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Outline

1.

Quantum anomalies — reduction of sound attenuation in Weyl semimetals
subject to magnetic fields.

Static strains = sound attenuation dichroism — nonreciprocal propagation
of sound.

The chiral anomaly — nonlocal response to light.

Anomalous nonlocal regime — enhancement of electromagnetic wave
penetration depth.
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Dirac and Weyl Hamiltonians

o)

Chiral shift parameter

[H. Weyl, Z. Phys. 56, 330 (1929); P.A.M. Dirac, Proc. R. Soc. A 117, 610 (1928); R. Jackiw and V. Alan Kostelecky, Phys. Rev. Lett. 82, 3572 (1999)] 5
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% Hamiltonian: =2 4 Vi) V(r)=
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Linear band crossings: Weyl semimetals

Hamiltonian (two bands — 2x2): H(k) =¢y(k)+dk) - o

At the band-
crossing point

Hy (k) = vo -0k

Chiralit
Weyl Hamiltonian

[H. Weyl, Z. Phys. 56, 330 (1929)]

| Weyl node

‘ Linearization + shift

First mention of linear
energy spectrum in solids:

[C. Herring, Phys. Rev. 52, 365 (1937)]
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[H. Weng, et al., Phys. Rev. X 5, 011029 (2015)]

* TaAs, TaP, NbAs, NbP

[S.-Y. Xu, et al., Nat. Phys. 11, 748 (2015); S.-Y. Xu, et al., Science 349, 613 (2015); B. Q. Lv, et al.,
Phys. Rev. X 5, 031013 (2015); B. Q. Ly, et al., Nat. Phys. 11, 724 (2015)]

J Co3Sn252, Cog‘SnZS2 [Q. Xu, et al., Phys. Rev. B 97, 235416 (2018); E. Liu, et al., Nat. Phys. 14, 1125 (2018)]

¢ MoTez, WTez [J. Jiang, et al., Nat. Commun. 8, 13973 (2017); Y. Wu, et al., Phys. Rev. B 94, 121113(R) (2016)]

 CrSb [C.Li, M. Hu, Z. Li, Communications Physics, 8, 311 (2025)]
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Topology of electron states: Berry curvature

**Adiabatic evolution [M.V. Berry, Proc. R. Soc. A 392, 45 (1984)]:
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Topology of electron states: Berry curvature
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Strain-induced axial gauge fields
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Strain-induced axial gauge fields

vpo - (k—Db) 0 [A. Cortijo et al., PRL 115, 177202
Ho(k) — 0 k (2015); R. llan, A.G. Grushin, and D.I.
—vpo - (k+D) Pikulin, Nat. Rev. Phys. 2, 29 (2020)]
b — b(r)

Pseudomagnetic (axial) field

b(r) = eAs(r) < eA(r)
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Strain-induced axial gauge fields

vpo - (k—Db) 0 [A. Cortijo et al., PRL 115, 177202
Ho(k) — 0 k (2015); R. llan, A.G. Grushin, and D.I.
—vpo - (k+D) Pikulin, Nat. Rev. Phys. 2, 29 (2020)]
b — b(r)

Pseudomagnetic (axial) field

b(r) = feAs5(r) « eA(r)
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Quantum (chiral) anomaly
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Quantum (chiral) anomaly

Anomaly = breakdown of classical symmetry by High-energy physics:

guantum effects

7T0—>7—|—7

Allowed by the chiral anomaly!
Classical chiral systems: numbers of left- and right-

handed particles are separately conserved

Chiral Anomaly

[P. Danaisawadi, et al. Sci. Rep. 6, 23832 (2016)]

Quantum systems:

[S.L. Adler, Phys. Rev. 177, 2426 (1969), J.S.

Bell and R. Jackiw, Nuovo Cim. A 60, 47
‘. (1969)]
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Quantum (chiral) anomaly: solid state viewpoint

1D crystal:

12



Quantum (chiral) anomaly: solid state viewpoint

1D crystal:

3D crystal:

[H. Nielsen and M. Ninomiya, Phys. Lett. B 130, 389 (1983)] 12



Semiclassical approach

[N.W. Ashcroft and N.D. Mermin, Solid State Physics (1976)]

Wave packet:
ArAp > h/2

ﬁ ]
Coordinate and

momentum are well
defined

Equations of motion:
atI' — Vp,

Op = —¢E— 2 (9,r) x B,

Vp = Ope

13
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Transport effect of chiral anomaly

Multiple Weyl nodes:
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Transport effect of chiral anomaly

8trazva— + ...

Chiral magnetic effect: _>B

jx (Ny—N_)B
[A. Vilenkin, Phys. Rev. D 22, 3080 (1980); K. Fukushima, D. E. Kharzeev,
and b ). Worringa, Phys. Rev. D 78, 074053 (2008)] Separation of wave packets — electric current
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Transport in magnetic fields

Weyl semimetals (TaAs)

[X. Huang, L. Zhao, Y.
Long, et al.,

Phys. Rev. X 5, 031023
(2015)]
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Transport in magnetic fields

Weyl semimetals (TaAs)

[X. Huang, L. Zhao, Y.
Long, et al.,

Phys. Rev. X 5, 031023
(2015)]
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Transport in magnetic fields

Weyl semimetals (TaAs)

Other mechanisms:
[X. Huang, L. Zhao, Y. [R. D. dos Reis, et al., New J. Phys. 18,

Long, et al., * Current jetting 55006 (2016)]
Phys. Rev. X 5, 031023  Weak antilocalization-localization

(2015)]
crossover
» Scattering off charged disorder

[P. Goswami, J. H. Pixley, and S. Das Sarma, Phys. Rev. B 92,
075205 (2015)]
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Transport in magnetic fields

Weyl semimetals (TaAs)

Other mechanisms:
[X. Huang, L. Zhao, Y. [R. D. dos Reis, et al., New J. Phys. 18,

Long, et al., * Current jetting 55006 (2016)]
Phys. Rev. X 5, 031023  Weak antilocalization-localization

(2015)]
crossover
» Scattering off charged disorder

[P. Goswami, J. H. Pixley, and S. Das Sarma, Phys. Rev. B 92,
075205 (2015)]

* New approaches are needed to

[C.-L. Zhang, S.-Y. Xu, I.
Belopolski, Z. Yuan, et al., ve nfy Ch | ral anoma Iy

Nat. Commun. 7, 10735 o .
(2016)] * Novel effects await in the ac regime

Weak
antilocalization

Resistance(B) — Resistance(0)
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Sound propagation

Deformation potential:

Sound — modifies the
potential acting on electrons
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Sound propagation

Momentum-independent
deformation potential

U(kFa ta I')
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Sound propagation

Strong screening = local charge neutrality = only volume-preserving deformations allowed

Momentum-independent Momentum-dependent
deformation potential deformation potential

U(kp,t,r) U (kpcos(20),t,r)
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Sound propagation

Strong screening = local charge neutrality = only volume-preserving deformations allowed

Valley-dependent
deformation potential

U(kp,t,r) U(kp COS (29),75,1') U_|_(kp,t,r) = —U_(l{ip,t,r)
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Symmetric Weyl nodes in magnetic field

17



Symmetric Weyl nodes in magnetic field

17



Symmetric Weyl nodes in magnetic field

17



Symmetric Weyl nodes in magnetic field

Chiral
anomaly:

No longer locally
neutral!




Symmetric Weyl nodes in magnetic field

Chiral
anomaly:

Anomaly-induced drift of chiral wave packets violates
local charge neutrality — screening of the valley-odd
deformation potential

Magnetic field reduces the sound attenuation




Sound attenuation coefficient
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Sound attenuation coefficient
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Sound attenuation coefficient
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non-equilibrium part of the charge densities
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Kinetic equations
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Diffusive approximation: Ta,o K To,p a0d Ty qw K 1
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Kinetic equations

Diffusive approximation: Ta,o K To,p a0d Ty qw K 1
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Anomalous term

e B - 5 NZW 1 1 Inter-valley transfer
VQ.a — . B = : — . : .
a = Xa Ar2chy, ° a,f o, Tary  Tho induced by deformation

J

v
Currents in each of the nodes:

. () e Anomalous part of
Jo = —DyVNy+oE+ QVaDOé)\z'j V|- ZVQ@N@' the current

Gauss law:

w
V. E =47 Z N,,. Inclusion of the Gauss law is the key
«

[B. Z. Spivak and A. V. Andreev, Phys.
Rev. B 93, 085107 (2016).]

difference from the previous studies
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Results of the chiral kinetic approach

Screening is strong even in semimetals
(u = 10— 20 meV)

v=100 MHz

0.5 1.0 1.5
B,[T]
[P. O. Sukhachov and L. I. Glazman, Phys. Rev. B 103, 214310 (2021)]
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Results of the chiral kinetic approach

Pseudomagnetic field - sound
attenuation dichroism

v=100 MHz

S)
=
Q
=

< .
o
=

IF(Bs)-I'(=Bs)|/[2T(0)]

S
S
19

[P. O. Sukhachov and L. I. Glazman, Phys. Rev. B 103, 214310 (2021)]



Light propagation: Skin effect

Conventional skin effect:

E ~U e_z/é(w)’ 5(&)):

lmfp = VT <K 5(&))
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Enhancement of light transmission

With
diffusion

Chiral anomaly + diffusion of

the chiral charge

Anomalous nonlocal regime

Transmission of SIASIOn:

electromagnetic field is
enhanced

[P. O. Sukhachov and L. I. Glazman, Phys. Rev. Lett. 128, 146801 (2022)] 29



Nonlocal regime

[P. O. Sukhachov and L. I. Glazman, Phys. Rev. Lett. 128, 146801 (2022)]
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Nonlocal regime

[P. O. Sukhachov and L. I. Glazman, Phys. Rev. Lett. 128, 146801 (2022)]
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Nonlocal regime

Nonlocality parameter: £ = vimogD

&

[P. O. Sukhachov and L. I. Glazman, Phys. Rev. Lett. 128, 146801 (2022)]
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[P. O. Sukhachov and L. I. Glazman, Phys. Rev. Lett. 128, 146801 (2022)]
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Nonlocal regime

Chiral imbalance diffuses away from the skin
layer — skin depth increases

Electromagnetic field penetration enhances

Nonlocality parameter: £ = vimogD

&

[P. O. Sukhachov and L. I. Glazman, Phys. Rev. Lett. 128, 146801 (2022)] 723



Summary

1. The chiral anomaly is manifested in dynamical responses

2. The anomaly reduces the sound attenuation in Weyl semimetals
subject to magnetic fields

3. Strain-induced pseudomagnetic field or non-symmetric Weyl
nodes — sound attenuation dichroism.

4. The chiral anomaly — nonlocal regime in a response to light.

5. Anomalous nonlocal regime — enhancement of electromagnetic
wave penetration depth
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Possible applications

1. New experimental methods to identify guantum anomalies

2. Magnetic and pseudomagnetic fields as control knobs for sound propagation
and attenuation

3. Sound attenuation dichroism as an indicator of pseudomagnetic fields

4. Enhancement of the penetration depth as a way to measure light
polarization
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New directions: Weyl altermagnets

@ ©CONbSeqs o - X Definitions:

e Altermagnets: unconventional magnets with
spin-split energy bands

* Intercalated TMDs — platforms combining
altermagnetism and Weyl physics

[A. Sah, et al., npj Quantum Materials (2026), arXiv:2510.21968] 6
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New directions: Weyl altermagnets

(a) { Definitions:

e Altermagnets: unconventional magnets with
spin-split energy bands

* Intercalated TMDs — platforms combining
altermagnetism and Weyl physics

Open questions:

* Interplay of altermagnetism and quantum
anomalies

* Electric and spin transport properties of Weyl
altermagnets

* Interaction effects: magnetic catalysis and
superconductivity

[A. Sah, et al., npj Quantum Materials (2026), arXiv:2510.21968] 6
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