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The concept of hybrid quasiparticles has emerged as a cornerstone of modern condensed matter physics, offering
powerful means to control material properties and engineer new functionalities. Among these, the magnon polarons (MPs),
a mixed state arising from the strong coupling between magnons (spin wave excitations) and phonons (lattice vibrations),
have recently garnered significant attention. This review article comprehensively investigates recent advancements in the
field of MPs. We begin by elucidating the fundamental magnetoelastic coupling mechanisms that underlie the formation of
MPs. A detailed account of the primary experimental techniques, including inelastic neutron scattering and light scattering,
are provided, highlighting their unique roles in probing the spectral and spatial properties of MPs. Furthermore, we explore
the profound implications of the formation of MPs on spin and heat transport phenomena, such as the spin pumping, spin
Seebeck effect, and spin Peltier effect. We then present a panorama of material systems where MPs have been experimen-
tally observed, ranging from rare-earth iron garnets to antiferromagnets, multiferroic materials, and van der Waals magnets.
Finally, we discuss emerging devices, applications and future research directions, underscoring the potential of MPs as
integral components in next-generation spintronic and quantum information devices.

Keywords: magnon polarons, hybrid quasiparticles, magnetoelastic coupling, spin Seebeck effect
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1. Introduction

To develop advanced technologies for information pro-
cessing and energy conversion, it is essential to manipulate
elementary excitations in solids, such as electrons, photons,
magnons, and phonons. While these excitations were histori-
cally studied within separate theoretical frameworks, increas-
ing attention has been devoted to their mutual interactions,
which can generate hybrid quasiparticles with emergent prop-
erties beyond those of their individual constituents. Explor-
ing such hybridization has become a central theme in modern
condensed-matter physics, both for uncovering new physical
phenomena and for enabling novel functionalities in quantum,
spintronic, and energy-related devices.

Among these excitations, magnons and phonons are two
fundamental bosonic quasiparticles in magnetic solids,!-!
corresponding to collective excitations of the spin system
and the crystal lattice, respectively. Spin waves arise from
the collective precession of magnetic moments in magnet-
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ically ordered materials, and magnons are their quantized
elementary excitations.['*~7] Owing to their chargeless na-
ture, ability to carry angular momentum, and potentially low
dissipation, magnons are regarded as promising information
carriers for beyond-CMOS computing and coherent signal
processing.'3-24! Phonons, on the other hand, are the quanta of
lattice vibrations and govern the thermal and elastic properties
of solids.!?>! The dynamics of magnons and phonons are char-
acterized by distinct dispersion relations, determined mainly
by exchange and dipolar interactions in the former case, and
by lattice symmetry and elastic constants in the latter.[*26-27]
When magnon and phonon branches approach each
other in energy—momentum space, magnetoelastic coupling
(MEC) can hybridize the two modes and produce new mixed
eigenstates with both spin and lattice character, namely
magnon polarons.!?8=37] Their formation is typically mani-
fested through anticrossing behavior in the dispersion rela-
tion. Importantly, near these touching or anticrossing condi-
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tions, the hybridization can make the observable consequences
of MEC particularly pronounced, leading to enhanced spec-
troscopic intensity, modified quasiparticle lifetimes, and reso-
nant anomalies in spin-caloritronic transport. 34383 Because
the MEC in magnetic solids stems from spin—orbit, dipole—
dipole, and exchange interactions, 3?44l magnon polarons
also provide an ideal platform for investigating quasiparti-
cle hybridization, spin—lattice energy exchange, and dissipa-
tion in coupled bosonic systems. From an applied perspec-
tive, they offer new opportunities for manipulating spin, heat,
and lattice degrees of freedom in magnonic, spintronic, and
thermoelectric devices.*!! In this review, we summarize re-
cent experimental progress on magnon polarons, with empha-
sis on their physical principles, detection methods, material
platforms, and emerging functionalities.

From a theoretical point of view, the magnon, phonon,
and coupled magnon-phonon subsystems can be described
within a standard second-quantized framework. For compact-
ness, we adopt below the standard second-quantized descrip-
tion of the coupled magnon-phonon system. According to pre-

[34,37,42

vious theoretical works, 1 the magnon Hamiltonian can

be written as
_ t LAY
Hmay = Y Aragar+ ( 5 )(@ay +akay), (1)
k

where a;; (ag) are the magnon creation (annihilation) op-

erators. The magnon dispersion is then given by i, =
Ai — \Bk\2, and, in a commonly used form, can be ex-

pressed as

O, = \/Dexk® + yuoH \/ Dexk® + YHoH + YloMisin® 6, (2)

where Dex, ¥, Ho, Mg, and 6 denote the exchange stiffness,
gyromagnetic ratio, vacuum permeability, saturation magneti-
zation, and the angle between wave vector k and the magnetic
field H, respectively.[*3—43

Phonons represent the collective oscillatory motion of
atoms around their equilibrium positions.>>! They are central
to the thermal and elastic response of solids. For an isotropic
elastic medium, the acoustic phonon Hamiltonian can be writ-

ten as [34,37,46]

1
Hyp = Y haoy, <C;kclk + 2> ) (3)
kA

where C}I x (Ca1) are the phonon creation (annihilation) opera-
tors for branch A. The corresponding acoustic phonon disper-
sion is!37!

Wy = c; | K| “4)

with ¢, being the sound velocity of the corresponding phonon
branch.

The interaction between the spin and lattice subsystems
is provided by MEC. As first discussed by Kittel,?74] this
coupling can mix magnetic and elastic excitations when their
uncoupled dispersions approach one another. A representative
MEC Hamiltonian under linear approximation can be written

ag[34:35,37.47-49]

,th 1/2 1 ) .
o = . () Pkt St
s kA

X (=181 c0820 + 10, cos O, — 8 35in26%)
+Hec., 5)

where B is the magnetoelastic coupling constant, n =1/ ag is
the number density of spins with lattice constant ag, p is the
average mass density. k = k(sin 0 cos ¢, sin 0 sin ¢ cos 0) is the
wave vector in spherical coordinates, and J; is the Kronecker
delta. The total Hamiltonian for the coupled system is then

approximated as (333742491

H :Hmag +th + Hiec- (6)

Diagonalizing this Hamiltonian yields the hybridized
eigenmodes of the coupled spin-lattice system. When a
magnon branch and a phonon branch approach each other in
both frequency and wave vector, MEC causes them to hy-
bridize and form new mixed quasiparticles, namely magnon
polarons. These modes are no longer purely magnetic or
purely elastic, but coherent superpositions of both. Their
most characteristic signature is an anticrossing in the disper-
sion relation, accompanied by a redistribution of magnonic
and phononic spectral weight,[33-37:42.50]

Magnon—phonon coupling is therefore not merely a small
perturbation, but can substantially modify the dynamics and
transport properties of both the spin and lattice subsystems.
The ability to engineer and control this coupling has become
an important theme in modern condensed-matter physics,
opening opportunities for efficient interconversion among
spin, lattice, heat, and charge degrees of freedom. A wide
range of experiments, including inelastic neutron scattering
(INS), 13951321 [ight scattering (Brillouin light scattering (BLS)
and Raman spectroscopy),>>-%3 spin pumping, %! spin See-
beck effect (SSE),[37-38:42:30.67-751 and the spin Peltier effect
(SPE), %! have revealed the rich physics of magnon polarons.
Moreover, because magnon and phonon dispersions vary sig-
nificantly among different materials, the resulting hybridiza-
tion phenomena are highly tunable and provide a foundation
for designing magnon-polaron-based functionalities and de-
vices. This review aims to summarize recent experimental
progress on magnon polarons, with an emphasis on their phys-
ical principles, experimental probes, material platforms, and
potential applications, as outlined in Fig. 1.
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Fig. 1. Schematic overview of experimental techniques, materials,
and devices for magnon polarons. Reprinted with permission from
Refs. [50,52,57,69,77-79]. Copyright 2021 by American Physical Soci-
ety. Copyright 2020 by American Physical Society. Copyright 2023 by
Springer Nature. Copyright 2021 by American Physical Society. Copy-
right 2011 by American Physical Society. Copyright 2021 by Springer
Nature. Copyright 2023 by American Physical Society.

2. Observation techniques and detection meth-
ods for magnon polarons

2.1. Direct observation of magnon (polarization) polarons
by inelastic (polarized) neutron scattering

The precessional direction of magnons relative to the ex-
ternal magnetic field (H) can be counterclockwise or clock-
wise, which respectively determines the existence of right-
handed (o mode, positive polarization) or left-handed (f
mode, negative polarization) magnon chiralities. As shown in
Fig. 2(a), the magnetization m precesses only counterclock-
wise in ferromagnets (FMs) as a result of the negative gyro-
magnetic ratio () of electronic spin, thereby the magnon chi-
rality is locked in the o mode.’®”! Both & and B modes with
opposite polarizations exist in antiferromagnets (AFMs) in the

(18,81-93

THz frequency regime, I but they are degenerate un-

less large H is applied. The ferrimagnets (FiMs) possess two
antiparallel magnetic sublattices and support two separated
magnon modes with opposite polarizations as well due to the

94-101

intersublattice exchange field.! ' As one of well-known

FiMs, yttrium iron garnet (Y3FesOjo, YIG) possesses an ex-

45,102,103

tremely low Gilbert damping factor,! ! long magnon-

h,[>-104105] and high Curie temperature (~

propagation lengt
560 K),[1%] making it an essential material for research in
spintronics, spin caloritronics and magnonics.!'%? YIG ex-
hibits a complex cubic crystal structure, as shown in Fig. 2(b).
The Y37 ions reside in c-sites (dodecahedral) and are non-

magnetic. The magnetic properties of YIG are exclusively

determined by the Fe** ions, whose magnetic moments on
the a-site (octahedral) and d-site (tetrahedral) sublattices are
coupled antiparallel via strong superexchange interactions
through the intervening oxygen ions.!'%7-19] Since the num-
ber of Fe3t ions differs between the a-site (3) and d-site
(2) sublattices, their magnetic moments fail to cancel each
other completely, thereby generating a net magnetic moment
with a theoretical saturation magnetization of approximately
5 ug per formula unit.['%”1 By using polarized neutron scat-
tering (Fig. 2(c)), both the negative and the positive polariza-
tion of magnon modes were directly measured (Fig. 2(d)),[%!
confirming that YIG must be a ferrimagnet and possess a
rich spectrum of spin-wave modes beyond a simple parabolic
dispersion.!'1% The gap between those two magnon modes in
YIG is caused by the exchange field between the a-site and d-
site sublattices. Magnon modes are thermally occupied below
ksT. The gap of a negative polarized magnon mode is compa-
rable to the thermal energy kg7 at 300 K, just as indicated by
the blue dashed line representing kg7 in Fig. 2(d).

INS is a pivotal spectroscopic technique that yields
the first direct verification of magnetic excitations such as
magnons,® and allows for the detailed measurement of their

5.2 When a neutron (uncharged but

coupling with phonon
with spin 1/2) scatters inelastically from a magnetic material,
it can create or annihilate a magnon, thereby losing or gain-
ing an amount of energy (7i®) and momentum (fig) equal to
that of the magnon. By detecting the energy and momentum
transfer of the scattered neutrons, INS directly maps out the
full magnon dispersion relations E(g) across the entire Bril-
louin zone (see Subsection 3.4). When investigating magnon—
phonon coupling, INS is a premier technique due to its unique
ability to simultaneously probe both the energy and momen-
tum of magnetic and lattice excitations. The most direct ev-
idence is an anti-crossing or repulsion in the dispersion re-
lations observed in the energy—momentum maps, where the
magnon and phonon branches hybridize instead of crossing,
which indicates the formation of MPs.[?l INS also reveals
coupling through the transfer of spectral weight between the
magnon and phonon modes and a broadening of the excitation
linewidths at the interaction region due to the reduced life-
time of the original excitations.’!) Using INS to probe spin
waves and transverse acoustic (TA) and longitudinal acous-
tic (LA) phonons of YIG at different positions of reciprocal
space (Fig. 2(e)), Man et al. found that, compared to 9.1 T, hy-
bridized magnon—polaron scattering at the intersecting points
has a larger intensity at 0 T and magnons remain unchanged at
other wave vectors (Fig. 2(f)).°!! Magnon—phonon coupling
in YIG enhances the hybridized scattering intensity. This is
different from splitting and opening up gaps at the magnon
and acoustic phonon dispersion intersecting points.
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Fig. 2. (a) Illustration of polarization for magnon modes in FM, AFM and FiM. (b) Crystallographic unit cell of YIG. (c) Sketch of polarized neutron
scattering instrument with bold black arrows denoting the neutron path. (d) Magnon spectra of YIG at RT measured with inelastic polarized neutron
scattering. Reprinted with permission from Ref. [109]. Copyright 2020 by American Physical Society. (¢) Magnon and phonon dispersions of YIG
at 100 K under 0 and 9.1 T. The blue and pink squares indicate magnon—phonon crossing parts and are expanded to (f), where the bottom panels
summarize the magnetic field effect on spin waves, hybridized excitations, and TA phonons.>!] Here, the phonon velocity Cr = 3.9 km/s for TA
branch and C, = 7.2 km/s for LA branch. > Reprinted with permission from Ref. [51]. Copyright 2017 by American Physical Society.

2.2. Detection of magnon polarons via light scattering

Light scattering refers to the phenomenon where the di-
rection of light propagation is deflected when it interacts
with inhomogeneities inside the medium. These inhomo-
geneities include particle number density, charge density,
spin density, etc. Scattering processes that occur without
changes in photon frequency are termed elastic scattering,
whereas those involving a frequency shift are known as inelas-
tic scattering.>%!111121 The inelastic scattering process sat-
isfies the law of energy and momentum conservation by an-
nihilating or generating quasiparticles such as phonons and
magnons, which can be expressed as lig,s) = hio; F7£2 and
hiks(,s) = hki F hq, respectively, as shown in Figs. 3(a) and
3(b). @;, 2, and og(,s) are the frequency of the incident
photons, quasiparticles, and Stokes (or anti-Stokes) scattering
photons, respectively. ki, g, and kg,s) are the wavevector
of the incident photons, quasiparticles, and Stokes (or anti-
Stokes) scattering photons, respectively. Therefore, scattering
spectroscopy provides an effective technique to probe these
quasiparticles and hybridization among them. Modern Ra-
man instruments are equipped with a combination of filters
and fine gratings, which can detect quasi-particles with a fre-
quency larger than 150 GHz (about 5 cm™!). While Brillouin
instruments utilizing a multi-pass tandem Fabry—Pérot inter-
ferometer can detect quasi-particles with a frequency from
500 MHz to 1.5 THz.'"''3] Hence, as shown in Fig. 3(c), Ra-
man spectroscopy is commonly used to probe optical phonons
and relatively fewer high-frequency magnons, while Brillouin
spectroscopy is employed to study acoustic phonons as well
as most magnons.>>%?1 Magnon—phonon hybridization un-
der strong magnon—phonon coupling, anti-crossing features
typically emerge in the energy dispersion, which can be di-
rectly observed through H-dependent Raman or Brillouin

Y [53-55,57,58,60,64,114-116

spectroscop 1 The light scattering tech-

nique provides a robust approach to investigating MPs.

(a) (b)
ks, g kaS’ (2
k., o, ks q k, o ks g
i» @ / i» O
k; ki
© l
Raman
A A ) A
g (THz) g (GHz) ; ,s (GHz) ,s (THz)
Stokes anti-Stokes

Fig. 3. The schematic diagram and spectra of inelastic light scatter-
ing. Schematic diagrams of (a) the Stokes scattering, (b) the anti-Stokes
scattering. (c) The spectra of Raman scattering and Brillouin scattering.

2.3. Probing magnon polarons via the spin pumping

Spin pumping refers to a phenomenon that converts mag-
netization precession into a pure spin current.In YIG/Pt het-
erostructures, when the magnetization in YIG precesses coher-
ently under an in-plane external H and microwave magnetic
field h (Fig. 4(a)), it pumps a magnon current carrying spin
angular momentum across YIG/Pt interface into Pt layer. The
spin current can then be detected electrically via the inverse
spin Hall effect (ISHE), which converts it into a measurable
voltage Visyg (Fig. 4(a)). Hayashi ef al. reported that, com-
pared to microwave power P = 50 mW, an additional anoma-
lous signal of P, and Visyg induced by the parametrically ex-
cited magnons shows up around 40—100 mT for P = 250 mW
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(Fig. 4(b)), which involves the splitting of microwave pho-
tons from the pumping microwave into pairs of magnons with
pumping frequency f,/2 and opposite wave vectors k # 0
through the virtual excitation of the uniform magnons with fj,
(Fig. 4(c)).1%1241 The wave vector of the parametric magnons
can be tuned by shifting the magnon dispersion in the k—f
space using H, the dispersions of magnons and TA phonons,
as shown in Fig. 4(d).11 At low H (~ 40 mT), because
the dipole-exchange magnons are unavailable at f,/2 (f, =
6.5 GHz), only exchange magnons with k ~ 10° cm™! can be

excited, thereby no anomaly will occur in the spin-pumping ef-
ficiency (K = Visug/Pabs)- By increasing H, the magnon dis-
persion shifts to lower k and higher f in k—f space, and dipole-
exchange magnons with k ~ 10°~10* cm™! can be excited in
the proximity of the intersection of the uncoupled magnon and
phonon dispersions at approximately 78 mT, resulting in the
peak of the normalized spin-pumping efficiency k—H curves

associated with magnon—phonon coupling and forming MPs
(Fig. 4(e)),1! where k = k(uoH)/x (UoH = 60 mT) at dif-
ferent fp,.

a S
S 8f —50mwW L
2 —250mW /N Il | € Tt A4
e 4 w2][ \
= 0 g 40 mT 61 mT 78 mT 0 =65 GHz
0 40 80 120 160 0 400 20 400 20 40 60 70 80 90
HoH (MT) k(10*cm™) oH (mT)

Fig. 4. (a) A schematic illustration of the spin pumping setup. (b) H dependence of the microwave absorption intensity Pyp,s and the microwave parametric
pumping Visyg for the microwave power at 50 mW and 250 mW. (c) A schematic of the microwave paramagnetic pumping. The dispersions of magnons,
TA and LA phonons in a YIG film with anticrossings due to the magnon—phonon coupling, where f and k are the frequency and wave number. The magnon
dispersion was calculated for the angle 6; = 45° between k and H. A uniform-mode magnon with frequency of f,, at k = 0 is excited virtually and splits
into a pair of magnons with frequency of f;,/2 at opposite k # 0. (d) The dispersions of magnons and TA phonons at different H. (¢) H dependence of & at
fp = 6.5 GHz with various microwave powers. Reprinted with permission from Ref. [66]. Copyright 2018 by American Physical Society.

2.4. Probing magnon polarons via the spin Seebeck effect
and spin Peltier effect

The SSE describes the generation of a spin cur-
rent driven by a temperature gradient (VT) in mag-
netic materials, encompassing FMs,[1251261 FiMs, [127:128]
AFMs,129-1311 2D materials, 141321351 paramagnets!13¢-137]

138-141] which can be electrically detected

and altermagnets,!
through the ISHE in an adjacent metallic layer. Owing
to its capability of enabling the interconversion among heat
flow, spin current, and charge current, the SSE demonstrates
promising applications in waste heat recovery devices and
spin thermoelectric sensors.!!*?l The SSE was first discov-
ered in the permalloy/Pt system using transverse configura-
tion, in which a VT is applied parallel to the film plane. 1?3
Then, the longitudinal SSE (LSSE) was observed in YIG/Pt
heterostructure.'27-128] Tn the LSSE configuration (Fig. 5(a)),
a VT is applied across the YIG/Pt interface and generates a
magnon current along VT in YIG (Fig. 5(b)), which induces
spin accumulation at the interface of YIG/Pt and becomes a
conduction-electron spin current. Finally, the spin current gen-
erated in the YIG layer is converted into a measurable voltage
via the ISHE in the adjacent heavy metal Pt layer (also in W,
Ta), allowing detection of the spin signal (Fig. 5(c)). The non-

local SSE (nISSE) geometry was also developed (Fig. 5(d)),

which consists of spin injection and detection.!!%! By vary-
ing the distance between injection and detection contacts, the
transport properties of spin carriers in the channel can be ac-
curately determined.

(a) Longitudinal SSE (c) ISHE

Detector

- ., OIH
Magnetic material

Fig. 5. Schematic illustrations of the (a) longitudinal SSE, (b) magnon
current Jp,, (¢) ISHE, and (d) nonlocal SSE.

The LSSE and nlISSE are usually used in magnetic in-
sulator systems, where heat current generates magnon cur-
rent without charge movement. This facilitates the develop-
ment of energy-efficient magnonic devices based on the SSE,

5 [11.12] g, [21.143]

for example magnon valve magnon switche
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100

magnon filters,'%! and magnon transistors,'4 offering sig-

nificant potential for low-power, high-integration magnonic
applications. Furthermore, the SSE can serve as a sensitive

probe into the fundamental properties of magnetic materi-

als, such as magnetic order, [75,82,133] spin correlation, [131:136]

magnon polarization!7>-82100,144-147]

[35-38,42,50,68-73]

and magnon—phonon
hybridization.

MPs were detected both in H-dependent LSSE*>! and
nISSEB® in the YIG/Pt bilayers (Figs. 6(a)-6(c)). During
a fine H scan, the SSE anomalies manifest as small sharp
peak/dip structures, which occur at ~ 2.6 T and ~ 9.3 T as
indicated by the blue and green triangles. The underlying
physics requires analyzing the dispersion relations of magnons
and phonons in YIG (Fig. 6(d)). The dispersion of magnons
in YIG takes the form of a parabolic curve and can be mod-
ified by the H,B>37:4343.501 according to formula (2) in the
Introduction part. In contrast, the dispersion curves of TA
and LA phonons cannot be modified by H and in the rele-
vant regime can be expressed as @ = kcrr), where ct and ¢,
are the sound velocities of the TA and LA phonons, respec-
tively. Atlow H (@1 T in Fig. 6(d)), magnon and TA phonon
dispersion curves intersect with each other twice. Anticross-
ings are observed between magnon and TA phonon branches
at lower (inset i in Fig. 6(d)) and higher (inset ii in Fig. 6(d))
frequencies, accompanied by the formation of MPs.[33-671 Ag
the H increases, the magnon branch exhibits an upward shift
toward high frequencies due to Zeeman interaction, while the
phonon branch remains unchanged. When the H reaches the
critical fields Hta and Hi s, the magnon branch is tangent to
the TA- and LA-phonon branches (inset iii in Fig. 6(d)). The
Hrp(La) can be expressed as UHTa(La) = c%(L) /4vDex. Under

these “touching” conditions, the magnon and phonon branches
undergo coupling across the broadest volumetric range within
momentum space with respect to the anticrossing situation,
thereby yielding the most pronounced effect with respect to the
magnon-polaron formation process. Note that the MP anoma-
lies in LSSE appear as peaks, while those in nISSE appear as
dips (Fig. 6(c)). Flebus et al. developed Boltzmann transport
theory and reported that the peaks or dips in SSE anomalies
are related to the ratio between magnetic and non-magnetic
impurity-scattering potentials,*’l n = ’L'n_];g / ‘L'F;ll, where ’L’r;;g
and Tp_hl are the scattering rates of magnons and phonons, re-
spectively. For 1 > 1 (< 1), or more precisely, when the
scattering rate of magnons ’cn;}g
of phonons Tl;hl, MPs may have a longer (shorter) relaxation

time than pure magnons. The SSE anomalies are therefore

is larger (smaller) than that

peaks (dips) structure at the “touching” fields (Fig. 6(e)). For
n = 1, the SSE anomalies have almost disappeared. Accord-
ingly, it can be explained that the acoustic quality of YIG film
in Fig. 6(b) is much better than the magnetic quality (n > 1),
while the YIG grown by liquid phase epitaxy in Fig. 6(c) be-
longs to the low acoustic quality ( < 1). So far, magnon-
polaron peaks have been detected in several magnetic films
via LSSE experiments. Shi ef al. reported that the magnon-
polarons LSSE anomalies in YIG-bulk/Pt experienced a dip-
to-peak transition as temperature increased (Fig. 6(f)), which
is attributed to the rapidly rising four-magnon scattering rate
at high temperature and leading to the transformation of n < 1
into 1 > 1 (Fig. 6(g)). This work explicitly demonstrates that
magnon-magnon scattering plays a critical role in the magnon-
polaron SSE, and thus provides valuable insights into the mi-
croscopic mechanism of magnon-polaron formation.
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Fig. 6. MPs in SSE for YIG. (a) The LSSE in YIG/Pt sample. The right side illustrates the propagation of magnon and TA (LA) phonons. H dependence
of the voltage of LSSE at 50 K (b) and nISSE at 20 K (c). Reprinted with permission from Refs. [35,36]. Copyright 2016 by American Physical Society.
Copyright 2017 by American Physical Society. The inset in (c) is nISSE setup of YIG/Pt sample. The blue and green triangles indicate the Hts and Hj A at
SSE anomalies. (d) Magnon—phonon dispersion relations in YIG at 1 T, Hta and Hi o. The insets (i, ii and iii) show anticrossing and “touching” situations.
Reprinted with permission from Ref. [67]. Copyright 2022 by Annual Reviews. (e) The H and T dependence of the SSC for different values of the ratio
1 between magnon and phonon impurity-scattering potentials. Reprinted with permission from Ref. [37]. Copyright 2017 by American Physical Society.
(f) Evolution of LSSE anomalies near Hta with H and T. (g) Temperature dependencies of calculated nta — 1 (solid line) and measured AVqa _ssg/Vsse
(circles). Reprinted with permission from Ref. [50]. Copyright 2021 by American Physical Society.
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As the Onsager reciprocal of the SSE, SPE refers to
the phenomenon where heat current is generated via spin
current, 1481491 which also represents a direct interconversion
between spin information and heat energy, forming a cor-
nerstone of spin caloritronics.*!! Therefore, similar magnon-
polaron anomalies may also show up in the SPE. A recent ex-
periment has investigated H -dependent SPE utilizing a junc-
tion composed of Bi- and Ga-substituted lutetium iron gar-
net LupBiFesGaO;, (BiGa:LulG) and Pt,’® as shown in
Fig. 7(a). When a square-wave charge current J; of ampli-
tude AJ. is applied to the Pt layer (Fig. 7(b)), a spin current J
is generated, which in turn creates a nonequilibrium spin ac-
cumulation i at the BiGa:LulG/Pt interface. By the interfa-
cial spin-exchange coupling, ps induces scattering processes
that create or annihilate nonequilibrium magnons: when g
is parallel (antiparallel) to the equilibrium magnetization in

BiGa:LulG, the magnon population in BiGa:LulG increases
(decreases). This process is accompanied by a heat flow J be-
tween the BiGa:LulG/Pt, which in turn modulates the system
temperature. The heat current J; induced by the SPE gives
rise to a temperature difference between the Pt and BiGa:LulG
films in the vicinity of their interface — an effect detected by
the E-type thermocouple (TC) affixed to the top of the Pt film
using varnish and ultimately manifested as AVtc (Fig. 7(b)). In
the H-dependent AVc curve, two anomalous peak structures
appear for the fields Hta (0.16 T) and Hpa (1.0 T) at which
the magnon dispersion curve of BiGa:LulG touches the TA-
phonon and LA-phonon dispersion curves and forms MPs, as
marked by the blue and red triangles in Fig. 7(c), respectively.
The magnon-polaron anomalies observed in SPE are consis-
tent with the previous SSE measurement, but they occur at a
lower H, which is attributed to the doping effect (see Fig. 8).
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Fig. 7. (a) A schematic illustration of the SPE in BiGa:LulG/Pt. (b) Input signal: A square-wave charge current J. with amplitude AJ.. Output signal:
A TC voltage V¢ that responds to the change in the J. polarity, AVrc (= Vhigh — Viow)- (¢) H-dependence of AVrc at 100 K and AJ; = 10 mA. The
blue and red triangles denote the Hra and Hj a, respectively, where the magnon, TA-phonon, and LA-phonon dispersion relations for BiGa:LulG
are shown in the upper plane. Reprinted with permission from Ref. [76]. Copyright 2020 by American Physical Society.

The experimental identification of MPs employs a suite of
complementary techniques. The major characteristics of INS
that make it ideal for these studies include its direct sensitivity
to magnetic moments, its access to wide ranges of energy and
momentum transfers relevant to collective excitations, and its
ability to probe bulk single crystals. However, the main lim-
itation of INS is the requirement for intense neutron sources
(reactors or spallation sources) and often large single-crystal
samples, making it a technique suited for large-scale facili-
ties. Spectroscopic methods like INS and BLS are pivotal for
directly mapping the dispersion relations, where the character-
istic anti-crossing gap between magnon and phonon branches
serves as definitive evidence. Raman spectroscopy can also
probe higher-energy hybrid modes. Electrically, spin pump-
ing directly injects a pure spin current into the magnetic sys-
tem, which can efficiently excite MPs at the relevant interfaces
(see Subsection 4.1). The key advantages of spin pumping lie
in its direct sensitivity to the spin dynamics and its ability to

probe these hybridized states with high resolution. The SSE
is a vital and powerful tool for probing MPs for both bulk
samples and thin films, primarily due to its unique sensitiv-
ity for spin currents, spin accumulation, and interfacial spin
dynamics across magnetic heterostructures.!®’l A simple ap-
plied thermal gradient excites a broad spectrum of magnons,
and when these energies are tangent to phonon dispersions,
the resulting magnon-polaron formation creates distinct reso-
nant features (peaks/dips) in the SSE voltage. This provides a
direct fingerprint for mapping MEC and dispersion relations.
Furthermore, MPs can be detected by both local and nonlo-
cal SSE, making it a distinctive method for understanding hy-
brid spin—lattice dynamics in magnetic materials. The SPE,
as the reciprocal phenomenon, provides additional verification
by detecting localized temperature changes induced by spin
currents under the influence of magnon—phonon coupling. To-
gether, these optical, electrical, and thermal approaches offer
a comprehensive toolkit for unraveling the dynamics of MPs.

047507-7



Chin. Phys. B 35, 047507 (2026)

3. Material platforms for magnon polarons

3.1. Tuning magnon polarons via non-magnetic ion substi-
tutions in YIG

Although MPs induced by magnon—phonon coupling
have been observed in SSE within YIG, this effect always oc-
curs under high H due to the intrinsic dispersions of magnon
and phonon in YIG, and its magnitude is relatively small
compared to the value of the SSE itself,3>36%1 which nar-
rows the breadth of practical applications. Given that magnon
dispersion and phonon dispersion relations are pivotal to the
magnon-polaron SSE, modifying these two dispersion rela-
tions naturally opens up feasible avenues for low-field manip-
ulation and amplification of MPs. By engineering the magnon
and phonon dispersions via substituting non-magnetic ions at
the Y-sites or Fe-sites of YIG, it is possible to tune H at which
the strength of magnon—phonon hybridization effects is maxi-
mized.

Bismuth (Bi) substituted Y-sites of YIG (Bi:YIG) is a key
material in magnetics and magneto-optics, %1311 as its sub-

angle compared to pristine YIG and also increases the mag-
netoelastic interaction, thereby providing a new opportunity
Further-
more, Kikkawa et al. reported that Bi:YIG shows a decrease

for its applications in spintronics and magnonics.

in sound velocities for both TA and LA modes compared to
YIG (Fig. 8(a)),l”?! as a result of Bi having a much larger
atomic mass (209) than Y (89). The decrease in sound veloc-
ities will reduce the magnon—phonon touching H and reduce
touching @ (Fig. 8(b)). Therefore, the Bi,Y3_,IG films serve
as a valuable platform for the systematic study of magnon-
polaron anomalies in SSE. For x = 0, the peak at the lower
(higher) H appears at Hya =2.51 T (Hpa =9.27 T), which is
consistent with previous studies.>=37%1 By increasing the Bi
amount x (x = 0.5 and 0.9), both the peak fields (Htpy =2.15T
and 2.06 T, ugHyra = 8.18 T and 7.47 T) actually shift to-
ward lower H values (Fig. 8(c)). The frequency value @ for
the touching point between the magnon and TA (LA)-phonon
branches at Htp (Hia) reduces, as the sound velocities de-
crease with an increase in Bi amount x. Furthermore, the in-
tensity of magnon-polaron SSE is increased as Bi amount x

stitution dramatically enhances the garnet’s Faraday rotation  increases, which is attributed to the enhanced MEC.[!3?!
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Fig. 8. (a) The phonon dispersion relations for YIG and Bi:YIG. (b) The magnon and phonon dispersion relations for YIG and Bi:YIG at the touching
fields. (c) H dependence of the LSSE coefficient S for Bi, Y3_,IG/Pt samples, for x =0, 0.5, and 0.9 at T = 50 K. The magnified views around the
anomaly fields are displayed at the right plane. The blue and red triangles represent magnon-polaron peaks at Hts and Hj a, respectively. Reprinted
with permission from Ref. [72]. Copyright 2022 by American Physical Society. (d) Schematic of the non-magnetic substitution. (e) The magnon
dispersions for different magnetic compensation effects. (f) H dependence of the SSE thermopower measured at 300 K in (Lu,Bi)FesGaOy;. The
magnon and phonon dispersions at the red and green boxes correspond to (g) and (h), respectively. (i) Comparison of the peaks of the MPs at Hta for
YIG and (LuyBi)FesGaO1; at 300 K. Reprinted with permission from Ref. [38]. Copyright 2022 by Springer Nature.

Besides the tuning of the phonon spectrum, modifying
the magnon spectrum via magnetic compensation offers an
alternative pathway for tuning MPs. By non-magnetic ions
Bi and Ga co-doping in LulG (lutetium iron garnet), the Bi
occupies the c-sites originally occupied by non-magnetic Lu,
while Ga occupies the Fe-sites, resulting in the reinforced

magnetic compensation of the system (Fig. 8(d)). Ga pref-
erentially occupies the d-sites of Fe rather than the a-sites,
and Lu,Bi[GaFe;_](Ga,Fes_,)O» is formed, where x (y)
denotes concentrations of the nonmagnetic ions Ga in a- (d-)
sites. As magnetic compensation is introduced into the system,
a transition from an uncompensated state (x =y = 0, analo-
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gous to a ferromagnet) to a fully compensated state (x =0, y =
1, equivalent to an antiferromagnet) can be realized (Fig. 8(e)).
Correspondingly, the magnon dispersion curve will gradually
transform from a ferromagnetic-like parabolic k-dependence
(black curve) into an antiferromagnetic-like linear depen-
dence, as shown in Fig. 8(e).*® Under ideal conditions, in
the antiferromagnetic state in which the group velocity of
magnon dispersion matches sound velocity, magnon—phonon
coupling effects can be maximized even further owing to the
potential for more significant overlap between magnon and
phonon dispersions. Theoretical model calculated magnon
dispersions under different degrees of magnetic compensa-
tion, and x = 0.1, y = 0.9 are conformed, which is also con-
sistent with the BLS experiments.®* The magnon-polaron
anomalies are observed at 0.42 T (Hta) and 1.86 T (Hya)
in (LuyBi)Fe4GaOj, at 300 K (Figs. 8(f)-8(h)). The small
magnitudes of Hts and Hpa are attributed to an increased
magnetic compensation that makes the magnon dispersion
steeper compared with the YIG and Bi:YIG case,[3>-36-50.721
which leads to the touching condition between the magnon
and phonon dispersions at lower H. Meanwhile, a stronger
magnetic compensation effect makes the magnon dispersion
steeper, which significantly reduces the overlap between their
magnon—phonon dispersions at the touching points (Figs. 8(g)
and 8(h)). However, interestingly, the intensity of magnon-
polaron peak at Hrtp is ~ 700% greater than that observed in
YIG (Fig. 8(i)). This is attributed to the reduction of magnon
lifetime of (Lu;Bi)Fe4GaO;, compared to YIG and a larger
ratio between the magnetic and acoustic quality of the crystal
(n > 1) is obtained. Therefore, a greater enhancement of the
lifetime of magnons by hybridization with the phonons at the

touching points results in a greater SSE enhancement.[>®!

3.2. Magnon polarons in compensated RelGs

Rare-earth iron garnets (RelGs, ResFesOp,), with the
prototype YIG as the most prominent member, represent an
unparalleled material class for investigating strong magnon—
phonon coupling and the ensuing formation of MPs. The
M-T curve of YIG (Fig. 9(a)) obeys the Bloch law and the
absence of compensation temperature (Zcomp). Therefore, the
S—T of YIG (Fig. 9(b)) does not undergo a sign change. The
lowest frequency mode of YIG is almost always modeled
as a single ferromagnetic-like magnon dispersion. 1331531 At
low temperatures, only the positive polarized mode is occu-
pied, but at high temperature, the negative polarized mode
plays a significant role. The suppression of S at high tem-
perature (Fig. 9(c) @300 K) is due to thermally pumped
magnons with opposite polarization to the positive polar-
ized mode. As shown in Fig. 9(d), GdsFesO;, (GdIG) pos-
sesses two chiral magnons (@ and B in Fig. 9(e)), which can
be selectively excited by controlling temperature owing to
temperature-sensitive moment and interaction relevant to the

Gd sublattice.[21-68.71,100,145,146,156,157] The antiparallel aligned

M4 and MF. exhibit different temperature-dependent char-
acteristics, leading to the emergence of a Teomp in GAIG!4¢]
(upper panel in Fig. 9(g)). When T > Teomp, the Mgq becomes
negligible, making the SSE response of GdIG similar to that
of YIG, namely being dominated by the lowest Fe-dominated
B-magnon branch!!46! (lower panel in Fig. 9(g)). When the
temperature reduces across the Teomp, all magnetic moments
flip (Fig. 9(f)), leading to a sign change of the SSE signal,
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Fig. 9. (a) M-T and (b) S-T curves of YIG. Reprinted with permission from
Ref. [158]. Copyright 2015 by American Physical Society. Calculated spin
wave spectra of (c) YIG and (d) GdIG at various temperatures. Reprinted
with permission from Ref. [100]. Copyright 2025 by Wiley-VCH GmbH.
The o (red) and f (black) modes correspond to the (e) right- and left-handed
magnons, respectively. (f) The three different magnetic sublattices of GdIG
are shown for T > Teomp and T < Teomp. (g) Temperature-dependent magne-
tization and SSE signal of GdIG. Reprinted with permission from Ref. [146].
Copyright 2016 by Springer Nature.
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but the f-magnon branch still dominates SSE. When the
temperature decreases further (Fig. 9(d) @10 K), there is
a second sign change once the contribution from the Gd-
dominated a-magnon branch overcomes that from the f-
magnon branch!'#®! (lower panel in Fig. 9(g)).

The theoretical and experimental works on the magnon-
polaron SSE of GdIG have been reported successively.[%%71]
Shen reported theoretically that the longitudinal spin Seebeck
coefficient (SSC) &, as a function of the H at different tem-
peratures exhibits two types of magnon-polaron anomalies
(Fig. 10(a)): (i) from 80 K to 120 K region, the magnon-
polaron signal exhibits a single peak and its intensity dramat-
ically increases; (ii) single-peak splits into double-peak as the
temperature increases further and becomes more pronounced
at 150 K.[%81 The H-driven dispersion relations reveal that the
o-mode magnon is tangent to the TA phonon only once at
3.26 T for 120 K, while for 150 K, it is twice at 2.1 T and
2.5 T (Fig. 10(b)).[%®! Differing from the double peaks related
to MPs of the TA and LA phonon in YIG case, the double-
peak structure originates from the a-magnon branch, which
is tangent solely to the TA phonon dispersion.*>%8 From a
holistic perspective, this is attributed to the distortion of the
a-mode magnon dispersion driven by thermal magnon excita-
tion. As a result, the group velocity vy, (the derivative of the

dispersion curve) of the or-magnon dispersion is depicted as
an inverted U-shaped parabola in & (Fig. 10(c)). At “touch-
ing” point, the magnon and phonon dispersions must share the
same group velocity (v, = v). Below ~ 60 K, vy, is much
smaller than the v; at any k, meaning that there is no tangen-
tial relationship under any H and the absence of the magnon-
polaron anomaly discussed above. As temperature increases,
the vyp—k curve is lifted and gradually approaches vy, result-
ing in that a single-peak anomaly appears and the magnon—
phonon coupling strength increases from weak to strong. The
single-peak intensity reaches its maximum at ~ 108 K, where
the tangential situation occurs (v, = vy). With increasing tem-
perature further, the group velocities of the magnon and TA
phonon have two crossing points (A and B) at ks and kg,
meaning that @-magnon branch becomes tangential to the TA-
phonon dispersion twice at Hx and Hp (Fig. 10(d)), finally
giving double-peak structure. The distance between A and B
gets larger with increasing temperature because of the upward
shift of the v,—k curve, which suggests that the double-peak
splitting becomes increasingly pronounced. The single-peak
to double-peak features at different temperatures of magnon-
polaron anomaly in GdIG are also further confirmed by the
SSE experiment!”!! (Fig. 10(e)).
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Fig. 10. (a) The SSC as a function of H at various temperatures. (b) Spin wave spectra at 120 K and 150 K with typical H. The LA and
TA phonons with sound speeds Cp, = 6.50 km/s and Cr = 3.39 km/s,[1>*) respectively. Reprinted with permission from Ref. [68]. Copyright
2019 by American Physical Society. (c) The schematic diagram of the group velocities of the a-mode magnon and TA phonon as a function
of k at different temperatures of GdIG film. (d) The schematic diagram of dispersion relations of the o--mode magnon and TA phonon for
T >~ 108 K at 0, Hp, and Hp, respectively. (e) The SSC as a function of H of the GdIG/Pt sample measured at different temperatures.
Reprinted with permission from Ref. [71]. Copyright 2021 by American Physical Society.

In addition to RelGs mentioned above with the collinear
magnetic structure between the Mg, and Mp., a charming
feature of RelGs with Re-ions exhibiting strong crystal-field
effects (like Tb-, Dy-, Ho-, Er-, Tm- and Yb-ions) is the obser-
vation of low-temperature non-collinear magnetic structures
featuring “umbrella-like” arrangements of the Mp,.[100-168]
TbsFe501, (TbIG), as one of the most typical representatives
of this series, has a relatively strong anisotropy and a large
magnetostriction constant due to the nonzero orbital angular
momentum of Tb ions, 1) which implies a potentially large

MP-induced SSE anomaly.

For the LSSE measurement of the TbIG/Pt sample with
H sweeping along the [100] axis (Fig. 11(a)) reported by Li
et al.,'”¥ the H dependence of the SSC strongly relies on
the temperature (Fig. 11(b)). At 207 K and 157 K, the SSC
presents a common step-shaped sign change at the very small
coercive field and saturates to nearly a constant in the high
H range. Very interestingly, for 97.37 K, the SSC shows an
additional sign change around +2 T, further followed by an
unexpected hysteresis-like anomaly at ~ +6 T, where the SSC
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is surprisingly magnified even by one order of magnitude with
respect to the weak-field value. Such behaviors in TbIG/Pt
are markedly distinct from minor MP-SSE anomalies men-
tioned above. [33-38-50.67.68.721 | ahoubi reported hysteretic mi-
nor loops in the bulk TbIG only sweeping H along the [100]
crystal axis (Fig. 11(c)) in comparable H range of hysteresis-
like SSC anomaly in Fig. 11(b), which is related to the tran-
sition of double-umbrella magnetic structure (DUMS) under
H 11611651 The theoretical model by taking into account an
effective on-site anisotropy of Tb atoms reproduces the hys-
teresis loop (Fig. 11(d)), the evolution of DUMS (Fig. 11(e)),
and corresponding magnon spectra (Fig. 11(f)) with H. At
H, (zero field), DUMS exhibits two conical structures with
different cone angles, and each possesses three-fold rotational
symmetry of My, around the [111] axis while the net Mg,
along [111]. The zero-field magnon spectrum is similar to that
in GdIG,%®! except for a larger magnon gap of the lowest Tb-
dominated o branch due to the strong anisotropy of the Tb
atoms and anti-crossing features between the Fe-dominated
B branch and those flat dispersion-less branches dominated

by the Tb sublattices.!”! The high- H hysteresis loop results
from the transition of the ¢} sublattice of My, when its ef-
fective anisotropic magnetic field is overcome by H, and H3
(Fig. 11(e)). The magnon gap is reduced and finally vanishes
at H,, where the SSE contribution from the o branch is en-
hanced significantly according to Bose—Einstein statistics and
dominates over the contribution from the 8 branch with oppo-
site polarization, explaining the low-field (~ 2 T) sign change
at 97.37 K. More interestingly, the dispersion of the & branch
at H, becomes nearly parallel to the LA phonon dispersion
in a quite wide momentum space in the low-frequency range
(Fig. 11(f)), which suggests that the formation of a large num-
ber of MP states could also benefit the large enhancement of
the SSE signal.
tic uplift, leading to a remarkable reduction in its contribu-

At Hj3, the o branch experiences a dras-

tion to SSE and hence a sharp jump anomaly. Moreover, the
hysteresis behavior completely vanishes in the same TbIG/Pt
sample when the H is applied along the [110] or [111] axis
(Fig. 11(g)), which is consistent with M—H in Fig. 11(c).
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Fig. 11. (a) The schematic for LSSE measurements in the TbIG/Pt sample with H sweeping along the [100] axis. (b) SSC as a function of H at typical
temperatures. Reprinted with permission from Ref. [73]. Copyright 2024 by American Physical Society. (c) M—H curves of bulk TbIG at 4.2 K. Reprinted
with permission from Ref. [165]. Copyright 2012 by Institute of Physics Publishing. (d) The simulated total magnetization Mo as a function of the
sweeping H in the [100] direction. (e) Schematic diagram of the DUMS at H;, H, and H3. The ¢y, ¢; and ¢3 (c’l, c’2 and cg) represent My, located
umbrella with larger (smaller) cone angle. ¢; and ¢| are located in the (011) plane. (f) The magnon spectra of bulk TbIG in the low-frequency regime
(< 3.1 THz) at H,, H, and H3. The LA and TA phonons with sound speeds Ci, = 6.08 km/s and Ct = 3.3 km/s,[170] respectively. (g) The SSC as a
function of the H along [110] and [111] directions, respectively. Reprinted with permission from Ref. [73]. Copyright 2024 by American Physical Society.
(h) Measured spectra for low-energy magnon mode taken at 100 K, 200 K, and 300 K. (i) Temperature dependence of the estimated gap energies for high-
energy (red square) and low-energy magnon modes (blue circle). The shaded area marks E < kg7. Reprinted with permission from Ref. [171]. Copyright

2024 by American Institute of Physics Publishing.

Kawamoto et al. adopted INS to measure temperature
dependence of the magnon modes for bulk TbIG sample.!!"!]
Compared to the degenerate energy band at 200 K and 300 K,
the low-energy dispersion relations with finite energy gaps
are observed at 100 K due to the strong anisotropy of the
Tb atoms (Fig. 11(h)),['”!1 which is consistent with calcula-
tions (Fig. 11(i)).!”3] Compared to GdIG, the large gap of the
o branch in TbIG suppresses the thermal excitation of this

magnon branch and hence restrains its contribution to the SSE,
which may be the reason for the absence of the second sign
change in the temperature dependence of the SSE signal be-
low Tomp (Fig. 12(a)).[”! The estimated gap energies for the
high-energy (B, red square) and low-energy magnon modes
(a, blue circle) exhibit an obvious decrease with increasing
temperature, and the low-energy magnon mode almost disap-
pears above 200 K.U71 Furthermore, the My, starts to obtain
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noncollinearity and form DUMS below 160 K, whereas the
umbrella angle becomes almost zero, and a collinear magnetic
structure is formed above 160 K. These results indicate that
the anisotropy of the Tb atoms is significantly dominant (di-
minished) at low (high) temperatures. Li ef al. reported that,
within a narrow range slightly below Tiomp, SSE anomalies
with dip shape were observed near zero field, as indicated by
green arrows in Fig. 12(b). Theoretical calculations almost re-
produce the MP-anomaly feature observed in the experiment
(Fig. 12(c)). The evolution of dispersion relations with H re-
vealed that the dispersion of & branch magnon only has a sin-
gle intersecting point with LA phonon in the relatively low-
frequency range at H = H, in Fig. 12(d), leading to abundant
magnon-polarons states contributing to the single peak MP-
anomaly of the SSE signal.[”! It is valuable to point out that
although the dispersions look very similar to GdIG,[®® the
suitable group velocity induces the parallel relation between
the o branch and LA phonon rather than the TA phonon.!”!
The M, and Mg, flip when crossing Teomp..[!7>174
Within a narrow temperature range slightly above the Teomp,

sition will occur when H obtains a critical value. The evolu-
tion process of M, and My, with H and T' was interpreted
by SSE.!"] The calculated negative value of the projection of
the net M. in the H direction possesses very similar curve
shapes to the SSC—H curves in measurement (Fig. 12(e)),
suggesting that the reorientation of the equilibrium net M is
the key to the observed SSC feature. From the phase diagram
(Fig. 12(f)), the complete evolutionary process of the My, and
M, sublattices can be intuitively observed, in which M,
and My, form a noncollinear canting magnetic structure. This
work reveals that H can highly tune the flipping process of the
different sublattices in TbIG near Tcomp, allowing for continu-
ous tunability of SSC in the TbIG/Pt heterostructure.!”>! More
importantly, this tunable effect can be achieved near zero mag-
netic field, which holds promise for the development of RelG-
based low-power magnon spintronic devices. Moreover, the
anomalous behaviors of the SSE within a relatively complete
range below 300 K in TbIG reported by Li et al. demonstrated
that SSE is a promising probe for interpreting magnon trans-

the Mry, and M, are nearly equal, and spin-flop (SF) tran-  port with complex spin structures.!’373]
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Fig. 12. (a) SSC-T and M-T curves. (b) SSC as a function of the H immediately below the Teomp. (¢) The calculated SSC enhancement due to MPs as
a function of the H below the Teomp. (d) Magnon spectra of bulk TbIG in the low-frequency regime (< 0.5 THz) for AT = —9.5 K and three typical H1,
H,, and Hj3 denoted in (c). The LA and TA phonons with sound speeds Ci. = 7.2 km/s and Ct = 3.3 km/s, 17! respectively. (e) Experimental results of
SSC and the calculated negative value of the projection of the net M. in the H direction as functions of H at typical temperatures above the Teomp. (f) The
H-AT phase diagrams of SSC and 6, (the angle between M. and H') for more refined temperatures mapping at the positive field region, corresponding
to (e). The orientations of magnetization vectors Mg, and My, in different phases are shown schematically by green and yellow arrows in (f), respectively.

Reprinted with permission from Ref. [75]. Copyright 2025 by Springer Nature.

3.3. Magnon polarons in antiferromagnetic insulators

Unlike their ferromagnetic counterparts, antiferromag-
netic (AFM) magnons are characterized by a two-sublattice
structure with opposing magnetic moments, resulting in a
This fundamental char-
First, AFM

magnons typically operate in the terahertz (THz) frequency
[81,82,85,175,176

compensated net magnetization.
acteristic confers several distinct advantages.
regime, | orders of magnitude higher than the
GHz frequencies of ferromagnetic magnons, which is criti-

177-179] Secondly,

cal for high-speed information processing.|
the stray-field-free nature of AFMs enables ultra-dense device
integration with minimal cross-talk.!'”’! Furthermore, AFM
magnons exhibit remarkable dynamic phenomena, such as a

strong coupling to the Néel vector, which allows for effi-

cient manipulation via electrical currents through spin—orbit
torques. [16:18-20-841 AFEM magnons have emerged as promising
candidates for next-generation spintronic and magnonic appli-
cations because of their unique properties. !1%:83-180-185] How-
ever, magnon transport in AFMs remains largely unexplored
due to the presence of two spin sublattices and multiple easy
axes, which induce more complex magnon modes than those
in FMs.

Cr;03 is one of the typical uniaxial AFM insulators, fea-
turing a relatively simple spin structure with its easy axis
aligned along the c-axis of the hexagonal lattice!8%!77-187.188]
(Fig. 13(a)). The accessible AFM resonance frequency (about
0.165 THz at 0 K) and SF field (Hsg = 6.0 T at 0 K) of
Cr,03 offer it opportunities to explore the properties of its
magnon transport,[6%-82129.144.189.1901 jnclyuding magnon gen-
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eration, transport, and detection.
ported by Li et al. have confirmed this, showing that

magnon transport in Cr,O3 has been explored via the SSE and
69]

Recent key advances re-

spin pumping, %82 alongside the observation of its MPsl
(Fig. 13(b)).

Figure 13(c) shows the evolution of magnon energy E
with H for different magnon modes at k = 0.[°] Unlike only
o-mode magnon in FMs, there are two distinct eigenmodes
(the m-1 and m-2 modes correspond to the & and 8 modes,
respectively.) of AFM magnon branches carrying equal but
opposite angular momenta below the Hgp, as depicted in
Fig. 13(d), and they are degenerate at H = 0. At this point, the
AFM magnon dispersion exhibits approximately a straight line
in E—k space and lies well above those of acoustic phonons
(Fig. 13(e)). The degeneracy between o and 8 modes is lifted
by applied H along the c axis of Cr,O3. The dispersion of o
mode moves up, thereby cannot reach the tangential condition
with acoustic phonons, while dispersion for 8 mode continu-
ously shifts down with increasing H and intersects those of
LA and TA phonons before SF transition (Fig. 13(e)). When
H reaches the Hsr, spins in both sublattices rotate abruptly to
be nearly perpendicular to H with a small inclination. Both
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o and B modes are replaced by two new m-3 and m-4 modes,
where m-3 mode has the RH chirality, but the m-4 mode does
not carry angular momentum (Fig. 13(d)). Among these com-
plex magnon modes, only 8 mode has a chance to be succes-
sively tangent to the LA and TA phonon branches at toHya
and poHta when H gradually increases. The results of SSE
measurements for both Cr,O3/Ta and Cr,O3/Pt heterostruc-
tures exhibit opposite H dependence due to the opposite spin
Hall angle (Fig. 13(g)), and the SSE anomalies appear due
to the MPs after properly subtracting the smooth background
(Fig. 13(h)). The SSE anomalies exhibit as peaks for both LA
and TA MPs, indicating that AFM magnons suffer stronger
scattering than phonons do (n > 1), leading to an enhance-
ment in SSE magnitude. Furthermore, note that the SSE ex-
periences an abrupt jump and sign reversal at Hgp, which is
correlated with the magnon mode switching from § mode to
m-3 mode and accompanied by spin polarization switching.
Above Hsr, the magnon dispersion of the m-3 mode no longer
intersects with acoustic phonon dispersions, while the magnon
dispersion of m-4 mode is independent of the H and intersects
with acoustic phonon dispersions only at k = 0, which does not
form MPs (Fig. 13(f)).
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Fig. 13. (a) Crystal structure of Cr,O3. (b) Schematic diagram of MPs in real-space for uniaxial antiferromagnet. (c¢) Magnon modes of Cr, O3, corresponding
to (d), in E (magnon energy)—H space for k = 0. The magnon and acoustic phonon dispersions of Cr,O3 before (e) and after (f) SF. (g) SSE signals Vssg /P
in Cry03/Ta (at 2.2 K) and Cr,O03/Pt (at 2.4 K), and (h) magnon-polaron signals Vyp/P after subtracting the background from the original SSE signals in
(g). Reprinted with permission from Ref. [69]. Copyright 2020 by American Physical Society. (i) Calculated magnon-polaron signals as a function of the
H along the easy axis of uniaxial AFMs for different conditions of the anisotropy field and exchange interaction field. Reprinted with permission from

Ref. [186]. Copyright 2022 by American Institute of Physics Publishing.

Recent theoretical work reported by Liu ef al. system-
atically analyzed the evolution of the magnon spectrum and
the MP-induced anomaly in the SSE in the uniaxial easy-
axis AFM insulator with a body-centered cubic structure with
varying H, strength of exchange interaction, and magnetic
anisotropy./'®! The sudden sign reversal of SSC-H curves
happened at the SF transition. The MP anomaly was indeed
absent above Hgg, whereas it was only observed in the rela-
tively weak H regime before the SF transition (Fig. 13(i)). All
these features are highly similar to those observed in SSE mea-

surement above in Cry03.191 The interesting aspect is that,
for different values of the anisotropy field and exchange in-
teraction field, the MP anomaly exhibits one, two, and even
three peaks (A to I curves in Fig. 13(i)). For scenario B,
one MP peak shows up due to the interaction between the 3
magnon and TA phonon, and it splits into two peaks at scenario
C, which is quite similar to that in GdIG as to temperature-
driven group velocities of magnons, as shown in Figs. 10(c)
and 10(d). %71 Even though two MP peaks appear for all sce-

narios of F, H, and I, the yellow (light blue) arrows refer to the
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anomalies caused by the interaction between § magnon and

TA (LA) phonon. The LA-phonon-associated peak at F splits

into two peaks at G, meanwhile addition of TA-phonon-related

peak, eventually leads to a triple-peaks feature.[!80]

3.4. Topological magnon polarons in multiferroic materi-
als

Multiferroic materials are characterized by strong in-
teractions between magnetic order and lattice degrees of
freedom, making them an ideal platform to investigate the
coupling between magnons and phonons. In this context,
Fe,Mo3;0g (FMO) has emerged as a material of significant in-
terest. FMO crystallizes in a polar hexagonal structure (space
group P63mc), featuring alternating layers of Fe’* and Mo**
ionsPP>1911921 (Fig. 14(a)). This non-centrosymmetric crys-
tal structure is intrinsically linked to its functional properties,
hosting the necessary conditions for strong magneto—elastic
coupling. Magnetism arises primarily from the Fe?* ions
with honeycomb-like sublattices, which sit on two distinct
sites with different magnetic moments in corner-shared tetra-
hedra and octahedra. Since both space inversion and time-
reversal symmetries are broken, FMO orders in a collinear
AFM with below the Néel temperature (7y ~ 60 K), with a
strong uniaxial (Ising-like) anisotropy forcing the Fe?* spins
to align along the c-axis. The absence of an inversion center
between nearest-neighbor Fe sites allows for a non-zero in-
plane Dzyaloshinskii-Moriya (DM) interaction (Fig. 14(a)).
A key feature is the magnetoelectric coupling: the applica-
tion of H along the c-axis can reverse the electric polariza-
tion, a phenomenon driven by the exchange striction mecha-
nism within the non-centrosymmetric lattice. A colossal linear
magnetoelectric effect is reported in polar magnet FMO. 193]
Significant phenomena such as magnetoelectric coupling and
thermal Hall effect exist in FMO, indicating a strong coupling
between the spin and orbital degrees of freedom in the mate-
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rial, which provides favorable conditions for the formation of
MPs (Fig. 14(b)).

Bao et al. directly probed high-resolution neutron spec-
troscopy and fully mapped out the magnon and phonon bands
in large-sized FMO single crystals in momentum-energy space
The ex-
citation spectra comprise various modes that can be catego-

via INS experiments,>?! as shown in Fig. 14(c).

rized into three types. First, two magnon excitations are ob-
served at high energies around 11 meV and 14 meV. These ex-
hibit strong scattering intensity and weak dispersion, and are
twofold degenerate, which agrees well with calculations from
linear spin wave theory. Second, phonon excitations emerge
at low energies, showing weak scattering intensity and strong
dispersion — characteristics that contrast sharply with those
Third, MPs occur as a result of the
convergence and hybridization between high-energy magnon

of magnon excitations.

and phonon dispersions (Fig. 14(d)). The energy bands of the
MPs can be clearly distinguished. Key features of these hybrid
bands include the energy gap at the intersection of the orig-
inally uncoupled magnon and phonon dispersions, the mix-
ing and conversion between magnon and phonon components,
and band inversion. Without magnon—phonon coupling, the
calculated magnon and phonon dispersions capture the main
characteristics of the INS spectra (Fig. 14(c)) yet fail to re-
produce the anticrossings (upper panel in Fig. 14(f)). When
the magnon—phonon coupling induced by the DM interaction
is taken into account, magnons and phonons hybridize in the
high-energy region to form MPs, as depicted in the lower
panel in Fig. 14(f), and the experimentally observed results can
be successfully reproduced. This work comprehensively re-
veals the band structure of topological MPs, identifies anoma-
lous low-energy phonon modes, and verifies a new magnon—
phonon coupling mechanism, thereby establishing a new av-
enue for realizing topological states (Fig. 14(e)).
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Fig. 14. (a) Crystal and magnetic structures of FMO in side view and top view. Red arrows indicate the magnetic moments on Fe atoms, and
black arrows mark the in-plane DM vectors. (b) Schematic of the MPs at anticrossing of magnon and phonon bands. (c) and (d) Magnon-polaron
excitation spectra measured by INS. (e) Schematic diagram for the DM-interaction-induced magnon—phonon coupling in FMO. (f) Calculations of
the magnon-polaron bands for uncoupled magnons (orange) and phonons (blue) without the DM interaction, and topological MPs resulting from the
DM-interaction-induced magnon—phonon coupling. Reprinted with permission from Ref. [52]. Copyright 2023 by Springer Nature.
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3.5. Magnon polarons in 2D materials

The discovery and investigation of 2D magnetic materi-

611941 They not only

als have opened a new chapter in MPs.[
offer controllable dimensionality from the bulk down to the
monolayer limit but also exhibit tunable magnon and phonon
spectra under various external stimuli such as H, tempera-
ture, and electric gating, providing a foundation for under-
standing and designing quantum devices based on spin—lattice
hybridization.[193-197]

The strong coupling between magnons and phonons has
been observed in vdWs AFM insulator transition metal phos-
phorus trichalcogenides (MPX3, M = Fe, Mn, Ni, and X =
S, Se), profiting from their entirely surface spins at the 2D
limit and enhanced phonon amplitude along the out-of-plane
direction.[19%19°1 Mai e al. observed the hybridization be-
tween E, mode phonons and a two-magnon continuum in
MnPS; via temperature-dependent Raman spectroscopy. *8]
As shown in Fig. 15(a), upon cooling below 7y, the phonon
frequencies exhibited substantial changes in intensity and fre-
quency, while a new peak from the two-magnon continuum
appeared and continued to increase in frequency. Asymmet-
ric Fano line shape emerged, indicating strong coupling be-

tween the phonons and the magnon continuum and resulting

This work provides an identification of a magnon decoherence
pathway via magnon—phonon hybridization in a 2D antiferro-
magnet.

The coupling of magnon and phonon can lead to the trans-
fer of spin angular momentum. Liu et al. directly observed
strong coupling between magnons and phonons in FePS3 via
magneto-Raman spectroscopy at H up to 30 T.7] The peak
at 121.5 cm~! is identified as a Raman-active magnon that un-
dergoes Zeeman splitting to M4 and M| under an applied H
(Fig. 15(b)). When this magnon is tuned into resonance with
a nearby phonon mode, a typical anticrossing behavior is ob-
served (Fig. 15(b)), signifying the formation of a hybrid MP.
Zom 2 + 1 [( oy —

-2 2 '}
Q)+4 |MC|2] 1 2 where @ describe the energy dispersion of
the two anticrossing bands. @y, and € are the frequencies of

The energy dispersion is given by @® =

magnons and phonons, respectively. The coupling strength M,
is 87.8 GHz, which is 2 orders larger than the ferromagnetic
magnon.?%! Figure 15(c) shows the degree of circular polar-
ization for transverse optical (TO) phonon (P3) and magnons
M; (and M)) under different H, the polarization behavior of
M; and Pj; reverse, indicating the transfer of spin angular mo-
mentum from the magnon to the TO phonon via the strong

in phonon frequency shifts and magnon lifetime reduction.®®!  coupling.
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Fig. 15. The MPs in 2D AFMs. (a) Temperature-dependent Raman spectra of MnPSes, which can be well-fitted via the hybridization of two-magnon (2M, blue
dash) and phonons (solid red filled). Reprinted with permission from Ref. [58]. Copyright 2021 by American Association for the Advancement of Science.
(b) Raman spectra of FePS3 under H from 0 to 30 T. Zeeman splitting of the M branch identifies it as a magnon mode. The two branches are denoted as M 1
(red) and M | (blue). (c) H-dependent degree of circular polarization (DCP) of P3 (green), M 71 (red), and M |, (blue). Reprinted with permission from Ref. [57].
Copyright 2021 by American Physical Society. (d) Magneto-Raman spectra with RH circular excitation and LH detection (oroy). (e) Schematic diagram of the
MP branches under H, where P, represent the chiral phonons and My and My represent two AFM magnon modes. (f) Schematic diagrams for the selective
hybridization of chiral phonon P with AFM magnons M and Mp. Reprinted with permission from Ref. [60]. Copyright 2023 by Springer Nature.

Furthermore, the chirality selectivity of magnon—phonon

(0] Tn circular polarization-

coupling is observed in FePSes.
resolved magneto-Raman spectroscopy (Fig. 15(d)), the MPs
in FePSes split into 4 branches (MP1-MP4) as the H in-
creases. MP1 and MP4 exhibit magnon-like characteristics
and couple to chiral phonon-like branches MP2 and MP3,
respectively. At zero field, the coupling strength reaches

60 GHz and survives down to the quadrilayer limit. Cui et

al. established a coupling model to uncover the chirality-
selective magnon—phonon hybridization.[%"! As illustrated in
Figs. 15(e) and 15(f), a pair of degenerate phonon modes,
P; and P;, coherently superpose in phase to form degener-
ate chiral phonons P, and P_. The magnon—phonon cou-
pling induces the degeneracy of P, and P_ lifted under H.
Specifically, P, (P_) couples exclusively with the magnon

mode My (Mg) that possesses the same angular momentum
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direction. This selective coupling is dictated by the non-
symmorphic screw axis symmetry of FePSes, which restricts
phonon coupling to magnons via specific magnetic anisotropy
terms, thereby enabling hybridization conditioned on angular
momentum matching. These results establish a platform for
exploring entangled magnon—phonon—photon cavity systems,
implying the potential of 2D antiferromagnet in angular mo-

mentum encoded quantum information and simulation.

4. Applications and devices

4.1. Surface acoustic wave devices for magnon—phonon

coupling

Magneto—acoustic coupling describes the interaction be-
tween magnetic order and acoustic waves (mechanical vibra-
tions) in materials. Central to this phenomenon is the mag-
netostriction effect, whereby an applied H alters the mag-
netization of material, inducing lattice strain that generates
or modifies acoustic waves. Conversely, incoming acous-
tic waves produce stress that shifts magnetization via the in-
verse magnetostriction effect — enabling detection of mag-
netic changes. This coupling enables diverse applications

dysp=1.3 mm

across multiple fields. In sensing, it facilitates highly sensi-
tive magneto-acoustic surface wave sensors for non-contact
current monitoring and magnetic tag detection. In data stor-
age, acoustic-wave-assisted recording schemes exploit local-
ized sound to lower the switching energy barrier for higher-
density storage. Electromagnetic devices such as acoustic de-
lay lines and tunable filters utilize magnetic control over wave
propagation, serving as key components in radar and com-
munications. Moreover, in fundamental science, magneto—
acoustic coupling provides a valuable means to probe mag-
netic properties and manipulate magnon dynamics. The sur-
face acoustic waves (SAWSs) serve as a particularly efficient
and versatile platform for exploring and harnessing magneto—
acoustic coupling.[?8-201-2051 The MHz-GHz frequency range
of SAWs is inherently compatible with that of ferromagnetic
resonance (FMR), providing a foundational basis for design-
ing integrated magneto-acoustic devices. SAWs can be readily
generated and detected using interdigital transducers (IDTs),
making them ideal for integrated device applications. Their
associated dynamic strain fields interact directly with mag-

netic moments via magnetostriction, enabling effective exci-
tation and manipulation of spin waves.

EMW (x0.1)
F (0.2us)

0 by

SAW (0.6us)
P IS NI BT B

30 20 10 0 10 20
LH (T) oc

Fig. 16. (a) SAWs are excited and detected by FMR in Ni/LiNbO3 hybrid device. (b) H dependence of SAW transmission at different frequencies.
Reprinted with permission from Ref. [77]. Copyright 2011 by American Physical Society. (c) Spin pumping with SAWs in LiNbO3/Co/Pt. (d) SAW
power difference and AVpc for the detection of the SAW and the EMW pulses at the bilayer at the output IDT as a function of H. Reprinted with

permission from Ref. [206]. Copyright 2012 by American Physical Society.

In 2011, Weiler et al. reported that SAWs are capable of
exciting FMR through magnon—phonon interactions in a thin
magnetic film deposited on a piezoelectric substrate.!”’! Their
work utilized GHz-frequency SAWs to achieve all-elastic ex-
citation and detection of FMR in a ferromagnetic/ferroelectric
(Ni/LiNbO3) hybrid structure (Fig. 16(a)). Notably, the exper-
iments were conducted without applying an external radiofre-
quency magnetic field to the ferromagnet, thereby confirming
that the FMR excitation was acoustically driven via MEC be-

tween the SAW-induced strain field and the magnetic layer
(Fig. 16(b)). Their subsequent work revealed the ability to
generate spin currents at RT by exploiting resonant phonon—
magnon coupling through phonon-driven spin pumping, 26!
using 1.55-GHz, 300-ns SAW pulses to provide coherent elas-
tic waves in a Co/Pt bilayer (Fig. 16(c)). The IDT simulta-
neously excites electromagnetic waves (EMWs), which can
be distinguished from SAWs in the time domain. When H

is tuned to the resonance condition (=4 mT), the transmitted
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SAW power (APpr) decreases significantly, indicating that the
attenuated SAW power is absorbed by FMR (Fig. 16(d)). Un-
der FMR conditions, the reversal of the magnetic field direc-
tion leads to a sign change in the AVpc signal, which is a char-
acteristic signature of the ISHE. This synergy not only facili-
tates the investigation of fundamental magnon—phonon inter-
actions but also underpins the operation of modern magneto-
acoustic devices, such as filters, resonators, and sensors.

4.2. Long-distance propagation of magnon polarons

Utilizing the coupling between SAWs and spin waves to
enhance the decay length of magnon is an important research
direction. Zhang et al. demonstrated ultra-long magnon decay
lengths up to 1 mm at RT in BFO/Lag ¢7S19 33MnO3; (LSMO)
heterostructures (Fig. 17(a)) — more than two orders of mag-
nitude longer than that of bare metallic LSMO films.[”8! This
remarkable enhancement is attributed to the formation of MPs,
hybrid excitations resulting from the MEC between magnons
in the ferromagnetic LSMO layer and phonons in the multi-
ferroic BFO layer (Fig. 17(b)). Using angle-resolved propa-
gating spin-wave spectroscopy (AR-PSWS) and time-resolved
Brillouin light scattering (TR-BLS), they identify two dis-
tinct spin-wave modes: a conventional Damon—Eshbach mode
(Mode Y) with a decay length of ~ 5 pum and a group ve-
locity of ~ 0.8 km/s, and a hybrid magnon—phonon mode
(Mode X) exhibiting a high group velocity of ~2.5 km/s
and a millimeter-scale decay length (Figs. 17(c) and 17(d)).
Theoretical simulations incorporating effective MEC quantita-

(b) .
AFM phonon
FE BFOW ]

tively reproduce the observed anticrossing behavior and long-
range propagation (Figs. 17(e) and 17(f)). This work offers
a viable pathway to overcome the intrinsic damping limita-
tions in metallic magnonic systems and opens new oppor-
tunities for designing low-loss, high-speed hybrid magnonic
In 2023, Wang et al.
ent propagation of MPs, hybrid excitations resulting from

devices. demonstrated the coher-
the coupling between spin waves and Rayleigh/Love SAWs
(Fig. 17(g)), in a ferroelectric BaTiO3 (BTO) and ferromag-
netic LSMO heterostructure.!”®! Using IDTs, both Rayleigh
(longitudinal acoustic, LA) and Love (transverse acoustic, TA)
SAW modes were coherently excited and detected in a 10-nm-
thick BTO layer, exhibiting propagation distances exceeding
80 um (Fig. 17(h)). By applying an in-plane H, clear hy-
bridization and anticrossing behavior between the SAWs and
spin waves in LSMO were observed in the transmission spec-
tra. The wavelength of the resulting MPs can be precisely
tuned via the H strength and orientation relative to the acous-
tic wave vector (Figs. 17(1)—17(1)). A theoretical model incor-
porating effective interlayer MEC successfully reproduces the
experimental spectra, yielding an estimated coupling strength
on the order of 2 x 10° J/m? (Figs. 17(m) and 17(n)). These
results not only reveal the long-range phase-coherent nature of
magnon-polaron dynamics but also highlight the potential of
using ferroelectric thin films for guiding and electrically con-
trolling hybrid magnonic excitations in integrated spintronic

and magnonic devices.
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Fig. 17. Schematic diagrams of the interface (a) and magnon—phonon coupling (b) in the BFO/LSMO heterostructure. Spin-wave transmission spectra
(c) and amplitude as a function of the distance d between excitation and detection antennas (d) for modes X and Y. An anticrossing-like feature induced
by magnon—phonon coupling in measurements (e) and simulation results (f). Reprinted with permission from Ref. [78]. Copyright 2021 by Springer
Nature. (g) Diagram illustrating the excitation of Rayleigh and Love SAWs. (h) SAWs transmission spectra of TA and LA modes obtained at different
propagation distances without H. (i) 8-dependent transmission spectra of SAWs. (j) Dispersion of the LA, TA modes, and spin waves at different 0
between the k and H. H dependence of transmission spectra at 6 = 30° (k) and 15° (1). Hybridized dispersion of spin waves and LA mode (m) and
calculated transmission spectra (n). Reprinted with permission from Ref. [79]. Copyright 2023 by American Physical Society.
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5. Summary and outlook

This review has synthesized the rapid advancements in
the field of MPs, tracing their development from fundamental
MEC concepts to their manifestation as distinct hybrid quasi-
particles in complex material systems. We have detailed the
comprehensive toolkit now available for probing these excita-
tions, ranging from the spectral precision of inelastic neutron
and light scattering to the sensitive transport measurements
provided by spin pumping and spin caloritronic effects (SSE
and SPE).

Crucially, the study of MPs has shifted the paradigm re-
garding phonon-magnon interactions. Rather than viewing
lattice vibrations merely as a source of damping or dissipa-
tion, it is now evident that strong MEC can be harnessed to
engineer hybrid states with superior transport properties. The
formation of MPs fundamentally alters the landscape of spin
and heat transport, serving as the physical mechanism under-
pinning anomalies in the SSE and facilitating the long-distance
propagation of spin information. This coupling has effectively
laid the foundation for acoustic spintronics, enabling the co-
herent interconversion of information between spin and lattice
degrees of freedom.

Looking forward, the field is poised to transition from
fundamental characterization to active quantum control and
device integration. We identify several compelling directions
that will likely define the next era of magnon-polaron research.

Altermagnetism The recently emerged class of alter-
magnets offers a novel platform for magnonics.[?°’! Unlike
conventional antiferromagnets, altermagnets are predicted to
host highly anisotropic, momentum-dependent magnon bands
with significant chiral splitting. [!38-208-214] Tnyestigating MPs
within this regime could unlock robust, high-frequency infor-
mation carriers that leverage the unique symmetry of altermag-
netic order for enhanced lifetime and control.!?!3)

Ultrafast and non-equilibrium dynamics Moving be-
yond static control, the use of femtosecond optical and tera-
hertz pulses to manipulate MPs offers a pathway to ultrafast

2161 Real-time tracking of magnon-

information processing.!
polaron formation and decoherence will be critical for devel-
oping optical switching protocols that operate on the timescale
of the lattice dynamics.

Topological magnon polarons The interplay be-
tween MPs and magnetic topology represents a rich
frontier.©>217-2201 Non-collinear magnetic textures, such as
skyrmions and spin spirals,['®!1 provide a symmetry-breaking
landscape ideal for engineering topologically protected MP
states.[>2%] Future efforts should focus on tailoring these states
in van der Waals magnets and heterostructures to realize dis-
sipationless chiral edge currents, which are essential for low-
loss magnonic logic.[?!8221]

Potential directions in quantum information pro-

cessing The coherent hybrid nature of magnon polarons

makes them ideal quantum transducers, where long-lived
phonons could serve as quantum memories for magnonic
states or facilitate microwave-to-optical conversion for quan-

222-2281 The recent prediction of topological

tum networks.!
phases in magnon polarons opens possibilities for engineer-
ing robust, decoherence-protected edge channels as quantum
information pathways.>!722] The strong nonlinearities in
magnon systems, mediated by phonons, may also enable the
generation of macroscopic quantum states, with applications
in quantum metrology.

In conclusion, the evolution of magnon polarons from a
theoretical concept to a cornerstone of modern condensed mat-
ter physics exemplifies the power of correlated dynamics in
solids. By mastering the entanglement between spin and lat-
tice, the community is charting a clear course toward a new
generation of energy-efficient, coherent, and multifunctional
information technologies.
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