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Gate-tunable circular phonon
dichroism effect in bilayer graphene

Wen-Yu Shan1,2,*
SUMMARY

Circular phonon dichroism effect has been proposed in two-dimensional materials; however, the lack of
tunability hinders the exploration of the effect. Here, we investigate the role of dual-gating-induced
inversion symmetry breaking in the circular phonon dichroism effect in bilayer graphene. We find that
the introduction of inversion symmetry breaking modifies the response in the layer-symmetric and
layer-antisymmetric channels, and results in the occurrence of phonon dichroism in the cross-channel. In
the layer representation, the inversion symmetry breaking breaks the equality of intralayer circular
phonon dichroism and enhances the interlayer response. Our results suggest that layer degree of freedom
provides possibilities to tune phonon dynamics, which paves a way toward different physics and applica-
tions of two-dimensional acoustoelectronics and layertronics.
INTRODUCTION

Recent years have witnessed a rapid development of topological or band geometric properties of electronic systems.1 When more than one

type of carriers, such as electrons and phonons, are present in the system, topological or band geometric information of electrons can be

transferred to phonons through some specific form of electron-phonon coupling. This could significantly change the phonon physics and

give rise to various intriguing properties of phonons, such as giant phonon orbital magneticmoment,2–9 phononHall viscosity,10 phonon roto-

electric effect,11 phonon magnetochiral effect,12,13 phonon helicity,14,15 phonon dichroism,16–18 etc.

Circular phonon dichroism (CPD) effect, describing the different absorption between left- and right-handed circularly polarized phonons

through the electron-phonon coupling mechanism (see Figure 1), has been discussed in Weyl semimetals16 and monolayer transition metal

dichalcogenides MoTe2.
17–19 To exhibit the effect, time-reversal symmetry breaking is required by applying either magnetic field or external

magnetization. Physically, such effect is recognized to originate from nonlocal band geometric quantities of electrons and reduce to pure

Fermi-surface properties for acoustic phonons.18 Despite these early works, experimental progress is relatively slow. Up to now, there are

only few works discussing the effect of Landau levels on the phonon dispersion or circular dichroism in graphene,20–22 such as magnetopho-

non resonance. By contrast, anomalous CPD without using Landau levels has not been realized yet.17 One reason may be due to the lack of

tunability of the effect in experiments.

On the other hand, bilayer graphene may provide an ideal platform to study the phonon dichroism effect, thanks to the dual-gating tech-

nique.23–27 Such technique allows us to tune the Fermi energy and band gap independently by combining the top and bottom gates (see

Figure 2). This technique has been successfully used in the nonlocal transport measurements of bilayer graphene to demonstrate the valley

Hall effect.27,28 Moreover, phonon magnetic moment has recently been discussed in bilayer graphene by first-principles calculations,7 which

shows high tunability by changing the gate voltage. The results also show significant deviation from the classical theory, which highlight the

importance of taking into account topology or band geometry of electrons when evaluating the phonon magnetic moment. Given that the

CPD effect is also related to band geometric quantities,18 it motivates us to investigate the possibility of gate-tunable phonon dichroism in

bilayer graphene. This also provides an opportunity to introduce the layer degree of freedom in the CPD effect as the layer Hall effect in

bilayer topological antiferromagnet.29,30

In this work, we study the effect of dual-gating-induced inversion symmetry breaking on the CPD effect in bilayer graphene.We find that in

the absence of inversion symmetry breaking, the CPD exists in the layer-symmetric (S) and -antisymmetric (A) channels, whereas it vanishes

in the cross-channel. The introduction of layer potential difference breaks the inversion symmetry, thus modifies the layer-S and layer-A CPD,

and induces the CPD in the cross-channel. In the layer representation, such difference breaks the equality of intralyer CPD from different

layers, and enhances the interlayer CPD. Our results suggest that layer degree of freedom provides possibilities to tune phonon dynamics

through electron-phonon coupling in bilayer systems. This paves the way toward different physics and applications of two-dimensional acous-

toelectronics and layertronics.
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Figure 1. Schematics of circular phonon dichroism (CPD)

(A) CPD with external magnetization M. R and L label right-handed and left-handed circularly polarized phonons, respectively. More (Less) scatterings by

electrons imply greater (smaller) absorption of phonons.

(B) CPD with external magnetization � M.
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RESULTS

Model

We start with the low-energy effective model of electrons for Bernal-stacked bilayer graphene in the vicinity of valley GK31–33

HeðkÞ = t0
�
hkxsx + kysy

�
s0t0 � tab

2

�
sxtx + syty

�
s0

+
lR

2

�
hsxsy � sysx

�
t0 + Ms0szt0 + Vs0s0tz ;

(Equation 1)

where h = G1 labels valley GK degree of freedom. s, s, and t are Pauli matrices acting on sublattice (A=B), spin ([=Y), and layer (l = 1;2)

subspaces, respectively. The first term with t0 = Zv describes the nearest-neighbor hopping within each layer. The second term is the inter-

layer hopping between sublattice A in layer 2 and B in layer 1 (see Figure 2). These two terms constitute the model for pristine bilayer gra-

phene. By depositing bilayer graphene on magnetic substrates, such as ferromagnetic insulator yttrium iron garnet (YIG),34,35 Rashba

spin-orbit coupling (SOC) and exchange interaction are introduced, corresponding to the third and fourth term. The fifth term represents

the potential energy difference in the two layers induced by perpendicular electric field. Here we use the values quoted in the study byMariani

et al.36: t0 = 5:26 eV $�A and tab = 0:39 eV. Intrinsic SOC is weak in bilayer graphene with YIG substrate, and it can be neglected in our

discussion.

The form of electron-phonon couplingHe�ph for bilayer graphene can be derived by considering local variations of areas or modifications

of bond lengths between neighboring atoms.36–38 The former mechanism results in scalar (labeled by sc) deformation potentials within each

layer, which can be decomposed into symmetric (labeled by S) and antisymmetric (labeled by A) deformations between the two layers (see

Figure 3). That is, Hsc
e�ph = Hsc

e�ph;S +Hsc
e�ph;A, where Hsc

e�ph;S=A = uS=AðqÞ$bT sc
S=AðqÞ andbT sc

S

�
q
�
= qs0t0s0; bT sc

A

�
q
�
= � qs0tzs0: (Equation 2)
Figure 2. Schematics of dual-gated Bernal-stacked bilayer graphene

M is the external magnetization due to magnetic substrates. GV is the potential energy induced by dual gate. t0 and tab denote intralayer nearest-neighbor

hopping and interlayer hopping, respectively. lR denotes the Rashba spin-orbit coupling.
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Figure 3. Schematics of phonon injection and absorption of bilayer graphene

(A–C) In the layer-symmetric (S) and -antisymmetric (A) representation. G are the phonon absorption coefficients in the representation.

(D–F) In the layer 1 (2) representation. g are the phonon absorption coefficients in the representation.
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Symmetric (antisymmetric) deformations uS=AðqÞ are introduced by combining the deformations from each layer as follows:

uS=A

�
q
�
=

uð2Þ�q�Guð1Þ�q�
2

; (Equation 3)

where uðlÞðqÞ (l = 1;2) is the Fourier transformation of real-space in-plane deformation uðlÞðrÞ of atoms A or B within layer l. Since we are only

interested in the acoustic phonon modes, A and B atoms in the same layer share the same deformation. Moreover, as phonon dichroism is
A B

C D

Figure 4. Phonon absorption coefficients in the layer-S channel of bilayer graphene without layer potential difference

(A) Electronic band structure of Bernal-stacked bilayer graphene without layer potential difference V. EF is the Fermi energy and kF is the Fermi wave vector at

valley +K .

(B–D) The layer-S absorption coefficients of left-handed, right-handed circularly polarized symmetric phonons GSS
L , GSS

R and their differences (in units of G0),

respectively. Orange solid (green dashed) curve labels longitudinal (transverse) layer-symmetric phonon modes. qc is the critical phonon wave vector.

Parameters: t0 = 5:26 eV $�A, tab = 0:39 eV,36 lR = 0:1 eV, M = 0:2 eV, V = 0, EF = 0:18 eV, kF = 0:1 �A
� 1

, g = 1:5 eV,37 G0 = 3:863108 s� 1. Sound velocity

vr = 2:063104 m/s, vt = 1:373104 m/s.36

iScience 27, 109374, April 19, 2024 3
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Figure 5. Phonon absorption coefficients in the layer-A channel of bilayer graphene without layer potential difference

(A) Electronic band structure of Bernal-stacked bilayer graphene without layer potential difference V, which is identical to Figure 4A. EF is the Fermi energy and kF

is the Fermi wave vector at valley +K .

(B–D) The layer-A absorption coefficients of left-handed, right-handed circularly polarized symmetric phonons GAA
L , GAA

R and their differences (in units of G0),

respectively. Red solid (blue dashed) curve labels longitudinal (transverse) layer-antisymmetric phonon modes. The parameters are the same as those

adopted in Figure 4.
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only related to the absorption of in-plane components of phononmodes, we neglect the out-of-plane (flexural) components of phonons in the

calculation. bT sc
S=AðqÞ can be regarded as effective force acting on nuclei by electrons through the scalar-type electron-phonon coupling. For

scalar deformation potentials, bT sc
S=AðqÞ is valley independent and has the same form for both valley K and � K . In contrast to the symmetric

deformation Hsc
e�ph;S , there is an additional layer index tz for antisymmetric deformation Hsc

e�ph;A.

On the other hand, the mechanism with neighboring bond-length changes modifies the hopping energies, and also the Hamiltonian

HeðkÞ. For Dirac-type Hamiltonian HeðkÞ, such modification behaves as pseudo-gauge potentials (labeled by ps).36–40 Similar to the scalar

deformation potentials, pseudo-gauge potentials can be decomposed into symmetric and antisymmetric channels between the two layers:

Hps
e�ph = Hps

e�ph;S +Hps
e�ph;A, where Hps

e�ph;S=A = uS=AðqÞ$bT ps
S=AðqÞ. For valley K (h = 1), the effective force operators read

bT ps;h = 1
A

�
q
�
= � bT ps;h = 1

S

�
q
�
tz = � �

q $s�;
�
q3s��

z

�
tzs0: (Equation 4)

For valley�K (h = � 1), they can be related to valley K by bT ps;h = � 1
S=A ðqÞ = K½bT ps;h = 1

S=A ðqÞ�, whereK is the complex conjugation operator.

The valley-dependent forms of pseudo-gauge fields are a result of time-reversal symmetry of the system in the absence ofmagnetization. The

pseudo-gauge potentials in the symmetric channel share the same form as that in monolayer transition metal dichalcogenides,17 whereas for

the antisymmetric channel, there is an additional layer index tz .

To study the phonon dichroism, we also need to consider the phonon dispersions in bilayer graphene. Following the standard Euler-

Lagrange equations at harmonic level,41 the dispersions of symmetric and antisymmetric in-plane phonon modes are given by36

ur;S;q = Zvrq; ur;A;q = Z
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
r q

2+2U2
in

q
;

ut;S;q = Zvtq; ut;A;q = Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
t q

2+2U2
in

q
;

(Equation 5)

where r (t) labels the longitudinal (transverse) acoustic phonon mode. vr =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2m+lÞ=r0

p
and vt =

ffiffiffiffiffiffiffiffiffiffi
m=r0

p
are the sound velocities of longitu-

dinal and transverse phonons, respectively. r0 is the mass density in each layer and m and l are the Lam e0 coefficients for in-plane stretching.

Uin is the frequency corresponding to the sliding of one layer with respect to the other. For bilayer graphene, parameters are adopted36: r0 =

7:6310� 7 kg $m� 2, m = 9 eV $�A
� 2

, l = 2:25 eV $�A
� 2

, andUin = 531012 Hz. As a result, the sound velocity vr = 2:063104 m/s and vt = 1:373

104 m/s, which aremuch smaller than the Fermi velocity of electrons v = 7:983105 m/s. Note that the symmetric phononmodes are gapless at
4 iScience 27, 109374, April 19, 2024
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Figure 6. Intralayer and interlayer CPD of bilayer graphene without layer potential difference

(A and B) Intralayer CPD. The contributions from layer-symmetric and layer-antisymmetric phonon modes are included. The parameters are the same as those

adopted in Figure 4.

(C and D) Interlayer CPD. The setups of (A–C) correspond to Figures 3D–3F, respectively.
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q = 0, whereas the antisymmetric phononmodes acquire a small gap
ffiffiffi
2

p
ZUin = 4:65 meV at q = 0. The effect of the small excitation gap on

phonon dichroism will be discussed later.

When phonons are propagating in bilayer graphene, their dynamics are affected by the electron-phonon coupling. In the layer represen-

tation with the basis fj1;xD; j1;yD; j2;xD; j2;yDg, the phonon absorption is characterized by

g
�
q;u

�
=

�
g11

�
q;u

�
g12

�
q;u

�
g21

�
q;u

�
g22

�
q;u

� �; (Equation 6)

where the block matrices take the form

gll
�
q;u

�
=

24 gll
D +gll

D
gll
E
+ igll

E

gll
E
� igll

E gll
D � gll

D

35; ll = 1; 2;

g12
�
q;u

�
=

24 g12
B ig12

C

ig12
I g12

J

35:
(Equation 7)

The blockmatrices gllðq;uÞ describe the intralayer phonon absorption, whereas g12ðq;uÞ describes the interlayer phonon absorption (see

Figures 3D–3F). gll
D = ðgll

xx +gll
yyÞ=2 and gll

D
= ðgll

xx � gll
yyÞ=2 refer to the symmetric and antisymmetric intralayer longitudinal absorption. gll

E
=

Re½gll
xy � and gll

E = Im½gll
xy � refer to the symmetric and antisymmetric anomalous Hall absorption. g12

B = g12
xx and g12

J = g12
yy denote the interlayer

longitudinal absorption, whereas g12
C = � ig12

xy and g12
I = � ig12

yx denote the interlayer Hall absorption. The detailed forms of

these absorption coefficients are given in Method Details. For left- (right-) handed circularly polarized phonons within layer l = 1;2, the po-

larization vectors j1;L =RD = 1ffiffi
2

p ½1;Gi; 0; 0�T and j2; L =RD = 1ffiffi
2

p ½0; 0; 1;Gi�T . This gives rise to the intralayer absorption coefficients gll
L=Rh

Cl; L =Rjgðq;uÞjl; L =RD = gll
DHgll

E , whichmeans that nonzero gll
E characterizes the intralayer CPD.Moreover, we have the interlayer absorption

g12
L=RhC1; L =Rjgðq;uÞj2;L =RD = ½g12

B +g12
J Hg12

C Gg12
I �=2, which means that nonzero g12

C � g12
I defines the interlayer CPD.

In the layer-S and -A representation with the basis fjS;xD; jS;yD; jA;xD; jA;yDg, the phonon absorption is characterized by

G
�
q;u

�
=

�
GSS

�
q;u

�
GSA

�
q;u

�
GAS

�
q;u

�
GAA

�
q;u

� �; (Equation 8)
iScience 27, 109374, April 19, 2024 5
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Figure 7. CPD in the layer-S and layer-A representation of bilayer graphene with layer potential difference

(A) Electronic band structure of Bernal-stackedbilayergraphenewith layer potential differenceV.EF is theFermi energy and kF is theFermiwave vector at valley + K .

(B–D) CPD of layer-S, layer-A and cross-phonon-responses, which correspond to Figures 3A–3C, respectively. Orange solid (green dashed) curve labels

longitudinal (transverse) layer-symmetric phonon modes, red solid (blue dashed) curve labels longitudinal (transverse) layer-antisymmetric phonon modes.

Parameters: V = 0:1 eV, EF = 0:14 eV, kF = 0:1 �A
� 1

, G0 = 5:793108 s� 1. Other parameters are the same as those adopted in Figure 4.
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where

Gaa
�
q;u

�
=

"
Gaa

D +Gaa

D
Gaa

E
+ iGaa

E

Gaa

E
� iGaa

E Gaa
D � Gaa

D

#
;a = S;A;

GSA
�
q;u

�
=

24 GSA
B iGSA

C

iGSA
I GSA

J

35:
(Equation 9)

The block matrices GSSðq;uÞ and GAAðq;uÞ correspond to the phonon absorption in the symmetric and antisymmetric channel, respec-

tively, whereas GSAðq;uÞ corresponds to the phonon absorption in the cross-channel (see Figures 3A–3C). For layer-S or -A left- (right-)

handed circular phonons, the polarization vectors jS; L =RD = 1ffiffi
2

p ½1;Gi; 0; 0�T and jA; L =RD = 1ffiffi
2

p ½0; 0; 1;Gi�T in the new representation, leading

to the absorption coefficientsGaa
L=RhCa; L =RjGðq;uÞja; L =RD = Gaa

D HGaa
E , a = S;A. This means that nonzeroGSS

E (GAA
E ) defines the layer-S (-A)

CPD. For the cross-channel, we find that GSA
L=RhCS; L =RjGðq;uÞjA; L =RD = GSA

B +GSA
J HGSA

C GGSA
I , which means that nonzero GSA

C � GSA
I char-

acterizes the CPD in the cross-channel.

Based on the phonon dynamics theory, one has

Gaa
E

�
q;u

�
=

Z

8pr0

X
h = G1

X
n

Z
d2kIm

h
Gaa;h

xy

�
u; k;q

�i
nn

3 dðEh;n;k � EFÞdðu + Eh;n;k � Eh;n;k0 Þ;a = S;A;
(Equation 10)

where ½Gaa;h
xy ðu; k;qÞ�nn is a connection between states with wave vector k and k0 = k � q, triggered by the force operator bT h

x=y;aðqÞ.18 Eh;n;k=k0

and
		jh;n;k=k0 D are eigen-dispersion and wave functions of HeðkÞ from Equation 1, respectively. n is the band index and EF is the Fermi energy.

Note that the matrix gðq;uÞ and Gðq;uÞ from different representations can be related by the transformation

G
�
q;u

�
= 2P� 1g

�
q;u

�
P;P =

2664
1 0 � 1 0
0 1 0 � 1
1 0 1 0
0 1 0 1

3775: (Equation 11)
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Figure 8. Intralayer and interlayer CPD of bilayer graphene with layer potential difference

(A and B) Intralayer CPD. The contributions from layer-symmetric and layer-antisymmetric phonon modes are included. The parameters are the same as those

adopted in Figure 7.

(C and D) Interlayer CPD. The setups of (A–C) correspond to Figures 3D–3F, respectively.

ll
OPEN ACCESS

iScience
Article
Without layer potential difference

In this section, we show numerical results of CPD of Bernal-stacked bilayer graphene in the absence of layer potential difference, i.e., V = 0.

When the exchange interaction M is also absent, we find that all types of CPD vanish, in agreement with the requirement of time-reversal

symmetry. In this sense, the introduction of M breaks the time-reversal symmetry, which may give rise to the non-vanishing CPD.

The form of electron-phonon coupling is crucial for the occurrence of CPD. For example, when considering the scalar deformation poten-

tials from Equation 2, we find that GSS
E = GAA

E = GSA
C = GSA

I = 0, meaning that the CPD vanishes in the layer-S, layer-A, or cross-channel.

Moreover, given the relations between thematrixG and g in Equation 11, we have gSS
E = gAA

E = gSA
C = gSA

I = 0, suggesting that CPD is also

absent in either intralayer or interlayer channels.

When the pseudo-gauge potentials from Equation 4 are taken into account, we calculate the CPD in the layer-S and layer-A channels,

whose results are shown in Figures 4 and 5, respectively. The identical electronic band structure is shown in Figures 4A and 5A. Without

loss of generality, we assume that the Fermi level intersects the conduction band and phonons propagate along the x direction. The different

absorption coefficients GSS
L=R of left-handed and right-handed circularly polarized phonons in Figures 4B and 4C lead to the layer-S CPD in

Figure 4D. As the phonon wave vector qx increases, we can see that the layer-S CPD shows sign change, then reaches the peak value at

the critical point qx = qc . The critical point qc is the maximum qx satisfying the transition condition u+Eh;n;k = Eh;n;k�q from Equation 10.

When qx becomes larger than qc , the layer-SCPD vanishes immediately since the phonon-driven intraband electronic transition is prohibited.

Orange solid (Green dashed) curve refers to the contribution from the longitudinal (transverse) layer-S phonon modes. These modes share

qualitatively similar behaviors since they have the same form of electron-phonon coupling as given by Equation 4.

The results of absorption coefficients GAA in the layer-A channel are plotted in Figure 5. Basically, the layer-A CPD in Figure 5D shares

qualitatively similar behaviors as the layer-S CPD in Figure 4D. Quantitatively, GAA
L=R is much larger than GSS

L=R , despite the fact that the relative

differences ðGSS=AA
R � G

SS=AA
L Þ=ðGSS=AA

R +G
SS=AA
L Þ have the same order of magnitude. This suggests that phonon absorption is stronger in the

layer-A channel than in the layer-S channel (see Figure 3). Red solid (blue dashed) curve refers to the contribution from the longitudinal (trans-

verse) layer-A phononmodes. Note that there is a difference between the layer-S and layer-ACPDwhenqx approaches zero. In Figure 4D, the

layer-S CPD vanishes when qx is close to zero, whereas in Figure 5D, the layer-A CPD shows a sudden jump when qx approaches zero. Such

jump is due to the small excitation gap of layer-A phonon modes in Equation 5.

On the other hand, the absorption coefficientsGSA
L=R orG

AS
L=R in the cross-channel vanish (see Figure 3). This is because in the absence of layer

potential difference V, GSA
L=R = g22

L=R � g11
L=R +g12

L=R � g21
L=R = 0 as a result of inversion symmetry of bilayer graphene.

Nowwe analyze the behaviors of CPD in the representation of individual layers. In such representation, the absorption coefficients gL=R can

be directly obtained from GL=R based on the relation (11), whose results are plotted in Figure 6. The setups of Figures 6A–6C correspond to
iScience 27, 109374, April 19, 2024 7



Figure 9. CPD of layer-S, layer-A, and cross-responses versus phonon wave vector qx and layer potential difference V

(A) CPD of layer-S responses. Schematics of Fermi pockets and allowed electronic transitions induced by phonons are shown in the insets. The parameters are the

same as those adopted in Figure 4.

(B) CPD of layer-A responses.

(C) CPD of cross-responses.
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Figures 3D–3F, respectively. Figures 6A and 6B show the intralayer CPD within layer 1 and 2, respectively. Figure 6C shows the interlayer

CPD, with the phonon injection in layer 1 and phonon absorption in layer 2. Oppositely, Figure 6D shows the interlayer CPD, with the phonon

injection in layer 2 and phonon absorption in layer 1. The contributions from layer-S and layer-A phonon modes are included. We can see

that the behaviors of Figures 6A and 6B are the same, and similarly for Figures 6C and 6D. This can be understood by the fact that in the

absence of layer potential difference V, bilayer graphene preserves the inversion symmetry and the physical behaviors of the two layers should

be identical. The existence of interlayer CPD in Figures 6C and 6D is a result of interlayer coupling of electrons. Note that there is a discon-

tinuous point for interlayer CPD at qx = qd . This is due to the vanishing absorption coefficients g12
R +g12

L = GSS
D � GAA

D . In this sense, the

discontinuous point qd can also be found by equalizing the absorption coefficients in the layer-S and layer-A channels in Figures 4B, 4C,

5B, and 5C.

With layer potential difference

In this section, we show numerical results of CPD in the presence of layer potential difference V. The electrical field E is proportional to the

layer potential difference V by the relation E = ðx =2dÞðV0 � VÞ,27 where x is the dielectric constant, d is the thickness of the dielectric layers,

and V0 is the effective offset voltage difference caused by environment-induced carrier doping. The electronic band structure is plotted in

Figure 7A, where the Fermi level lies in the conduction band. The band structure with layer potential difference V can be directly compared

with the energy band under electric field.25,26 Due to the inversion symmetry breaking induced by the potential difference V, band dispersions

between valley K and�K seem quite different. This leads to the different Fermi wave vectors kF , and also different critical phonon wave vec-

tors qc at valleyGK . This provides an origin for two neighboring sudden jumps of CPD in Figures 7B–7D, since the two critical phonon wave

vectors qc from valleyGK are quite close to each other. This is in contrast to the case without layer potential difference, where there is a single

sudden jump as shown in Figures 4 and 5.

Figures 7B–7D show the CPD of layer-S, layer-A, and cross-phonon-responses, respectively. The geometries of these responses are given

by Figures 3A–3C, respectively. The contribution of each phonon mode is indicated by the color. When compared to the layer-S, CPD in

Figures 4D and 7B shows enhanced magnitude near the critical point qc as a result of nonzero V. Compared to the layer-A CPD in Figure 5D,

the qualitative behaviors are changed in Figure 7C, even including the sign. This means that the CPD is sensitive to the details of band

structure, and can be tuned by the layer potential difference V. Intriguingly, the CPD in the cross-channel is introduced as a result of inversion

symmetry breaking. The behaviors of such cross-phonon-responses are provided in Figure 7D, where different phonon modes are studied.

Basically, the qualitative behaviors are similar to the layer-S and layer-ACPD, and also they share the same order of magnitude. Therefore the

occurrence of CPD in the cross-channel provides a fingerprint for the inversion symmetry breaking in bilayer system.
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Figure 10. CPD of layer-1, layer-2, and interlayer responses versus phonon wave vector qx and layer potential difference V

(A) CPD of layer-1 responses. Schematics of Fermi pockets and allowed electronic transitions induced by phonons are shown in the inset. The parameters are the

same as those adopted in Figure 4.

(B) CPD of layer-2 responses.

(C) CPD of interlayer responses.
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It is more intuitive to understand the role of V in the representation of individual layers, whose results are shown in Figure 8. Figures 8A and

8B plot the intralayer CPD within layer 1 and 2, respectively, whereas Figures 8C and 8D plot the interlayer CPD. The setups of Figures 8A–8C

correspond to Figures 3D–3F, respectively. Compared to the casewithout layer potential differenceV, we find that theCPDwithin layer 1 and 2

becomes unequal (see Figures 8A and 8B), which is a natural result of inversion symmetry breaking. Figures 8C and 8D show the same results,

suggesting that theCPDof bilayergraphene is reciprocal.Moreover, thequalitative featuresof interlayerCPDare similar to those in Figures 6C

and 6D. For example, they have the samediscontinuous pointqx = qd . However, themagnitudeof interlayerCPD is enhancedby introducing

V. Therefore the introduction of layer potential difference V provides a possible way to tune various types of CPD in bilayer graphene.

To demonstrate this, we further discuss the behaviors of CPD for different gate potentials. The results at fixed Fermi energy EF = 0:18 eV

are plotted in Figure 9. In Figure 9A, when qx is small and by introducing V, the magnitude of layer-S CPD can be largely enhanced, up to

about 0.01. Such enhancement is due to the occurrence of multiple Fermi pockets at valley K or -K, which are indicated in the insets. The

allowed intraband electronic transitions induced by phonons are also labeled by arrows. The layer-S CPD shows symmetric behaviors by

reversing the sign of V. Similar behaviors can also be seen in Figures 9B and 9C. Particularly, in Figure 9C, CPD for cross-phonon-response

ðGSA
R � GSA

L Þ=ðGSA
R +GSA

L Þ shows sign change for small value of qx by tuning V. At V = 0, the CPD vanishes, which agrees with previous results

without layer potential difference.

On the other hand, the results of CPD in the layer representation are plotted in Figure 10. The magnitude and sign of intralayer and

interlayer CPD can be tuned versus phonon wave vector qx and V. The behaviors of layer-1 and layer-2 CPD become asymmetric between

V and � V , whereas the interlayer CPD is symmetric. Due to the existence of layer potential difference V, layer-1 and layer-2 CPDs are

no longer equivalent; however, they become equivalent when the sign of V is also reversed. In Figure 10A, there are regions around qx=

kFz1 with vanishingly small CPD. The occurrence of these anomalous behaviors is due to additional contributions of CPD from interband

electronic transitions with multiple Fermi pockets (see red arrows in the insets).

DISCUSSION AND CONCLUSION

To conclude, we have studied various types of CPD in bilayer graphene. We find that pseudo-gauge-type electron-phonon coupling, rather

than scalar deformation potentials, is necessary to exhibit the CPD.When the system preserves the inversion symmetry, the layer-S and layer-

ACPD are present, whereas the CPD in the cross-channel vanishes. The intralayer CPD from different layers is equal. The introduction of layer

potential difference V breaks the inversion symmetry. This modifies the layer-S and layer-A CPD, and also induces the CPD in the cross-chan-

nel. In the layer representation, the intralayer CPD fromdifferent layers becomes unequal. This study provides opportunities to utilize the layer

degree of freedom to control and tune the phonon dynamics in bilayer graphene.
iScience 27, 109374, April 19, 2024 9



Figure 11. Schematics of the ultrasonic pulse-echo measurement on bilayer graphene

(A) With layer-S injection. Detection from different layers uð1Þ and uð2Þ can be decomposed into layer-S and layer-A components uS=A.

(B) With layer-A injection.
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Note that our treatment is at the harmonic level. Phonon anharmonicity, originating from three- or four-phonon interactions, enters the

phonon equation of motion in a nonlinear manner and introduces the coupling between in-plane stretching and out-of-plane bending or

flexural phonon modes.42 As a result, phonon dispersion and phonon lifetime are modified.43 However, small amounts of strain, due either

to the pinning to the substrate or to the gate-induced electrostatic force, are enough to suppress the anharmonic effects.44,45 Therefore, in our

situation, anharmonic effects can be neglected.

The gate-tunable phonon dichroism effect can be experimentally detected by the ultrasonic pulse-echo technique.46,47 The setup is shown

schematically in Figure 11. In Figure 11A, layer-Swaves are injected, and transmitted wave amplitudes from both layers are detected, i.e., uð1Þ

and uð2Þ. For a system with inversion symmetry breaking, uð1Þ and uð2Þ become unequal. In this case, uð1Þ and uð2Þ can be decomposed into

layer-S and layer-A components, i.e., uS=A, where the existence of uA is a natural result of inversion symmetry breaking. uS and uA correspond

to the response GSS and GSA, respectively. Therefore, the response GSA in the cross-channel can be used as a signature of inversion symmetry

breaking in bilayer system. Similarly, in Figure 11B, when layer-A waves are injected, the response GAS can be extracted from experimental

data as a fingerprint for inversion symmetry breaking. For an order-of-magnitude estimate, atqx=kF = 0:233 andV = 0:13 eV, the difference of

the attenuation between the left- and right-handed circularly polarized waves read 2
		GSS

E

		=vz1560=m, where v = ðvr + vtÞ=2 is the average

sound velocity. Similarly, for layer-A and cross-phonon-responses, 2
		GAA

E

		=vz1480=m and 2
		GSA

C � GSA
I

		=vz1880=m. Such differences are

much larger than those of the Weyl semimetals16 and monolayer transition metal dichalcogenides,17 and should be observable in ultrasonic

experiments. On the other hand, the CPD can also be detected by the Raman spectroscopy analysis of phonon polarization.22 Such effectmay

find practical applications as acoustic circular polarizers, which induce circular polarization from linearly polarized acoustic waves.

Our studies are not restricted to bilayer graphene, but can be applied to other bilayer systems, such as bilayer transition metal dichalco-

genides.48,49 This can be even generalized to nonelectronic systems, for example,magnon-phonon coupled systems.50 In addition to the layer

degree of freedom, there are other degrees of freedom, such as the twist angle,51,52 which may also be used to tune the phonon dynamics.

This will be the subject of future work.

Limitations of the study

We neglect trigonal warping term in the model. Multi-dimensional mapping of the CPD with respect to the parameters layer potential dif-

ference V, phonon wave vector qx , Fermi energy EF , and magnetic exchange interactionM requires too much data to be plotted and is diffi-

cult to present.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not use experimental models typical in the life sciences.

METHOD DETAILS

Phonon dynamics

In the presence of electron-phonon coupling, phonon equation of motion follows

u2U
�
q
�
= Z2F

�
q
�
U
�
q
� � Z2

r0V
T
�
q
�
; (Equation 12)

where the spinor UðqÞ = ½uð1Þx ðqÞ;uð1Þy ðqÞ; uð2Þx ðqÞ;uð2Þy ðqÞ�T and the average force TðqÞ = ½C bT ð1Þ
x ðqÞD; C bT ð1Þ

y ðqÞD; C bT ð2Þ
x ðqÞD; C bT ð2Þ

y ðqÞD�T are defined

in the layer representation. C/D is the expectation value evaluated in the electron subsystem in the presence of electron-phonon coupling.

FðqÞ is the dynamical matrix and V is the area.

Based on the linear response theory, we have ZTðqÞ=r0V = � cðq;uÞUðqÞ, where the response matrix

c
�
q;u

�
=

h
clk
ij

i
=

266666664
c11
xx c11

xy c12
xx c12

xy

c11
yx c11

yy c12
yx c12

yy

c21
xx c21

xy c22
xx c22

xy

c21
yx c21

yy c22
yx c22

yy

377777775: (Equation 13)

Each of the retarded response functions clk
ij ðq;uÞ can be decomposed into valley-resolved tensors

clk
ij

�
q;u

�
=

X
h = G1

c
lk;h
ij

�
q;u

�
=

X
h = G1

X
n;m

Z
Zd2k

r0ð2pÞ2
Fh
nm

�
u; k;q

�h
Glk;h

ij

�
u; k;q

�i
mn
;

(Equation 14)
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where i; j = fx;yg, l; k = f1; 2g and m;n are band indices of electronic Hamiltonian HeðkÞ. The dynamical factor

Fh
nm

�
u; k;q

�
=

fh;m;k � fh;n;k0

u+id+Eh;m;k � Eh;n;k0
(Equation 15)

and geometric factor h
Glk;h

ij

�
u; k;q

�i
mn

=

Cjh;m;k

		 bT h

i;l

�
q
�		jh;n;k0 DCjh;n;k0

		 bT h

j;k

��q
�		jh;m;kD;

(Equation 16)

with k0 = k � q. Eh;m=n;k and
		jh;m=n;kD are eigen-dispersion and wave functions of HeðkÞ, respectively. fh;m;k (fh;n;k0 ) is the Fermi distribution

function. For bilayer graphene, a single band intersects the Fermi level at each valley, thus we can set m = n hereafter.

The phonon absorption corresponds to the anti-Hermitian part of cðq;uÞ matrix, that is, � 2iugðq;uÞ. As a result, the Hermitian matrix

gðq;uÞ is given by

g
�
q;u

�
=

i

4u



c
�
q;u

� � �
c
�
q;u

��+�
; (Equation 17)

whose matrix form follows

g
�
q;u

�
=

266666664
g11
xx g11

xy g12
xx g12

xy

g11
yx g11

yy g12
yx g12

yy

g21
xx g21

xy g22
xx g22

xy

g21
yx g21

yy g22
yx g22

yy

377777775: (Equation 18)

The elements glk
ij are

glk
ij

�
q;u

�
= � Z

2r0u

X
h = G1

X
nZ

d2k

ð2pÞ2 Im
�
Fh
nn

�
u; k;q

��h
Glk;h

ij

�
u; k;q

�i
nn
;

(Equation 19)

where i; j = fx; yg and l;k = 1;2. For acoustic phonons, phonon energy u is much smaller than the Fermi energy EF , and in the low-temper-

ature limit,

Im
�
Fh
nn

�
u; k;q

��
z � pudðEh;n;k � EFÞdðu + Eh;n;k � Eh;n;k0 Þ: (Equation 20)

Substituting this relation into above equation, each of glk
ij ðq;uÞ can be obtained by integrating out two delta functions. For convenience, g

matrix can be rewritten as

g
�
q;u

�
=

�
g11

�
q;u

�
g12

�
q;u

�
g21

�
q;u

�
g22

�
q;u

� �; (Equation 21)

where these 2 by 2 blocks take the form

gll
�
q;u

�
=

24 gll
D +gll

D
gll
E
+ igll

E

gll
E
� igll

E gll
D � gll

D

35; ll = 1;2;

g12
�
q;u

�
=

24g12
B + ig12

B
g12
C
+ ig12

C

g12
I
+ ig12

I g12
J + ig12

J

35:
(Equation 22)

All of the absorption coefficients gll
D=D

, gll
E=E

, g12
B=B

, g12
C=C

, g12
I=I
and g12

J=J
are real. Numerically, we find that g12

B
= g12

J
= g12

C
= g12

I
= 0. Other

coefficients can be derived based on the definitions
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gll
D =

1

2

�
gll
xx +gll

yy



= � Z

4r0u

X
h;n

Z
d2k

ð2pÞ2 Im
�
Fh
nn

�h
Gll;h

xx +G
ll;h
yy

i
nn
;

gll
D

=
1

2

�
gll
xx � gll

yy



= � Z

4r0u

X
h;n

Z
d2k

ð2pÞ2 Im
�
Fh
nn

�h
Gll;h

xx � Gll;h
yy

i
nn
;

gll
E = Im

h
gll
xy

i
= � Z

2r0u

X
h;n

Z
d2k

ð2pÞ2 Im
�
Fh
nn

�
Im

h
Gll;h

xy

i
nn
;

gll
E

= Re
h
gll
xy

i
= � Z

2r0u

X
h;n

Z
d2k

ð2pÞ2 Im
�
Fh
nn

�
Re

h
Gll;h

xy

i
nn

(Equation 23)

and

g12
B = g12

xx = � Z

2r0u

X
h;n

Z
d2k

ð2pÞ2 Im
�
Fh
nn

��
G12;h

xx

�
nn
;

g12
C = � ig12

xy =
iZ

2r0u

X
h;n

Z
d2k

ð2pÞ2 Im
�
Fh
nn

�h
G12;h

xy

i
nn
;

g12
I = � ig12

yx =
iZ

2r0u

X
h;n

Z
d2k

ð2pÞ2 Im
�
Fh
nn

�h
G12;h

yx

i
nn
;

g12
J = g12

yy = � Z

2r0u

X
h;n

Z
d2k

ð2pÞ2 Im
�
Fh
nn

�h
G12;h

yy

i
nn
:

(Equation 24)

On the other hand, phonon absorption can be studied in the layer-symmetric (S) and antisymmetric (A) representation. In this represen-

tation, the deformations and forces are related to those in the layer representation by

U
�
q
�
= PU

�
q
�
= P

2666664
ux;S

uy;S

ux;A

uy;A

3777775;

T
�
q
�
=
1

2
PT

�
q
�
=
1

2
P

2666664
C bT x;S

�
q
�
D

C bT y;S

�
q
�
D

C bT x;A

�
q
�
D

C bT y;A

�
q
�
D

3777775;
(Equation 25)

where the transformation matrix follows

P =

2664
1 0 � 1 0
0 1 0 � 1
1 0 1 0
0 1 0 1

3775: (Equation 26)

In the new representation, the response matrix Xðq;uÞ is introduced by the definition ZTðqÞ=r0V = � Xðq;uÞUðqÞ. As a result, we find a

relation between the response matrix Xðq;uÞ and cðq;uÞ:

X
�
q;u

�
= 2P� 1c

�
q;u

�
P: (Equation 27)

Similarly, phonon absorption corresponds to the anti-Hermitian part of Xðq;uÞmatrix, that is, � 2iuGðq;uÞ. This gives rise to the Hermitian

matrix
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G
�
q;u

�
=

i

4u



X
�
q;u

� � �
X
�
q;u

��+�
; (Equation 28)

with the matrix form

G
�
q;u

�
=

266666664
GSS

xx GSS
xy GSA

xx GSA
xy

GSS
yx GSS

yy GSA
yx GSA

yy

GAS
xx GAS

xy GAA
xx GAA

xy

GAS
yx GAS

yy GAA
yx GAA

yy

377777775: (Equation 29)

The elements Gab
ij are

Gab
ij

�
q;u

�
= � Z

2r0u

X
h = G1

X
nZ

d2k

ð2pÞ2 Im
�
Fh
nn

�
u; k;q

��h
Gab;h

ij

�
u; k;q

�i
nn
;

(Equation 30)

where i; j = fx; yg and a;b = S;A. Similar to Equation 27, there is a relation between Gðq;uÞ and gðq;uÞ:

G
�
q;u

�
= 2P� 1g

�
q;u

�
P: (Equation 31)

Gðq;uÞ matrix can also be written in block form

G
�
q;u

�
=

�
GSS

�
q;u

�
GSA

�
q;u

�
GAS

�
q;u

�
GAA

�
q;u

� �; (Equation 32)

where

Gaa
�
q;u

�
=

"
Gaa

D +Gaa

D
Gaa

E
+ iGaa

E

Gaa

E
� iGaa

E Gaa
D � Gaa

D

#
;a = S;A;

GSA
�
q;u

�
=

24GSA
B + iGSA

B
GSA

C
+ iGSA

C

GSA
I

+ iGSA
I GSA

J + iGSA
J

35: (Equation 33)

All of the absorption coefficients gaa

D=D
, gaa

E=E
, gSA

B=B
, gSA

C=C
, gSA

I=I
and gSA

J=J
are real. Numerically, we find that GSA

B
= GSA

J
= GSA

C
= GSA

I
= 0.
QUANTIFICATION AND STATISTICAL ANALYSIS

There is no statistical analysis or quantification in this paper.
ADDITIONAL RESOURCES

There are no additional resources needed to be declared in this manuscript, additional requests for this can be made by contacting the lead
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