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Chiral phonons, lattice vibrations carrying finite angular momentum, are at the forefront of a fast-
developing field for exploring and controlling quantum materials in captivating ways. Phonon chirality
originating from topological phonon bands is physically interesting but generally small and limited to a few
material classes. Here, we report the observation of significant phonon chirality in the triangular-lattice
rare-earth compound KNdSe,. We find that the chirality is activated by a distinct local mechanism—
crystalline electric field (CEF) excitations—rather than by a global topology. Using helicity-resolved
magneto-Raman spectroscopy, we observe a clear splitting (~3 cm™" under 9 T, or equivalently ~0.445) of
the degenerate E, phonon mode that exhibits perfect circular polarization selection rules—the unam-
biguous fingerprint of chirality. The magnitude, field dependence, and thermal evolution of the splitting are
quantitatively reproduced by a microscopic theory of CEF-phonon coupling, which we solve by employing
the Dyson equation formalism and incorporating a careful analysis of symmetry and angular momentum
conservation. Our findings demonstrate a deterministic, CEF-activated mechanism for realizing phononic
chirality and identify the rare-earth chalcogenides as a highly tunable playground for investigating the rich

physics of coupled electronic and vibrational quasiparticles.

DOI: 10.1103/frn1-£3t9

Introduction—Chirality, the breaking of mirror sym-
metry, is a pervasive theme across physics, ranging from
the parity violation in elementary particles to the handed-
ness of biomolecules. In the realm of condensed matter,
chiral excitations have emerged as a frontier of exploration.
Within this domain, chiral phononic excitations [1-4] are of
particular interest due to their critical importance in both
fundamental physics [5-9] and emerging spintronic appli-
cations [3,10-18].

From a general perspective, chiral or topological exci-
tations in different degrees of freedom are often intertwined
due to their mutual coupling. A prominent example is
found in magnetic skyrmions [19-21], which exhibit
intrinsic topological orbital moments (TOM) [22-24]
arising from the dynamics of itinerant electrons.
Through electron-lattice coupling, these electronic TOMs
induce dynamical fluctuations with chiral degrees of free-
dom spreading over a large number of unit cells. This
phenomenon can be regarded as a prototype of chiral
phononic excitations; however, it typically yields subtle or
weak phonon chirality, as spatial delocalization dilutes the
angular momentum transfer, resulting in quasilinear rather
than circular atomic motion within any single unit cell.
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When the spatial scope is restricted to a single unit cell,
atomic movements naturally correspond to standard lattice
vibrations, i.e., phonon modes at the I" point. The widely
studied phonon chirality arising from phonon band top-
ology or Berry curvature in reciprocal space is observable
yet typically small [1,25,26]. In intrinsic chiral crystals
(e.g., quartz, WSe,), where chirality stems from broken
inversion symmetry with intrinsic topological character
[27-29], the phonon magnetic moments originate solely
from the helical motion of ions and are therefore inherently
minute (~uy) due to the large ionic mass [29]. In systems
without spontaneous inversion symmetry breaking, a dou-
bly degenerate phonon mode at the I" point, such as the E,
mode, can generally be decomposed into left- and right-
handed vibrations. In principle, an external magnetic field
can lift this degeneracy, enabling the direct observation of a
chiral phonon mode. However, in practice, the induced
chirality is often subtle and challenging to detect.

Despite this typically weak phonon chirality, effective
angular momentum transfer mediated by phonon coupling
can fundamentally alter the scenario, yielding a “signifi-
cant” or “‘strong” phonon chirality. Therefore, the common
ground bridging the “weak” and strong regimes lies in the
efficiency of angular momentum transfer to the lattice,
which is governed by the spatial overlap between the
electronic angular momentum source and the phonon
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coordinate: delocalized sources dilute the transfer over
many unit cells, producing weak chirality, whereas local-
ized sources concentrated within a single unit cell enable
maximally efficient transfer and giant chirality.

We identify the coupling between local crystalline
electric field (CEF) excitations and lattice vibrations in
rare-earth materials as a highly effective pathway to realize
chiral phonons [30-32]. Spatially, both CEF excitations
and I'-point phonons are characterized by localized intra-
unit-cell dynamics, offering a crucial basis for strong,
symmetry-protected coupling. Energetically, CEF excita-
tions naturally lie in the range of tens to hundreds of cm™,
overlapping perfectly with the energy scale of Raman-
active optical phonons to facilitate resonant coupling.
Regarding angular momentum, discrete CEF transitions
involve well-defined changes in total angular momentum
(AJ,) that can effectively transfer the specific angular
momentum required to excite chiral phonon modes. This
“triple matching” implies that CEF excitations in rare-earth
materials can effectively ‘“activate” significant phonon
chirality, potentially leading to the formation of vibronic
bound states when the CEF and phonon energies are nearly
degenerate [33—36]. The rare-earth chalcogenides [37,38],
ARECh, (where A is an alkali metal, RE is a rare earth, and
Ch is a chalcogen), constitute a vast family of magnetic
materials that fully satisfy these criteria. Consequently, they
emerge as an ideal platform for exploring the coupling
between CEF states and chiral lattice dynamics.

Here, we select KNdSe, as an ideal archetype from this
family to investigate CEF-phonon coupling. This com-
pound features a perfect triangular lattice of Nd** Kramers
ions embedded in a D;,; symmetric environment, providing
a clean and well-defined system. Using high-resolution,
circularly polarized magneto-Raman spectroscopy, we
report the unambiguous observation of giant chiral phonons
activated by the CEF excitations. A clear splitting of the in-
plane E;, phonon mode is observed under a magnetic field,
exhibiting near-perfect selection rules that directly corre-
spond to left- and right-handed phonon chirality. By
solving the Dyson equation [32,39] for a microscopic
model of CEF-phonon coupling that includes the full
Nd** CEF scheme, our model shows excellent quantitative
agreement with our experimental results. These findings
not only present the first observation of chiral phonons in
KNdSe, but also establish the rare-earth chalcogenides as a
rich and highly tunable platform for activating, manipu-
lating, and exploring the fundamental physics of chiral and
coupled quasiparticles.

Lattice vibrations of KNdSe,—KNdSe, crystallizes in
the rhombohedral space group R3m (point group Ds,),
with magnetic Nd** ions forming a perfect triangular
lattice [Fig. 1(a)]. Temperature-dependent Raman spectra
[Fig. 1(c)] reveal two prominent phonon modes at ~129 and
~158 cm™!, assigned to the in-plane doubly degenerate

E, and the out-of-plane A, symmetries, respectively,
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FIG. 1. Lattice dynamics of KNdSe,. (a) Displacement vectors

for Raman-active E, and A;, modes. (b) Phonon dispersion
showing E, (red) and A,, (blue) branches. (c) Temperature-
dependent Raman spectra. Frequency and FWHM vs temperature
for (d) E, and (e) A;, modes. Lines indicate anharmonic
decay fits.

consistent with first-principles phonon calculations
[Fig. 1(b)] [40-44]. Both modes exhibit conventional
anharmonic  behavior with increasing temperature
[Figs. 1(d) and 1(e)]. Beyond lattice dynamics, our Raman
spectra reveal sharp electronic transitions associated with
CEF excitations of the Nd** ground-state multiplet.

CEF excitations of KNdSe,—The Nd** ion ([Xe]4f?,
4, /> ground-state multiplet, J = 9/2) is a Kramers ion,
retaining at least double degeneracy in all CEF levels due
to time-reversal symmetry. In the Ds;; environment of
KNdSe,, the 419/2 multiplet splits into five Kramers
doublets, described by the CEF Hamiltonian

Hepr = 23802 + B0Y + B30; + ngg
i
+ B3O + BSOS, (1)

where B!, are CEF parameters and O, are Stevens
operators constructed from J.
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FIG. 2. Temperature and magnetic field evolution of CEF
excitations in KNdSe,. (a),(b) Raman spectra (1.7-300 K)
identifying four CEF transitions (Pcgr;—Pcgrs) and phonon
modes. (c¢),(d) Low-energy and (e),(f) high-energy CEF spectra
under magnetic fields at 1.8 K in cross-circular polarizations
(67, 0%).

Temperature-dependent Raman spectra [Figs. 2(a) and
2(b)] reveal, in addition to phonons, seven sharp CEF
excitations—four ground-state transitions persisting to
1.7 K and three thermally activated modes vanishing below
10 K—unambiguously identified by their absence in non-
magnetic KLaSe, [45]. To uniquely constrain the CEF
Hamiltonian, we also employed polarization-resolved mag-
neto-Raman spectroscopy [Figs. 2(c)-2(f)], fitting ten
distinct field-evolving transitions to extract a robust set
of Bj, parameters [45]. The resulting model accurately
reproduces the experimental Zeeman splittings (see End
Matter) and polarization selection rules, establishing the
complete electronic structure of Nd3* in KNdSe,.

Chiral phonon and CEF-phonon coupling—In addition
to Zeeman splitting of the CEF levels from broken time-
reversal symmetry, we observe a clear magnetic-field-
induced splitting of the £, phonon in KNdSe,. This effect
shows strong circular polarization dependence, revealing
a coupling between lattice vibrations and 4f electronic
degrees of freedom, a mechanism confirmed to be distinct
from an intrinsic topological phonon origin (see
Supplemental Material [45] for control experiments on
non-magnetic KLaSe,). The full magneto-Raman response
is shown in Figs. 3(a) and 3(b).

At zero field, the doubly degenerate £, phonon appears
as a single peak near 129 cm~!. Applying a magnetic field
along the ¢ axis lifts this degeneracy, yielding a clear
splitting into higher- (w*) and lower-frequency (w™)
branches. The two split branches exhibit opposite circular
polarization selection rules, a definitive signature of chiral
phonons. In the (67, 6") configuration [Fig. 3(a)], only the
@~ mode is visible, while @™ dominates under the (¢, 67)
configuration [Fig. 3(b)]. Their field-dependent evolution
[Fig. 3(c)] reveals an initial linear splitting followed by
saturation, reaching a maximum of ~3 cm~! at 9 T. This
magnitude is remarkably large compared to conventional
non-magnetic chiral crystals—such as quartz, with a
predicted moment of only ~0.08uy [29]—where phonon
Zeeman splittings are typically negligible and spectrally
unresolvable. From the low-field slope of the phonon
splitting, the effective angular momentum carried by the
phonon can be extracted using [32]

ho(wt —w™)

=— s 2
Hph 2 @%H ()

yielding a value of up, = 0.402up.

To microscopically account for the observed phonon
splitting and chirality, we consider a model incorporating
the coupling between the £, phonons and the CEF states of
Nd**+ under magnetic field. The total Hamiltonian reads [12]

H= I:ICEF—&-I:Iph-i-HB +I:ICEF—ph7 (3)

defined in Eq. (). Hy=

ha)Eg(&l&X + &;&y) describes the degenerate E, phonons,

where HCEF is
and Hy = —g JHougH zjz accounts for Zeeman splitting of
the Kramers doublets. The key term is the CEF-phonon
coupling, I:ICEF_ph, which primarily involves quadrupolar
operators of (x*> — y?, xy) symmetry, is consistent with the
in-plane character of the £, mode revealed by first-principles
calculations. By recombining the E,, and E,, phonon
modes, the effective coupling Hamiltonian can be simplified
into the form [45]

Hepem~Gr, |03 (a0_p+al )+ 0@y +al)). (&)
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FIG. 3. Magnetic field-induced splitting and chirality of the £, phonon mode. Field-dependent Raman spectra of the £, mode at 2 K
under (a) (67, 6") and (b) (6*, ™) configurations. Dashed lines indicate the zero-field frequency. (c) Raman shifts of the split branches
vs magnetic field. Triangles denote experimental data; solid lines represent calculations using the CEF-phonon coupling model.
(d) Microscopic mechanism illustrated with calculated 4 electron-cloud distributions for all five Kramers doublets (3 through yi).
Left (uoH, = 0): time-reversal symmetry ensures identical electron clouds within each Kramers pair; CEF-phonon coupling yields only
a frequency renormalization. Right (uyH, # 0): the Zeeman effect breaks Kramers degeneracy and induces distinct spatial anisotropies
in the electron clouds, most prominently for the ground-state doublet. This asymmetry, transferred to the lattice via CEF-phonon

coupling, splits the degenerate linear modes (E,, E, ) into chiral eigenmodes (E,, + iE

where G £, 18 the coupling strength, and 0. are Stevens

—y?/xy
operators (e.g., sz) reflecting the symmetry of the E,
phonons [45]. The renormalized phonon energies are
obtained by solving the Dyson equation for the 2 x 2
phonon Green'’s function [32,39], where H CEF-ph contributes
the self-energy. As shown by the solid lines in Fig. 3(c), the
fitted splitting yields a coupling constant G = 2.5 cm~!.

This model quantitatively reproduces the experimental data,
capturing both the field-induced splitting and its saturation.

The microscopic origin of the field-induced phonon
chirality is illustrated in Fig. 3(d), where the calculated
4f electron-cloud distributions for all five Kramers dou-
blets (yi through y7) are displayed alongside the CEF
energy levels and the £, phonon. At zero field (left panel),
time-reversal symmetry guarantees that each Kramers pair
(w7, w) exhibits identical electron-cloud shapes. These
degenerate Kramers doublets are also related by the mirror
symmetry (o,) of the D3, point group, which maps the

g.y)'

chiral phonon  branches E; =E,.+iE,, onto
E; =E,, —iE,,, enforcing their degeneracy. Therefore,
CEF-phonon coupling yields only a frequency renormal-
ization without splitting. Dyson equation analysis estimates
the bare £, phonon frequency at ~125.3 cm™!. Applying a
magnetic field (right panel) breaks time-reversal symmetry
and lifts the Kramers degeneracy via the Zeeman effect.
The electron-cloud distributions of the split states develop
distinct spatial anisotropies—most prominently for the
ground-state doublet (y7), as detailed in Supplemental
Material Fig. S6 [45]. Crucially, the CEF states are no
longer related by the mirror operation, even though the bare
E, phonon modes retain their intrinsic symmetry relation-
ship under 6,. The E; and E; branches therefore sense
inequivalent electronic environments through the quadru-
polar CEF-phonon coupling, producing unequal interaction
strengths for the two chiral phonon polarizations.
Consequently, the E, degeneracy is lifted, giving rise to
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left- and right-handed chiral phonons Egi =E;+ iE}. This
selective coupling is dictated by parity conservation under D5
symmetry. Since the intramultiplet CEF transitions possess
even parity (u @ u = g), they can linearly couple only to
even-parity phonons (e.g., Raman-active E,), while coupling
to odd-parity modes (e.g., IR-active E,,) is strictly forbidden.

The emergence of phonon chirality reflects a modified
angular momentum conservation law in systems with dis-
crete rotational symmetry. In crystals with threefold (Cs)
symmetry, the total angular momentum of the photon-crystal
system is conserved modulo 37, yielding the selection rule:

Jz.in - Jz,out = AJz,elec + Jz,ph + 3mh, (5)

where the angular momentum transferred by light is shared
among the CEF excitation, the chiral phonon, and the lattice
via angular momentum umklapp (m = 0, 1 for £, modes)
[48-50]. While the selection rule outlines allowed outcomes,
the dominant quadrupolar CEF-phonon coupling (Ozﬁ)
favors transitions with AM; = +2h. We consider the
(6", 67) configuration [Fig. 3(b)], where the light imparts
+2h to the system. A self-consistent solution must satisfy
both angular momentum conservation and the quadrupolar
selection rule. A detailed analysis [45] identifies the dom-
inant channel as an Umklapp process with m = 1, involving
a favored electronic transition with AJ, ... = —2A. To
conserve total angular momentum, +2# = (=2%) ..+
Jph + 3h, requiring emission of a left-handed phonon
(E;) carrying +h. This selective channel, dynamically
favored, results in the exclusive observation of the left-handed
phonon in this configuration. Conversely, in the (¢7,0™")
configuration [Fig. 3(a)], the —27 angular momentum transfer
favors a AJ, . = +2# transition. Through an umklapp
process with m = —1, this selectively excites the right-handed
phonon (E7) carrying —#. This polarization-selective extinc-
tion arises from the interplay of angular momentum con-
servation, operator selection rules, and lattice symmetry—
providing unambiguous evidence for the activation of chiral
phonons carrying quantized angular momentum.

The essential role of the electronic subsystem in medi-
ating phonon chirality is confirmed by the temperature
dependence of the E, mode splitting (Fig. 4). The field-
induced splitting decreases markedly with increasing tem-
perature—dropping from 3.17 cm™! at 2 K to 0.65 cm™! at
15 K—while the polarization selectivity of the split
branches weakens, signaling reduced phonon chirality.

This temperature dependence is well captured by our
model, where the E, mode splitting originates from CEF-
phonon coupling whose strength reflects the thermal pop-
ulation of Zeeman-split CEF levels. The redistribution across
all 10 field-split states follows Boltzmann statistics,
n;(B,T) = Z ' Fi(B)/ksT  Jeading to a reduced effective
coupling at elevated temperatures. The underlying physics is
captured by a simplified two-level model: for a Zeeman-split
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FIG. 4. Temperature dependence of the magnetic-field-induced
E, phonon splitting. (a),(b) Raman spectra at 10 K and (d),(e) at
15 K measured under (67,67) and (6",67) configurations.
Raman shifts of the split phonon branches vs magnetic field at
(c) 10 and (f) 15 K. Symbols denote experimental data; solid lines
represent theoretical calculations.

ground-state doublet, the population imbalance follows
tanh(5(H)/2kgT) [32,39]. As temperature increases, ther-
mal fluctuations overcome the Zeeman energy, driving the
imbalance toward zero and diminishing the net magnetic
polarization. In the full 10-level scheme of Nd>*, elevated
temperatures thermally populate higher CEF states, reducing
polarization and the population differences relevant to the
coupling operator. This suppresses the chiral electronic
environment and thus weakens the effective CEF-phonon
interaction, leading to reduced phonon splitting. As shown in
Figs. 4(c) and 4(e), our calculations incorporating thermal
populations accurately reproduce the experimental trends,
reinforcing the proposed mechanism.

Summary—The excellent agreement between our com-
prehensive experimental data and the theoretical model
validates this mechanism. Drawing from the physics of
CEF-phonon coupling in rare-earth systems, we identify
three key ingredients for realizing giant phonon chirality:
(1) high lattice symmetry (at least C3) to support degenerate
modes; (ii) strict symmetry and parity matching to ensure
active coupling; and (iii) rare-earth ions with large
unquenched angular momentum acting as a robust reservoir
for efficient angular momentum transfer.

Our findings also enrich the broader understanding of
CEF-phonon coupling in f-electron physics. Previous
Raman studies have revealed this coupling through scalar
observables: summation modesin CeBg [51], spectral weight
anomalies in YbRu,Ge, [52], and vibronic bound states in
TbInO5 [53]. Our Letter extends this paradigm to a vector
observable—phonon angular momentum—demonstrating
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that CEF-phonon coupling not only modifies phonon ener-
gies and intensities but also transfers well-defined angular
momentum to the lattice via the quadrupolar operators Oziz.
This connection suggests that helicity-resolved Raman
spectroscopy of chiral phonons may serve as a new probe
of local multipolar dynamics in correlated f-electron mate-
rials. Together with the design principles identified above,
our Letter positions the rare-earth chalcogenide family as a
versatile platform for exploring magneto-phononic phenom-
ena and coupled quasiparticle physics.
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End Matter

Appendix: Determination of the CEF parameters—
Accurate determination of the CEF parameters is a
prerequisite for analyzing the CEF-activated phonon
chirality; we outline the procedure below, based on the
temperature and magnetic-field evolution of the CEF
excitations shown in Fig. 5.

Temperature-dependent Raman spectra reveal the CEF
level scheme, but ground-state transitions must be distin-
guished from thermally activated ones: the former persist
down to the lowest temperatures, whereas the latter arise
from transitions between excited states and are no longer
observed at sufficiently low temperatures. The energy of
each thermally activated mode equals the difference
between two excited levels, providing a stringent internal
consistency check. Figure 5(a) shows the four ground-state
transitions (CEF1-CEF4), whose frequencies are essen-
tially temperature-independent, and Fig. 5(b) shows the
three thermally activated modes, whose energies coincide
with the differences CEFi — CEF1(i > 1) extracted from
panel (a), confirming the assignment.

More importantly, a magnetic field applied along the c axis
lifts the Kramers degeneracy of each doublet, producing ten
field-evolving branches observed in cross-circular polar-
izations. Because the number of independent Zeeman con-
straints exceeds that of the CEF parameters, a simultaneous
fit to all branches determines the CEF Hamiltonian uniquely.
As shown in Figs. 5(c) and 5(d), the calculated Zeeman
splittings (solid lines) agree excellently with the peak

positions extracted from our Raman spectra, demonstrating
that the CEF parameters are uniquely and reliably
determined.
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FIG. 5. Temperature and magnetic field evolution of CEF

excitations in KNdSe,. (a) Frequencies and (b) energy differences
of CEF levels vs temperature. (c),(d) Zeeman splitting of the
corresponding CEF levels vs magnetic field. Symbols denote
experimental data; solid lines represent CEF calculations.
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