell
translation operation.” Thus, each E, doublet is expected to
split into one antisymmetric B, mode, whose Raman signal
stays in the cross-CP channel, and one symmetric A; mode,
whose Raman signal has a small leak into the co-circular-
polarized (co-CP) channel (Supporting Information Section
8). We did not use linearly polarized bases to determine the
mode symmetry because the sample contains a mixture of
domain orientations.””* While P1 indeed follows this
expectation, P2 instead evolves into multiple distinguishable
peaks of strongly coupled phonons and magnons, which have
never lzzeen resolved in previous studies of bulk FePSe; (Figure
1d).>

We then determined the composition and symmetry of the
hybrid magnon—phonon modes by the magnetic field
dependence Raman spectrum at 12 K. Under an applied
field B along the Z-axis from 0 to 7 T, P1 changes in neither
intensity nor frequency, as expected for pure phonon modes
(Figure S3). In contrast, 4 out of S features of P2 are notably
field-dependent and must have magnon components. P2a and
P2d (Figure 1d) shift away from the center of P2 and
asymptotically approach a linear dependence on the magnetic
field strength (AAw/B = 0.98 + 0.0S cm™'/T corresponding
to a g factor of 2.1 + 0.05, fitted from our theoretical model in
the Supporting Information Section 9E), which is a signature
of antiferromagnetic magnons. P2b and P2c exhibit significant
shifts that saturate at higher magnetic fields, resulting from
phonons hybridized to the magnons. Such coherently strong-
coupled magnons and phonons are often called “magnon—
polarons” analogous to magnon—polaritons,””* despite the
fact that the hybrid mode consists of a single phonon mode
with well-defined momentum, unlike polarons which are
surrounded by a cloud of localized phonons. To identify the
symmetry of these modes, we note that although A, and B,
symmetry representations are only strictly defined at zero
magnetic field, the polarization selection rule should not
abruptly change at a finite magnetic field. We found that P2a
remains primarily cross-CP, thus indicating approximate B,
symmetry, while P2d remains primarily co-CP, corresponding
to nearly A, symmetry. Lastly, P2e in the co-CP channel does
not shift under magnetic field, a behavior expected for

uncoupled A, phonons. No significant field-dependent changes
of energy or polarization selection rule were found for other
Raman modes, meaning the magneto-phonon resonance and
magneto-optic effects are weak in this material.>> ™" We
further obtained the atomic displacements and corroborated
the symmetries of these phonon modes by comparing the
experimental Raman spectrum with density functional theory
calculations. For the nonmagnetic phase above Ty, our first-
principles calculations reproduced the relative positions of all
eight Raman-active phonon modes and their respective
symmetries (A, or Eg). After that, we imposed the zigzag
AFM order and found that the calculated Raman shifts agree
with the experimental values within 10% (Table S1). The
phonon modes that contribute to P2, illustrated in Figure 2a as
By (with A, symmetry) and f3, (with B, symmetry), show large
Fe®* ionic displacements that are expected to notably impact
spin-exchange interactions.” Meanwhile, the phonon mode
P2e contains mainly out-of-plane displacement of Fe®" ions,
which does not change the interionic distances to the first-
order approximation.

The symmetric/antisymmetric assignments can be extended
to modes along the high-symmetry lines in the Brillouin zone
at zero magnetic field. For example, on the I'=X line, the
phonon wavevectors have g, # 0 and g, = 0, which break the
C, symmetry but still obey the M, symmetry. The wave
function of the symmetric P2a peak mainly consists of f,
component, i.e., the longitudinal optical (LO) phonon with
respect to the propagation along the I'=X direction. The wave
function of the antisymmetric P2b peak mainly consists of the
B component, the transverse optical (TO) phonon. In typical
materials, LO usually has higher energy than the pairing TO
throughout the Brillouin zone, but here we observed that P2a
has lower energy than P2b due to magnon—phonon hybrid-
ization, indicating band inversion at the I" point. Therefore, we
expect a mirror-symmetry-protected band crossing between
the symmetric and antisymmetric hybrid modes. A finite
magnetic field will open a (t,/,T)-breaking gap between the
two crossing bands when both bands contain magnon
components. Such a gap will lead to nontrivial topological
bands, similar to the mechanism that forms chiral edge states
in surface-magnetized topological insulators.”” Thus, the
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observed symmetries from Raman selection rule may guarantee
field-tunable nontrivial topology in the hybrid magnon—
phonon bands outside the I" point.

To verify the band topology with microscopic modeling, we
calculated the spin—lattice interaction and the coupling
constant in monolayer FePSe; based on the measured
magnon—phonon hybridization. Although no neutron scatter-
ing data are available for the momentum-resolved magnon
band structures of FePSe; in the literature, we assume the spin-
exchange interactions resemble those of FePS; based on the
similarity of their magnetic order, except that the interaction
constants scale with Ty.*" The magnon Hamiltonian Hyy,
includes fixed values of first, second, and third nearest-
neighbor (NN) Heisenberg interactions as well as two variable
parameters of single-ion anisotropy and bond-dependent
anisotropic exchange interaction (Supporting Information
Section 9A). The pure magnons at the I' point contain a
pair of low-energy modes «, ,, with their respective symmetries
shown in Figure 2b at P2 wavenumber and a pair of well-
separated, high-energy modes above 300 cm™". At zero field,
the magnon eigenmodes neither break (t,/,T) symmetry nor
possess net angular momentum due to the anisotropic zigzag
magnetic order. The spin exchange parameters are functions of
interatomic distance, giving rise to spin—lattice coupling, which
is known to be strong in FePXj;, as the magnetic order distorts
the lattice by as much as 0.3% (Supporting Information
Section 9C).* We found that to the first-order approximation,
the isotropic Heisenberg interaction or possible Dzyaloshin-
skii—Moriya interaction does not contribute to the coupling
between magnon and in-plane phonons at the I" point due to
the volume conservation and inversion symmetry of the
phonon modes, respectively. Thus, the magnon—phonon
coupling should originate from the dependence of anisotropic
spin exchange interaction on bond length (Supporting
Information Section 9C). This mechanism differs from the
ones proposed for the out-of-plane phonons in FePS;*»*
for the in-plane phonons in Néel-type AFM.”’ Our model
accurately reproduced the magnetic-field-dependent hybrid
modes (Figure 2c and Supporting Information Section 9E).
From the fitted spin—lattice coupling coeflicient, we calculated
the coupling constant between the antisymmetric phonon S,
and magnon a, to be fig= 2.6 + 0.3 cm™’, or 0.32 + 0.04 meV
in zero field. Together with the line widths extracted from
nearly decoupled phonons and magnons at 7 T, we can
estimate the quantum cooperativity in the monolayer FePSe;
to be 6.3 + 1.0, allowing one magnon to coherently convert to
one phonon with the same energy and momentum with high
fidelity.”" We note that in finite magnetic fields, all four modes
couple with each other, so a single-valued coupling constant
must be replaced by a coupling matrix between magnons and
phonons. The elements in the coupling matrix and the effective
cooperativity among the modes become functions of the
magnetic field but are still within the same order of magnitude.
We also emphasize that the choice of other possible
microscopic models and/or parameters will not qualitatively
affect the calculated cooperativity or the symmetry-enabled
nontrivial topology.

Using the microscopic model of spin—lattice interactions, we
visualized the topological transition of hybrid magnon—
phonon modes in the band diagram along the X—I'—X line
(Figure 3a). To analytically express the phononic energy and
wave functions, we adapted a quadratic approximation within |
g,/ < Q./6 and lg,| < Q,/8, where the f3, , branches are isolated
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Figure 3. Nontrivial topology of hybrid magnon—phonon bands in
monolayer FePSe;. (a) Band structure along the X-axis at B=0 T
shows a protected crossing between the inverted symmetric and
antisymmetric bands. Inset: a topological band gap opens under a
small magnetic field. (b) Calculated Berry curvature of the lowest
band at B = 0.25 T is nonzero and switches sign at B = —0.25 T,
confirming a topological transition at B = 0 T.

from other in-plane optical phonon bands (Supporting
Information Section 9B). Here Q, and Q, are the reciprocal
lattice constants along the X- and Y-axis, respectively. The
effective masses of the two phonons were obtained by fitting
the DFT-calculated phonon dispersion. The numerical
solution of the fully coupled spin—Iattice Hamiltonian
confirmed the presence of band crossing at zero magnetic
field. When Igq,| > Q./6, the magnons and phonons decouple
because the magnon bands have much larger dispersion.
Therefore, the wave function of the symmetric P2a band
mainly consists of the f#, component, which is the longitudinal
phonon with respect to the propagation direction, while the
wave function of the antisymmetric P2b band mainly consists
of the f; component, which is the transverse phonon. The
longitudinal phonon has a higher energy than the transverse
phonon as expected for typical materials. When Iq,| — 0, the
P2a band becomes the hybridization of a; and f; and inverts in
energy relative to the P2b band, which is the result of
hybridization of a, and f,. The magnon components a; and a,
in the crossing bands can couple under an external out-of-plane
magnetic field, so a gap opens up between P2a and P2b (see
the inset in Figure 3a). This field-induced gap is different from
but directly depends on, the hybridization gap that we
observed at the I point because without hybridizations the
two phonon bands will not interact. We calculated the Berry
curvature ,(k) and the Chern number C, of all four
magnon—phonon hybrid bands considered in our phenom-
enological model at B = +0.25 T. The lowest band has
nonzero Berry curvature concentrated at the gap opening
regions, which changes sign when we reverse the magnetic field
(Figure 3b). The lowest band Chern number is +1 for
positive/negative magnetic field and is insensitive to the
model’s fitting parameters, proving the robustness of the
topological phase transition in an applied field. These
calculated Chern numbers from our minimal model do not
necessarily hold when we consider other symmetry-protected

https://doi.org/10.1021/acs.nanolett.3c00351
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Figure 4. Thickness independence and thermal stability of the magnetic order and magnon—phonon cooperativity in FePSe;. (a) Temperature-
dependent Raman acitivity of P2 shows only a minor reduction of 14 K in Néel temperature from bulk to monolayer, indicating weak interlayer
coupling. (b) Magnon—phonon coupling constant 7ig (left axis) is stable with respect to the layer number and temperature, meaning the quantum
cooperativity is extrinsically limited by line width. The cooperativity survives at an elevated temperature of 50 K in bulk FePSe;. The error bars are

calculated from the 95% confidence interval of the fitting parameters.

phonon—phonon and magnon—phonon band crossings inside
the entire Brillouin zone because such crossings can develop
additional topological gaps. Yet, including more topologically
trivial phonon bands will not affect the existence of the
nontrivial topology.

Finally, we found that the robustness of topology and the
magnon—phonon cooperativity of monolayers are not yet
limited by intrinsic materials properties and can be potentially
improved by an order of magnitude in the future. We first
confirmed that the magnetism and Ty of FePSe; are less
sensitive to the number of layers compared with other 2D
materials (Supporting Information Section 10).> The Néel
temperatures of multilayers are determined by the sharp
transition of temperature-dependent, normalized total Raman
activity of the P2 mode (Figures 4a and S6). Remnant lattice
distortion-enhanced Raman scattering beyond Ty shows
robust short-range spin correlation. Other intrinsic material
properties, such as the energy of the hybrid modes and the
magnon—phonon coupling constant g, are comparable in
monolayer, bilayers, and 10 nm thick bulk crystals at
temperatures from 12 K up to SO K. Promisingly, the
magnon—phonon cooperativity rapidly increases from 6.3 +
1.0 in the monolayer, to 10.5 + 2.1 in the bilayer, and
ultimately to 59 + 7 in the bulk, the largest value reported so
far (Figures 4b and S$7).”* The main reason for higher
cooperativity is the smaller line widths of the hybrid modes,
ie, 0.7 cm™' in the bulk compared with 2.1 cm™ the
monolayer. The larger line width in monolayers may have
multiple extrinsic origins, including more scattering from the
substrate, greater strain inhomogeneity induced by the
substrate, and more surface defects caused by exposure to
the ambient environment. Note that the measured bulk line
widths may be larger than their true values due to non-
negligible instrument broadening and the scattering by domain
boundaries,” so the real cooperativity could be higher. Given
the stable intrinsic 2D magnetism in monolayers, we expect
that the intrinsic homogeneous line widths and cooperativity
should be comparable for high-quality, encapsulated mono-
layers and bulk FePSe;. Narrower line width will enable well-
defined chiral edge states if the topological gap is enlarged to
exceed the line width by stronger magnetic fields or exchange
bias (Figure SS). The topological states will also be robust
against minor deviation of the magnetic order in thin layers
from the bulk zigzag AFM order. Such symmetry breaking may
arise from the change of the interlayer exchange couplings or
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the substrate effect from bulk to 2D, but these interactions are
known to be negligible compared with the scale of the
magnon—phonon coupling and the topological gap.”’ To the
best of our knowledge, no experimental means can directly
measure such band inversion with a magnonic or phononic
topological gap with sufficient energy resolution. Inelastic
neutron scattering, for example, has an instrumental line width
much larger than the topological gap in FePSe;. Meanwhile,
the nontrivial topology may manifest itself through indirect
measurements, such as thermal Hall effects and nonlinear
optical spectroscopy in future studies. The edge transport is
not yet immune to bulk scattering because FePSe; does not
possess a full topological gap, but the simple principle of
topological phononics illustrated by our work will hopefully
help identify new materials with fully protect chiral edge states
through high-throughput computation.*

In summary, we have experimentally observed topological
magnon—phonon hybridization in the monolayer FePSe;. The
nontrivial topology is enabled by the zigzag AFM order, the
structural mirror symmetry, and field-controlled time-reversal
symmetry breaking. A finite magnetic field opens a topological
gap, potentially resulting in a large Berry curvature of the
hybridized bands or bosonic chiral edge states. Both the
topology and the large magnon—phonon cooperativity are
intrinsically robust in the 2D limit. The coherent magnon—
phonon conversion in ultrathin crystals may enable novel
quantum phononic and magnonic devices for hybrid quantum
nanosystems,”* which operate in terahertz frequencies and at
higher temperatures than those needed for microwave
quantum circuits.”® The external field tunability of magnons
potentially allows us to reconfigure bosonic chiral edge states
at the atomic scale.”’ " In addition, the measured sensitivity
of bond-dependent (Kitaev-like) anisotropic interactions to
atomic displacements may facilitate phononic engineering of
exotic magnetic phases.70
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Experimental methods, including crystal growth and
sample fabrication, Raman measurement and cavity
enhancement, and first-principles calculations; additional
experimental data on the characterization of monolayer
and bilayer FePSe;, magnetic-field dependence of P1 in
the monolayer, phase transition in bilayer and bulk, and
quantum cooperativity in different thicknesses and
temperatures; theoretical model of magnon—phonon
hybridization and topological gap under high magnetic
field; comparison between calculated Raman-active
modes and selection rules with experiments, and the
comparison of the phase transition temperature in
different van der Waals magnetic materials (PDF)
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