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ABSTRACT
Chiral magneto-phononic modes—hybridized vibrational states that carry angular momentum through coupling with magnetic
degrees of freedom—offer a novel route for controlling magnetism and enabling topological phononics. Here, we report the
magnetic switching of these hybridized chiral phonons, ZnxFe2-xMo3O8, using helicity-resolved magneto-Raman spectroscopy.
By tuning the Zn concentration across antiferromagnetic and ferrimagnetic regimes, we uncover two key phenomena: (i) a
giant, spontaneous zero-field splitting (∼10 cm−1) of the doubly degenerate E2 hybridized phonon modes in the ferrimagnetic
state, and (ii) a field-induced Zeeman effect in the antiferromagnetic and paramagnetic phases. The phonon splitting in the
ferrimagnetic phase exhibits a pronounced asymmetry with respect to the applied field direction and shows a strong correlation
with magnetization, highlighting a selective phonon-magnon coupling and the emergence of large effective magnetic moments
driven by magnetization. Our results demonstrate that chiral hybridized phonons can be dynamically controlled through their
intrinsic entanglement with magnon and spin degrees of freedom, enabling the tuning of effective magnetic moments via
magnetization and external magnetic fields. These findings establish ZnxFe2-xMo3O8 as a compelling platform for exploring novel
magneto-phononic phenomena.
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Introduction

n solids, the angular momentum of electrons underlies a variety
f Hall effects and topological phases. Analogously, the chirality
f light provides a powerful means to manipulate electronic
ymmetries and induce chiral behavior through light-matter
nteractions. Recently, this chiral concept has been extended to
honons—the quantized vibrational modes of a crystal lattice
1–7]. Unlike conventional phonons, chiral phonons exhibit
ircular atomic displacements around their equilibrium posi-
ions and carry a pseudo-angular momentum even in the
bsence of an external magnetic field [8, 9]. This distinctive
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characteristic arises in materials that either lack inversion sym-
metry (i.e., chiral or non-centrosymmetric lattices) or break
time-reversal symmetry. Singularly, chiral phonons feature a
wide array of exotic phenomena, including the phonon Hall
effect, phonon Einstein–de Haas effect, phonon Faraday effect,
chiral-phonon-induced spin Seebeck effect, ultrafast demagne-
tization processes, and phonon Zeeman effect [10–32]. Beyond
their fundamental significance, chiral phonons hold promise
for dissipationless phononic circuits, opto-magnetic devices,
topological phononics, advanced spintronic functionalities, and
quantum information processing based on phononic degrees of
freedom.
ommercial License, which permits use, distribution and reproduction in any
oses.
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key mechanism underpinning these emergent phenomena is
he magnetization induced by circularly polarized light through
he inverse Faraday effect, along with the magnetic control of
hiral phonons. In the ionic angular momentum picture, the
honon magnetic moment is extremely small, typically on the
rder of the nuclear magneton (∼10−5–10−3 µB) [8], since the
onic circular motion within a phononmode generates only weak
agnetic fields arising from its pseudo-angular momentum. By
ontrast, in themode angularmomentumpicture, chiral phonons
re treated as collective vibrational modes carrying quantized
ngular momentum along their propagation wavevectors. In
onventional insulators, the phonon magnetic moment arises
rimarily from ionic motion and can be modestly enhanced
hrough spin–phonon or orbit–phonon coupling, yet its value
emains orders of magnitude below the Bohr magneton. How-
ver, strong magneto-phonon effects have been observed when
hiral phonons are energetically proximate or entangled to elec-
ronic degrees of freedom, leading to a giant effective magnetic
oment reaching up to about ∼ 1 µB [23, 28, 33]. Theoretically,
agnon-phonon hybridization, orbital-phonon resonance, and
trong electron-phonon Berry curvature coupling in suitable
ymmetry and band structure [30–35] have been proposed as key
echanisms behind this enormous enhancement of hybridized
honon magnetic moments. As such, the measured magnetic
oment is an effective quantity, reflecting the hybridization
etween the phonon’s symmetry-dictated angular momentum
nd the electronic, magnetic, or spin environments.

n this context, polar magnetic compounds provide a prominent
latform for the control of chiral hybridized phonons through
agnetism, thanks to their inherent spin-lattice couplings as well
s broken space-inversion and time-reversal symmetry. A recent
tudy has uncovered a rich interplay between chiral phonons
nd spin fluctuations in the polar antiferromagnetic compound
e2Mo3O8 (P63mc space group) [28]. The crystal structure of
e2Mo3O8 comprises alternating FeO4 tetrahedral (Fe─I) and
eO6 octahedral (Fe-II) units that form a honeycomb layer within
he ab plane, separated by nonmagnetic Mo4+ layers, as shown
n Figure 1a [36, 37]. Below the Néel temperature at TN =
0 K, collinear antiferromagnetic (AFM) ordering takes place:
ithin each Fe layer, the uncompensated magnetic moments
lign parallel to the c axis in a ferrimagnetic (FiM) arrangement,
hile adjacent layers couple antiferromagnetically, as illustrated
y the spin configuration in Figure 1a [38–40]. As sketched in
he temperature-field phase diagram of Figure 1b,c, the FiM
tate is achieved either by the application of a magnetic field
long the c-axis or through Zn substitution in ZnxFe2-xMo3O8
38–43]. Notably, the proximity of the FiM phase to the AFM-
aramagnetic phase boundary enhances spin fluctuations, which
n turn hybridize with low-energy chiral phonons via symmetry-
llowed magnetoelastic couplings. The pivotal role of chiral
honons and spin-phonon interactions is further evidenced by
he observation of a huge thermal Hall effect and magnon
olarons [44, 45]. By exploiting the tunability of the AFM–
iM phase transition through Zn substitution, Zn-substituted
e2Mo3O8 offers valuable insight into the magnetic control of
honon chirality.

n this paper, we investigate chiral phonon behavior across differ-
nt magnetic ordering regimes in ZnxFe2-xMo3O8 using helicity-
esolved magneto-Raman spectroscopy. Our composition-, field-,
of 10
and temperature-dependent measurements reveal a giant spon-
taneous frequency splitting of hybridized phonon modes below
the FiM temperature, even at zero field, in addition to the
conventional phonon Zeeman effect in the AFM and param-
agnetic states. The strong correlation between the enhanced
energy splitting between left- and right-circular phonons and the
magnetization showcases the tunable nature of chiral hybridized
phonons through the control of spontaneous magnetization in
this system.

2 Results

We first examine the magnetic properties of ZnxFe2-xMo3O8
for compositions x = 0.05, 0.24, and 0.35. For the slightly Zn-
substituted sample (x = 0.05), the temperature dependence of the
magnetic susceptibility measured under an applied field of µ0H=
0.5 T//c shows a sharp peak at TN ≈ 58 K, characteristic of the
Néel ordering, see Figure 1d. The magnetization curvesM(H) for
selected temperatures below TN are displayed in Figure 1g. The
overall magnetic behavior is comparable to that of the pristine
sample (see Figure S1). Specifically, at T = 50 K, M(H) features
a two-step increase with increasing magnetic field, indicative
of a magnetic transition from the AFM to the FiM state, with
the corresponding critical fields shifting to higher fields as the
temperature is lowered.

Upon further Zn substitution (x= 0.24 and 0.35), the temperature
dependence of M/H shows a steep increase near TC ≈ 51 and
48 K, respectively, followed by saturation at lower temperatures,
see Figure 1e,f, respectively. As exhibited in Figure 1h, the M(H)
curve of x = 0.24 features an S-shape behavior with negligible
remanent magnetization below TC. At temperatures below 30 K,
a hysteretic behavior appears, characterized by a nonzero
remanent magnetization corresponding to a FiM configuration,
accompanied by a broadening of the hysteresis loop. A sponta-
neous magnetization and coercivity in the magnetization loops
are also observed for x = 0.35, as displayed in Figure 1i. With
increasing the Zn content from x = 0.24 to 0.35, the saturation
magnetization is enhanced, while the hysteresis width slightly
decreases. It is because as Zn progressively substitutes for Fe─I
(tetrahedral site: orange balls and arrows in Figure 1a), the net
magnetic moment at the tetrahedral sublattice is reduced, while
the octahedral Fe-II moments remain largely unaffected. Such
selective dilution weakens the interlayer AFM coupling and facil-
itates FiM alignment between layers since themagneticmoments
of the tetrahedral and octahedral sublattices become increasingly
unequal [41, 42]. This enhanced imbalance between the two
sublattice moments yields a larger net magnetization at higher
Zn content. Concurrently, the substitution of non-magnetic ions
at the Fe1 site effectively reduces spin stiffness and long-range
magnetic rigidity. Notably, the non-magnetic concentration in
the x = 0.35 sample exceeds the site percolation threshold for
a honeycomb lattice (pc ≈ 0.697) [46]. In a strictly 2D system,
such a concentration is expected to cause the collapse of long-
range magnetic order. While finite interplane coupling prevents
the complete disruption of ferrimagnetic ordering, the long-range
order is significantly destabilized. This provides a rationale for
the observed trends in the x = 0.35 sample, specifically the
reduction in TC, the softer magnetic response, and the lack of
magnetic stiffness, compared to the x = 0.24 composition. We
Advanced Functional Materials, 2026
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FIGURE 1 a) crystal structure of Fe2-xZnxMo3O8. The orange and green balls represent Fe1/Zn and Fe2 atoms, respectively, while the purple
balls denote Mo atoms. The arrows represent the magnetic moment directions of Fe atoms. Temperature-field phase diagrams for b) x = 0.05 and
c) x = 0.35, showing transitions between paramagnetic, antiferromagnetic, ferrimagnetic, and unknown magnetic phases. Temperature dependence of
magnetic susceptibility for d) x = 0.05 along the c-axis under µ0H = 0.5 T (zero-field cooled) andM/H for e) x = 0.24 and f) 0.35 (field cooled), indicating
antiferromagnetic and ferrimagnetic transition temperatures TN and TC. g–i) Isotherm magnetization curves measured along the c-axis at selected
temperatures for x = 0.05, 0.24, and 0.35, demonstrating the evolution of hysteresis behavior.
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urther stress that the combined X-ray diffraction and X-band
SR data effectively preclude the existence of phase separation
r secondary impurities, providing evidence for the structural
niformity and chemical homogeneity of the ZnxFe2-xMo3O8
eries (see Figures S2 and S3).

igure 2a presents the unpolarized Raman spectra collected at
= 23 K for compositions with x = 0.0, 0.05, 0.24, and 0.35

see Figures S4–S6 for full Raman spectra and factor group
nalysis). All samples exhibit a series of sharp phonon modes
hat progressively soften and broaden across the AFM-to-FiM
ransition. A particularly notable feature is the evolution of the
ow-frequency E2(1) phonon mode near 50 cm−1, which displays
distinct splitting for x = 0.24 and 0.35. Since only a single peak
s observed in the AFM samples (x = 0 and 0.05), the splitting
dvanced Functional Materials, 2026
cannot be attributed to magnetic unit cell doubling and lattice
distortions. In sharp contrast, the high-frequency E2(10) modes
near 330 cm−1 show the double-peak feature across all studied
compounds. In the paramagnetic phase, the doubly degenerate
E2 modes are protected by time-reversal symmetry (TRS) together
with the crystal symmetries. Upon entering the FiM phase,
spontaneous breaking of TRS can lift this protection. If phonons
are endowed with chirality (see Figure 3), the internal FiMWeiss
field acts like an effective magnetic field, leading to a zero-field
phonon splitting with opposite angularmomentum. This phonon
Zeeman effect vanishes in the AFM state, where sublattice
magnetizations cancel, explaining the composition-dependent
behavior of the E2(1) phonon mode. In sharp contrast, the E2(10)
phonon mode shows a pronounced zero-field splitting already
in the AFM phase, indicating that its origin is not solely due
3 of 10
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FIGURE 2 a) Unpolarized Raman spectra of Fe2-xZnxMo3O8 (x = 0.0, 0.05, 0.24, and 0.35) measured at T = 23 K, focusing on the low-energy E2(1)
phonon and the high-energy E2(10) phonon mode. b) Temperature dependence of the E2(1) and E2(10) phonon modes for x = 0.35 measured at T = 23 -
300 K. c) Schematic of the atomic displacements of E2(1) phonons (Mo andO atoms) based onDFT calculations. d, e) Thermal evolution of the frequency
and the full-width at half-maximum (FWHM) of E2(1) and E2(10) in x = 0.35. The doubly degenerate E2 modes undergo splitting in the magnetically
ordered state (marked by the vertical dashed lines). The inset plots the temperature dependence of E2(1) and E2(10) phonon splitting below TC. TheM/H
curve (solid line) closely follows the thermal evolution of the phonon frequencies below TC. The linewidths drastically narrow on cooling through TC.

t
m
o
e
a
c
h
i
p

S
s
E
2
c
E
t
t
d
w
f
a
o
a
a
t
a

4

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202512707 by R
am

an Sankar - A
cadem

ia Sinica , W
iley O

nline L
ibrary on [17/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
o TRS breaking. Instead, this behavior suggests that the E2(10)
ode couples more strongly to anisotropic spin correlations
r bond-dependent modulations of exchange paths, which can
ffectively lower the lattice symmetry even in the absence of
net magnetization. As a result, the degeneracy of this mode
an be lifted in both AFM and FiM phases. These observations
ighlight themode-selective nature of spin–phonon coupling and
ts sensitivity to the underlyingmagnetic symmetry and exchange
athways.

hown in Figure 2b are the temperature-dependent Raman
pectra for x = 0.35, focusing on the thermal evolution of the
2(1) and E2(10) modes. As the temperature decreases from 300 to
3K,most phononmodes sharpen and shift to higher frequencies,
onsistent with conventional anharmonic effects. Notably, the
2(1) phonon mode shows significant anomalies near the FiM
ransition temperature, TC = 48 K (see Figure 2c and Figure S8 for
he normal mode displacement of the E2(1) phonon). Figure 2d,e
isplays the temperature evolution of the frequencies and the full-
idth at half-maximum (FWHMs) of the E2(1) and E2(10) modes
or x = 0.35. The E2(1) mode softens by approximately 10 cm−1

s the temperature is lowered toward TC. Such a renormalization
f the phonon self-energy is also observed in the pristine sample
nd is ascribed to strong spin-phonon coupling (see Figure S5
nd Ref. 28). Below TC, the mode splits by about 10 cm−1, and
he frequency difference between the split components exhibits
strong correlation with the M/H data (thick solid line), see the
of 10
inset of Figure 2d. This order-parameter-like behavior highlights
that the chiral phonon splitting is predominantly driven by
internal FiM Weiss fields, as further evidenced by the helicity-
resolved measurements presented in Figure 3. We note that
the E2(1) phonon mode acquires magnetic moments through
its hybridization with magnons revealed by magnon polarons,
demonstrating its hybrid character [45]. In the same vein, the
FWHM increases with decreasing temperature to TC , thereby
deviating markedly from the expected narrowing behavior based
on lattice anharmonicity. Below TC , the linewidth decreases
substantially. This anomalous trend further supports that the
lifetime of the E2(1) hybridized phonon is dictated by magnetic
fluctuations rather than lattice anharmonicities. More specif-
ically, the E2(1) hybridized phonon broadens on approaching
TC due to enhanced critical fluctuations. Below TC, we observe
the spontaneous splitting of the E2(10) mode, amounting to
approximately 10 cm−1, in conjunction with the line narrowing.
In contrast to theE2(1) chiral phonon, however, the frequency and
FWHMof the E2(10) mode show little variation with temperature
in the paramagnetic state. This behavior is attributed to the fact
that the E2(10) mode lies far above the magnon energy (see
M mode in Figure 3a), resulting in negligible phonon-magnon
coupling.

Figure 3 shows the magnetic field dependence of the chiral
hybridized phonon E2(1) and the magnon mode M (113 cm−1),
measured at T = 2 K using two cross-circular scattering
Advanced Functional Materials, 2026
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FIGURE 3 Color plot of the Raman dichroism, defined as the differential intensity ILR-IRL, where ILR corresponds to left-circularly polarized
incident lightwith right-circularly polarized detection (shown in purple) and IRL to right-circularly polarized incident lightwith left-circularly polarized
detection (shown in green), as a function of magnetic field and Raman shift. The Raman dichroism for the selected E2(1) phonon at 42 cm−1 andmagnon
mode at 112 cm−1 is measured for a) x = 0.05, b) 0.24, and c) 0.35 in the field range of µ0H = 4 to −4 T at 2 K. The corresponding Raman spectra of the
chiralE2(1) phonon (left panels) andmagnonmodeM (right panels) are plotted for d) x= 0.05, e) 0.24, and f) 0.35 under LR and RL polarization channels
at T = 2 K over the field range of −4 T to 4 T.
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onfigurations for compositions x = 0.05, 0.24, and 0.35. The full
aman spectra are presented in Figures S9–S11. The purple and
reen peaks correspond to left-handed circular excitation with
ight-handed emission (LR), and right-handed excitation with
eft-handed emission (RL), respectively. The circular dichroism
s defined as (ILR-IRL), which quantifies the difference in Raman
cattering intensities between the left- and right-circularly polar-
zed light. In the Stokes-Raman processes, chiral phonons obey
he conservation of pseudospin angular momentum (PAM) in
ddition to the conventional energy and momentum conserva-
ion: σi − σs = mph (mod N), where σi (σs) denotes the angular
omenta of the incident (scattered) photon, andmph is the PAM
f the phonon. Given that the six-fold rotational symmetry of
ZnxFe1-x)2Mo3O8 is reduced to a three-fold symmetry in the
FM order, N = 3. As a consequence, the incident (±ħ) and
cattered photons (∓ħ) carry opposite angular momenta, so mph
∓2ħ (mod 3). These helicity-dependent selection rules dictating
hoton-phonon interactions are consistent with the behavior
f the E2(1) hybridized phonon, thereby confirming the PAM
onservation.We note that the phonon angularmomentum is not
irectly determined by the PAM. To verify the chiral character
f the phonons, we computed the z component of their angular
omentum Lz (see Figure S7). The results show that the E
odes possess finite angular momenta near the Γ point, while
he E2(1) phonon displays significant energy deviation arising
rom strong phonon–magnon coupling due to their close energy
roximity. Such a coupling will lead to a renormalization of the
honon energy and induce an in-phase rotation of the phonon
nd magnon normal modes.
dvanced Functional Materials, 2026

 C
For x = 0.05, we observe a linear Zeeman splitting of the
doubly degenerate E2(1) hybridized phonon modes and AFM
magnons with increasing magnetic field. Notably, the field-
induced splittings of the hybridized phonon and magnon modes
exhibit opposite circular polarizations, indicating that they carry
angular momenta of opposite signs under magnetic fields. A
similar trend has been reported in pristine Fe2Mo3O8 [28].
From the slopes of the frequency shifts of the chiral hybridized
modes with respect to the applied magnetic field, we estimate
their effective magnetic moments using the low-field linear
relation .𝜇pm = 1

2

𝜕(𝜔𝑅−𝜔𝐿)

𝜕(𝜇0𝐻)
]
𝐻→0

where ωR and ωL are the frequen-

cies of the right- and left-handed circularly polarized phonons
(see Figure S12). We obtain the effective magnetic moments
of µpm = 0.11 µB per mode for the E2(1) chiral hybridized
mode and µmag = 2.24 µB per Fe for the magnon. Here, we
note that the E2(1) mode represents a hybrid excitation rather
than a pure phonon. As such, the large effective moments
should not be regarded as phonon-only magnetic moments.
Instead, they stem from strong magnetoelastic hybridization,
as evidenced by the nonlinear Zeeman response in the FiM
sample, which reflects the dominant influence of the under-
lying magnetic state. In the regime of strong magnetoelastic
coupling, phonon and magnon degrees of freedom are entan-
gled.

Among the proposed mechanisms, phonon-magnon hybridiza-
tion is particularly relevant to our multiferroic system [28].
In this scenario, direct coupling between optical phonons and
magnons allows their wavefunctions tomix, endowing the hybrid
5 of 10
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ode with an effective magnetic moment µpm proportional to
ts magnon component: µpm≈(γ/Δ)2µmag where γ denotes the
agnon-phonon coupling strength, andΔ is the energymismatch
etween the two modes.

ased on the experimentally obtained values, we deduce
/Δ∼0.22. The resulting moderate hybridization of the magnon
omponent in the chiral phonon is in qualitative agreement
ith neutron scattering results [45], thereby supporting our
nalysis. Notably, other mechanisms such as orbital-phonon
oupling observed in monolayer MoS2 or resonant electron-
honon coupling in topological and Dirac materials [33] appear
ess relevant for the studied compounds, as discussed further
elow.

or x = 0.24 and 0.35 (FiM phase), the E2(1) hybridized mode
ndergoes a giant spontaneous frequency splitting of 11 cm−1

t zero magnetic field—approximately 25% of the phonon fre-
uency. The right- and left-circularly polarized components
isplay little variation with applied fields, indicating the negligi-
le phonon Zeeman effect. Such spontaneous splitting of chiral
ybridized phonons due to intrinsic bulk magnetization, in the
bsence of an external magnetic field, has also been reported
n the ferromagnetic Weyl semimetal Co3Sn2S2 [47]. However,
he splitting (1.27 cm−1) is nearly an order of magnitude smaller
han that observed in ferrimagnetic Fe2-xZnxMo3O8. We further
ote that the FiM magnon with left-handed circular polarization
redominantly emerges under positive magnetic fields, whereas
he right-circularly polarized magnon becomes prominent when
he external field is reversed. The selectivity of FiM magnon
hirality arises from the orientation of the FiM domain (the sign
f the net angular momentum), which can be controlled by the
agnetic field direction.

igure 4a,b maps the magnetic field dependence of the Raman
ircular dichroism for the chiral hybridized phonons E2(1) and
2(10) at T = 4.2 K (below TC) and T = 65 K (above TC) for x =
.35. In the paramagnetic state, both E2(1) and E2(10) phonons
xhibit Zeeman splitting with opposite polarizations. Well below
C, a large energy splitting of ∼ 10 cm−1 is observed for the chiral
2(1) and E2(10) hybridized phonons, attributed to spontaneous
ime-reversal symmetry breaking at zero field. In Figure 4c,d,
e plot the field evolution of the peak frequencies of the E2(1)
nd E2(10) hybridized phonons at selected temperatures. To
lucidate the underlying mechanism of chiral phonon splitting,
he extracted frequency-field behavior is directly compared with
he corresponding magnetization curves. Evidently, the phonon
plitting changes sign when the magnetization direction reverses
nder the application of a magnetic field along the c axis. At
= 65 K (above TC), the hybridized phonon Zeeman splitting
xhibits a nearly linear dependence on the appliedmagnetic field,
losely tracking the M(H) curve. Near the critical temperature,
he hybridized phonon Zeeman shift continues to follow the
agnetization behavior. At T = 20 K, where the hysteresis
oop becomes apparent (see Figure 1i), the E2(1) hybridized
ode displays a spontaneous zero-field splitting that emulates
he M(H) behavior. A closer inspection reveals that the left-
ircularly polarized branch remains nearly field-independent,
hile the right-circularly polarized branch exhibits a notable
inear increase with increasing magnetic field. Notably, this
symmetric Zeeman response is hardly discernible for the higher-
of 10
frequency E2(10) phonon mode. As such, the formation of
hybridized magnon polarons should be invoked as an underlying
mechanism [47, 48]. Indeed, such magnon–polaron states have
been reported in related systems, including Fe2Mo3O8 [45] and
Zn-substituted Fe1.75Zn0.25Mo3O8 [49, 50], where switching of
chiral phonons is observed in tandem with magnetization, along
with momentum-resolved detection of chiral phonons carrying
substantial magnetic moments.

Specifically, the E2(1) chiral hybridized phonon is resonant with
magnon excitations, which explains its pronounced field sensi-
tivity compared to the higher-frequency E2(10) chiral phonon.
Moreover, this coupling is chiral-selective: only the left-circularly
polarized phonon interacts with the FiM magnon under a posi-
tive magnetic field, while the right-circularly polarized phonon
couples when the field (thus the magnetic moment) is reversed
[30]. This selective magnon-phonon interaction underlies the
asymmetric Zeeman response observed in the E2(1) hybridized
mode.

The linear relationship between the chiral phonon splitting
and magnetization observed below TC provides compelling
evidence for its correlation with magnetization. Within the
framework of spin-phonon coupling, the splitting of the dou-
bly degenerate E2 hybridized modes is linearly proportional to
magnetization, expressed as Δωm∼γmM(T, H) with the phonon-
magnetization coupling constant γm. In certain conditions, this
magnetization-induced splitting can be significantly larger than
the field-induced splitting ΔωH∼γHH [28]. Taken together, the
chiral hybridized phonons in (ZnxFe1-x)2Mo3O8 acquire their
angular momentum primarily through spin-phonon coupling
and magnon–phonon hybridization. We further consider sev-
eral alternative mechanisms that could explain the anomalous
features of the E2(1) hybridized phonon mode. Dynamic mode
mixing is unlikely to play a major role, given the absence
of soft phonon modes associated with the multiferroelectric
transition and the lack of evidence for strong anharmonicity.
Likewise, exciton–phonon coupling mediated by Berry curvature
or hybridization with low-lying crystal field excitations can be
excluded, as (ZnxFe1-x)2Mo3O8 exhibits a sizable band gap of
approximately 1.1 eV, substantially larger than the E2(1) phonon
energy, and the incident photon energy (∼2.3 eV) lies far off
resonance with any low-energy electronic excitations. On the
other hand, dynamic coupling between lattice vibrations and
magnetoelectric order parameters remains relevant in multi-
ferroics and polar magnets. Such coupling can admix phonon
angular momentum into magnetic or electric excitations, thereby
enabling chiral hybridized phonons to exchange angularmomen-
tum with magnetic moments and influence magnetoelectric
responses.

Lastly, we stress that the E2(1) hybridized mode in
(ZnxFe1-x)2Mo3O8, arising from moderate magnon-phonon
coupled excitations, enables coherent phase-locking of the
coupled modes. However, slight off-resonant magnon-phonon
coupling prevents detecting avoided crossings, unlike in FePSe3
[51], in which magnon polarons emerge clearly under tunable
experimental conditions, exhibiting strong hybridization
consistent with theoretical models of anisotropic magnetoelastic
interactions. Achieving a resonant magnon-phonon coupling
regime in (ZnxFe1-x)2Mo3O8 would therefore require tuning
Advanced Functional Materials, 2026
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FIGURE 4 Color plots of the Raman dichroism ILR−IRL of chiral phonons E2(1) and E2(10) of x = 0.35 measured at a) T = 4.2 K and b) T = 65 K
over magnetic fields up to ±14 T. Chiral phonon features show pronounced field-induced splitting at low temperatures. Field-dependent peak positions
extracted from LR (purple) and RL (green) polarization channels at representative temperatures (T = 4.2, 20, 49, and 65 K), showing the evolution of
Zeeman splitting in c) the low-frequency chiral E2(1) phonon and d) the high-frequency E2(10) mode. Colored lines in c) represent magnetization curves
overlaid to demonstrate the correlation between phonon splitting and magnetization.
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honon or magnon energies through hydrostatic pressure or
igh magnetic fields. Given the P63mc space group with Eg
ymmetric phonons, distinct from those of FePSe3, our system
rovides a promising avenue for exploring newly emergent
spects in magneto-phononics.

Conclusion

n conclusion, we have demonstrated magnetic switching of
hiral hybridized phonons in ferrimagnets (ZnxFe1-x)2Mo3O8
hrough a comprehensive study of field- and temperature- and
elicity-dependent Raman spectra. In the ferrimagnetic state, the
2(1) and E2(10) hybridized phonons exhibit large spontaneous
ero-field splittings due to broken time-reversal symmetry, with
heir frequency shifts closely emulating the magnetization. The
hiral phonon–magnon resonance leads to selective coupling
ith circularly polarized phonons, resulting in asymmetric
eeman responses of the E2(1) chiral hybridized phonon. In
ontrast, the paramagnetic and antiferromagnetic phases exhibit
inear Zeeman effects consistent with conventional spin-phonon
oupling. The comparative study of chiral hybridized phonons
cross diverse magnetic phases in the (ZnxFe1-x)2Mo3O8 family
emonstrates the efficient control of chiral magneto-phononic
roperties through the manipulation of distinct magnetic orders
nd magnetization states. Our findings establish polar ferri-
agnets like (ZnxFe1-x)2Mo3O8 as exceptional platforms for the
evelopment of next-generation hybrid phononic and spintronic
echnologies.
dvanced Functional Materials, 2026
4 Experimental Section/Methods

4.1 Sample Synthesis

Fe2Mo3O8 and Zn-substituted Fe2Mo3O8 single crystals were
grown using the chemical vapor transport (CVT) method, which
utilized a temperature gradient to facilitate controlled mass
transport. High-purity Fe2O3, MoO3, ZnO, Fe, and Zn powders
were weighed in stoichiometric ratios, thoroughly ground using
an agate mortar and pestle, and sealed in an evacuated quartz
ampoule. The precursor materials were pre-reacted at 750◦C
and 1000◦C for two days. Approximately 10 g of the pre-reacted
Fe2Mo3O8 and Zn-substituted powder, alongwith 120mg of TeCl4
(4N purity) as the transport agent, was placed at one end of a silica
ampoule (40 cm in length, 1.8 cm inner diameter, and 2.0 cmouter
diameter). The chlorine concentration of 3.6–4.7mg, derived from
∼5 mg of TeCl4 per cm3, yielded sufficient transport rates of
nearly 150 mg per day. All preparation steps before flame sealing
were conducted in an argon-filled glovebox, ensuring oxygen and
moisture levels remained below ∼1 ppm.

For the growth of Fe2Mo3O8 and Zn-substituted Fe2Mo3O8 single
crystals, the end of the ampoule containing the pre-reacted
material was held at 950◦C, while the growth endwasmaintained
at approximately 900◦C, creating a temperature gradient of about
2.5◦C/cm for a week. The material was then loaded into a quartz
ampoule along with 5–10 mg/cm3 of iodine (I2) or TeCl4 as the
transport agent. The ampoule was subsequently evacuated to
∼10−6 Torr and flame-sealed under vacuum before being placed
7 of 10
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n a two-zone furnace. The source zone was maintained at
950◦C, while the growth zone was set at ∼900◦C, ensuring
temperature gradient of 100◦C for 7–14 days. After crystal
rowth, the furnace was slowly cooled to room temperature
o minimize thermal stress. The ampoule was then opened in
n inert atmosphere (e.g., an Ar-filled glovebox) to prevent
xidation. The extracted Fe2Mo3O8 single crystals were cleaned
sing ethanol or a dilute acid solution (e.g., HCl or HNO3) and
ried before characterization.

.2 Magnetization andMagnetic Susceptibility

C magnetic susceptibility and the isothermal magnetization
easurements were performed using the vibrating sample mag-
etometer (VSM) option of a SuperconductingQuantum Interfer-
nce Device (SQUID) magnetometer (Quantum Design MPMS)
nd a Physical Property Measurement System (PPMS Dynacool,
uantum Design). The measurements were performed over a
emperature range of T = 2–300 K, with the external magnetic
ield applied parallel to the crystallographic c-axis (µ0H ∥ c) of the
ingle-crystal samples.

.3 Raman Spectroscopy

emperature-dependent Raman scattering experiments were
onducted in a backscattering geometry using a diode-pumped
olid-state single-longitudinal-mode (DPSS SLM) laser with an
xcitation wavelength of λ = 532 nm. The laser beam, operated
t a power of 100 µW, was focused onto the crystal surface
sing a 40 × magnification microscope objective, yielding a spot
ize of a few micrometers. The scattered light was collected
sing a micro-Raman spectrometer (XperRam200VN, Nanobase)
quipped with an air-cooled charge-coupled device (CCD) cam-
ra (Andor iVac). To suppress Rayleigh scattering, a notch
ilter with a low-frequency cutoff of 20 cm−1 was employed.
emperature control over the range of 5–300 K was achieved
sing a liquid-helium-cooled continuous-flow cryostat. Raman
pectroscopic measurements in high magnetic fields up to 14
were conducted at LNCMI Grenoble using a custom-built
agneto-optical Raman probe [52] mounted inside a supercon-
ucting magnet (Oxford Instruments). A 515 nm laser (Azurlight
ystems) was used for excitation, with the laser power kept below
.3 mW and a focused spot size of approximately 3 µm at the
ample position. Additional measurements with finer magnetic
ield resolution (up to 4 T) were performed using a closed-cycle
xford Spectromag system. In this setup, light from a 660 nm
aser (Cobolt), with a power of less than 4 mW, was focused
hrough a set of lenses to yield a spot diameter of∼100 µm. In both
onfigurations, the Raman-scattered light was dispersed using
he single-stage TriVista spectrometer (Princeton Instruments)
nd detected by a nitrogen-cooled CCD camera (PyLoN eXcelon),
ollowing rejection of Rayleigh scattering via a set of customized
ragg-grating filters (OptiGrate).

.4 DFT Calculations

ensity functional theory (DFT) calculations were performed
sing the projector augmented-wave (PAW) method [53, 54],
of 10
as implemented in the Vienna Ab Initio Simulation Package
(VASP) [55]. The exchange–correlation functional was treated
within the generalized gradient approximation (GGA) using
the Perdew–Burke–Ernzerhof (PBE) formulation [56]. The self-
consistent field (SCF) iterations were converged to an energy
threshold of 10−7 eV, and a plane-wave energy cutoff of 500 eV
was employed. The Brillouin zonewas sampled using a dense 12×
12 × 6 Monkhorst-Pack k-point mesh. Structural relaxations were
carried out until the residual forces on all atoms were less than
0.001 eV/Å. Phonon dispersion relations were calculated using
the Phonopy package [57, 58] in conjunction with VASP, utilizing
a 2 × 2 × 1 supercell for finite displacement calculations. Spin–
orbit coupling (SOC) effects were not included in the present
study.
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