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Motivation: chiral anomaly in Weyl semimetals (WSM)

• Collinear electric and magnetic fields induce a charge transfer between 
Weyl nodes of opposite chirality.

• Leading experimental signature: negative longitudinal magnetoresistance. 

Problem: current jetting à the measured resistivity is not the intrinsic resistivity

Things may be better with thermal conductivity.

• Nonelectronic probes of the chiral anomaly?

• Axion term in the electromagnetic Lagrangian:
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, where

momentum separation
(needs broken time-reversal)

energy separation
(needs broken inversion and mirrors)
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Lattice vibrations

Phonon effective charge (vector)

Normal
coordinate

Total electric field 
(external + internal) 

Bare 
phonon
frequency

•Equation of motion: driven harmonic oscillator

•What is the influence of Weyl fermions and the chiral anomaly on the 
phonon charge and dispersion? 
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Phonon frequency



Theoretical approach

• External magnetic field (perturbatively or through Landau levels)

• Interactions: electron-phonon, electron-electron.

• Disorder.

• Two methods:
1) Integrate-out electrons to get an effective action for phonons.
2) Semiclassical analysis: Boltzmann equation plus elasticity theory.



Signatures of the chiral anomaly in optical phonons

Rinkel, Lopes and Garate,  PRL 119, 107401 (2017).

Rinkel, Lopes and Garate,  Phys. Rev. B 99, 144301 (2019).

See also:  Song et al., PRB 94, 214306 (2016)



18 3 Phonons in bulk würtzite crystals

such modes. In Chapter 5, this carrier–phonon interaction potential will be identified
as the Fröhlich interaction. The dispersion relations for the 12 phonon modes of the
würtzite structure are depicted in Figure 3.3.

The low-frequency behavior of these modes near the ! point makes it apparent
that three of these 12 modes are acoustic modes. This behavior is, of course,
consistent with the number of acoustic modes identified in Table 3.1.

3.2 Loudon model of uniaxial crystals

As discussed in subsection 2.3.4, Loudon (1964) advanced a model for uniaxial
crystals that provides a useful description of the longitudinal optical phonons in
würtzite crystals. In Loudon’s model of uniaxial crystals such as GaN or AlN, the
angle between the c-axis and q is denoted by θ , and the isotropic dielectric constant
of the cubic case is replaced by dielectric constants for the directions parallel and
perpendicular to the c-axis, ϵ∥(ω) and ϵ⊥ (ω) respectively. That is,

Figure 3.2. Optical phonons in würtzite structure. From Gorczyca et al. (1995),
American Physical Society, with permission.
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• Change in the unit cell dipole moment due to ion vibrations

Mode symmetry

+

+

-

-

Ionic charge

Infrared (IR) inactive mode Infrared (IR) active mode
Q=0 Q 0

Phonon effective charge: Definition 

Stroscio and Dutta, 
Phonons in Nanostructures
(Cambridge, 2001)

• Condition for photon absorption: 
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Phonon charge: Macroscopic considerations
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Electrical polarization of the unit cell

•Contribution from the chiral anomaly to the phonon charge:

0 for pseudoscalar or pseudovector phonons

•Total phonon charge:

•Where can one find pseudoscalar/pseudovector phonons?



Phonon charge: Group theoretical considerations 

Anastassakis et al., J. Phys. Chem Solids 33, 1091 (1972).

• B-induced Q is not by itself a signature of chiral anomaly.

• If the crystal is chiral (no inversion and no mirrors), then A1 phonons are pseudoscalar.

• If the crystal is nonchiral, then pseudoscalar phonons exist provided that the atoms of 
the crystal sit a low-symmetry locations.

• Crystals of any symmetry may have a pseudoscalar phonon. 

Song et al., PRB 94, 214306 (2016)

• For pseudovector phonons, the crystal needs to break time reversal symmetry.
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Figure1:Diagrammaticexpansionofthee↵ectiveaction.TheinternalGreen’sfunctionshavea=A=0.

ThefirstterminEq.(61)containsapurephotonpart(whichdoesnotappearinthephonondynamics),aswellas
across-termcouplingbetweenphononsandphotonsmediatedbyelectron-holepairs.Thelatterisaconsequenceof
thefactthatphononscanproduceanelectrostaticpotential�[v](linearinthenormalcoordinatev)thatcouplesto
theDiracfermiondensity(theidentitymatrixterminourdiscussionofg�⌧,�0⌧0intheprevioussection).Ifweimpose
gaugeinvariance(cf.Peskin-Schroeder),wehave

⇧µ⌫(q)=(q
2
gµ⌫�qµq⌫)⇧(q

2
).(62)

Inviewofthis,theonlyway�[v]cancoupletophotonsisthrough

�[v]⇧0µA
µ

=i⇧(q
2
)�q·E.(63)

Consequently,intheequationofmotionforthephonons,therewillbeadrivingtermi⇧(q2)q·E,asiftherewerean
e↵ectivemodechargeproportionalto⇧(q2)q,whereqisthephononmomentum.Although⇧(q2)displaysabranch
cutsingularityat!=vF|q|attheone-particleirreduciblelevel(arXiv:1408.4876),thissingularityiscancelledafter
RPAresummation(forarelatedpointingraphene,seee.g.Wunsch,NewJ.Phys.8,318(2006)).ItistheRPA
bubble(ratherthanthebarebubble)thatshouldappearintheequationofmotionforthephonondynamics.Assuch,
weanticipatethatthebubblecontrbutiontothephonondrivingforcewillbecomeunimportantatlongwavelengths.
Incontrast,thesinglepoleatq2=0whichwillemergeinthetopologicaltermoftheaction,tobediscussednext,is
genuine(i.e.itcannotberemovedbygoingtohigherorderinperturbationtheory).

Theleadingorderanomalousdiagramisthetrianglediagramwithtwophotonlinesandoneaxialline.Thereis
alsoananomalousdiagramwiththreeaxiallines;yet,thisisofhigherorderinphonondisplacementandtherefore
itwillproduceanharmoniclatticee↵ects.Moreover,itsexistenceislimitedtophononmodeswithnonzerocurls.
Hereafterweconcentrateonthetrianglediagramwithtwophotonlinesandoneaxialline,detailedinFig.2.This
diagramhasalreadybeencalculatedinthecontextofhigh-energyphysics,forthesituationwithchargeconjugation
symmetryandzerotemperature.Accordingly,wewillkeeptheFermienergy✏Fequaltozero,i.e.wewillassumethat
theFermilevelgoesthroughatleastoneoftheWeylnodes.Thechiralanomalytermisexpectedtobeindependent
from✏F;thus,✏F6=0willsimplyleadtotoextra(non-topological)terms.Likewise,thechiralanomalyisknownto
beunchangedbyfinitetemperaturee↵ects[L.DolanandR.Jackiw,Phys.Rev.D9,3320(1974);A.DasandA.
Karev,Phys.Rev.D36,623(1987)].
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pseudoscalar
phonon

•Example: pseudoscalar phonon in time-reversal symmetric WSM, at weak B:

Phonon charge: Microscopic considerations

photon

photon

Optical deformation potential (pseudoscalar part)

Pole at ω = vF q
(fingerprint of the chiral anomaly)

Lattice constant

Electron charge

electron

•Origin of the denominator: triangle diagram



B=0                         
B 0

2

Absorption coefficient

Field-induced infrared absorption

•Consider a long-wavelength pseudoscalar optical phonon of frequency 

that is IR inactive in the absence of a magnetic field. 

Frequency of light
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Field-induced infrared absorption
Courtesy of Xiang Yuan (Fudan University) et al.; unpublished
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Fig. 4 | The angle-dependence of phonon activity. a-e, Experimental geometries (top panels) and normalized reflectivity under magnetic fields 
(bottom panels). Comparing a-e, it can be fully proved that phonon can only be activated along the B direction and observed when the oscillating 
EL has a parallel component to the B field. It serves as a direct evidence of dynamic chiral anomaly. 

NbAs

B

Linear
Polarizer
EL

NbAs

Light

B

NbAs

B

NbAs

B B

a b c d e

x

y
z 

EL

EL

250 275 300

Z (cm-1)
250 275 300

Z (cm-1)
250 275 300

Z (cm-1)
250 275 300

Z (cm-1)

...

16T
15T

2T
1T
0T

...

250 275 300

R B
/R

0

Z (cm-1)

 

15 
 

 
 
Fig. 4 | The angle-dependence of phonon activity. a-e, Experimental geometries (top panels) and normalized reflectivity under magnetic fields 
(bottom panels). Comparing a-e, it can be fully proved that phonon can only be activated along the B direction and observed when the oscillating 
EL has a parallel component to the B field. It serves as a direct evidence of dynamic chiral anomaly. 

NbAs

B

Linear
Polarizer
EL

NbAs

Light

B

NbAs

B

NbAs

B B

a b c d e

x

y
z 

EL

EL

250 275 300

Z (cm-1)
250 275 300

Z (cm-1)
250 275 300

Z (cm-1)
250 275 300

Z (cm-1)

...

16T
15T

2T
1T
0T

...

250 275 300

R B
/R

0

Z (cm-1)

•Experimental data in NbAs

Peak in optical reflectivity when

Problem: no pseudoscalar phonons in NbAs.

Possible solution: B reduces crystal symmetry

Interpretation: Q || B

Reflectivity

(001) surface

Equations for PPT slides

Ion Garate
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See also Hui, Zhang and Kim, Phys. Rev. B 100, 085144 (2019).



Field-induced features in phonon dispersion 

• The hybridization between optical phonon and the pole of the triangle diagram when 
B is parallel to the phonon’s E-field is a smoking gun signature of the chiral anomaly.
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FIG. 1: Anomaly-induced hybridization of a transverse
optical phonon (!q� = !TO = const) and a linearly
dispersing pseudoscalar boson in presence of a static
and uniform magnetic field B0 (cf. Eq. (25)). When
|q| < !TO/v, the linear mode is doubly degenerate but
one solution is unstable (anti-damped). A large static
dielectric constant is assumed so that Landau damping
at q0 > v|q| can be neglected. When B0 · q̂ = 0, the
only solution is q0 = !TO.

at q0 = v|q| is. Yet, in optical experiments q0 = c|q| and
hence the resonance in �Q is not accessible. Alternative
probes (inelastic X-ray scattering, electron energy loss
spectroscopy) may allow to access the most interesting
regime (q0 ' !q� and |q| ' !q�/v). Experimentally, the
resonance in �Q may be distinguished from that of the
RPA dielectric function because it depends on B and it
is stronger than logarithmic.

Raman scattering.– For IR inactive phonons, the am-
plitude of Raman scattering is proportional to a triangle
diagram with two photon lines and one phonon line [28].
If the dynamical part of aµ is nonzero, this diagram con-
tains an anomalous part given by Tµ⌫↵, thus creating a
mathematical link between anomalous quantum breaking
of symmetries and Raman spectroscopy. The correspond-
ing “axial” part of the Raman tensor for the � mode is

R
ax

jj0� / T↵µ⌫(k, k
0)

@
3 [a↵(q)Aµ(k)A⌫(k0)]

@Ej(k)@Ej0(k0)@vq�(q0)
, (22)

where j, j0 2 {x, y, z} denote the directions of the incom-
ing and scattered electric fields E(k) and E(k0), respec-
tively, k = �(!, vk) and k

0 = (!0
, vk0) are the momenta

of incoming and scattered photons, and q = k + k
0 =

(!q�, vq) is the phonon frequency and momentum. Phys-
ically, Eq. (22) describes the contribution to the Raman
tensor coming from phonon modulations of the magne-
toelectric polarizability. Because k and k

0 are in the in-
frared, the 1/q2 pole in T

(l) is cancelled by T
(t). However,

a weaker singularity remains,
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where l 2 {x, y, z} and ✏jj0l is the Levi-Civita tensor.
Aside from being antisymmetric under j $ j

0 (which is
striking for A1 phonons), R

ax

jj0� contains a logarithmic
resonance that is independent from the ultraviolet cut-
o↵ of the theory, i.e. associated to low-energy universal
properties of 3D Dirac fermions. Moreover, the condition
q
2 = 0 is experimentally accessible for optical phonons,
because !q�/v ' 5 ⇥ 105cm�1 lies within the range of
Raman spectroscopy. Unfortunately, once we incorporate
the electronic screening of the electron-phonon vertex,
the logarithmic divergence in Eq. (23) is cancelled by a
similar singularity in the RPA dielectric function.
The observability of the chiral anomaly in Raman scat-

tering may have better prospects in the case of IR active
modes. Let us consider an IR active mode in an enan-
tiomorphic WSM with TR symmetry, e.g. the A1 mode
in SrSi2, which is Raman active and becomes IR active
when B0 6= 0. Such a mode creates electric fields that
contribute to the Raman scattering [29]. In the electro-
static approximation [30], we write Eq = �iq�q, where
�q is the Fröhlich potential produced by lattice vibra-
tions. To simplify the analysis, we assume low carrier
concentrations (!plasma ⌧ !q�), so that the plasmon-
phonon hybridization is unimportant. Then, the electric
polarization of mode � in the long wavelength limit is

Pq� = Qq�vq�/(
p

NVc) + (✏i � 1)Eq/(4⇡), (24)

where ✏i(q, q0) is the contribution of interband elec-
tronic transitions to the dielectric function. Combined
with Gauss’ law, Eq. (24) yields Eq = �q̂4⇡Qq� ·

q̂vq�/(
p
NVc✏i). Accordingly, Eq. (20) becomes

⇥
q
2

0
� !

2

q� � 4⇡|Qq� · q̂|2/(MVc✏i)
⇤
vq� = 0. (25)

The solutions of Eq. (25), which in the ordinary case
would give the frequency of a longitudinal optical mode,
are unusual. As soon as B0 · q̂ 6= 0, a new mode appears
due to the anomaly pole, which disperses linearly and hy-
bridizes with the optical phonons at q0 ' v|q| (cf. Fig. 1).
This extra mode may be the massless and spinless pseu-
doscalar boson discussed in high-energy physics [31].
In conclusion, we have established a new fingerprint of

the chiral anomaly in WSM with axial electron-phonon
interactions, which consists of a resonant magnetic-
field-induced Born charge for long-wavelength optical
phonons. This translates into a magnetic-field-induced
infrared activity, as well as a peculiar magnetic-field-
dependence of the phonon dispersion.
Acknowledgements.– IG acknowledges the hospital-
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FIG. 1: Anomaly-induced hybridization of a transverse
optical phonon (!q� = !TO = const) and a linearly
dispersing pseudoscalar boson in presence of a static
and uniform magnetic field B0 (cf. Eq. (25)). When
|q| < !TO/v, the linear mode is doubly degenerate but
one solution is unstable (anti-damped). A large static
dielectric constant is assumed so that Landau damping
at q0 > v|q| can be neglected. When B0 · q̂ = 0, the
only solution is q0 = !TO.

at q0 = v|q| is. Yet, in optical experiments q0 = c|q| and
hence the resonance in �Q is not accessible. Alternative
probes (inelastic X-ray scattering, electron energy loss
spectroscopy) may allow to access the most interesting
regime (q0 ' !q� and |q| ' !q�/v). Experimentally, the
resonance in �Q may be distinguished from that of the
RPA dielectric function because it depends on B and it
is stronger than logarithmic.

Raman scattering.– For IR inactive phonons, the am-
plitude of Raman scattering is proportional to a triangle
diagram with two photon lines and one phonon line [28].
If the dynamical part of aµ is nonzero, this diagram con-
tains an anomalous part given by Tµ⌫↵, thus creating a
mathematical link between anomalous quantum breaking
of symmetries and Raman spectroscopy. The correspond-
ing “axial” part of the Raman tensor for the � mode is

R
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, (22)

where j, j0 2 {x, y, z} denote the directions of the incom-
ing and scattered electric fields E(k) and E(k0), respec-
tively, k = �(!, vk) and k

0 = (!0
, vk0) are the momenta

of incoming and scattered photons, and q = k + k
0 =

(!q�, vq) is the phonon frequency and momentum. Phys-
ically, Eq. (22) describes the contribution to the Raman
tensor coming from phonon modulations of the magne-
toelectric polarizability. Because k and k

0 are in the in-
frared, the 1/q2 pole in T

(l) is cancelled by T
(t). However,

a weaker singularity remains,
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where l 2 {x, y, z} and ✏jj0l is the Levi-Civita tensor.
Aside from being antisymmetric under j $ j

0 (which is
striking for A1 phonons), R

ax

jj0� contains a logarithmic
resonance that is independent from the ultraviolet cut-
o↵ of the theory, i.e. associated to low-energy universal
properties of 3D Dirac fermions. Moreover, the condition
q
2 = 0 is experimentally accessible for optical phonons,
because !q�/v ' 5 ⇥ 105cm�1 lies within the range of
Raman spectroscopy. Unfortunately, once we incorporate
the electronic screening of the electron-phonon vertex,
the logarithmic divergence in Eq. (23) is cancelled by a
similar singularity in the RPA dielectric function.
The observability of the chiral anomaly in Raman scat-

tering may have better prospects in the case of IR active
modes. Let us consider an IR active mode in an enan-
tiomorphic WSM with TR symmetry, e.g. the A1 mode
in SrSi2, which is Raman active and becomes IR active
when B0 6= 0. Such a mode creates electric fields that
contribute to the Raman scattering [29]. In the electro-
static approximation [30], we write Eq = �iq�q, where
�q is the Fröhlich potential produced by lattice vibra-
tions. To simplify the analysis, we assume low carrier
concentrations (!plasma ⌧ !q�), so that the plasmon-
phonon hybridization is unimportant. Then, the electric
polarization of mode � in the long wavelength limit is

Pq� = Qq�vq�/(
p

NVc) + (✏i � 1)Eq/(4⇡), (24)

where ✏i(q, q0) is the contribution of interband elec-
tronic transitions to the dielectric function. Combined
with Gauss’ law, Eq. (24) yields Eq = �q̂4⇡Qq� ·

q̂vq�/(
p
NVc✏i). Accordingly, Eq. (20) becomes

⇥
q
2

0
� !

2

q� � 4⇡|Qq� · q̂|2/(MVc✏i)
⇤
vq� = 0. (25)

The solutions of Eq. (25), which in the ordinary case
would give the frequency of a longitudinal optical mode,
are unusual. As soon as B0 · q̂ 6= 0, a new mode appears
due to the anomaly pole, which disperses linearly and hy-
bridizes with the optical phonons at q0 ' v|q| (cf. Fig. 1).
This extra mode may be the massless and spinless pseu-
doscalar boson discussed in high-energy physics [31].
In conclusion, we have established a new fingerprint of

the chiral anomaly in WSM with axial electron-phonon
interactions, which consists of a resonant magnetic-
field-induced Born charge for long-wavelength optical
phonons. This translates into a magnetic-field-induced
infrared activity, as well as a peculiar magnetic-field-
dependence of the phonon dispersion.
Acknowledgements.– IG acknowledges the hospital-
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• Calculation done to 1st order in perturbation theory in B, at zero temperature and 
zero chemical potential.



7

For the remainder of this subsection, we discuss the
avoided crossing more quantitatively. We begin by es-
tablishing the conditions under which it takes place, and
follow by estimating its magnitude.

As mentioned above, the anticrossing occurs when
Ê0 = Êpl,q, i.e. when

v2
F cos2 ◊

3
q2 + 2–eB

fi~ e≠q2 sin2 ◊ l2
B/2

4
= Ê2

0 , (18)

where ◊ = cos≠1(qz/|q|) is the angle between the mag-
netic field and the phonon momentum. For simplicity,
hereafter we approximate exp(≠q2 sin2 ◊ l2

B/2) ƒ 1. This
is justified in the regime of strong magnetic fields and
long wavelength, regardless of the value of ◊.

For a fixed momentum q, Eq. (18) gives the value of
the magnetic field at which the avoided crossing takes
place. Conversely, given B and ◊, Eq. (18) determines
the value of |q| at which the avoided crossing takes place.
Clearly, as q becomes misaligned with B, a stronger mag-
netic field is required in order to attain resonance. In
the limit of q ‹ B (i.e. cos ◊ = 0), the necessary mag-
netic field tends to infinity, i.e. the avoided crossing is no
longer possible. This is due to the fact that the plasmon
frequency in Eq. (16) vanishes when cos ◊ æ 0.

Equation (18) imposes a maximum value of the mag-
netic field Bmax for which the anticrossing condition can
be achieved:

Bmax = fi

2–

~
e

Ê2
0

v2
F cos2◊

. (19)

This is the field required to bring the plasmon and the
phonon into resonance at |q| ƒ 0. If B > Bmax, the plas-
mon frequency exceeds the phonon frequency for all mo-
menta, hence preventing a plasmon-phonon resonance.
For vF = 2 ◊ 105m/s, ÁŒ = 40Á0 and ~Ê0 = 15meV, we
have Bmax[T ] ƒ 50/ cos2◊, which can be made as large
as desired by an appropriate choice of ◊.

On a related note, the magnetic field appearing
in Eq. (18) needs to be larger than BQL; otherwise,
Eqs. (15) and (16) would not be valid to begin with. As
we shall see in Sec. III B, avoided crossings can also take
place away from the quantum limit (B < BQL). Yet, in
that case, the contributions from the nonchiral LL to �V

and �A can no longer be ignored.
Having listed the conditions for the avoided crossing,

we now estimate its magnitude from Eq. (15) by evaluat-
ing the hybridization gap �Ê © Ê+ ≠ Ê≠ at Ê0 = Êpl,q,
both for scalar and pseudoscalar phonons. We get
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where B satisfies Eq. (18) and D0 is the optical deforma-
tion potential produced by the scalar phonon (a and fl

Figure 2: Optical phonon spectral function evaluated from
Eq. (21) as a function of the magnetic field, in the quantum
limit. The right panel zooms in on the anticrossing region
of the left panel. The parameters chosen are cos ◊ = 0.8,
~vF |q| = 8meV and ÷ = 0.1meV. The numerical values of the
remaining parameters coincide with those of Fig. 1.

have been defined below Eq. (14)). In the derivation of
Eq. (20), we have once again used the long wavelength ap-
proximation |g0(z)(q)|2V/M = D2

0(z)/(fla2), with a single
lattice constant. The fact that �Ê scales linearly with
|g0| or |gz| evidences the non-perturbative e�ect of the
electron-phonon interaction when the bare plasmon and
phonon come into resonance.

Equation (20) states that, for a given deformation po-
tential, �Êax > �Êsc. This is particularly true when
q æ 0, for which Eq. (18) dictates B æ Bmax and
thus �Êsc æ 0. In contrast, �Êax ”= 0 at q æ 0. As
mentioned above, this di�erence in behavior originates
from the electronically induced phonon e�ective charge
at q = 0 (cf. Eq. (14)), which is nonzero (zero) for pseu-
doscalar (scalar) phonons.

One strategy to experimentally observe the plasmon-
phonon anticrossing is to measure the frequency of a
phonon as a function of the magnetic field, at fixed
phonon momentum. Let us denote as Bú the maximum
magnetic field attainable in the laboratory, and let us
suppose that BQL < Bú < Bmax/2. Then, it is advan-
tageous to fix the phonon momentum to the value that
satisfies Eq. (18) with B . Bú; this choice will lead to
the maximal hybridization gap (given by Eq. (20) with
B replaced by Bú). The outcome of the measurement
should resemble Fig. 2. This figure displays the phonon
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D(q, Ê) = 2Êq
(Ê + i÷)2 ≠ R(q, Ê) , (21)

where R(q, Ê) equals the right hand side of Eq. (6).
In order to make the avoided crossing observable, it

is necessary that �Ê > ÷, where ÷ is determined by
anharmonic phonon e�ects and the finite spectral res-
olution of the experiment (we recall that the imaginary
parts of the retarded response functions practically van-
ish in the quantum limit). A common lower bound for
~÷ is ƒ 0.1meV (spectral resolution of ƒ 1cm≠1), which
can be realized at low temperatures and with high pre-
cision probes (e.g. Raman spectroscopy). For typical
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Eqs. (15) and (16) would not be valid to begin with. As
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0(z)/(fla2), with a single
lattice constant. The fact that �Ê scales linearly with
|g0| or |gz| evidences the non-perturbative e�ect of the
electron-phonon interaction when the bare plasmon and
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tential, �Êax > �Êsc. This is particularly true when
q æ 0, for which Eq. (18) dictates B æ Bmax and
thus �Êsc æ 0. In contrast, �Êax ”= 0 at q æ 0. As
mentioned above, this di�erence in behavior originates
from the electronically induced phonon e�ective charge
at q = 0 (cf. Eq. (14)), which is nonzero (zero) for pseu-
doscalar (scalar) phonons.

One strategy to experimentally observe the plasmon-
phonon anticrossing is to measure the frequency of a
phonon as a function of the magnetic field, at fixed
phonon momentum. Let us denote as Bú the maximum
magnetic field attainable in the laboratory, and let us
suppose that BQL < Bú < Bmax/2. Then, it is advan-
tageous to fix the phonon momentum to the value that
satisfies Eq. (18) with B . Bú; this choice will lead to
the maximal hybridization gap (given by Eq. (20) with
B replaced by Bú). The outcome of the measurement
should resemble Fig. 2. This figure displays the phonon
spectral function, given by the imaginary part of

D(q, Ê) = 2Êq
(Ê + i÷)2 ≠ R(q, Ê) , (21)

where R(q, Ê) equals the right hand side of Eq. (6).
In order to make the avoided crossing observable, it

is necessary that �Ê > ÷, where ÷ is determined by
anharmonic phonon e�ects and the finite spectral res-
olution of the experiment (we recall that the imaginary
parts of the retarded response functions practically van-
ish in the quantum limit). A common lower bound for
~÷ is ƒ 0.1meV (spectral resolution of ƒ 1cm≠1), which
can be realized at low temperatures and with high pre-
cision probes (e.g. Raman spectroscopy). For typical

• At strong B field, the character of the anticrossing changes. 
The hybridization is now between the optical phonon and the plasmon. 

Field-induced features in phonon dispersion

Estimate of gap:  0.5 meV at strong fields

Hybridization gap: 
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Signatures of the chiral anomaly in acoustic phonons
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See also: Spivak and Andreev, Phys. Rev. B 93, 085107 (2016).
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Sound velocity in a piezoelectric WSM (e.g. TaAs)

Screening from electrons near the Fermi energy
(“longitudinal dielectric function”)

Sound velocity in 
the absence of 
piezoelectricity

Piezoelectric coupling

Screening from electrons far from the Fermi energy
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Conductivity tensor

• Consider scalar phonons in a nonchiral WSM 

• Link between sound velocity and conductivity:
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Signatures of chiral anomaly in sound velocity

• Acoustic counterpart of negative longitudinal magnetoresistance:  

Sound velocity decreases with B
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Sound wave

Sound velocity increases with B 
(or at least decreases much more slowly)

• Contribution from chiral Landau levels to screening:
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Angle between B and q

àAt very high B, expect sound velocity to be higher when B and q are perpendicular. 
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FIG. 4. (a) Field dependence of the sound velocity at T = 2 K for various orientations of the magnetic field with respect to
the ultrasound propagation, from ' = 0 (q k B k 110) to ' = 90� (q ? B k 11̄0). The curves were shifted vertically for clarity.
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the (001) plane, where lies the propagation of the sound waves. The curves are plotted with respect to their values at ' = 45�.
(c) Angular variation of the quantum oscillation frequency F , showing C4 symmetry. (d) Angular variation of the field value
at which the sound velocity is minimal, Bmin, showing a breaking of the C4 symmetry.

theory of Ref. [21] (nearly 40%). The calculation of
Ref. [21] is based on realistic parameters for TaAs, de-
termined from experiment or ab initio calculations [25],
but does consider only the contribution from the Weyl
fermions, which are modelled through a spherically sym-
metric Hamiltonian. Furthermore, since the predicted
angular variation of sound velocity comes only from the
lowest energy chiral LL, the e↵ect may be heavily di-
luted by other LLs when not in the quantum limit of
the Weyl nodes, as is the case in our experiments. Ev-
idently more detailed theoretical calculations would be
valuable in understanding whether the measured e↵ect
can be entirely attributed to the topological nature of
the Weyl nodes. Since the application of a magnetic field
in the ab-plane necessarily breaks the C4 symmetry of
the lattice in any tetragonal system, and therefore could
generate an anisotropic sound velocity through a di↵er-
ent mechanism, it is crucial to quantify the e↵ect of the
chiral anomaly. Similarly, a more robust understanding
of this phenomenon could also be achieved with a cam-
paign of similar experiments in a variety of topological
and trivial semimetallic systems.

To summarize, we have carried out sound velocity mea-
surements on the Weyl semimetal TaAs, as a function of
magnetic field and field angle with respect to the sound
propagation direction. The observed quantum oscilla-
tions are found to be consistent with the dHvA and SdH
measurements of Arnold et al. [24] and the phase of these
oscillations have allowed us to identify a non-zero Berry
phase for one of the topological Weyl pockets. With the
field angle varied in the ab-plane, a significant anisotropy
that breaks the C4 symmetry of the structure is observed
at relatively high field (above ⇠ 5 T). This anisotropy is
qualitatively consistent with theoretical predictions [21]
and might, therefore, be attributed to the chiral anomaly,
essentially providing a measurement of the negative lon-

gitudinal magnetoresistance without electrical contacts
and the extrinsic current-jetting e↵ects that result.
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Laliberté et al.,  arXiv: 1909.04270• Ultrasound velocity measurements in TaAs:

Angle between B and q

Signatures of chiral anomaly in sound velocity

• At high B, sound travels more slowly along B than perpendicular to B

• No evidence for acoustic counterpart of negative longitudinal magnetoresistance.



Phonon magnetochiral effect
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(Dated: March 11, 2017)

PACS numbers:

(! � 2|B(k)|)P (k,!) = (fc(k)� fv(k))
Z

k0
V (k,k

0)P (k0,!)

(fc(k)� fv(k))d · E(!) (1)

kc

k
0
c

k
0
v

kv

�
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Sound velocity: v
Sound attenuation: A 

Sound velocity: v’ v

Sound attenuation: A’ A

Nomura et al.,  Phys. Rev. Lett. 122, 145910 (2019)• First experimental observation:

Chiral ferromagnet Cu2OSeO3. Chiral magnons à chiral phonons

Magnon-phonon hybridization
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Absolute value of Chern number

Pseudoscalar part of the acoustic deformation potential

Chiral electrons à chiral phonons (not restricted to Weyl semimetals)
electron-phonon coupling

• Candidates: CoSi, RhSi, SrSi2…

Some parameter values:

Time-of-travel
through sample 
(L=1 cm)

Internode relaxation time
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(Dated: December 5, 2019)

PACS numbers:

✓ =
↵

4⇡2
(b · r� b0t) (1)

B = 1T
D0 = 1.25eV
Dz = 0.25eV
~/⌧E = 0.01meV
Eem ·B 6= 0
Qu ·Eem 6= 0
A

0
�A / B|C|Dzq

2
zsg(qz)⌧E

✏CLL = 1 + i�zz cos2 ✓/(✏1!)

✏ = 1 + i
q · � · q

!|q|2✏1
(2)

(A0
�A)

L

v
(3)

cs(B)� cs(�B)

cs(0)
⇥ 106 (4)

cs =

s

c
2
0 +

d2

⇢✏1
(5)

v =

s

v
2
0 +

d2

⇢✏1✏
(6)

v(B)� v(0)

v(0)
⇥ 104 (7)

|MZM0
i = i|electroni � i|holei

U(t) ! Uj

|B,�i
† = |B,��i

|B,�i = u |electron,�i+ v |hole,��i

|MZMi = |electroni+ |holei
|MZM2i = i (|electroni � |holei)
�1

�2

�3

�4

⇢j

U(t) ! Uj

j = 1, ..., N.



Conclusions

• We have investigated the influence of chiral anomaly in phonons.    

• To do: find out phonon signatures in more generic topological phases.
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