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Chiral phonons are desirable for applications in spintronics but their generation and control remains a
challenge. Here we demonstrate the emergence of truly chiral phonons from selective magnon-phonon
coupling in inversion-symmetric magnetic systems. Considering bcc Fe as an example, we quantitatively
calculate hybridized magnon-phonon quasiparticle states across the entire Brillouin zone utilizing first-
principles calculations. Our findings challenge conventional magnetoelastic interpretations and reveal finite
zero-point phonon angular momentum and strong anomalous thermal Hall responses linked to finite (spin)
Berry curvatures. Our results further establish that the existence of chiral phonons, particularly along high-
symmetry directions, is common in many magnetic materials, offering promising avenues for novel
spintronic and phononic devices.
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Introduction—Chirality, which denotes the asymmetry
between a structure and its mirror image, is one of the
fundamental properties of matter [1]. In condensed matter
physics, it plays a crucial role in the properties of fermionic
and bosonic (quasi)particles, such as electrons [2,3],
magnons [4–8], and phonons [9–12].
Recent theoretical predictions [9,13] and experimental

observations in two-dimensional materials [10] have iden-
tified phonon modes with finite angular momentum at high-
symmetry points of the Brillouin zone (BZ), arising from
the circular (or elliptical) orbital motions of atoms around
their equilibrium lattice positions [11,14]. Such phonon
angular momentum plays a crucial role in a wide variety of
effects ranging from the phonon Hall effect [15–18], the
ultrafast Einstein–de Haas [19,20] and Barnett effects
[21,22], magnon-phonon conversion [23], to phonon mag-
netic moments [11,24–26].

While it has become common to refer to all phonons with
finite angular momentum L as chiral [9,13], symmetry
arguments suggest that nonpropagating phonons and those
propagating in the rotation plane do not possess true chiral
character [27,28]. To unambiguously define truly chiral
phonons [29,30],we introduce the phononchirality parameter
Σ ¼ L · v=jvj, where v is the group velocity, based on the

considerations presented in Ref. [28]. Truly chiral phonons
are characterized by a finite Σ and have recently been
experimentally detected in systems lacking inversion (P)
symmetry by means of x-ray and Raman spectroscopy
[28,31,32], transport [33,34], and torque measurements [35].
Here, we present fully quantitative, first-principles-based

calculations to demonstrate the emergence of truly chiral
phonons in the P-symmetric ferromagnetic material bcc Fe
as a result of phonon-chirality-selective magnon-phonon
coupling. This coupling breaks time-reversal symmetry for
the phonons and is derived from a recently developed
framework describing the interaction between lattice and
magnetic degrees of freedom [36,37]. We further calculate
a finite zero-point angular momentum [14] and intrinsic
anomalous Hall responses of the coupled magnon-phonon
quasiparticles.
Phonon angular momentum—Following Ref. [14], the

angular momentum of the phononic system is given by

L¼
X
kλ

Lkλ

�
nkλþ

1

2

�
; Lkλ¼

X
μ

2ℏRe½χ ðμÞkλ �×Im½χ ðμÞkλ �;

ð1Þ

where nkλ is the phonon occupation number and the sums
are over all phonon branches λ and wave vectors k in the
first BZ, and over all atoms μ in the unit cell [see
Supplemental Material (SM) [38] for details]. In the
absence of relativistic effects, the phonon frequencies

ωkλ and polarization vectors χ kλ¼ fχ ðμÞkλ g are obtained from
solving the eigenvalue problem Dkχ kλ ¼ ω2

kλχ kλ for the
dynamical matrixDk [14]. In inversion-symmetric systems,
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to which we will restrict the discussion throughout the
Letter, Dk is real, and hence one can always choose
χ kλ ¼ eiφkλekλ, with ekλ being real and φkλ an arbitrary
phase. We call these phonon modes linear (short for
linearly polarized), as the associated dynamics of atoms
are restricted to the one-dimensional space spanned by ekλ.
As such, the angular momentum Lkλ of all linear phonon
modes trivially vanishes.
At a generic nonsymmetric point of the Brillouin zone,

all phonon frequencies are different and the associated
eigenvectors are unique (up to a phase). Consequently, all
phonon modes at such points are linear and must have zero
angular momentum, irrespective of representation.
However, if two (or more) eigenvalues of the dynamical
matrix coincide—e.g., at high-symmetry points, lines, or
planes—the eigenspace associated with this particular
eigenvalue is two (or higher) dimensional. Considering,
e.g., two degenerate transverse phonon modes at some
finite k and vkk, the corresponding eigenspace can be
spanned by two real and orthonormal vectors ek1 and ek2.
They represent linear modes that can be superimposed to
form left- and right-handed circular phonon modes, χ k1 ¼
ðek1 þ iek2Þ=

ffiffiffi
2

p
and χ k2 ¼ ðek1 − iek2Þ=

ffiffiffi
2

p
. These modes

correspond to the same eigenvalue as the linear modes, but
they have a finite phonon chirality Σ ¼ �ℏ, thus represent-
ing chiral phonon modes.
While high-symmetry regions with degenerate phonon

energies are certainly interesting from a fundamental
perspective, they typically have little relevance for physical
effects, as they occupy regions of the BZ with virtually no
volume [39]. However, this changes when considering the
impact of spin-lattice coupling (SLC) on the phonon band
structure. This coupling can bridge the energy gap between
two linear phonon modes, enabling them to couple and
form a chiral phonon mode. Since SLC is generally a small
correction to phonon energies [40], we expect chiral
phonons in inversion-symmetric systems to only emerge
in regions close to degenerate points, lines, and planes of
the bare phonon spectrum [41]. This conjecture is dem-
onstrated below, through fully quantitative calculations for
the simple monatomic ferromagnet bcc Fe, which serves
here as an example. The concepts can be readily applied to
any other P-symmetric magnetic system.
Magnon-phonon coupling—To describe the coupling of

spin and lattice degrees of freedom (d.o.f.) we adopt an
atomistic approach. We start with the expansion of a
phenomenological spin-lattice Hamiltonian up to the third
order in d.o.f.,

ĤSLC ¼
X
i

P̂2
i

2mi
þ
X
ij;αβ

�
Φαβ

ij X̂
α
i X̂

β
j þ Jαβij Ŝ

α
i Ŝ

β
j

�

þ
X
ijk;αβγ

�
Jαβγijk Ŝ

α
i Ŝ

β
j X̂

γ
k þGαβγ

ijk Ŝ
α
i X̂

β
j P̂

γ
k

�
; ð2Þ

keeping all terms compatible with inversion and (global)
time-reversal symmetry. Here, Ŝαi are vector spin operators
at the site i with amplitude jŜij ¼ S, and X̂α

i and P̂α
i are

nuclear displacement and momentum operators, respec-
tively. The first three terms of ĤSLC are the kinetic energy
of the atoms (of mass mi), the lattice potential (with the
force constants Φαβ

ij being proportional to the Fourier

transform of the dynamical matrix Dαβ
k [38]), and the

generalized Heisenberg interaction [42], where the Jαβij also
includes magneto-crystalline anisotropy (MCA). The anti-
symmetric Dzyaloshinskii-Moriya interaction (DMI) is
forbidden for pairs ði; jÞ whose midpoint is an inversion
center.
Coupling between spin and lattice d.o.f. arises from the

last two terms of ĤSLC. The term quadratic in spins and
linear in displacements was recently introduced by Hellsvik
et al. [36], and since then efficient methods to calculate all
Jαβγijk parameters from first principles have been established
[37,43–45].
The last term has gained little attention in the general

form expressed here. Particularly, efficient methods to
calculate the full set ofGαβγ

ijk parameters from first principles
are yet to be established. Instead, studies so far mainly
investigated two special cases of this term: (i) a purely local
term ∼

P
i Ŝi · ðX̂i × P̂iÞ was used in a semiclassical

description of atomic motion in the effective field of the
spin [11,21,46], and (ii) a term obtained by fixing the spin
orientation,

P
jk;βγ G

βγ
jkX̂

β
j P̂

γ
k, that appears, e.g., in the Born-

Huang approximation [39,40,47–49].
Magnon and phonon variables can be introduced via the

Holstein-Primakoff transformation [50] and normal mode
expansion (details in SM [38]). For a monoatomic system
and expanding around a ferromagnetic state along z, the
magnon-phonon Hamiltonian up to second order in magnon

(b̂ð†Þk ) and phonon operators (âð†Þk;λ) reads Ĥmp ¼
P

k Ĥk,
with

Ĥk ¼
X
λ

ℏωkλâ
†
kλâkλ þ εkb̂

†
kb̂k

þ
X
λ

ðc−kλb̂−k þ cþkλb̂
†
kÞðâkλ þ â†−kλÞ

þ
X
λλ0

gkλλ0 ðâkλ þ â†−kλÞðâ−kλ0 − â†kλ0 Þ: ð3Þ

Here, εk are the bare magnon energies and zero-point
energies have been dropped. The magnon-phonon couplings
c�kλ¼

P
γ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏS3=mωkλ

p
ðJ̃xzγk �iJ̃yzγk Þχγkλ and phonon-phonon

couplings gkλλ0 ¼ −ði=2ÞℏS ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωkλ0=ωkλ

p P
βγ G̃

zβγ
k χβkλðχγkλ0 Þ�

depend on the Fourier transforms J̃αβγk ¼P
jke

ik·ðrk−riÞJαβγijk

and G̃αβγ
k ¼ P

jk e
ik·ðrj−rkÞGαβγ

ijk of the coefficients of the third
order terms in Eq. (2). They are relativistic corrections to the
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bare modes and proportional to spin-orbit coupling [37,40].
The emergence of chiral phonons has been previously linked
to the phonon-phonon coupling term proportional to gkλλ0
[14,39,49]. Hereinafter we will omit the phonon-phonon
coupling gkλλ0 and instead focus on the magnon-phonon
coupling c�kλ. We show that magnon-phonon coupling can
give rise to truly chiral phonons in bcc Fe.
For this purposewe use Jαβγijk coefficients that were recently

calculated from first principles [37]. The bare mag-
non energies follow εk ¼ Sð2dþ 2

P
j Jij½1 − e−ik·ðrj−riÞ�Þ,

where the isotropic exchange constants Jij ¼ 1
3

P
α J

αα
ij are

also taken from first-principles calculations [51] and the
MCA energy d is from experiments [52]. The bare phonon
frequencies and polarization vectors are calculated using the
density-functional perturbation theory implementation of
Quantum ESPRESSO [53,54]. Both the baremagnon and phonon
band structures are shown in SM [38].
Coupled magnon-phonon band structure—The exact

diagonalization of Eq. (3) is performed numerically using
Colpa’s method [38,55]. The energies of the four bands
along different high-symmetry paths in the BZ are shown in
Fig. 1, focusing on the regions with greatest modification of
the energies compared to the bare modes. The longitudinal
acoustic (LA) phonon does not couple to magnons and is
thus unaltered by SLC.

We observe avoided crossings where the bare modes
intersect, which indicate the formation of hybrid magnon-
phonon quasiparticles, the so-calledmagnon polarons [56].
The energy gaps between the hybridizing modes range
from around 0.18 to 0.45 meV. Physically, the magnon-
phonon coupling contains an antisymmetric, DMI-like
contribution, c�;a

kλ ¼ 1
2

P
γ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏS3=mωkλ

p
½ðJ̃xzγk − J̃zxγk Þ�

iðJ̃yzγk − J̃zyγk Þ�χγkλ, and a symmetric, two-site anisotropylike

contribution, c�;s
kλ ¼ 1

2

P
γ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏS3=mωkλ

p
½ðJ̃xzγk þ J̃zxγk Þ�

iðJ̃yzγk þ J̃zyγk Þ�χγkλ, both of which are of relativistic origin.
In bcc Fe, the DMI-like coupling greatly exceeds the
symmetric one [37]. Therefore, the widely used conven-
tional magnetoelastic theory [57] is unable to describe the
magnon-phonon dispersion calculated here, as it lacks a
term related to DMI. Such a term was only recently derived
[58] from the atomistic SLC Hamiltonian (2). In the light of
this so-far overlooked DMI-like coupling, established
interpretations of magnon-phonon hybridization based on
conventional magnetoelastic theory [59–63] have to be
reconsidered.
As one key result of this Letter, we find that the magnon

mode only hybridizes with one of the TA modes, if the two
bare TA phonons are degenerate. In the nondegenerate
case, i.e., Γ to ð0; π=a; π=aÞ, there are two avoided cross-
ings with both TA modes in close proximity. Calculating
the phonon chirality Σ—which is obtained using the
angular momentum eigenvalues of the hybridized system
rather than the ones of the bare phonons [38]—for these
magnon-phonon modes, we reveal that the magnons
selectively couple to phonons with one chirality. We note
that upon reversal of the magnetization from z to −z, the
magnons instead only couple to phonons with opposite
chirality. We further emphasize that the magnon-phonon
coupling also lifts the degeneracy of the phonons far away
from the avoided crossing regions, leading to a small
energy gap of the order of 1 μeV between the two chiral
phonon modes. This value is comparable to that predicted
from phonon-phonon coupling [39]. However, it remains to
be determined whether such a small gap persists when the
spectrum is broadened and renormalized by higher-order
phonon-phonon or magnon-phonon scattering.
Qualitatively, the selective coupling of magnons to chiral

phonons with positive Σ can be understood by noting that
both spin precession and atomic revolution occur in the
same counterclockwise direction [64]. A more quantitative
way to understand this phenomenon is to first express the
bare phonons in a circular basis before calculating their
hybridization with magnons. This approach is only valid
along high-symmetry paths in the BZ where the bare TA
phonon modes are degenerate (e.g., the paths shown in the
top and bottom panels of Fig. 1). Notably, in this basis, the
magnon-phonon coupling c�kλ for one of the phonon modes,
specifically that of circular phonons with Σ ¼ −ℏ, vanishes
exactly. Selective hybridization between magnons and
nonpropagating circularly polarized phonons has been

FIG. 1. Coupled magnon-phonon bands in bcc Fe calculated
along various high-symmetry paths of the BZ starting from
Γ ¼ ð0; 0; 0Þ. Labels LA, TA, and mag indicate the predomi-
nant character of the mode far away from the avoided
crossings and the colors encode the phonon chirality
Σ ¼ L · v=jvj, with v ¼ ∂ω=∂k being the group velocity.
The insets are enlargements of the avoided crossings (indi-
cated by the small gray rectangles), and the gray dashed lines
are the bare magnon energies. Note that the bare TA modes
are degenerate for Γ → ð0; 0; 2π=aÞ and Γ → ðπ=a; π=a; π=aÞ.
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measured recently in the layered zigzag antiferromagnet
FePSe3 [65].
The phonon angular momentum and chirality in the kx-kz

plane of the BZ are shown in Fig. 2 (results for other planes
are discussed in SM [38]). As argued above, truly chiral
phonons primarily occur in close proximity of the high-
symmetry axes—here, the kz axis—where they arise as a
superposition of the degenerate bare TA phonons. Note that
phonons along kx and ky remain linear. This symmetry
breaking arises from the orientation of magnetization along
the z direction in combination with spin-orbit coupling [66].
The emergence of chiral phonons in a roughly circular

pattern around the Γ point [see Figs. 2(a) and 2(b)] is a
result of magnon-phonon hybridization. This can be
demonstrated by applying an external magnetic field in
the direction of the magnetization. A magnetic field B shifts
the bare magnon energies by εk → εk þ μsB, with μs ¼
2.2 μB being the saturation magnetic moment of bcc Fe
[67]. For field strengths of B ¼ 10 T the energies of the
bare magnons are way above those of the TA phonons [68],
making avoided crossings impossible and confining the
chiral phonons to the vicinity of the kz direction; see
Fig. 2(d). This proves that magnon-phonon coupling can
induce chiral phonons without direct hybridization with
magnons, i.e., if their energies are very different.
Next, we calculate the equilibrium phonon angular

momentum for bcc Fe via Eq. (1); see Fig. 3. In thermal

equilibrium the occupation numbers of a magnon-phonon
state with energy εkn follow the Bose-Einstein distribution,
nkn ¼ 1=ðeεkn=kBT − 1Þ. The scaling of the equilibrium
phonon angular momentum with temperature T is shown
in Fig. 3(a). We find that the system has a small, but finite
zero-point angular momentum LðT → 0Þ ¼ P

kn
1
2
Lkn

[14], because the angular momenta of the different modes
do not fully cancel. This is a result of the nonunitary nature
of the Bogoliubov-Valatin transformation applied within
Colpa’s method [38]. Moreover, it is observed that the
equilibrium phonon angular momentum vanishes in the
limit of high temperatures. It can be proven analytically that
LðT → ∞Þ ¼ 0 is true for all inversion-symmetric systems
with magnon-phonon coupling [38].
By changing the applied magnetic field we can eliminate

the impact of BZ regions with avoided crossings on L,
revealing the dominant role of chiral phonons without
substantial hybridization with magnons in the high-temper-
ature limit. To further elucidate the concept of zero-point
angular momentum, we vary the strength of SLC from 0%
to 100% [Fig. 3(b)]. This scaling highlights that the angular
momentum arises solely from relativistic effects, emphasiz-
ing the intrinsic link between spin-orbit coupling and the
observed zero-point contributions.
Intrinsic anomalous Hall responses—Nontrivial (spin)

Berry curvature arising due to magnon-polaron formation
can lead to the emergence of Hall-type quantum transport
phenomena of heat and spin angular momentum, mani-
fested in thermal Hall and spin Nernst effects [69–71]. The
Berry curvature of the n th band can be obtained by casting
the Hamiltonian in a Bogoliubov–de Gennes form [72],
which gives

Ωn
μνðkÞ ¼ 2iℏ2

X2Nb

m≠n
gnngmm

hnkjv̂μjmkihmkjv̂νjnki
½ðgEkÞnn − ðgEkÞmm�2

; ð4Þ

where jnki is an eigenstate of Ĥk, Nb is the number of
magnon-phonon bands, Ek ¼ diagðεk1;…; εkNb

; ε−k1;…;
ε−kNb

Þ is a matrix containing the eigenenergies, v̂ ¼
ℏ−1

∂kĤk is the velocity operator, and g ¼ σz ⊗ 1Nd×Nd
,

FIG. 2. Phonon angular momenta and chiralities of the coupled
magnon-phonon bands computed for bcc Fe. Plots in each row
illustrate (a) Lx, (b) Lz, (c) Σ without applied magnetic field, and
(d) Σ with a field of B ¼ 10 T for the different magnon-phonon
modes with label n∈ f2; 3; 4g. The mode with n ¼ 1 (LA
phonon) is achiral and hence not shown. Ly is zero in the
kx-kz plane depicted here.

FIG. 3. Nonzero component Lz of the equilibrium phonon
angular momentum per unit cell for bcc Fe, shown in (a) versus
temperature and for applied magnetic fields as labeled and in
(b) versus rescaled SLC strength.
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with σz being the z component of the Pauli matrices and
1Nb×Nb

the unit matrix of dimension Nb. For details,
see Ref. [70].
Hereinafter, we consider an ultrathin, quasi-two-

dimensional layer of bcc Fe by restricting the k values
to a plane through the BZ that includes Γ. Integrating the
Berry curvature of the n th band over such plane yields
the respective first Chern number Cn. For example, for the
kx-ky plane it reads Cn ¼ ð1=2πÞ R dkxdkyΩn

xyðkÞ. Even
though we obtain finite Berry curvatures as a result of time-
reversal symmetry breaking via the SLC, Chern numbers of
the magnon-phonon bands are zero; i.e., the band structure
is topologically trivial [73]. This is because there are two
topological gaps, one at the aforementioned avoided cross-
ing region and a second one close to Γ, with an opposite
sign of Berry curvature. Note that for calculating the Chern
numbers, we apply a small magnetic field of B ≥ 0.5 T to
broaden the Berry curvature close to Γ and converge the
computations with reasonable numerical effort.
The anomalousmagnon-phonon thermalHall conductivity

κμν and the spin Nernst coefficient αSτμν, respectively, relate a
transverse heat current and a transverse spin current to an app-
lied temperature gradient, expressed as Jμ ¼ −

P
ν κμν∂νT

and JSτμ ¼ −
P

ν α
Sτ
μν∂νT.Within linear response theory, κμν is

related to the Berry curvature via [74–77]

κμν ¼ −
k2BT
ℏA

X
k

XNb

n¼1

c2ðnknÞΩn
μνðkÞ; ð5Þ

where A is the area of the system and c2ðxÞ ¼
ð1þ xÞ½lnðð1þ xÞ=xÞ�2 − ðln xÞ2 − 2Li2ð−xÞ, with Li2ðxÞ
being the second order polylogarithm function. Similarly, the
spin Nernst coefficient αSτμν can be obtained from the spin
Berry curvature ΩSτ;n

μν ðkÞ via [69,78,79]

αSτμν ¼ −
2kB
A

X
k

XNb

n¼1

c1ðnknÞΩSτ ;n
μν ðkÞ; ð6Þ

ΩSτ;n
μν ðkÞ ¼ 2iℏ2

X2Nb

m≠n
gnngmm

hnkjĵSτμ jmkihmkjv̂νjnki
½ðgEkÞnn − ðgEkÞmm�2

; ð7Þ

with c1ðxÞ¼ð1þxÞlnð1þxÞ−xlnx, and ĵSτμ ¼ 1
4
fv̂μ; gŜτg.

Both anomalous transport coefficients, calculated for an
ultrathin Fe(001) film by summing k over the kx-ky plane,
are shown in Fig. 4. They turn out to be significantly larger
than what has been calculated previously for magnon-
polaron bands in honeycomb ferromagnets [70] and ferri-
magnets [69]. This is because in bcc Fe the magnon-
phonon modes with finite (spin) Berry curvature have
rather low energies, thus contributing strongly to transport.
By varying the applied magnetic field, we further demon-
strate the tunability of κxy and αSzxy. As mentioned earlier,

strong applied fields suppress the hybridization of magnons
and phonons by shifting the bare magnon energies above
those of the transverse acoustic TA phonons. This under-
scores that the emergence of intrinsic anomalous Hall
responses is fundamentally linked to the formation of
magnon-polaron hybrid bands.
Conclusions—We have demonstrated the existence of

truly chiral phonons arising from chirality-selective mag-
non-phonon coupling in inversion-symmetric magnetic
systems. Our first-principles-based approach provides a
robust, quantitative framework for understanding the
hybridized magnon-phonon quasiparticle states across
the entire BZ. Given that magnon-phonon coupling in
bcc Fe is primarily influenced by a DMI-like term, we
conclude that previous interpretations of magnon-phonon
hybridization based on conventional magnetoelastic theory,
which does not account for such a term, must be recon-
sidered. We further reveal the existence of a finite zero-
point phonon angular momentum—an entirely quantum
mechanical phenomenon without classical counterpart—
emerging from the intricate coupling between phononic
zero-point fluctuations and those of the spin angular
momenta. Additionally, we observe strong and tunable
anomalous Hall responses arising from finite (spin) Berry
curvatures associated with magnon-phonon hybridization.
Our results imply that the existence of truly chiral

phonons along high-symmetry directions, featuring at least
two degenerate bare phonon modes, is an abundant
characteristic in many magnetic materials. Since the ability
to control and utilize these chiral phonons opens new
avenues for transporting angular momentum and manipu-
lating magnetic order, this finding will certainly prove
useful in the search for potential material candidates for
novel spintronic or phononic devices.
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