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Interband chiral phonon transfer in a magnetic field
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Chiral phonons, which offer a possibility for information processing and storing, have been theoretically
proposed and experimentally observed in two-dimensional hexagonal lattices. Here, we theoretically predict and
study the interband chiral phonon transfer in a honeycomb lattice with an external magnetic field. The interband
chiral phonon transfer induced by the magnetic field is accompanied by band inversions and the opening or
closing of bandgaps. This can be attributed to the abrupt change of phonon band topology from the calculations of
Berry curvature and Chern number. Moreover, the signs of phonon magnetic moments contributed by two optical
or acoustic bands tend to be the same when a magnetic field is applied, which leads to the increasing phonon
magnetic moment with the increasing strength of the magnetic field. The transfer of phonon pseudoangular
momentum is also obtained due to the interband chiral phonon transfer in magnetic fields. Our findings enrich
the exploration of chiral phonons and may offer theoretical guidance on the potential manipulation of chiral
phonons by the external magnetic field.
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I. INTRODUCTION

Recently, the intrinsic chirality of phonons in the absence
of a magnetic field has been theoretically proposed at the
Brillouin zone (BZ) corner of an asymmetric two-dimensional
(2D) honeycomb lattice [1]. It was then experimentally
verified in monolayer tungsten diselenide through indirect
infrared absorption [2]. Like the chirality of electrons, chiral
phonons can be endowed with the quantized pseudoangular
momentum (PAM) owing to the threefold rotational symmetry
at the high-symmetry points, which determines the selection
rules of intervalley scattering of electrons [1,3–5]. Thus, the
chiral phonon is potentially significant for the control of inter-
valley scattering [6–15], electronic phase transition [16,17],
topological states [18,19], electrical resistivity of ferromag-
netic metals [20], and anomalous thermal expansion [21]. In
addition, since the rotation of chiral phonons is locked by the
momentum of particles, it can provide a potential mechanism
to process and store information by manipulating the rotation
direction [2,22].

So far, chiral phonons have been theoretically studied in
2D hexagonal lattices [23–27], 2D kagome lattices [28], and
some three-dimensional systems [29–31] with breaking inver-
sion symmetry. It has been reported that, in a center-stacked
bilayer triangle lattice, the phonon chirality is robust for
different mass ratios of sublattices and interlayer couplings
[32]. Meanwhile, the chirality of phonons can be reversed
by varying interatomic interaction and doping mass in the
kagome lattice [28] and the

√
3 × √

3 honeycomb lattice [33],
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respectively. Moreover, the phonon chirality was also studied
in the one-dimensional atomic junction model by using the
scattering boundary method, and it was suggested that the
phonon chirality can be tuned by controlling the interfacial
transmitted [34] and reflected [35] waves through the interfa-
cial materials. Recently, 40% purely circular chiral phonons
have been achieved in strained graphene, and their signs can
be reversed by tuning from electron to hole doping [22]. Apart
from material parameters, is there a more convenient way,
such as applying an external magnetic field, to manipulate
chiral phonons? This is still an open question.

On the other hand, the topological behavior has been
intensively investigated in phononic systems [18,36–41],
which requires breaking time-reversal symmetry. Various
theoretical approaches have been proposed to break the
time-reversal symmetry of phonons such as the spin-lattice
interaction in magnetic materials and the external magnetic
field [27,39,42,43]. Although a phonon is a neutral excitation,
it can weakly couple with the external magnetic field by the
Lorentz force on charged ions [37,39,44,45], leading to the
experimental observation of phonon Hall effect in param-
agnetic dielectric Tb3Ga5O12 [46,47]. Moreover, since the
topological properties of phonons are strongly determined by
time-reversal symmetry, chiral phonons may exhibit much
more different features in systems with a magnetic field. The
exploration of this issue and the related potential applications
are of critical importance.

In this paper, the interband chiral phonon transfer due
to the external uniform magnetic field in a 2D honeycomb
lattice is studied. We find the chiral phonon transfers among
bands along with band inversions and the closing or opening
of bandgaps, which can be attributed to the discontinuous
changes of the phonon band topology from the calculations

2469-9950/2022/105(2)/024312(7) 024312-1 ©2022 American Physical Society

https://orcid.org/0000-0003-1417-7942
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.024312&domain=pdf&date_stamp=2022-01-31
https://doi.org/10.1103/PhysRevB.105.024312


GUOHUAN XIONG, ZHIZHOU YU, AND LIFA ZHANG PHYSICAL REVIEW B 105, 024312 (2022)

of Berry curvature and Chern number. Then the correspond-
ing minimum nonzero critical magnetic field strengths are
estimated in real materials. We also investigate the phonon
magnetic moment for systems with different magnetic fields.
It is found that the phonon magnetic moment increases lin-
early with the increasing magnetic field strength. Moreover,
due to the interband chiral phonon transfer, the transfer of
phonon PAM can be induced by the external magnetic field
as well, which makes it possible to observe the interband
chiral phonon transfers during electron-phonon scattering or
phonon-involved optical processes.

II. MODEL AND METHOD

To study chiral phonons in a magnetic field, we consider a
2D honeycomb lattice model with two sublattices in each unit
cell. This model has been extensively used to study general
characteristics of chiral phonons in 2D hexagonal systems
such as graphene [48,49], hexagonal boron nitride [50], and
other graphenelike materials [51–54]. For an ionic crystal lat-
tice, in the presence of a uniform magnetic field applied along
the z direction, the neutral phonons are indirectly coupled with
the magnetic field by the Lorentz force on charged ions. The
Hamiltonian can be written as [37,39,44,45]

H = 1

2

∑
αn j

m−1
j (pαn j − q jAαn j )

2

+ 1

2

∑
αn j,βn′ j′

uαn jKαn j,βn′ j′uβn′ j′ . (1)

Here, mj and q j are the mass and charge of the jth atom in the
unit cell, respectively. Also, uαn j is the αth component of the
displacement of the jth atom in the nth unit cell from its equi-
librium position, and pαn j is the corresponding momentum.
Further, Kαn j,βn′ j′ is the atomic force constant of the lattice.
As well, Aαn j is the αth component of the vector potential
An j defined as An j = λ · un j , where λ is proportional to the
applied magnetic field B.

Then the phonon eigenmode:

ε = (x1, y1, x2, y2)T , (2)

satisfies

[(−iω + �)2 + D]ε = 0. (3)

Here,

D(k) = −�2 +
∑

n′
Kn,n′ exp [i(Rn′ − Rn) · k], (4)

represents the dynamic matrix as a function of the wave vector
k. Here, Kn,n′ is the spring constant matrix between unit cell n
and n′. Also, Rn is the real-space lattice vector. Further, � is
a block diagonal matrix, with

� j = (
0 h j − h j 0

)
, (5)

where

h j = −λq j

mj
. (6)

Here, h j has a dimension of frequency, which can be assumed
to be proportional to the magnetic field. Under the mean-field

approximation, one can set h j = h, which can be estimated
from phonon dispersion or phonon Hall effect for a param-
agnetic material [55,56]. Then the applied magnetic field λ in
our model calculation can be obtained from Eq. (6). Moreover,
since �T = −�, the first term −�2 in Eq. (4) naturally makes
the dynamic matrix D(k) positive definite. Note that there are
both positive and negative ions in one unit cell. For simplicity,
we only consider the 2D lattice motion; thus, the dimensions
of both D and � are 4 × 4.

Now we introduce a set of right- and left-handed circular
polarization as

|R1〉 ≡ 1√
2

(1 i 0 0)T
,

|L1〉 ≡ 1√
2

(1 −i 0 0)T
,

|R2〉 ≡ 1√
2

(0 0 1 i)T
,

|L2〉 ≡ 1√
2

(0 0 1 −i)T
. (7)

In the above basis, the operator of phonon circular polarization
along the z direction can be defined as

Ŝz ≡
2∑

j=1

(|Rj〉〈Rj | − |Lj〉〈Lj |) =
(

0 −i
i 0

)
⊗ I2×2. (8)

The corresponding phonon circular polarization is given by
[1]

sz
ph = ε†Ŝzε h̄. (9)

The circular polarization contributed by each sublattice in one
unit cell is sz

j = ε†Ŝz
jε h̄, with Ŝz

j = |Rj〉〈Rj | − |Lj〉〈Lj |. For
a positive circular polarization, the phonon mode is right-
handed; for a negative circular polarization, the phonon mode
is left-handed; otherwise, it is static.

The phonon polarization sz
ph is directly associated with

the phonon angular momentum along the z direction, which
has the same form as the phonon angular momentum lz

k,σ of
the σ th band at the wave vector k along the z direction. In
equilibrium, the phonon angular momentum of one unit cell
can be obtained by [55]

Jz
ph =

∑
σ,k

lz
k,σ

[
f (ωk,σ ) + 1

2

]
, (10)

where lz
k,σ

= ε
†
k,σ

Ŝzεk,σ h̄ and f (ωk ) = 1/[exp(h̄ωk/kBT ) −
1] is the Bose-Einstein distribution.

For the sublattice with nonzero Born effective charge ten-
sor Z∗

j , the circular motion of each atom could induce a
magnetic moment μz

k,σ, j = γ j l
z
k,σ, j at the wave vector k of the

σ th band, where γ j = eZ∗
j/(2mj ) is the gyromagnetic ratio of

the ion [57]. Therefore, we can obtain

μz
k,σ, j = γ jε

†
k,σ

Ŝz
jεk,σ h̄. (11)
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Then the magnetic moment μz
k,σ

in each unit cell can be given
by [58,59]

μz
k,σ =

2∑
j=1

μz
k,σ, j = ε

†
k,σ χεk,σ h̄, (12)

where χ = (0 −i
i 0 ) ⊗ (γ1 0

0 γ2
). Finally, the total magnetic

moment in one unit cell can be obtained

Mz
ph =

∑
σ,k

μz
k,σ

[
f (ωk,σ ) + 1

2

]
. (13)

To study the phonon Berry curvature, we redefine the
phonon eigenmode ε′

j = exp(−id j · k)ε j , where d j is the
equilibrium position of the jth atom relative to the center of
the unit cell. The corresponding dynamical matrix becomes

D′
j j′ (k) = −�2 +

∑
Rn′−Rn

Kn j,n′ j′

× exp [i(Rn′ − Rn + d j′ − d j ) · k]. (14)

Here, Kn j,n′ j′ is the spring constant matrix between the jth
atom in unit cell n and the j′th atom in unit cell n′. Analogous
to the electron Berry curvature, the phonon Berry curvature
can be expressed as [39]

�σ
kxky

=
∑
σ ′ 	=σ

i

4ωσω′
σ

ε′†
σ

∂D′
∂kx

ε′
σ ′ε

′†
σ ′

∂D′
∂ky

ε′
σ − (kx ↔ ky)(

ω2
σ − ω2

σ ′
) . (15)

Here, all positive and negative branches are considered. Then
the Chern number can be obtained from the integral of Berry
curvature over the first BZ:

Cσ = 1

2π

∫
BZ

dkxdky�
σ
kxky

= 2π

L2

∑
k

�σ
kxky

, (16)

where L is the length of the system.

III. RESULTS AND DISCUSSION

A. Interband chiral phonon transfer

We first calculate the phonon dispersion relation for the
honeycomb lattice with mA = 1.0, mB = 1.2mA, qA = 1.0,
and qB = −qA. The longitudinal and transverse spring con-
stants are kL = 1.0 and kT = 0.25kL, respectively. The unit
cell vectors are (a, 0) and (a/2,

√
3a/2). These parameters

used in our calculation are the same as those in Ref. [1],
which can be widely used to study graphenelike monolayer
ionic materials [52], such as monoxide BeO and monochlo-
ride NaCl. In the absence of a magnetic field, owing to
the breaking inversion symmetry and preserved time-reversal
symmetry, the valley phonon modes are nondegenerate, as
shown in Fig. 1(a). From the eigenvector calculation, the
phonon vibrations of two sublattices and the phonon polariza-
tion contributed by each sublattice can be obtained. Here, we
only take the phonon polarization contributed from sublattice
A (sz

A) as an example. The phonon polarization sz
A reaches its

maximum value at both valleys, except for that of band 2,
which reaches its minimum value with sz

A = 0. All the valley
phonon vibrations are circularly polarized, as depicted in the
insets of Fig. 1(a). The valley phonon modes of bands 1 and 4

FIG. 1. Phonon dispersion relation of a honeycomb lattice for
(a) λ = 0.0, (b) λ = −0.12, (c) λ = λ−c1 = −0.15, and (d) λ =
−0.18. The brown and green colors represent sz

A > 0 and sz
A < 0,

respectively. The insets show the phonon vibrations of sublattices
A and B at the K point (kx = 4π/3a and ky = 0). The radius
of each circle represents the vibration amplitude. The phase and
rotation direction are also included. Here, the parameters of the
honeycomb lattice are set as mA = 1.0, mB = 1.2, kL = 1.0, kT =
0.25kL , qA = 1.0, and qB = −qA. The primitive vectors are (a, 0) and
(a/2,

√
3a/2).

show opposite circular motions for different sublattices. From
valley K to K ′, all the phonon circular motions turn to the
opposite direction in this condition. The results we discussed
above for the honeycomb lattice without a magnetic field
agree with those reported in Ref. [1].

Moreover, when a magnetic field with λ < 0 is applied,
two optical bands (bands 3 and 4) tend to touch each other at
the K point, as shown in Figs. 1(a)–1(c). When λ decreases
to the critical point λ−c1 = −0.15, the degenerate mode of
two optical bands emerges in the absence of extreme value
of sz

A at the K point, as shown in Fig. 1(c). When λ further
decreases, the two optical bands are separated from each other
again with sz

A changing its sign at the K point [see Fig. 1(d)],
which implies that an extreme value of sz

A reappears at the
valley K . From the insets of Fig. 1(d), it can also be found
that the phonon vibrations at the K point of optical bands ex-
change with each other except for their phases and amplitudes
compared with those in the case of λ ∈ (λ−c1, 0]. This also

024312-3



GUOHUAN XIONG, ZHIZHOU YU, AND LIFA ZHANG PHYSICAL REVIEW B 105, 024312 (2022)

FIG. 2. Interband chiral phonon transfers at high-symmetry
points. (a) λ dependence of the phonon frequency at the K point
(kx = 4π/3a, ky = 0). (b) λ dependence of the phonon frequency at
the K ′ point (kx = −4π/3a, ky = 0). (c) λ dependence of the phonon
frequency at the � point (kx = 0, ky = 0) for two optical bands. The
brown and green colors represent the positive and negative phonon
polarization, respectively. All critical points of the magnetic field are
labeled

means that, before and after the critical parameter λ−c1, band
inversion occurs at valley K . However, within the magnetic
field shown in Fig. 1, the rotation directions of the chiral
phonons at the valley K ′ remain unchanged.

We then calculate the phonon frequency as a function of λ

at the high-symmetry points K , K ′, and �. In addition to the
critical point λ−c1 mentioned above, more critical magnetic
fields with interband chiral phonon transfers are found. At the
valley K , as indicated in Fig. 2(a), the interband chiral phonon
transfer also occurs at λ−c2, λc3, and λc4. For sublattice A, in
the condition of λ < 0, chiral phonons with negative phonon
polarization sz

A tend to possess lower frequencies, while those
with positive or zero sz

A tend to have higher frequencies. In
the condition of λ > 0, chiral phonons for sublattice A show
the opposite tendency. For sublattice B, the chiral phonon of
each frequency at valleys always has a different polarization
sign with that in sublattice A. Since the frequency of each
chiral phonon varies monotonically with the magnetic field,
they degenerate at λ−c1, λ−c2, λc2, and λc4. Thus, band inver-
sions at the valley K take place, and chiral phonon transfers
among bands happen before and after these critical points.
When λ < λ−c2, it is found that the chiral phonons of two
acoustic bands in each sublattice show the same circular rota-
tion directions due to the applied magnetic field. For systems
with λ > λc4, the rotation directions of chiral phonons of two
acoustic (optical) bands are the same as those of two optical
(acoustic) bands for systems with λ < λ−c2.

The behavior of phonon frequency and phonon polariza-
tion for systems with different λ at the K ′ point is like that
at the K point. From Figs. 2(a) and 2(b), one can obtain that
ωK ′,σ (λ) = ωK,σ (−λ), sz

A,K ′ (λ) = −sz
A,K (−λ), and sz

B,K ′ (λ) =
−sz

B,K (−λ). Therefore, the interband chiral phonon transfers
occur at the critical magnetic fields λ = λ−c3, λ−c4, λc1, and
λc2 with λ−ci = −λci.

At the BZ center, the phonon modes of two optical bands
for systems without a magnetic field are degenerated due to
the time-reversal symmetry. When the applied magnetic field
breaks the time-reversal symmetry, a phononic gap opens at
the � point between two optical bands, leading to the emer-

gence of chiral phonons, as shown in Fig. 2(c). The phonon
modes of both sublattices in each optical band show the same
rotation direction at the � point. This behavior is quite differ-
ent from those of systems at the valleys. In the case of λ > 0,
chiral phonons with negative phonon polarizations possess
higher frequencies, while for λ < 0, chiral phonons with pos-
itive phonon polarizations have higher frequencies. However,
the frequency of chiral phonons in both cases increases with
the magnetic field strength.

To estimate the corresponding critical magnetic field
strengths, we set kL = 1.44 eV/Å2, a = 1 Å, m1 = 10 u, m2 =
12 u, and qA = e. We also set h j = h under the mean-field ap-
proximation. In an ionic paramagnetic insulator Tb3Ga5O12,
the parameter h can be estimated to be 3 × 109 Hz at B =
1 T and T = 5.45 K [43]. Then the corresponding minimum
nonzero critical magnetic field can be estimated as λc1 =
1.8 × 104 T. One can also estimate the critical parameters
from the phonon dispersion since the previous theoretical
study shows that the degenerate phonon modes split with a
gap of 2h at � point [55]. According to the Raman scatter-
ing experiment reported in paramagnetic CeF3 [60,61], the
parameter h can be estimated as 0.39 THz at B = 6 T and T =
1.9 K. Thus, the minimum nonzero critical magnetic field
strength for paramagnetic CeF3 is ∼1.3 × 103 T. Although the
critical magnetic fields we estimate here are quite large, one
could observe the transfer in a much smaller magnetic field
when materials have strong spin-phonon interaction, such as
some ferromagnetic materials [25,62,63]. For instance, an
infrared experiment in ferromagnetic CdCr2S4 shows that the
phonon gap reaches ∼58 cm−1 at B = 7 T and T = 200 K
[64] so that the minimum nonzero critical magnetic field
strength can be reduced to ∼450 T with an estimated h of
0.87 THz.

B. Phonon magnetic moment

As mentioned in Sec. II, the phonon polarization is as-
sociated with the phonon angular momentum. Therefore,
the interband chiral phonon transfers at the high-symmetry
points can induce the exchange of phonon angular momentum
lz
k,σ

between two bands at the critical magnetic field. Once
the Born effective charges of two sublattices are nonzero, a
nonzero magnetic moment in the unit cell can be generated
from the chiral phonon vibrations. According to the acoustic
sum rule, the Born effective charge is set to be Z∗

A = −Z∗
B =

qA.
In the absence of a magnetic field, like the behavior of

phonon polarization [1], the phonon magnetic moment μz
k,σ

of each band reaches a maximum value at the K and K ′
valleys, and it is zero at the � point, as shown in Fig. 3(a).
However, there are anions and cations in one unit cell, and
the chiral phonons contributed by anions and cations exhibit
different rotation directions at the valleys. The phonon mag-
netic moment μz

k,σ is found to have the same sign with the
phonon polarization of cations in sublattice A. Therefore, from
Figs. 2(a2) and 2(b2), it can be found that the sign of the
magnetic moments of bands 2 and 3 is opposite to that of
bands 1 and 4 at the K and K ′ valleys. Moreover, the phonon
magnetic moment for systems without a magnetic field satis-
fies μz

−k,σ = −μz
k,σ , resulting in a zero magnetic moment of
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FIG. 3. Phonon magnetic moments μz
k,σ for (a) λ = 0.0 and

(b) λ = −0.30. (c) Phonon magnetic moment Mz
ph as a function of λ

at zero temperature. The solid, dashed, dotted, and dash-dotted lines
correspond to bands 1 to 4, respectively. The Born effective charge is
set to be Z∗

A = −Z∗
B = qA = −qB. All phonon magnetic moments are

in units of h̄ qA
2mA

.

optical bands Mz
op and acoustic bands Mz

ac, and further a zero
total magnetic moment Mz

ph, as depicted in Fig. 3(c).
When a magnetic field is applied, owing to the interband

chiral phonon transfers in sublattices, the phonon magnetic
moment μz

k,σ
exchanges between two bands at the criti-

cal magnetic fields, which leads to the opposite sign of
phonon magnetic moment between acoustic bands and optical
bands, as shown in Fig. 3(b). Moreover, since μz

−k,σ
	= −μz

k,σ

due to the time-reversal symmetry breaking, a nonzero to-
tal magnetic moment Mz

ph is introduced for systems with a
magnetic field. Figure 3(c) presents that the total phonon
magnetic moment raises linearly with the increasing strength
of the magnetic field with an almost constant increasing rate�

Mz
ph/

�
λ.

We also find that the phonon magnetic moment of the
optical bands decreases, while that of the acoustic bands
with the opposite contribution increases, as the magnetic field
increases. In addition, it is found that the change rate of
the magnetic moments Mz

op and Mz
ac reaches the fastest at

λ = λ±c2, at which the interband chiral phonon transfer occurs
between bands 2 and 3, as shown in Fig. 3(d).

C. Berry curvature and Chern number

To further investigate the interband chiral phonon transfers
of phonons in the honeycomb lattice, we calculate the phonon
Berry curvatures around the critical magnetic fields. Taking
the critical point λ−c1 as an example, the Berry curvatures
of the systems with λ = λ−c1 + 0.1 and λ = λ−c1 − 0.1 are
plotted in Figs. 4(a)–4(h). It is found that the Berry curvatures
of two optical bands around the high-symmetry K point ex-
hibit opposite signs before and after the critical point of the
magnetic field, while those of the acoustic bands remain the
same.

The Chern numbers for systems with different magnetic
fields are also calculated. From Fig. 4(i), it can be found
that the Chern number abruptly jumps at all critical points
which are symmetrically distributed about λ = 0. Note that
λ = 0 is also one of the critical points. The chiral phonon
transfers at the critical magnetic field can be attributed to

FIG. 4. (a)–(d) The contour map of phonon Berry curvatures
for bands 1 to 4 at λ = λ−c1 + 0.1. (e)–(h) The contour map of
phonon Berry curvatures for bands 1 to 4 at λ = λ−c1 − 0.1. (i) Chern
number as a function of λ for bands 1 to 4. The solid, dashed, dotted,
and dash-dotted lines represent C1, C2, C3, and C4, respectively. All
critical points of the magnetic field are labeled.

the significant change of the topology of phonon bands. For
instance, the Chern number of band 3 (band 4) changes from
1 (−1) to 0 at the critical point λ−c1 when the magnetic field
λ becomes < λ−c1, indicating that the topology of the optical
bands abruptly changes at the critical magnetic field, which
gives rise to the interband chiral phonon transfers at the valley
K .

D. Phonon PAM

The phase correlation of the phonon wave function uk not
only comes from the phonon eigenvector εk,σ but also comes
from the Bloch phase factor exp(iRn · k). The former con-
tributed to the local part of phonon PAM, whereas the latter
represents the nonlocal part. In a honeycomb lattice, phonons
at the K point present a discrete threefold rotational symmetry.
Therefore, the phonon PAM lk

ph at the K point can be defined
as [(2π/3), z]uk = exp[−i(2π/3)lk

ph]uk with the threefold
rotation operator [(2π/3), z] [1,28]. The allowed values of
the phonon PAM here are ±1 and 0. We can also define the
spin PAM ls for the local part and the orbital PAM lo for the
nonlocal part in a honeycomb lattice.

The calculated phonon PAM for the sublattice A of the
honeycomb lattice with different magnetic field is listed in
Fig. 5(b). For systems with λ−c1 < λ < λc3, the phonon PAM
at the K point is +1 for band 2, −1 for band 3, and 0 for
the other two bands. To better understand the phonon PAM,
we then calculate the corresponding spin and orbital PAMs.
As shown in Fig. 5(a), the orbital PAMs of sublattices A
and B at the K point are lo

A = 1 and lo
B = −1, respectively.

From Eq. (7), it can be found that the right- and left-handed
circular polarization are eigenstates of the threefold rotation
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FIG. 5. (a) Phase correlation of the phonon nonlocal part at the
valley K for the sublattice A (upper panel) and the sublattice B (lower
panel). (b) Phonon pseudoangular momentum (PAM) for bands 1 to
4 at the valley K .

operator [(2π/3), z] with ls
R = 1 and ls

L = −1, respectively.
Therefore, one can obtain ls

A = −1 for bands 1 and 4 at the
K points, leading to a zero phonon PAM lph = 0 for these two
bands. Similarly, we can obtain lph = 1 for band 2 with ls

A = 0
and lph = −1 for band 3 with ls

A = 1.
Owing to the interband chiral phonon transfer between two

bands, the phonon PAM of corresponding bands exchanges
with each other at the critical point of the magnetic field.
For instance, the interband chiral phonon transfer between
two optical bands occurs at the critical point λ−c1. There-
fore, the phonon PAM of band 3 changes from lph = −1 at
λ−c1 < λ < λc3 to lph = 0 at λ−c2 < λ < λc1 and that of band
4 changes from lph = 0 to lph = −1, while the phonon PAM
of two acoustic bands remains the same at the critical point
λ−c1, as presented in Fig. 5(b).

Experimentally, chiral phonons have been successfully
observed via an optical pump-probe technique [2]. As the
selection rule of intervalley scattering is determined by the
conservation of the PAM [1], interband chiral phonon trans-
fers are expected to be observed during electron-phonon

scattering or phonon-involved optical processes in certain fer-
romagnetic materials within terahertz technology.

IV. CONCLUSIONS

In summary, we have studied the chiral phonons manipu-
lated by the magnetic field in a 2D honeycomb lattice. The
interband chiral phonon transfers are found with band inver-
sions and the closing or opening of the bandgap, which can
be explained by the abrupt change of Chern numbers. For
the chiral phonons of each optical band induced by the mag-
netic field, they show the same rotation direction in different
sublattices at the � point, while their rotation directions at
the valleys in different sublattices are opposite. Moreover, the
signs of phonon magnetic moments contributed by two optical
(acoustic) bands tend to be the same when the magnetic field is
applied. The total phonon magnetic moment increases linearly
with the increasing strength of the applied magnetic field. The
increasing rates of the phonon magnetic moment contributed
by the optical and acoustic bands reach the maximum at
the critical points λ±c2 where the interband chiral phonon
transfer occurs between the optical and acoustic bands. In
addition, the interband chiral phonon transfer leads to the
transfer of phonon PAM in magnetic fields. Our results may
provide theoretical guidance on the potential manipulations of
chiral phonon manipulations and enrich the related phononic
applications.
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