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What is a Weyl 
semimetals?

• Is a semiconductor with an even number of 
singular points in the band structure, where 
valence and conduction bands touch


• A Weyl semimetal exists if time reversal, 
Parity or both are broken


• Each singular point has associated an 
integer monopole charge source of Berry 
curvature


• The sign of the monopole charge is 
connected to the helicity of the excitations 
around this point


• The simplest and best understood case has 
charge unity


• In my language a Weyl semimetal only 
contains doubly degenerate singular points!



Some pictures of Weyl semimetals
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and kz in Figs. 4(g)–4(i). The Fermi velocities along them
are 1.669, 2.835, and 0.273 eVÅ, respectively. Combining
the information obtained from both quantum oscillation
experiments and first-principle calculations, we can con-
clude that it is likely that the FSs associated with 16 T and
7 T oscillating frequencies enclose the Weyl points W1 and
W2, respectively, and dominate the dc transport in TaAs,
which, on the other hand, strengthens our conclusion that
the negative MR observed in this material is truly due to the
chiral anomaly.

IV. CONCLUSION

In summary, the transport properties of proposed WSM
TaAs have been studied in detail. Our results suggest that
there are both n and p types of carriers in TaAs, which
nearly compensate each other. Further analyses of the Hall
effect data through two-carrier fittings obtained the elec-
tronic motilities at different temperatures and gave an
unexpected high value of μe ≈ 1.8 × 105 cm2V−1 s−1 for
the electrons at 10 K. Giant linear MR as high as 80000% at
9 T has been found with a magnetic field perpendicular to
the current, which is quite similar to the behavior in the
Dirac semimetal Cd3As2. When the external magnetic field
is rotated to be parallel with the current, the MR becomes
negative between 1 T and 9 T, with the most negative value
around −30%. This unusual negative MR is the first

evidence for the chiral anomaly associated with the
Weyl points in TaAs. The π Berry phase acquired by
electrons in cyclotron orbits is also strong evidence of Weyl
points. Thus, TaAs is a rare nonmagnetic compound
confirmed by the experiments to host the WSM state,
which has paved the way for more experimental studies in
this completely new research territory.
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FIG. 4. Theoretical analyzing of Fermi surfaces in TaAs. (a,b) First-principles-calculated Fermi surfaces in the top view and side view,
respectively. (c) The band structure with SOC included. (d–f) and (g–i) Band structure around Weyl nodes in the kz ¼ 0.592π (W1) and
kz ¼ 0 (W2) planes along the kx, ky, and kz directions, respectively.
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Figure 3 | Electronic structure of ZrTe5. a–c, In-plane. a, Valence band dispersion along the 0–Y momentum line (perpendicular to the chain direction).
The second BZ 0 points are visible at kc =±0.454 Å�1. b, Constant energy contour of the ARPES intensity at E=0 (FS) as a function of the in-plane
momentum. c, Valence band dispersion along the 0–X (chain direction). Spectra in panels a–c were recorded at hv=63 eV photon energy and T =20 K.
d, Schematic view of the surface BZ. e–h, Out-of-plane. e, Fermi surface contour as a function of the in-plane momentum perpendicular to the chain, kc, and
the momentum perpendicular to the surface, kb. f, Dispersion perpendicular to the surface at ka =0, kc =�0.055 Å�1 (vertical dashed line in e). The
horizontal dashed lines correspond to the two perpendicular momenta where the in-plane electronic structure is probed in g and h. g,h, Dispersion
perpendicular to the chain direction at ka =0, kb =4.43 Å�1 (g) and at ka =0, kc =4.13 Å�1 (h).

shows angle-resolved photoemission spectroscopy (ARPES) data
from a freshly cleaved (a–c plane) ZrTe5 sample. The states forming
the small, hole-like Fermi surface (FS) disperse linearly over a
large energy range, both along the chain direction (Fig. 3c) and
perpendicular to it (Fig. 3a), indicating a Dirac-like dynamics of
carriers for the in-plane propagation. The velocity, or the slope of
dispersion, is very large in both the chain direction, va ⇠= 6.4 eVÅ
(⇠=c/300), and perpendicular to it, vc ⇠=4.5 eVÅ. If extrapolated to
the unoccupied part, the linear approximation for this band would
place the Dirac point at ⇠0.2 eV above the EF.

In Fig. 3c, it also seems that the bottom of a tiny electron
pocket is enclosed by the dominant hole-cone. However, owing to
a sizable quasiparticle scattering, �Q = ~/⌧Q ⇠= 100meV, the states
are apparently too broad to completely resolve possible fine features
in the low-energy electronic structure, such as the existence of
small gaps or changes in the velocity at low energies (E<50meV).
Nevertheless, the magnitude of CME in ZrTe5 is not particularly
sensitive to the fine details in the electronic structure on an energy
scale smaller than�Q. On the other hand, for the existence of CME, it
is crucial that the electronic structure of a material is 3D Dirac-like.
Although recent magneto-optical studies have shown that ZrTe5 is
indeed a 3D Dirac semimetal37, it has been also suggested that this
materialmight be either a weak or strong topological insulator25. It is
therefore important to verify that the states seen in ARPES are bulk
states and not topological surface states.

This is done in Fig. 3e–h, which shows the dependence of the
states forming the FS on the momentum kb perpendicular to the
a–c plane. Figure 3e,f shows a clear warping of the Fermi surface
and a significant dispersion with kb, indicating the bulk character
of the measured states. Unfortunately, because the Dirac point is
unoccupied, the ARPES studies cannot provide a complete picture
of the electronic structure in its vicinity, and the existence of a
small mass gap cannot be excluded. The occupied part of the cone
(Fig. 3f–h) indicates that the out-of-plane velocity is an order of

magnitude smaller than the in-plane velocity, consistent with ZrTe5
being a highly anisotropic 3D Dirac semimetal.

We note that the possible coexistence of both the hole and
electron pockets might be responsible for the large positive
magnetoresistance seen in the perpendicular field, as the fine
balance between them could lead to a perfect compensation at
some temperature34–36. We also note that the tiny volume of the
FS indicates a very low carrier concentration, 1017–1018 cm�3,
consistent with the absence of quantum oscillations in transport
measurements in the probed field range.

As noted, the ARPES measurements cannot exclude a possible
gap in the otherwise Dirac-like spectrum. The gap � will in
general induce chirality-changing transitions with a rate �/~—this
is because the corresponding term in the e�ective Hamiltonian,
namely �(9L9R +9R9L), mixes the left and right components of
the spinors—but it does not prevent the CME. The ARPES data
also indicate that the quantum scattering rate determined from
the broadening of quasiparticles is �Q =~/⌧Q ⇠=100meV. Chirality
conservation in the quasiparticle scattering processes implies that
the chirality-changing rate should be only a small fraction of the
quantum scattering rate, �V =~/⌧V ⌧�Q. It is therefore reasonable
to assume that the measured �Q represents the absolute upper limit
to the chirality-changing transition rate. The existence of intra-
valley transitions does not destroy the CME, although the chirality-
flipping transitions do reduce the magnitude of the CME current, as
can be seen in our equation (8) for the CME conductivity, which is
inversely proportional to the chirality-flipping rate.

We note that equation (9) shows that, in the regime where
⇢Ohm �⇢CME, the measured magnetoresistivity ⇢ directly provides
the CME resistivity, ⇢ ⇠= ⇢CME. Therefore it is much easier to
observe the CME in materials that have a relatively large zero-field
resistivity. The zero-field resistivity in ZrTe5 is ⇢Ohm

⇠=1.2m� cm at
T =20K, and according to our theoretical estimates the CME and
Ohmic resistivities become equal, ⇢Ohm

⇠=⇢CME, at B⇠= 3 T. On the
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and kz in Figs. 4(g)–4(i). The Fermi velocities along them
are 1.669, 2.835, and 0.273 eVÅ, respectively. Combining
the information obtained from both quantum oscillation
experiments and first-principle calculations, we can con-
clude that it is likely that the FSs associated with 16 T and
7 T oscillating frequencies enclose the Weyl points W1 and
W2, respectively, and dominate the dc transport in TaAs,
which, on the other hand, strengthens our conclusion that
the negative MR observed in this material is truly due to the
chiral anomaly.

IV. CONCLUSION

In summary, the transport properties of proposed WSM
TaAs have been studied in detail. Our results suggest that
there are both n and p types of carriers in TaAs, which
nearly compensate each other. Further analyses of the Hall
effect data through two-carrier fittings obtained the elec-
tronic motilities at different temperatures and gave an
unexpected high value of μe ≈ 1.8 × 105 cm2V−1 s−1 for
the electrons at 10 K. Giant linear MR as high as 80000% at
9 T has been found with a magnetic field perpendicular to
the current, which is quite similar to the behavior in the
Dirac semimetal Cd3As2. When the external magnetic field
is rotated to be parallel with the current, the MR becomes
negative between 1 T and 9 T, with the most negative value
around −30%. This unusual negative MR is the first

evidence for the chiral anomaly associated with the
Weyl points in TaAs. The π Berry phase acquired by
electrons in cyclotron orbits is also strong evidence of Weyl
points. Thus, TaAs is a rare nonmagnetic compound
confirmed by the experiments to host the WSM state,
which has paved the way for more experimental studies in
this completely new research territory.
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Figure 3 | Electronic structure of ZrTe5. a–c, In-plane. a, Valence band dispersion along the 0–Y momentum line (perpendicular to the chain direction).
The second BZ 0 points are visible at kc =±0.454 Å�1. b, Constant energy contour of the ARPES intensity at E=0 (FS) as a function of the in-plane
momentum. c, Valence band dispersion along the 0–X (chain direction). Spectra in panels a–c were recorded at hv=63 eV photon energy and T =20 K.
d, Schematic view of the surface BZ. e–h, Out-of-plane. e, Fermi surface contour as a function of the in-plane momentum perpendicular to the chain, kc, and
the momentum perpendicular to the surface, kb. f, Dispersion perpendicular to the surface at ka =0, kc =�0.055 Å�1 (vertical dashed line in e). The
horizontal dashed lines correspond to the two perpendicular momenta where the in-plane electronic structure is probed in g and h. g,h, Dispersion
perpendicular to the chain direction at ka =0, kb =4.43 Å�1 (g) and at ka =0, kc =4.13 Å�1 (h).

shows angle-resolved photoemission spectroscopy (ARPES) data
from a freshly cleaved (a–c plane) ZrTe5 sample. The states forming
the small, hole-like Fermi surface (FS) disperse linearly over a
large energy range, both along the chain direction (Fig. 3c) and
perpendicular to it (Fig. 3a), indicating a Dirac-like dynamics of
carriers for the in-plane propagation. The velocity, or the slope of
dispersion, is very large in both the chain direction, va ⇠= 6.4 eVÅ
(⇠=c/300), and perpendicular to it, vc ⇠=4.5 eVÅ. If extrapolated to
the unoccupied part, the linear approximation for this band would
place the Dirac point at ⇠0.2 eV above the EF.

In Fig. 3c, it also seems that the bottom of a tiny electron
pocket is enclosed by the dominant hole-cone. However, owing to
a sizable quasiparticle scattering, �Q = ~/⌧Q ⇠= 100meV, the states
are apparently too broad to completely resolve possible fine features
in the low-energy electronic structure, such as the existence of
small gaps or changes in the velocity at low energies (E<50meV).
Nevertheless, the magnitude of CME in ZrTe5 is not particularly
sensitive to the fine details in the electronic structure on an energy
scale smaller than�Q. On the other hand, for the existence of CME, it
is crucial that the electronic structure of a material is 3D Dirac-like.
Although recent magneto-optical studies have shown that ZrTe5 is
indeed a 3D Dirac semimetal37, it has been also suggested that this
materialmight be either a weak or strong topological insulator25. It is
therefore important to verify that the states seen in ARPES are bulk
states and not topological surface states.

This is done in Fig. 3e–h, which shows the dependence of the
states forming the FS on the momentum kb perpendicular to the
a–c plane. Figure 3e,f shows a clear warping of the Fermi surface
and a significant dispersion with kb, indicating the bulk character
of the measured states. Unfortunately, because the Dirac point is
unoccupied, the ARPES studies cannot provide a complete picture
of the electronic structure in its vicinity, and the existence of a
small mass gap cannot be excluded. The occupied part of the cone
(Fig. 3f–h) indicates that the out-of-plane velocity is an order of

magnitude smaller than the in-plane velocity, consistent with ZrTe5
being a highly anisotropic 3D Dirac semimetal.

We note that the possible coexistence of both the hole and
electron pockets might be responsible for the large positive
magnetoresistance seen in the perpendicular field, as the fine
balance between them could lead to a perfect compensation at
some temperature34–36. We also note that the tiny volume of the
FS indicates a very low carrier concentration, 1017–1018 cm�3,
consistent with the absence of quantum oscillations in transport
measurements in the probed field range.

As noted, the ARPES measurements cannot exclude a possible
gap in the otherwise Dirac-like spectrum. The gap � will in
general induce chirality-changing transitions with a rate �/~—this
is because the corresponding term in the e�ective Hamiltonian,
namely �(9L9R +9R9L), mixes the left and right components of
the spinors—but it does not prevent the CME. The ARPES data
also indicate that the quantum scattering rate determined from
the broadening of quasiparticles is �Q =~/⌧Q ⇠=100meV. Chirality
conservation in the quasiparticle scattering processes implies that
the chirality-changing rate should be only a small fraction of the
quantum scattering rate, �V =~/⌧V ⌧�Q. It is therefore reasonable
to assume that the measured �Q represents the absolute upper limit
to the chirality-changing transition rate. The existence of intra-
valley transitions does not destroy the CME, although the chirality-
flipping transitions do reduce the magnitude of the CME current, as
can be seen in our equation (8) for the CME conductivity, which is
inversely proportional to the chirality-flipping rate.

We note that equation (9) shows that, in the regime where
⇢Ohm �⇢CME, the measured magnetoresistivity ⇢ directly provides
the CME resistivity, ⇢ ⇠= ⇢CME. Therefore it is much easier to
observe the CME in materials that have a relatively large zero-field
resistivity. The zero-field resistivity in ZrTe5 is ⇢Ohm

⇠=1.2m� cm at
T =20K, and according to our theoretical estimates the CME and
Ohmic resistivities become equal, ⇢Ohm

⇠=⇢CME, at B⇠= 3 T. On the

NATURE PHYSICS | VOL 12 | JUNE 2016 | www.nature.com/naturephysics

© 2016 Macmillan Publishers Limited. All rights reserved

553

ZrTe5

sketched in Fig. 1(b). The linear crossing points are further
demonstrated in Fig. 1(c) via a band structure plot along the
kz-kx plane in momentum space. It is the result of a six-
band k · p calculation of the low-energy band structure for
the compressively strained case, where the z axis denotes
the layer growth direction and the x, y axes the in-plane
coordinates.
More information on the relation between bulk Dirac

nodes and the inversion-induced surface states can be
obtained from density functional theory calculations on
a semi-infinite thick slab with a tellurium terminated
interface to vacuum of compressively strained HgTe at a
realistic value of the in-plane strain (see also Supplemental
Material [16]). Figure 2(a) shows the calculated slab
dispersion for an extended energy range centered around
the Fermi level, exhibiting sharp dispersive surface features
20 meV below and right above the Fermi level, which is
related to the inversion of the Γ6 and Γ8 bands. The
breaking of spatial inversion symmetry in the zinc blende
structure splits each Dirac node into four Weyl points [17].
For HgTe, Weyl points of opposite chirality project pairwise
onto the (001) surfaces connected by inversion. Starting
from two Dirac nodes in the unstrained zinc blende structure,
this yields four Weyl points per surface, with a Berry flux
monopole charge of !2. Figure 2(b) highlights the low-
energy dispersion for the two surface-projected Weyl points

of chirality þ2. Weyl points of opposite chirality are
connected by a Fermi arc [18]. The separation in momentum
space between theWeyl nodes is estimated to be∼0.02 nm−1.
As a consequence, zero-field experiments do not offer
sufficient resolution to resolve the small energy and momen-
tum scales at hand. As such, we hereafter consider all bulk
transport in this sample to be described by Dirac physics and
thus will refer to the energy of the crossing points as the bulk
Dirac node. From this perspective, the band structure of
compressively strained HgTe is virtually identical to that of
typical 3D Dirac semimetals such as Cd3As2.
We report experimental results on a 66-nm-thick, com-

pressively strained HgTe layer, grown on a virtual substrate
consisting of a CdTe=ZnTe multilayer produced by a
combination of MBE and atomic layer epitaxy on a Si-
doped GaAs substrate [15]. This CdTe=ZnTe multilayer
has a lattice constant between that of CdTe and ZnTe, and
can be exactly tuned by setting the Cd=Zn ratio. In the
present case, a lattice constant of 0.6442 nm is used to
impose a compressive strain of ≈0.3% on the HgTe layer
(for details, see the Supplemental Material [16]). To
increase sample quality and carrier mobility, two 10-nm-
thick protective layers of Cd0.7Hg0.3Te are grown below
and on top of the HgTe layer.
We pattern the sample using our standard Hall-bar mask

and optical lithography process into devices such as the one
shown in the inset of Fig. 3. The mask contains two sizes of
Hall bars, a larger one with a mesa having a width of
200 μm and a separation of the longitudinal voltage leads
of 600 μm, and a smaller one with a width of 10 μm and a
contact separation of 30 μm. The HgTe mesas are covered
with a 110-nm-thick SiO2=Si3N4 insulator followed by a
100-nm-thick Au gate electrode on top of a 5-nm Ti
sticking layer. Contacts are fabricated by first using a short
dry etching step to provide a clean oxide-free surface for
contacting, followed by in situ electron beam evaporation
of 50 nm AuGe and 50 nm Au. Two separate devices, each
containing Hall bars of both sizes, were investigated in this
study, all yielding consistent results with no substantial
discrepancy between either the different devices or sample
sizes. All measurements are carried out using standard low-
noise and low-frequency ac techniques and, unless other-
wise noted, are done at 2 K.
We first confirm that we can indeed efficiently adjust the

carrier density in our sample as demonstrated by the
influence of the gate voltage on the zero-field longitudinal
resistance Rxx shown in Fig. 3(a). The longitudinal resis-
tance changes by 3 orders of magnitude, from Rxx;max ¼
19.3 kΩ around Ugate ¼ 0 V to Rxxð3VÞ ¼ 95 Ω. The
associated gate-induced change of carrier density in the
sample is determined by standard Hall measurements. We
find that the density can be tuned from −10 × 1011 cm−2

(p type) for −3 V up to 10 × 1011 cm−2 (n type) for 3 V.
The maximum of Rxx coincides with the lowest total
density as well as with the change in the carrier type from

FIG. 2. (a) Band structure along the kx direction of the surface
Brillouin zone of a semi-infinite thick slab of compressively
strained HgTe (≈0.3%) from density functional theory. Spectral
features in dark red show prominent surface character, while
lighter colours display the continuum of bulk states with
relatively weaker projections onto the (001) surface. The sharp
dark lines highlight the massless Volkov-Pankratov states and
Dirac point stemming from the Γ6-Γ8 band inversion. Because of
the sharp interface and the absence of a Hartree potential in this
calculations, the massive Pankratov states are shifted to high
energies and not visible here. (b) Enlargement of (a) around the
Fermi level showing two Weyl points with the same chirality þ2.
At large momenta, i.e., far from the Weyl points low-energy
physics, the surface states originating from theWeyl nodes are the
massless Volkov-Pankratov states that disperse in the unoccupied
part of the spectrum [cf. the surface states above the Fermi level
in (a)]. The color code identifies the spectral function
Aðkx;ωÞ ¼ ð−1=πÞImGsurfðkx;ωÞ, where Gsurfðkx;ωÞ is the mo-
mentum and energy resolved surface Green’s function.
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ANOMALIES
SOME WELL ESTABLISHED FACTS...



• In a field theory global symmetries can be violated at the 
quantum level


• Theories with massless fermions have axial and vector 
global symmetries


• Is not possible to preserve in the QFT both symmetries


• In 3+1d there are two types of axial anomalies

ANOMALIES
SOME WELL ESTABLISHED FACTS...



Argument 2:

𝒟ψ̄𝒟ψ → 𝒟ψ̄′￼𝒟ψ′￼exp [icA ∫ d4xλ(x)ϵμνρα(FμνFρα +
1
3

F5
μνF5

ρα)]

δWeff = ∫ d4x (λ5(x)∂μJμ
5 + λ(x)∂μJμ) = cA ∫ d4xλ5(x)ϵμνρα (FμνFρα +

1
3

F5
μνF5

ρα)

∂μJμ
5 = cAϵμνρα (FμνFρα +

1
3

F5
μνF5

ρα) = 8cA ( ⃗E ⋅ ⃗B +
1
3

⃗E 5 ⋅ ⃗B 5)

∂μJμ = 0

cA =
1 − (−1)
32π2ℏ2c

iWeff[A, A5] = log∫ 𝒟ψ̄𝒟ψ eiS[ψ̄,ψ] exp [i∫ d4x (AμJμ + A5
ν Jμ

5 )]



That automatically implies that the following three point function 

 satisfies
δ3Weff

δAμ(x)δAν(y)δAρ(z)
= ⟨Jμ

5 (x)Jν(y)Jρ(z)⟩

⟨∂μJμ
5 (x)Jν(y)Jρ(z)⟩ = cAϵνραβ∂αδ(x − y)∂βδ(x − z)

The famous triangle diagram, which is one loop exact!

sa

sb

sc



TA

TB

TC

Aµ

Aν

Aρ

That automatically implies that the following three point function 

 satisfies
δ3Weff

δAμ(x)δAν(y)δAρ(z)
= ⟨Jμ

5 (x)Jν(y)Jρ(z)⟩

⟨∂μJμ
5 (x)Jν(y)Jρ(z)⟩ = cAϵνραβ∂αδ(x − y)∂βδ(x − z)

The famous triangle diagram, which is one loop exact!

sa

sb

sc



TA

TB

TC

Aµ

Aν

Aρ

However there is another diagram which is not vanishing!


Finally the full anomaly (non)-conservation law is 

∇μJμ
5 = ϵμνρα (cAFμνFρα +

1
3

cAF5
μνF5

ρα + cgRα
βμνRβ

αρα)
cA =

13 − (−1)3

32π2ℏ2c
, cg =

1 − (−1)
768π2ℏ2c

TA

hµν

hλβ

Aρ

sa

sb

sc

sa



In general the anomaly takes the form

3

CHIRAL FERMIONS, GLOBAL SYMMETRIES
AND QUANTUM ANOMALIES

In quantum field theory not necessarily all the global
symmetries present in the classical action survive after
quantization. The best example are the chiral anoma-
lies. In particular the axial anomaly is responsible for
the celebrated decay of the pion into two photons, and
the more recently discussed anomaly-induced transport.

Let us assume we have a theory made of left-handed
particles transforming in some representationR(G) of the
group G. The group R(G) is expanded in the basis of
generators sa satisfying the Lie algebra

[sa, sb] = ifabcsc . (20)

For theories with such a flavor symmetry the associated
(non-)conserved currents satisfy the following Ward iden-
tity in its covariant form

DµJ
µ

a
=

dabc
32⇡2

✏µ⌫⇢�F b

µ⌫
F c

µ⌫
(21)

+
ba

768⇡2
✏µ⌫⇢�R↵

�µ⌫R
�

↵⇢� ,

rµT
µ

⌫ = F a

⌫µ
Jµ

a
+

ba
384⇡2

Dµ
�
✏�⇢�F a

�
R⌫µ⇢�

�
(22)

where dabc = 1
2Tr [{sa, sb} sc] and ba = Tr [sa] []1. The

current Jµ

a
cannot be obtained by the variation of an ac-

tion respect to the background fields Aa

µ
, and normally is

called covariant current. However there exist the consis-
tent current J̃µ

a
related with the former by the addition

of a Chern-Simons current, which can be defined as the
functional derivative of the action respect to background
field J̃µ

a
= �W

�Aa
µ
.

Jµ

a
= J̃µ

a
+Kµ

a
, (23)

where

Kµ

a
= � 1

48⇡2
✏µ⌫⇢�Tr [sa ({A⌫ , F⇢�}�A⌫A⇢A�)] . (24)

Thus, the consistent Ward identity reads

(DµJ̃
µ)a =

1

24⇡2
✏µ⌫⇢�tr


sa@µ

✓
A⌫@⇢A� +

1

2
A⌫A⇢A�

◆�

+
ba

768⇡2
✏µ⌫⇢�R↵

�µ⌫R
�

↵⇢� . (25)

As an introductory example we will discuss a theory
with a left- and a right-handed fermion. If the ultimate
goal is to couple this theory to a photon, consistency
requires that the combination U(1)L+R ⌘ U(1)e needs

1 For right-handed particles dabc = � 1
2Tr [{sa, sb} sc] and ba =

�Tr [sa]

to be conserved, however, that implies that U(1)L�R ⌘
U(1)5 necessarily will be anomalous. To prove the pre-
vious statement let us analyse the consistent current
which is the one naturally coupling to the gauge field
Aµ = 1

2 (A
L

µ
+ AR

µ
). As previously exposed this current

has to be conserved, however, after using Eq. (25) we
obtain

@µJ̃
µ

e
=

1

32⇡2
✏µ⌫⇢�Fµ⌫F

5
⇢�

(26)

@µJ̃
µ

5 =
1

48⇡2
✏µ⌫⇢�

�
Fµ⌫F⇢� + F 5

µ⌫
F 5
⇢�

�
(27)

+
1

768⇡2
✏µ⌫⇢�R↵

�µ⌫R
�

↵⇢� ,

where J̃µ

e
= J̃µ

L
+ J̃µ

R
and J̃µ

5 = J̃µ

L
� J̃µ

R
. In Eq. (26)

the vector current J̃µ

e
is not conserved. Nonetheless this

issued can be resolved by noting that since the theory is
not gauge invariant one can add a non-invariant counter-
term that will shift the anomaly, the so-called Bardeen
counter-term

WCT = � 1

12⇡2

Z
d4x✏µ⌫⇢�Ae

µ
A5

⌫
F⇢� . (28)

After introducing this local polynomial the ward identity
for the new redefined consistent current je/5 = J̃e/5 +
�WCT

�A
e/5
µ

reads

@µj
µ

e
= 0 (29)

@µj
µ

5 =
1

48⇡2
✏µ⌫⇢�

�
3Fµ⌫F⇢� + F 5

µ⌫
F 5
⇢�

�
(30)

+
1

768⇡2
✏µ⌫⇢�R↵

�µ⌫R
�

↵⇢� .

The above construction has a natural generalization to
theories with non-Abelian anomalies [].

A non-abelian flavor symmetry, U(2)L ⇥ U(2)R

Now we will consider the more general case in which
the left- and right-handed fermions transform under some
n�dimensional representation of SU(2)L/R. For this case
the anomalous Ward identities (21) can be applied to the
present case and read as follows

rµJ
µ

e
=

n

8⇡2
✏µ⌫⇢�Fµ⌫F

5
⇢�

+
c(n)

8⇡2
✏µ⌫⇢�Gµ⌫

bG5
⇢�

b

,

(31)

rµJ
µ

5 =
n

16⇡2
✏µ⌫⇢�

�
Fµ⌫F⇢� + F 5

µ⌫
F 5
⇢�

�

+
c(n)

16⇡2
✏µ⌫⇢�

⇣
Gµ⌫

bG⇢�
b +G5

µ⌫

b

G5
⇢�

b
⌘

+
n

384⇡2
✏µ⌫⇢�R↵

�µ⌫
R�

↵⇢�
, (32)

DµJ
µ

a
=

c(n)

8⇡2
✏µ⌫⇢�

�
Fµ⌫G

5
⇢�

a + F 5
µ⌫
Ga

⇢�

�
, (33)

DµJ
µ

a,5 =
c(n)

8⇡2
✏µ⌫⇢�

�
Fµ⌫G⇢�

a + F 5
µ⌫
G5

⇢�

a
�
. (34)
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CHIRAL FERMIONS, GLOBAL SYMMETRIES
AND QUANTUM ANOMALIES

In quantum field theory not necessarily all the global
symmetries present in the classical action survive after
quantization. The best example are the chiral anoma-
lies. In particular the axial anomaly is responsible for
the celebrated decay of the pion into two photons, and
the more recently discussed anomaly-induced transport.

Let us assume we have a theory made of left-handed
particles transforming in some representationR(G) of the
group G. The group R(G) is expanded in the basis of
generators sa satisfying the Lie algebra

[sa, sb] = ifabcsc . (20)

For theories with such a flavor symmetry the associated
(non-)conserved currents satisfy the following Ward iden-
tity in its covariant form

DµJ
µ

a
=

dabc
32⇡2

✏µ⌫⇢�F b

µ⌫
F c

µ⌫
(21)

+
ba

768⇡2
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↵⇢� ,

rµT
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+
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(22)

where dabc = 1
2Tr [{sa, sb} sc] and ba = Tr [sa] []1. The

current Jµ

a
cannot be obtained by the variation of an ac-

tion respect to the background fields Aa

µ
, and normally is

called covariant current. However there exist the consis-
tent current J̃µ

a
related with the former by the addition

of a Chern-Simons current, which can be defined as the
functional derivative of the action respect to background
field J̃µ

a
= �W

�Aa
µ
.

Jµ

a
= J̃µ

a
+Kµ

a
, (23)

where

Kµ

a
= � 1

48⇡2
✏µ⌫⇢�Tr [sa ({A⌫ , F⇢�}�A⌫A⇢A�)] . (24)

Thus, the consistent Ward identity reads

(DµJ̃
µ)a =

1

24⇡2
✏µ⌫⇢�tr


sa@µ

✓
A⌫@⇢A� +

1

2
A⌫A⇢A�

◆�

+
ba

768⇡2
✏µ⌫⇢�R↵
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↵⇢� . (25)

As an introductory example we will discuss a theory
with a left- and a right-handed fermion. If the ultimate
goal is to couple this theory to a photon, consistency
requires that the combination U(1)L+R ⌘ U(1)e needs

1 For right-handed particles dabc = � 1
2Tr [{sa, sb} sc] and ba =

�Tr [sa]

to be conserved, however, that implies that U(1)L�R ⌘
U(1)5 necessarily will be anomalous. To prove the pre-
vious statement let us analyse the consistent current
which is the one naturally coupling to the gauge field
Aµ = 1

2 (A
L

µ
+ AR

µ
). As previously exposed this current

has to be conserved, however, after using Eq. (25) we
obtain

@µJ̃
µ

e
=

1

32⇡2
✏µ⌫⇢�Fµ⌫F

5
⇢�

(26)

@µJ̃
µ

5 =
1

48⇡2
✏µ⌫⇢�
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Fµ⌫F⇢� + F 5
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⇢�

�
(27)

+
1
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↵⇢� ,

where J̃µ

e
= J̃µ

L
+ J̃µ

R
and J̃µ

5 = J̃µ

L
� J̃µ

R
. In Eq. (26)

the vector current J̃µ

e
is not conserved. Nonetheless this

issued can be resolved by noting that since the theory is
not gauge invariant one can add a non-invariant counter-
term that will shift the anomaly, the so-called Bardeen
counter-term

WCT = � 1

12⇡2

Z
d4x✏µ⌫⇢�Ae

µ
A5

⌫
F⇢� . (28)

After introducing this local polynomial the ward identity
for the new redefined consistent current je/5 = J̃e/5 +
�WCT

�A
e/5
µ

reads

@µj
µ

e
= 0 (29)

@µj
µ

5 =
1
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�
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The above construction has a natural generalization to
theories with non-Abelian anomalies [].

A non-abelian flavor symmetry, U(2)L ⇥ U(2)R

Now we will consider the more general case in which
the left- and right-handed fermions transform under some
n�dimensional representation of SU(2)L/R. For this case
the anomalous Ward identities (21) can be applied to the
present case and read as follows

rµJ
µ

e
=

n

8⇡2
✏µ⌫⇢�Fµ⌫F

5
⇢�

+
c(n)
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(31)

rµJ
µ

5 =
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✏µ⌫⇢�
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Fµ⌫F⇢� + F 5
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F 5
⇢�

�

+
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✏µ⌫⇢�
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b +G5
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+
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384⇡2
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DµJ
µ
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✏µ⌫⇢�
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⇢�

a + F 5
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�
, (33)

DµJ
µ
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✏µ⌫⇢�

�
Fµ⌫G⇢�

a + F 5
µ⌫
G5

⇢�

a
�
. (34)
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In quantum field theory not necessarily all the global
symmetries present in the classical action survive after
quantization. The best example are the chiral anoma-
lies. In particular the axial anomaly is responsible for
the celebrated decay of the pion into two photons, and
the more recently discussed anomaly-induced transport.

Let us assume we have a theory made of left-handed
particles transforming in some representationR(G) of the
group G. The group R(G) is expanded in the basis of
generators sa satisfying the Lie algebra

[sa, sb] = ifabcsc . (20)

For theories with such a flavor symmetry the associated
(non-)conserved currents satisfy the following Ward iden-
tity in its covariant form
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where dabc = 1
2Tr [{sa, sb} sc] and ba = Tr [sa] []1. The

current Jµ

a
cannot be obtained by the variation of an ac-

tion respect to the background fields Aa

µ
, and normally is

called covariant current. However there exist the consis-
tent current J̃µ

a
related with the former by the addition

of a Chern-Simons current, which can be defined as the
functional derivative of the action respect to background
field J̃µ
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As an introductory example we will discuss a theory
with a left- and a right-handed fermion. If the ultimate
goal is to couple this theory to a photon, consistency
requires that the combination U(1)L+R ⌘ U(1)e needs

1 For right-handed particles dabc = � 1
2Tr [{sa, sb} sc] and ba =

�Tr [sa]

to be conserved, however, that implies that U(1)L�R ⌘
U(1)5 necessarily will be anomalous. To prove the pre-
vious statement let us analyse the consistent current
which is the one naturally coupling to the gauge field
Aµ = 1

2 (A
L

µ
+ AR

µ
). As previously exposed this current

has to be conserved, however, after using Eq. (25) we
obtain
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where J̃µ
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L
+ J̃µ

R
and J̃µ
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L
� J̃µ
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. In Eq. (26)

the vector current J̃µ

e
is not conserved. Nonetheless this

issued can be resolved by noting that since the theory is
not gauge invariant one can add a non-invariant counter-
term that will shift the anomaly, the so-called Bardeen
counter-term
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The above construction has a natural generalization to
theories with non-Abelian anomalies [].

A non-abelian flavor symmetry, U(2)L ⇥ U(2)R

Now we will consider the more general case in which
the left- and right-handed fermions transform under some
n�dimensional representation of SU(2)L/R. For this case
the anomalous Ward identities (21) can be applied to the
present case and read as follows
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In quantum field theory not necessarily all the global
symmetries present in the classical action survive after
quantization. The best example are the chiral anoma-
lies. In particular the axial anomaly is responsible for
the celebrated decay of the pion into two photons, and
the more recently discussed anomaly-induced transport.

Let us assume we have a theory made of left-handed
particles transforming in some representationR(G) of the
group G. The group R(G) is expanded in the basis of
generators sa satisfying the Lie algebra
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field J̃µ

a
= �W

�Aa
µ
.

Jµ

a
= J̃µ

a
+Kµ

a
, (23)

where

Kµ

a
= � 1

48⇡2
✏µ⌫⇢�Tr [sa ({A⌫ , F⇢�}�A⌫A⇢A�)] . (24)

Thus, the consistent Ward identity reads

(DµJ̃
µ)a =

1

24⇡2
✏µ⌫⇢�tr


sa@µ

✓
A⌫@⇢A� +

1

2
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ba
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�µ⌫R
�

↵⇢� . (25)

As an introductory example we will discuss a theory
with a left- and a right-handed fermion. If the ultimate
goal is to couple this theory to a photon, consistency
requires that the combination U(1)L+R ⌘ U(1)e needs

1 For right-handed particles dabc = � 1
2Tr [{sa, sb} sc] and ba =

�Tr [sa]

to be conserved, however, that implies that U(1)L�R ⌘
U(1)5 necessarily will be anomalous. To prove the pre-
vious statement let us analyse the consistent current
which is the one naturally coupling to the gauge field
Aµ = 1

2 (A
L

µ
+ AR

µ
). As previously exposed this current

has to be conserved, however, after using Eq. (25) we
obtain

@µJ̃
µ

e
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1

32⇡2
✏µ⌫⇢�Fµ⌫F

5
⇢�
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�
Fµ⌫F⇢� + F 5
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F 5
⇢�

�
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+
1
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�µ⌫R
�

↵⇢� ,

where J̃µ

e
= J̃µ

L
+ J̃µ

R
and J̃µ

5 = J̃µ

L
� J̃µ

R
. In Eq. (26)

the vector current J̃µ

e
is not conserved. Nonetheless this

issued can be resolved by noting that since the theory is
not gauge invariant one can add a non-invariant counter-
term that will shift the anomaly, the so-called Bardeen
counter-term

WCT = � 1

12⇡2

Z
d4x✏µ⌫⇢�Ae

µ
A5

⌫
F⇢� . (28)

After introducing this local polynomial the ward identity
for the new redefined consistent current je/5 = J̃e/5 +
�WCT

�A
e/5
µ

reads
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�
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The above construction has a natural generalization to
theories with non-Abelian anomalies [].

A non-abelian flavor symmetry, U(2)L ⇥ U(2)R

Now we will consider the more general case in which
the left- and right-handed fermions transform under some
n�dimensional representation of SU(2)L/R. For this case
the anomalous Ward identities (21) can be applied to the
present case and read as follows

rµJ
µ

e
=

n

8⇡2
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(31)
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between two successive collision is approximately a straight line. Therefore, in the semi-
classical (or weak magnetic field) regime, ⌧ is independent of the magnetic field strength
and we treat it as a phenomenological input in our analysis from outset. By contrast, in
the strong magnetic field limit, the path between two successive collision gets sufficiently
curved, such that ⌧ ⌘ ⌧(B), and the analysis of magnetotransport demands a quantum
mechanical analysis [47]. We here focus only on the former situation and show that the
LMC scales as �jj ⇠ B2, for any value of n as well as for any choice of j = x, y, z, which
can possibly be observed in experiments.

We now provide a brief synopsis of our main findings. When we account for all the
contributions to the LMC (restricted here only to the order B2), the net LMC becomes
direction dependent for n > 1, but it is always positive. Such an outcome roots in the
fact that quasiparticle dispersion in a multi-Weyl semimetal with n > 1 display distinct
power-law dependence on various components of momentum, unlike the situation for n = 1

(see Fig. 1), for which dispersion always scales linearly with momentum. Otherwise, the B2

dependence of LMC increases roughly as n3 with the monopole charge of the Weyl node.
The rest of the paper is organized as follows. In the next section we introduce the

low-energy model for a multi-Weyl semimetal and compute the Berry curvature in such
a system. In Sec. 3, we discuss kinetic theory in the context of Weyl semimetals. Sec. 4
is devoted to the longitudinal magnetotransport in a multi-Weyl metal. The concluding
remarks and a discussion on related issues are presented in Sec. 5. Additional technical
details are relegated to the Appendices.

2 Berry curvature and topology of a multi-Weyl semimetal

We begin the discussion by computing the Berry curvature and the associated integer
topological invariant of a multi-Weyl semimetal, featuring Weyl nodes with arbitrary integer
monopole charge n. The low-energy Hamiltonian of a multi-Weyl semimetal is given by [35,
36, 38, 48, 49]

Hn (p) = ↵npn? [cos (n�p)�x + sin (n�p)�y] + vpz�z ⌘ ✏p (np · �) , (2.1)

where p? =

q
p2x + p2y, np = (↵npn? cos (n�p) , ↵npn? sin (n�p) , vpz)✏�1

p , and the set of Pauli
matrices � = (�x, �y, �z) operate on the (pseudo-)spin indices. Momentum p is measured
from the Weyl node. The energy dispersion in the close proximity to a Weyl node is given
by ±✏p, where ± respectively corresponds to conduction and valence bands, and

✏p =

q
↵2
np2n? + v2p2z. (2.2)

The quasiparticle spectra in a multi-Weyl semimetal along various high symmetry directions
are shown in Fig. 1. Due to the doubling theorem Weyl nodes always appear in pairs [16],
which we refer here as valley degrees of freedom. But, for the sake of simplicity we suppress
the explicit dependence of Hn (p) on the valley indices.
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INTRODUCTION

Condensed matter systems o↵er a unique opportunity
to extend our understanding of anomalies in quantum
field theories. Anomalies are traditionally studied in the
realm of relativistic e↵ective field theories that emerge in
high-energy physics. They show up as a violation of sym-
metries of the classical action upon quantisation of chiral
massless fermions. An intrinsic feature of high-energy
theories is that they are relativistic. In the language of
condensed matter systems relativistic symmetry equiva-
lent to the quasiparticle spectrum linear in momentum.
This is a characteristic feature of Weyl semi-metals - a
first class of materials where a quantum anomaly was
observed. New developments that allowed us to go be-
yond the original paradigm appeared, when it was sug-
gested that e↵ective theories of massless fermions with-
out linear spectrum can be realised in materials as well
[]. The main motivation of our work is to have a de-
tailed understanding of these systems in terms of low
energy e↵ective field theory. One example, to which such
theory should be applicable, is the so-called multi-Weyl
semimetal that posses spectrum with one linear compo-
nent of momentum and has momenta raise to equal in-
teger powers in the remaining directions. These integers
are fixed by the charge n of the corresponding pairs of
(anti)-monopole in the momentum space. Weyl points
with n = 2 (known as double-Weyl nodes) can in prin-
ciple be found in HgCr2Se4 [? ? ] and SrSi2 [? ],
and A(MoX)3 (with A=Rb, Tl; X=Te) can accommodate
Weyl points with n = 3 (known as triple-Weyl nodes) [?
]. We also note that charge-neutral BdG-Weyl quasipar-
ticles with n = 2 can also be found in superconducting
states of 3He-A [? ], URu2Si2 [? ], UPt3 [? ], SrPtAs [?
], YPtBi [? ].

A direct approach to construct an e↵ective field theory
for multi-Weyl semimetal was given in [], where a La-
grangian with an anisotropic energy spectrum was con-
structed and the corresponding anomalous violation of
chiral symmetry was calculated. We emphasise that this
approach is cumbersome and even problematic. First of
all, we stress that the departure from the liner momenta
changes the structure of the fermionic operator and all
the anomalies have to be calculated from scratch. Sec-
ondly, writing the lagrangian in an anisotropic way ob-
scures the underlying symmetry structure. Finally, we
know from the previous studies of Lorentz violating the-
ories that certain ambiguities may appear in the formu-

lation the cannot be removed within the e↵ective theory.
Given this motivation we would like to construct an

e↵ective field theory that is linear in all momenta and
has a Lorentz violating perturbation, that leads to the
multi-Weyl spectrum in the low energy limit. As we will
show this formulation has several advantages over the di-
rect approach and improves the analysis in every aspect
mentioned above. From the computational point of view
the theory is linear and we do not need to do additional
computations of anomalies. In addition to that we find
that the perturbation necessary to recover multi-Weyl
spectrum is a weak SU(2) constant field. As a result
the anomaly structure is much richer than can be in-
ferred from previous studies and on top of the usual U(1)
anomalies we can have non-Abelian SU(2) anomalies as
well. Finally, our approach is in line with the previous
lore discussed in QED. The Lorentz violating perturba-
tion leads to an ambiguity that can only be fixed in a
given macroscopic model.

MULTI-WEYL

The standard way Multi-Weyl systems are introduced
is via the two bands low energy Hamiltonian

Hn = ↵np
n

? [cos (n�p)�x + sin (n�p)�y] + pz�z, (1)

where p? =
q

p2
x
+ p2

y
, and the set of Pauli matrices

� = (�x,�y,�z) operate on the (pseudo-)spin indices.
Momentum p is measured from the Weyl node. The en-
ergy dispersion in the close proximity to a Weyl node
is given by ±✏, where ± respectively corresponds to the
conduction and valence bands, and

✏p =
q

↵2
n
p2n? + v2p2

z
. (2)

Associated to the symmetries of the problem it is possible
to used an adapted coordinates system

px =

✓
✏
sin ✓

↵

◆1/n

cos�, py =

✓
✏
sin ✓

↵

◆1/n

sin�,

pz = ✏ cos ✓, (3)

where the Berry curvature takes the form

⌦p =
n2↵2

2✏2

✓
✏ sin ✓

↵

◆2(n�1)/n

h1✏̂, (4)



The components of the Berry curvature close to a Weyl node are defined as

⌦
±
p a = ±1

4
✏abcnp ·

✓
@np

@pb
⇥ @np

@pc

◆
, (2.3)

for conduction (⌦+
p a) and valence (⌦�

p a) band. For concreteness, we now focus on the
conduction band and take ⌦

+
p a ! ⌦p a. For a multi-Weyl semimetal we then find

⌦p =
1

2

nv↵2
n(p

2
x + p2y)

n�1

⇥
↵2
n(p

2
x + p2y)

n + v2p2z
⇤3/2 (px, py, npz) , (2.4)

Notice that upon integrating the Berry curvature over a closed surface ⌃ (see Appendix A
for details), we find the integer topological invariant of a multi-Weyl semimetal

n =
1

2⇡

I

⌃

⌦p · dS. (2.5)

Therefore, the integer topological invariant of a Weyl node measures the amount of Berry
flux enclosed by a unit area surface, and the Weyl nodes act as source and sink of Abelian
Berry curvature of strength n.

At this point it is worth pausing to appreciate the dimensionality of various physical
quantities in the natural units, in which we set ~ = c = kB = 1. In units of energy, the
electric charge has dimension zero, while electric and magnetic fields have dimensions two,
v is dimensionless and ↵n has dimension 1� n. At last, the central quantity of this study,
the conductivity, has dimension one, as guaranteed by gauge invariance.

3 Kinetic Theory

Kinetic theory is a semiclassical framework, which we employ for the rest of our analysis.
We assume the following hierarchy of scales T ⌧

p
B ⌧ µ, where T is temperature and µ

is the chemical potential, measured from the band-touching point. In this regime, one can
ignore the Landau quantization and use Boltzmann kinetic equation

@tf +rxf · ẋ +rpf · ṗ = C [f ] , (3.1)

which describes the evolution of the particle distribution function f in the phase space,
where C [f ] is the collision integral. The effective semiclassical dynamics of Weyl quasipar-
ticles is modified by the Berry curvature in momentum space, which leads to the following
equations of motion

ẋ = vp + ṗ ⇥ ⌦p, ṗ = eE + eẋ ⇥ B, (3.2)

where vp = rp✏p is the group velocity [50]. The challenge to solve Eq. (3.1) arises from the
complicated form of the collision term, which captures the interactions between particles.
Nevertheless, significant progress can be made by employing the so-called relaxation time
approximation, which encodes the fact that system returns to equilibrium via scattering
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A QFT model I

1 Introduction

Weyl semi-metals are an exciting new class of 3D materials with exotic electronic

transport properties [1, 2]. They are characterised by point like singularities in the

Brillouin zone at which conduction and valence band touch. Around these points the

electronic quasiparticle excitations can be described by either left- or right-handed

Weyl spinors. The Nielsen-Ninomiya theorem guarantees that left- and right-handed

Weyl spinors always appear in pairs [3]. When time reversal symmetry is broken the

left- and right-handed quasiparticles can sit at di↵erent points in the Brillouin zone.

E↵ectively the Weyl fermions are separated by an (axial) vector in the momentum

space. Since the relevant physics is localized in the momentum space on an open set

of momenta, the compactness of the Brillouin zone does not play a direct role. It does

however enforce the Nielsen-Ninomiya theorem and also guarantees that charge can

not disappear at large momenta. This means that in particular gauge invariance is

automatically preserved. A quantum field theoretical model model with non-compact

momentum space can be constructed with the same local properties around the band

touching points. It takes the form of a “Lorentz breaking” Dirac system [4] with

Lagrangian

L =  ̄
�
i/@ � e /A� �5�zb+M

�
 . (1.1)

Here /X = �µXµ, Aµ is the electromagnetic gauge potential, �µ are the Dirac matrices

and �5 = i�0�1�2�3 allows to define left- and right-handed spinors via (1±�5) =  L,R.

In the quantum field theory of chiral fermions gauge symmetry is not a priori preserved

since triangle anomalies might spoil it. However, for an equal number of right- and

left-handed fermions there always exists a regularization scheme in which anomalies

are present only in the axial current and not in the gauge current. In this sense the

counterpart of the fact that the Brillouin zone has the topology of a torus is a choice

of regularization scheme that preserves the gauge symmetry. In the holographic model

this amounts to a particular choice of Chern-Simons terms.

The spectrum of (1.1) is sketched in figure 1. As long as |b| > |M | the spectrum

is ungapped. It is characterized by band inversion and at the crossing points the wave

function is well-described by Weyl fermions. The separation of the Weyl cones is given

by
p
b2 �M2. In this situation the quantum field theoretical model at low energies

can be further reduced to an e↵ective low energy Lagrangian of the form (1.1) with

Me↵ = 0 and be↵ =
p
b2 �M2.

For |b| < |M | the system is gapped and the low energy description is simply one of

a massive Dirac fermions with be↵ = 0 and Me↵ =
p
M2 � b2. Accordingly the system

undergoes a quantum phase transition from the topologically non-trivial Weyl semi-

metal phase to a trivial insulating phase. More generally additional Dirac fermions

1

Minimal T breaking Weyl semimetal
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Figure 1: Left panel: For b2 > M2
there are two Weyl nodes in the spectrum. They are

separated by the distance
p
b2 �M2 in momentum space. Right panel: For b2 < M2

the

system is gapped with gap Me↵ =
p
M2 � b2.

might be present. Then the topologically trivial phase would not be gapped but is

itself a semi-metal. The quantum phase transition is then between a topological and a

trivial semi-metal. As we will see this is the case in our holographic model.

The axial anomaly

@µJ
µ
5
=

1

16⇡2
✏µ⌫⇢�Fµ⌫F⇢� + 2M ̄�5 (1.2)

implies the anomalous Hall e↵ect [5, 6, 7, 8, 9]

~J =
1

2⇡2

~be↵ ⇥ ~E . (1.3)

The anomalous Hall e↵ect arises as a one-loop contribution to the polarization tensor.

This calculation has a long history and is plagued by regularization ambiguities [10].

In the context of Weyl semi-metal physics these regularization ambiguities have been

argued to be resolved either by matching to a high energy model [11], e.g. a tight

binding model [12] or by considering anomaly cancellation arising from chiral edge

states at boundaries (Fermi arcs) [13]. As we will see imposing gauge invariance in the

holographic model resolves the ambiguities in a unique form. The wave function of a

Weyl spinor can be understood as a monopole of the Berry curvature in momentum

space. Left-handed Weyl fermions have monopole charge +1 and the right-handed

one having monopole charge �1 [14, 15]. This semiclassical reasoning gives indeed

good intuition about the presence or absence of the (instrinsic) anomalous Hall e↵ect.

Since the monopole charge in momentum space is a topological invariant it is still

present in fermionic two point correlation functions when interactions are taken into

account [16]. At strong coupling such semiclassical reasoning based on fermionic wave

functions or correlators might however not always be available. The question arises
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where c(n) is defined via the relation Tr(sasb) = c(n)�ab.
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tor consistent currents. From Bardeen’s counter term
plus the Bardeen-Zumino current (24) we can write the
Chern-Simons current which relate covariant with con-
sistent currents []

Pµ

a
=

1

8⇡2
✏µ⌫⇢�Tr


sa

✓
A5

⌫
F⇢� + F⇢�A

5
⌫
+

8

3
iA5

⌫
A5

⇢
A5

�

◆�
,

Pµ

a,5 =
1

24⇡2
✏µ⌫⇢�Tr

⇥
sa

�
A5

⌫
F 5
⇢�

+ F 5
⇢�
A5

⌫

�⇤
. (35)

ANOMALY INDUCED TRANSPORT

Chiral fermions, studied at finite temperature and den-
sity, exhibit non-dissipative transport properties, inti-
mately related to the chiral anomalies discussed in the
previous section. In particular the non dissipative cur-
rents within the linear response approximation are
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nition of the non-abelian magnetic fields only the linear terms in
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However, notice that those conductivities appear in the
covariant currents, and the covariant electric charge is
not conserved. The proper conserved current that will
coupled to the electromagnetic field is obtained after in-
cluding the contribution from the Bardeen-Zumino poly-
nomial and the Bardeen couternterm (35). After doing
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where we have used A5
µ
= (µ5,~b), in order for the model

to describe a time reversal breaking Weyl semimetal. We
would like to emphasize the importance of the Chern-
Simons current to obtain a vanishing chiral magnetic ef-
fect in equilibrium.

Having understood the logic of the abelian case, we
now construct the abelian and non-abelian currents of
the field theory description of the multi-Weyl system
(U(1)V ⇥ U(1)5 ⇥ SU(2)V ⇥ SU(2)5). To do so, will
define the isospin chemical potentials µ3 = µ3
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for simplicity we will ignored the form of the vortical con-
ductivities and the energy current which we show in the
appendix ??. To write the consistent currents we need
to evaluate the Chern-Simons polynomial (35) and add
it to the covariant currents, in particular for the abelian
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where we have used A5
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to describe a time reversal breaking Weyl semimetal. We
would like to emphasize the importance of the Chern-
Simons current to obtain a vanishing chiral magnetic ef-
fect in equilibrium.
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for simplicity we will ignored the form of the vortical con-
ductivities and the energy current which we show in the
appendix ??. To write the consistent currents we need
to evaluate the Chern-Simons polynomial (35) and add
it to the covariant currents, in particular for the abelian

Anomalous currents for a pair of Weyl cones
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And the chiral magnetic effect in the electric current cancel!

For M = 0
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where c(n) is defined via the relation Tr(sasb) = c(n)�ab.
As already discussed in the previous section, the covari-
ant current cannot be obtain by di↵erentiating any func-
tional of the gauge fields. Therefore, those currents do
not couple to the gauge fields. However Bardeen [] com-
puted the proper counter term to obtain conserved vec-
tor consistent currents. From Bardeen’s counter term
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Chiral fermions, studied at finite temperature and den-
sity, exhibit non-dissipative transport properties, inti-
mately related to the chiral anomalies discussed in the
previous section. In particular the non dissipative cur-
rents within the linear response approximation are
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2 These expressions assume linear response, therefore in the defi-
nition of the non-abelian magnetic fields only the linear terms in
the gauge fields are considered.
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However, notice that those conductivities appear in the
covariant currents, and the covariant electric charge is
not conserved. The proper conserved current that will
coupled to the electromagnetic field is obtained after in-
cluding the contribution from the Bardeen-Zumino poly-
nomial and the Bardeen couternterm (35). After doing
so, we obtain for the consistent currents
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where we have used A5
µ
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to describe a time reversal breaking Weyl semimetal. We
would like to emphasize the importance of the Chern-
Simons current to obtain a vanishing chiral magnetic ef-
fect in equilibrium.
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for simplicity we will ignored the form of the vortical con-
ductivities and the energy current which we show in the
appendix ??. To write the consistent currents we need
to evaluate the Chern-Simons polynomial (35) and add
it to the covariant currents, in particular for the abelian
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nomial and the Bardeen couternterm (35). After doing
so, we obtain for the consistent currents

⇢e =
1

2⇡2
~b · ~B (44)

~je =
1

2⇡2
µ ~B5 +

1

2⇡2
µµ5~! +

1

2⇡2
~E ⇥~b

⇢5 =
1

6⇡2
~b · ~B5 (45)

~j5 =
1

2⇡2
µ ~B +

1

3⇡2
µ5

~B5 +

✓
µ2 + µ2

5

4⇡2
+

T 2

12

◆
~! +

+
1

6⇡2
~E5 ⇥~b , (46)

where we have used A5
µ
= (µ5,~b), in order for the model

to describe a time reversal breaking Weyl semimetal. We
would like to emphasize the importance of the Chern-
Simons current to obtain a vanishing chiral magnetic ef-
fect in equilibrium.

Having understood the logic of the abelian case, we
now construct the abelian and non-abelian currents of
the field theory description of the multi-Weyl system
(U(1)V ⇥ U(1)5 ⇥ SU(2)V ⇥ SU(2)5). To do so, will
define the isospin chemical potentials µ3 = µ3

R
+ µ3

L
,

µ35 = µ3
L
� µ3

R
, and corresponding vector/axial gauge

fields A3,L
µ

= A3
µ
+A35

µ
, A3,R

µ
= A3

µ
�A35

µ
.

First of all let us write the covariant abelain currents

~Je =
n

2⇡2
µ5

~B +
n

2⇡2
µ ~B5 +

c(n)

2⇡2
µ35

~B3 +
c(n)

2⇡2
µ3

~B35

~J5 =
n

2⇡2
µ ~B +

n

2⇡2
µ5

~B5 +
c(n)

2⇡2
µ3

~B3 +
c(n)

2⇡2
µ35

~B35

(47)

for simplicity we will ignored the form of the vortical con-
ductivities and the energy current which we show in the
appendix ??. To write the consistent currents we need
to evaluate the Chern-Simons polynomial (35) and add
it to the covariant currents, in particular for the abelian

Anomalous currents for a pair of Weyl cones
U(1)L ⇥ U(1)R
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where h1 =

r
cos2 ✓

v2 + 1
n2✏2p

⇣
✏p sin ✓

↵

⌘2/n
, and ✏̂ is the unit

norm radial vector. In this model the Berry flux is quan-
tised taking integer values

n =
1

2⇡

I

⌃
⌦p · dS. (5)

Despite this model has been proven useful in describing
many aspect of the multi-Weyl systems we will take a
di↵erent perspective which will provide a solid ground for
the understanding of the origin fo the quantum anomalies
in the multi-Weyl systems. In [] was already noticed that
the linear Hamiltonian

H = pi⌧i +
1

2↵
(⌧1 ⌦ �1 + ⌧2 ⌦ �2) , (6)

where ⌧,�. They noticed that Eq. (6) produces at low
energies the same dispersion relation as Eq. (1) and a
Berry curvature with monopole charge n = 2. We will
generalize this construction to arbitrary integer value of
the monopole charge and relate the model to a well un-
derstood quantum field theory and its anomaly structure.

As a first step, we start with the 2n⇥ 2n model

HL,R = ±pi⌧i ⌦ 1n⇥n, (7)

where the identity operator acts in the spin space and
⌧ acts in pseudo-spin space. We want to perturb the
Hamiltonian (7) in such a way that multi-Weyl spectrum
emerges in low energies and the band touching points are
stable. If there is no spin-orbit coupling, valence and con-
duction bands are n-fold degenerate at each momentum
because all spin states have the same energy. The first
question we want to address is the symmetry structure.
We will introduce separate representations in the orbital
and spin spaces

~L = {⌧x, ⌧y, ⌧z} , (8)

~s = {sx, sy, sz}, (9)

~L being parameterised by Pauli matrices and ~s to an
arbitrary spin representation of SU(2), in other words
representations with spin (n � 1)/2. For example, for
n = 2

sx =
1

2

✓
0 1
1 0

◆
, sy =

1

2

✓
0 �i
i 0

◆
, sz =

1

2

✓
1 0
0 �1

◆
,

(10)
and for n = 3

sx =
1p
2

0

@
0 1 0
1 0 1
0 1 0

1

A , sy =
ip
2

0

@
0 �1 0
1 0 �1
0 1 0

1

A , sz =

0

@
1 0 0
0 0 0
0 0 1

1

A ,

(11)
We demand our continuous low energy description to be
invariant under rotations around the z�axes

R�1
z

H(kx, ky, kz)Rz = H(k0
x
, k0

y
, kz). (12)

where k0
x
= cos↵kx + sin↵ky, k0y = � sin↵kx + cos↵ky,

and

Rz = e�i↵⌧z ⌦ e�i↵sz . (13)

It su�ces to protect the system against the opening of the
gap. We see that the subspace kx = ky = 0 is invariant
under this symmetry and each band has a correspond-
ing quantum number given by the C4 eigenvalue. When
two bands having di↵erent quantum number intersect the
crossing point remains gapless []. The symmetry forbids
any perturbation that could open a gap.
Since we want to preserve this structure we investigate,

which perturbations can be added that commute with Rz

generators and introduce the multi-Weyl spectrum. It
turns out that two such perturbations are possible

⌧1 ⌦ sx + ⌧2 ⌦ sy , (14)

⌧2 ⌦ sx � ⌧1 ⌦ sy. (15)

We stress that the above perturbations do not commute
with rotations along the x and y directions. We will find
it convenient to use perturbation (14),

H(p)L,R = ±pi⌧i ⌦ 1n⇥n +�(⌧1 ⌦ sx + ⌧2 ⌦ sy), (16)

which gives the multi-Weyl spectrum for the valence and
conduction bands, in particular when n = 2 we can write
a close form for the gapless bands

✏ = ±
r

k2
x
+ k2

y
+ k2

z
+ 2b

⇣
b�

q
k2
x
+ k2

y
+ b2

⌘
, (17)

unfortunately for n > 2 the Hamiltonian can not be di-
agolised analytically, however we show the spectrum for
n = 3 in Fig. ??. Berry curvature discussion
Having established the Hamiltonian formalism for our

multi-Weyl system we want to pass to the Lagrangian
formalism. It will allow to employ the machinery of quan-
tum field theories. In order to get a Lagrangian we per-
form a Legendre transform of (16) to get

LL = i †
L
⌧µ

⇥
@µ � i�

�
�1
µ
s1 + �2

µ
s2
�⇤
 L; (18)

where ⌧µ = (1, ⌧ i). A key observation that allows us
to generalize the formalism is that we can write it as
a fermionic system with a non-abelian flavor symmetry
SU(2)L in presence of non-Abalian background gauge
field:

LL = i †
L
⌧µ

⇥
@µ � iAa

µ
sa
⇤
 L, (19)

where sa = (sx, sy, sz) are the generators of SU(2)L.
Note that the non-Abelian field that leads to the multi-
Weyl spectrum picks a preferred direction and reduces
the initial SO(3, 1) ⇥ SU(2)L symmetry to the diagonal
SO(1, 1)⇥ U(1)3L .

HL,R = ±~k · ~⌧ ⌦ I2⇥2
<latexit sha1_base64="/9hKYqfSbYMhdt4J46bg+mBBm4Q="></latexit>

✏ = ±
r

2�2 � 2�
q
�2 + k2? + k2? + k2k
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INTRODUCTION

Condensed matter systems o↵er a unique opportunity
to extend our understanding of anomalies in quantum
field theories. Anomalies are traditionally studied in the
realm of relativistic e↵ective field theories that emerge in
high-energy physics. They show up as a violation of sym-
metries of the classical action upon quantisation of chiral
massless fermions. An intrinsic feature of high-energy
theories is that they are relativistic. In the language of
condensed matter systems relativistic symmetry equiva-
lent to the quasiparticle spectrum linear in momentum.
This is a characteristic feature of Weyl semi-metals - a
first class of materials where a quantum anomaly was
observed. New developments that allowed us to go be-
yond the original paradigm appeared, when it was sug-
gested that e↵ective theories of massless fermions with-
out linear spectrum can be realised in materials as well
[]. The main motivation of our work is to have a de-
tailed understanding of these systems in terms of low
energy e↵ective field theory. One example, to which such
theory should be applicable, is the so-called multi-Weyl
semimetal that posses spectrum with one linear compo-
nent of momentum and has momenta raise to equal in-
teger powers in the remaining directions. These integers
are fixed by the charge n of the corresponding pairs of
(anti)-monopole in the momentum space. Weyl points
with n = 2 (known as double-Weyl nodes) can in prin-
ciple be found in HgCr2Se4 [? ? ] and SrSi2 [? ],
and A(MoX)3 (with A=Rb, Tl; X=Te) can accommodate
Weyl points with n = 3 (known as triple-Weyl nodes) [?
]. We also note that charge-neutral BdG-Weyl quasipar-
ticles with n = 2 can also be found in superconducting
states of 3He-A [? ], URu2Si2 [? ], UPt3 [? ], SrPtAs [?
], YPtBi [? ].

A direct approach to construct an e↵ective field theory
for multi-Weyl semimetal was given in [], where a La-
grangian with an anisotropic energy spectrum was con-
structed and the corresponding anomalous violation of
chiral symmetry was calculated. We emphasise that this
approach is cumbersome and even problematic. First of
all, we stress that the departure from the liner momenta
changes the structure of the fermionic operator and all
the anomalies have to be calculated from scratch. Sec-
ondly, writing the lagrangian in an anisotropic way ob-
scures the underlying symmetry structure. Finally, we
know from the previous studies of Lorentz violating the-
ories that certain ambiguities may appear in the formu-

lation the cannot be removed within the e↵ective theory.
Given this motivation we would like to construct an

e↵ective field theory that is linear in all momenta and
has a Lorentz violating perturbation, that leads to the
multi-Weyl spectrum in the low energy limit. As we will
show this formulation has several advantages over the di-
rect approach and improves the analysis in every aspect
mentioned above. From the computational point of view
the theory is linear and we do not need to do additional
computations of anomalies. In addition to that we find
that the perturbation necessary to recover multi-Weyl
spectrum is a weak SU(2) constant field. As a result
the anomaly structure is much richer than can be in-
ferred from previous studies and on top of the usual U(1)
anomalies we can have non-Abelian SU(2) anomalies as
well. Finally, our approach is in line with the previous
lore discussed in QED. The Lorentz violating perturba-
tion leads to an ambiguity that can only be fixed in a
given macroscopic model.

MULTI-WEYL

The standard way Multi-Weyl systems are introduced
is via the two bands low energy Hamiltonian

Hn = ↵np
n

? [cos (n�p)�x + sin (n�p)�y] + pz�z, (1)

where p? =
q

p2
x
+ p2

y
, and the set of Pauli matrices

� = (�x,�y,�z) operate on the (pseudo-)spin indices.
Momentum p is measured from the Weyl node. The en-
ergy dispersion in the close proximity to a Weyl node
is given by ±✏, where ± respectively corresponds to the
conduction and valence bands, and

✏p =
q

↵2
n
p2n? + v2p2

z
. (2)

Associated to the symmetries of the problem it is possible
to used an adapted coordinates system

px =

✓
✏
sin ✓

↵

◆1/n

cos�, py =

✓
✏
sin ✓

↵

◆1/n

sin�,

pz = ✏ cos ✓, (3)

where the Berry curvature takes the form

⌦p =
n2↵2

2✏2

✓
✏ sin ✓

↵

◆2(n�1)/n

h1✏̂, (4)

Let’s start with the Hamiltonian

And find the perturbations which are invariant 
under


 
C4
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where h1 =

r
cos2 ✓

v2 + 1
n2✏2p

⇣
✏p sin ✓

↵

⌘2/n
, and ✏̂ is the unit

norm radial vector. In this model the Berry flux is quan-
tised taking integer values

n =
1

2⇡

I

⌃
⌦p · dS. (5)

Despite this model has been proven useful in describing
many aspect of the multi-Weyl systems we will take a
di↵erent perspective which will provide a solid ground for
the understanding of the origin fo the quantum anomalies
in the multi-Weyl systems. In [] was already noticed that
the linear Hamiltonian

H = pi⌧i +
1

2↵
(⌧1 ⌦ �1 + ⌧2 ⌦ �2) , (6)

where ⌧,�. They noticed that Eq. (6) produces at low
energies the same dispersion relation as Eq. (1) and a
Berry curvature with monopole charge n = 2. We will
generalize this construction to arbitrary integer value of
the monopole charge and relate the model to a well un-
derstood quantum field theory and its anomaly structure.

As a first step, we start with the 2n⇥ 2n model

HL,R = ±pi⌧i ⌦ 1n⇥n, (7)

where the identity operator acts in the spin space and
⌧ acts in pseudo-spin space. We want to perturb the
Hamiltonian (7) in such a way that multi-Weyl spectrum
emerges in low energies and the band touching points are
stable. If there is no spin-orbit coupling, valence and con-
duction bands are n-fold degenerate at each momentum
because all spin states have the same energy. The first
question we want to address is the symmetry structure.
We will introduce separate representations in the orbital
and spin spaces

~L = {⌧x, ⌧y, ⌧z} , (8)

~s = {sx, sy, sz}, (9)

~L being parameterised by Pauli matrices and ~s to an
arbitrary spin representation of SU(2), in other words
representations with spin (n � 1)/2. For example, for
n = 2

sx =
1

2

✓
0 1
1 0

◆
, sy =

1

2

✓
0 �i
i 0

◆
, sz =

1

2

✓
1 0
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◆
,
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and for n = 3

sx =
1p
2

0

@
0 1 0
1 0 1
0 1 0

1

A , sy =
ip
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0
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0 �1 0
1 0 �1
0 1 0

1

A , sz =

0

@
1 0 0
0 0 0
0 0 1

1

A ,
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We demand our continuous low energy description to be
invariant under rotations around the z�axes

R�1
z

H(kx, ky, kz)Rz = H(k0
x
, k0

y
, kz). (12)

where k0
x
= cos↵kx + sin↵ky, k0y = � sin↵kx + cos↵ky,

and

Rz = e�i↵⌧z ⌦ e�i↵sz . (13)

It su�ces to protect the system against the opening of the
gap. We see that the subspace kx = ky = 0 is invariant
under this symmetry and each band has a correspond-
ing quantum number given by the C4 eigenvalue. When
two bands having di↵erent quantum number intersect the
crossing point remains gapless []. The symmetry forbids
any perturbation that could open a gap.
Since we want to preserve this structure we investigate,

which perturbations can be added that commute with Rz

generators and introduce the multi-Weyl spectrum. It
turns out that two such perturbations are possible

⌧1 ⌦ sx + ⌧2 ⌦ sy , (14)

⌧2 ⌦ sx � ⌧1 ⌦ sy. (15)

We stress that the above perturbations do not commute
with rotations along the x and y directions. We will find
it convenient to use perturbation (14),

H(p)L,R = ±pi⌧i ⌦ 1n⇥n +�(⌧1 ⌦ sx + ⌧2 ⌦ sy), (16)

which gives the multi-Weyl spectrum for the valence and
conduction bands, in particular when n = 2 we can write
a close form for the gapless bands

✏ = ±
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k2
x
+ k2

y
+ k2

z
+ 2b

⇣
b�

q
k2
x
+ k2

y
+ b2

⌘
, (17)

unfortunately for n > 2 the Hamiltonian can not be di-
agolised analytically, however we show the spectrum for
n = 3 in Fig. ??. Berry curvature discussion
Having established the Hamiltonian formalism for our

multi-Weyl system we want to pass to the Lagrangian
formalism. It will allow to employ the machinery of quan-
tum field theories. In order to get a Lagrangian we per-
form a Legendre transform of (16) to get

LL = i †
L
⌧µ

⇥
@µ � i�

�
�1
µ
s1 + �2

µ
s2
�⇤
 L; (18)

where ⌧µ = (1, ⌧ i). A key observation that allows us
to generalize the formalism is that we can write it as
a fermionic system with a non-abelian flavor symmetry
SU(2)L in presence of non-Abalian background gauge
field:

LL = i †
L
⌧µ

⇥
@µ � iAa

µ
sa
⇤
 L, (19)

where sa = (sx, sy, sz) are the generators of SU(2)L.
Note that the non-Abelian field that leads to the multi-
Weyl spectrum picks a preferred direction and reduces
the initial SO(3, 1) ⇥ SU(2)L symmetry to the diagonal
SO(1, 1)⇥ U(1)3L .
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norm radial vector. In this model the Berry flux is quan-
tised taking integer values

n =
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Despite this model has been proven useful in describing
many aspect of the multi-Weyl systems we will take a
di↵erent perspective which will provide a solid ground for
the understanding of the origin fo the quantum anomalies
in the multi-Weyl systems. In [] was already noticed that
the linear Hamiltonian

H = pi⌧i +
1

2↵
(⌧1 ⌦ �1 + ⌧2 ⌦ �2) , (6)

where ⌧,�. They noticed that Eq. (6) produces at low
energies the same dispersion relation as Eq. (1) and a
Berry curvature with monopole charge n = 2. We will
generalize this construction to arbitrary integer value of
the monopole charge and relate the model to a well un-
derstood quantum field theory and its anomaly structure.

As a first step, we start with the 2n⇥ 2n model

HL,R = ±pi⌧i ⌦ 1n⇥n, (7)

where the identity operator acts in the spin space and
⌧ acts in pseudo-spin space. We want to perturb the
Hamiltonian (7) in such a way that multi-Weyl spectrum
emerges in low energies and the band touching points are
stable. If there is no spin-orbit coupling, valence and con-
duction bands are n-fold degenerate at each momentum
because all spin states have the same energy. The first
question we want to address is the symmetry structure.
We will introduce separate representations in the orbital
and spin spaces

~L = {⌧x, ⌧y, ⌧z} , (8)

~s = {sx, sy, sz}, (9)

~L being parameterised by Pauli matrices and ~s to an
arbitrary spin representation of SU(2), in other words
representations with spin (n � 1)/2. For example, for
n = 2

sx =
1

2

✓
0 1
1 0

◆
, sy =

1

2

✓
0 �i
i 0

◆
, sz =

1

2

✓
1 0
0 �1

◆
,

(10)
and for n = 3

sx =
1p
2

0

@
0 1 0
1 0 1
0 1 0

1

A , sy =
ip
2

0

@
0 �1 0
1 0 �1
0 1 0

1

A , sz =

0

@
1 0 0
0 0 0
0 0 1

1

A ,

(11)
We demand our continuous low energy description to be
invariant under rotations around the z�axes

R�1
z

H(kx, ky, kz)Rz = H(k0
x
, k0

y
, kz). (12)

where k0
x
= cos↵kx + sin↵ky, k0y = � sin↵kx + cos↵ky,

and

Rz = e�i↵⌧z ⌦ e�i↵sz . (13)

It su�ces to protect the system against the opening of the
gap. We see that the subspace kx = ky = 0 is invariant
under this symmetry and each band has a correspond-
ing quantum number given by the C4 eigenvalue. When
two bands having di↵erent quantum number intersect the
crossing point remains gapless []. The symmetry forbids
any perturbation that could open a gap.
Since we want to preserve this structure we investigate,

which perturbations can be added that commute with Rz

generators and introduce the multi-Weyl spectrum. It
turns out that two such perturbations are possible

⌧1 ⌦ sx + ⌧2 ⌦ sy , (14)

⌧2 ⌦ sx � ⌧1 ⌦ sy. (15)

We stress that the above perturbations do not commute
with rotations along the x and y directions. We will find
it convenient to use perturbation (14),

H(p)L,R = ±pi⌧i ⌦ 1n⇥n +�(⌧1 ⌦ sx + ⌧2 ⌦ sy), (16)

which gives the multi-Weyl spectrum for the valence and
conduction bands, in particular when n = 2 we can write
a close form for the gapless bands

✏ = ±
r

k2
x
+ k2

y
+ k2

z
+ 2b

⇣
b�

q
k2
x
+ k2

y
+ b2

⌘
, (17)

unfortunately for n > 2 the Hamiltonian can not be di-
agolised analytically, however we show the spectrum for
n = 3 in Fig. ??. Berry curvature discussion
Having established the Hamiltonian formalism for our

multi-Weyl system we want to pass to the Lagrangian
formalism. It will allow to employ the machinery of quan-
tum field theories. In order to get a Lagrangian we per-
form a Legendre transform of (16) to get

LL = i †
L
⌧µ

⇥
@µ � i�

�
�1
µ
s1 + �2

µ
s2
�⇤
 L; (18)

where ⌧µ = (1, ⌧ i). A key observation that allows us
to generalize the formalism is that we can write it as
a fermionic system with a non-abelian flavor symmetry
SU(2)L in presence of non-Abalian background gauge
field:

LL = i †
L
⌧µ

⇥
@µ � iAa

µ
sa
⇤
 L, (19)

where sa = (sx, sy, sz) are the generators of SU(2)L.
Note that the non-Abelian field that leads to the multi-
Weyl spectrum picks a preferred direction and reduces
the initial SO(3, 1) ⇥ SU(2)L symmetry to the diagonal
SO(1, 1)⇥ U(1)3L .

Previous Hamiltonian can be written in terms of a covariant Lagrangian

Aa
µ = �

�
�xµ�

1
a + �yµ�

2
a

�
<latexit sha1_base64="9rbTYGFV8mxQ4Sbn2yCgqcm2u5M="></latexit>

We explicitly break the symmetry

R3,1 ⇥ SO(3, 1)⇥ U(1)⇥ SU(2)
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R3,1 ⇥ SO(1, 1)⇥ U(1)⇥ U(1)3
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The lattice              is included hereC4,6
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Allow me for a while simplify the picture removing the gauge field

and remain classical

L = i †⌧µ@µ 
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This system has the following symmetry

Noether theorem implies

R3,1 ⇥ SO(3, 1)⇥ U(1)⇥ SU(2)
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Now we play the same game for the theory

U(1)L ⇥ U(1)R ⇥ SU(2)L ⇥ SU(2)R
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The abelian currents are
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Now we play the same game for the theory

U(1)L ⇥ U(1)R ⇥ SU(2)L ⇥ SU(2)R
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The non-abelian currents are
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FIG. 1. Band structure of the (A) Simple-, (B) Double
and (C) Triple-Weyl semimetal model (equation 2) under the
path K ! � ! W ! R ! K. K, �, W and R stand
for (⇡,⇡,⇡/2),(0, 0, 0), (0, 0,⇡/2)and (⇡, 0,⇡/2), respectively.
For all panels t = t0 = 1 and mz = 0. In panel (B) and (C)
� =1.
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We study anomalies in the context of three-dimensional multi-Weyl semimetals, constituted by
pairs of (anti)-monopole of arbitrary charge n.

I. LATTICE MODEL

To study the anomaly imprint in real materials we

compute the Abelian Anomalous Hall conductivity for

Simple-, Double- and Triple-Weyl semimetal. The start-

ing point for the discussion is the momentum defined

Hamiltonian

HSW = t [sin kx �1 + sin ky �2 + (cos kz �mz)�3]

+ t0 [2� cos kx � cos ky] , (1)

describing a Simple-Weyl semimetal (SWS) [Figure 1].

[Parameter space description] To construct Double- and

Triple-Weyl semimetals while preserving the maximum

amount of symmetries we propose a model with a n-fold

increase of the degrees of freedom, where n corresponds

to the charge of the monopole (i.e. n = 2 for DWS and

n = 3 for TWS). The resulting Hamiltonian takes the

following form

HMW = HSW ⌦ In + � J n
x . (2)

Here In is the n dimensional identity matrix and J n
x

is the x-component of the angular momentum generator

in the (n� 1)/2 spin representation. [Maybe address the

other possible perturbation where � ! i� and J n
x ! J n

y ].

It is possible to model Multi-Weyl semimetals (MWS)

without increasing the number of degrees of freedom at

the cost of losing explicitly Lorentz invariance. DWS can

be described by the following two-band Hamiltonian

H
TB
DW = t [(cos kx � cos ky)�1 + sin kx sin ky �2

+ (coskz �mz)�3] + t0 [2� coskx � cosky] .

(3)

TWS on the other hand, can be modelled by

H
TB
TW = t [sin kx (3 cos ky � cos kx � 2)�1

+sin ky (3 cos ky � cos ky � 2)�2

+ (coskz �mz)�3] + t0 [2� coskx � cosky] .

(4)

⇤ rmad@pks.mpg.de

MWS present a generalized Anomalous Hall e↵ect which

results in the following equations for the electric charge

density (⇢) and current (J)

⇢ = n
e
2

2⇡2
b ·B, J = n

e
2

2⇡2
b⇥E, (5)

where n stands for the monopoles charge, b denotes the

cone shift in momentum space and B and E correspond

to the magnetic and electric Field, respectively.

To verify the existence of a generalized anomalous Hall

e↵ect, we compute the charge densities for all the Hamil-

tonians presented above. To that end, we consider a cu-

bic lattice, with L⇥ L sites in the x-y plane and infinite

size in the z direction. We choose to work with peri-

odic boundary conditions on the x and y directions. The

magnetic field is introduce via the Peierls substitution:

hooping terms between lattice sites ri and rf acquire a

phase e
2⇡i
�0

R rf
ri

A·dr
, where A stands for the vector poten-

tial and �0 = hc/e is the flux quantum. Considering the

Field configuration B = � [�(x� L/4)� �(x+ L/4)] we

compute the charge density

⇢(x, y) = e

X

i2GS

X

kz

| s,kz(x, y)|2 , (6)

where  s,kz are the eigenvectors of the Hamiltonian. The

results are presented in figure 2.
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Testing the QFT with a tight binding model
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charge densities and currents we obtain

⇢e =
n

2⇡2
~b · ~B (48)

~je =
n

2⇡2
µ ~B5 +

c(n)

2⇡2
µ3

~B35 +
n

2⇡2
~E ⇥~b

⇢5 =
n

6⇡2
~b · ~B5 (49)

~j5 =
n

2⇡2
µ ~B +

n

3⇡2
µ5

~B5 +
c(n)

2⇡2
µ3

~B3 +
c(n)

3⇡2
µ35

~B35 +

+
n

6⇡2
~E5 ⇥~b , (50)

and for the non-abelian densities and currents

⇢3 =
c(n)

2⇡2
~b · ~B3 (51)

~j3 =
c(n)

2⇡2
~E3 ⇥~b

⇢35 =
c(n)

2⇡2
~b · ~B35 +

c(n)

6⇡2
~b · ~B35 (52)

~j3 =
c(n)

6⇡2
~E35 ⇥~b. (53)

In order to relate these currents with the multi-Weyl
semimetal we need to take into account the presence of
the background field A = � (0, sx, sy, 0). The presence of
such background field introduces a non-abelian magnetic
field ~B3 = (0, 0,�2). However, two issues are associated
to such background field, the first one is associated to
the fact that the transport coe�cients shown before were
computed using linear response theory and the actual
magnetic field correspond to a non-linear contribution,
and secondly the parameter � also breaks the SU(2)
symmetry spoiling the anomaly protection of the current
Eq. (53).

ANOMALOUS TRANSPORT FROM
HOLOGRAPHY

As discussed in the previous section, the presence of
the background non-abelian gauge field will break the
original global symmetry group. For simplicity we will
start by considering just left-handed matter fields, in this
case the starting symmetry group is SO(3, 1)⇥SU(2)L⇥
U(1)L which will be broken down to SO(1, 1)⇥U(1)3L ⇥
U(1)L by the background gauge field. This explicit sym-
metry breaking will generate an RG flow from a confor-
mal field theory in the UV to an anisotropic system in
the IR as the one described by the e↵ective multi-Weyl
Hamiltonian Eq. (??). Therefore along the RG trajec-
tory the anomalous conductivities will not be anomaly
protected, however in some cases universal behaviour in
the IR fixed point can be found [].

In order to understand the one point functions of the
currents at very low energies, it necessary to select a spe-
cific model. We will consider a strongly couple theory

with holographic dual, considering the simplicity of one
point functions computations in this case. A second rea-
son for selecting a holographic model is associated to the
ambiguities we may encounter related to di↵erent regu-
larization schemes []. Fortunately, in holography these
ambiguities are not present due to the existence of a nat-
ural regulator (location of the AdS boundary). Actually,
holography has been a vital tool in the understanding of
anomaly-induced transport []. Actually, our main goal
is to qualitatively understand whether the new predicted
transport coe�cients survive along the RG flow.
As a first approach to the problem, and for simplicity

we will only consider the response of the charged cur-
rent to external gauge fields. We will leave the study of
chiral vortical conductivites and response in the energy
momentum tensor for the future. That allow us to take
the probe approximation in which the bulk gauge fields
will not backreact on the geometry, a consequence of the
approximation will be that the mixed gauge-gravitational
anomaly will be decoupled. However, as already seen in
previous sections the mixed anomaly is relevant for the
chiral vortical or chiral magnetic e↵ects in the energy
current.
The problem of quantum anomalies is well understood

and their presence is realized via the introduction of
Chern-Simons terms in the bulk action. Our perspec-
tive will be fully phenomenological, i.e bottom up. We
will assume the existence of a large N , strongly coupled
gauge theory with a holographic dual and with the same
anomaly structure as our multi-Weyl system. Therefore,
the simplest holographic model we can construct has the
form

S = �
Z

Tr


1

2n
F ^ ?F +

1

2c(n)
G ^ ?G+

+�

✓
A ^ (dA)2 +

3

2
A3 ^ dA+

3

5
A5

◆�
, (54)

where the gauge fields are defined as

A = A(0)s0 , A = A(a)sa , A = A+ A , (55)

and si = (s0, sa) are the identity and SU(2) generators
introduced in the section ??. The corresponding field
strength associated to the gauge fields are

F = dA , G = dA � iA2 . (56)

We are interested in computing the anomalous cur-
rents at finite temperature. To do so, we need a finite
temperature background geometry which we chose to be
the Schwarzsild-AdS blackhole

ds2 =
1

r2

✓
�u(r)dt2 +

1

u(r)
dr2 + dx2 + dy2 + dz2)

◆
,

(57)
with the horizon at rh = 1, and the blackening factor
u(r) = 1� r2. In this units the Hawking temperature is
given by T = ⇡�1.
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Fermi arcs for simple, double and triple Weyl semimetals

As expected each case shows as many Fermi arcs as the value of the monopole 

charge



⇢̇+r · ~J⇢ = a� ~E · ~B

✏̇+r · ~J✏ = ~J⇢ · ~E

~J⇢ = a�µ ~B

~J✏ =
⇣a�

2
µ2 + agT

2
⌘
~B

assuming a steady state via a relaxation time approximation
( ·ρ, ·ϵ) → M ⋅ (δμ, δT )

Magneto-Transport

~J = G ~E +GTrT

G = de + c1a
2
�B

2 GT = dth + c2a�agB
2

Kinetic theory single Weyl: [Son, Spivak]

Kinetic theory single multi-Weyl: [Dantas,P-B,Roy,Surowka]


Hydro: [Lucas, Davison, Sachdev]
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the semi-classical approach based on the Boltzmann equation23–26, 
which so far lacks a simple connection to the anomalous origin of 
this contribution. This consistency of different theoretical approaches 
illustrates that anomalies affect transport on a fundamental level; their 
effect can consistently be derived from any calculation that keeps track 
of conservation laws and symmetries, and that correctly captures the 
topological character of a Weyl node.

The positive magneto-conductance and magneto-thermoelectric 
conductance are fundamentally linked to the response of the charge 
current J when an electric field E and a thermal gradient ∇T are 
applied through the relation J =  GE +  GT∇T. Here, G =  J/E denotes the 
electric conductance, which characterizes the response of the electrical 
current to electric fields, and GT =  J/| ∇T|  is the thermoelectric 
 conductance, which characterizes the electrical current in the Weyl 
metal that is induced by a temperature gradient. (Note that we define 
the coordinate system such that the applied temperature gradient has 
only one non-zero component.) In low magnetic fields, the mixed 
axial–gravitational anomaly and the chiral anomaly implies a positive 
magneto-current contribution to the transport coefficients 
= +G d c a Be 1 c

2 2 and = +G d c a a BT th 2 c g
2, with c1,2 >  0 accounting for  

details of the band structure. Here de and dth express the classical  
electrical and thermal Drude parts, the coefficients ac and ag account 

for the contributions of the chiral and mixed axial–gravitational anom-
alies, respectively6,23,24,27, and B! denotes the component of the mag-
netic field that is  parallel to the electric field or thermal gradient. In the 
ultra-quantum limit at high magnetic fields, when only the lowest 
Landau level contributes to transport, G depends linearly on the mag-
netic field and the gravitational anomaly does not contribute to GT (see 
Methods). Analogously to the positive magneto-conductance, which 
requires parallel electric and magnetic fields as determined by the chiral 
 anomaly, the positive magneto-thermoelectric conductance is expected 
to be locked to the magnetic-field direction as a result of the anomalous 
contribution6,23–26. The combined measurement of (i) a finite value of 
ag, (ii) the functional dependence for ∇T · B ≠  0 of the positive 
 magneto-thermoelectric conductance at low fields (B is the magnetic 
field), and (iii) the absence of positive magneto-thermoelectric 
 conductance at high fields represents the experimental signature of the 
mixed axial–gravitational anomaly in thermal transport.

The magneto-thermoelectrical conductance of the half-Heusler alloy 
GdPtBi (ref. 15) has recently been calculated from separate measure-
ments of thermopower and electrical conductance,  revealing a positive 
magneto-thermoelectric conductance contribution at low magnetic 
fields. However, this contribution was interpreted as a  signature of 
the node creation process, which depends on the magnetic field. To 
obtain experimental signatures of the presence of the mixed axial– 
gravitational anomaly, it is therefore desirable to go beyond these 
experiments and investigate the electrical response of intrinsic Weyl 
semimetals to temperature gradients in collinear magnetic fields.

For our experiments, we used micro-ribbons (50 µ m ×  2.5 µ m ×  0.5 µ m)  
cut out from single-crystalline bulk samples of the Weyl semimetal 
NbP with a gallium focused-ion beam. The transport direction in our 
samples matches the [100] axis of the crystal (see Methods for details). 
An on-chip micro-strip line heater near the micro-ribbon generates a 
temperature gradient along the length of the ribbon, with the resulting  
temperature differences (less than 350 mK) sufficiently small to ensure 
that the measurement is in the linear response regime (Extended Data 
Fig. 6). The temperature gradient ∇T was measured by resistance 
thermometry using two metal four-probe thermometer lines located 
at the ends of the NbP micro-ribbon (Fig. 1d). The metal lines for ther-
mometry also serve as electrodes for applying an electrical bias and for 
measuring the current response of the ribbon. The elongated geometry 
of the micro-ribbons, with contact lines across the full widths of the 
samples, was chosen to ensure that current jetting is suppressed and to 
provide homogenous field distributions15,17. To justify the description 
of the carriers in terms of Weyl fermions, it is essential that the Fermi 
level EF is as close as possible to the Weyl nodes of NbP (refs 28, 29). 
By means of gallium doping, we recently showed that EF is located only 
5 meV above the Weyl points, in the electron cone of our NbP sample14.

In a first set of transport experiments of electrical conductance meas-
urements under isothermal conditions (∇T =  0), we establish that the 
NbP micro-ribbon can be accurately described by Weyl fermions. For 
this purpose, a voltage V =  1 mV is applied along the ribbon, which sets 
an electric field E, and the corresponding current J is measured through 
a near-zero-impedance (1 Ω ) ammeter. When the magnetic field is 
switched on, the Weyl nodes split into Landau levels. For each Weyl 
node, the zeroth Landau level disperses linearly with momentum along 
B (Fig. 2a) and is thus chiral, unlike the remaining Landau levels, which 
disperse quadratically. Aligned electric and magnetic fields (E !  B) 
generate a chiral flow of charge between the two valleys of different 
chirality4, with a rate that is proportional to E · B. To equilibrate the 
induced chiral imbalance between the left- and right-handed fermions, 
large-momentum internode scattering is required, which in general 
depends on B (refs 11, 27). In the low-field regime, in which many 
Landau levels are filled, it is possible to solve the corresponding 
Boltzmann11 or hydrodynamic6 transport equation, resulting in a 
 chiral-anomaly-induced positive magneto-conductance contribution 
of = +G d c a Be 1 c

2 2 . In the high-field limit, in which only the lowest 
Landau levels contribute to transport, the magneto-conductance 

5.2

5.3

5.4

160

200

240

E = 0 T || B

T = 0 E || B

B

–kD

+kD

E

ky

kx

E

T

Magnetic !eld, B

G
 (m

S
)

–G
T 

(n
A

 K
–1

)

15 μm

B

∝B2

15 μm

ed

A
cb

a

A

Δ

Δ $$

∝B2
$$

–10 –5 0 5 10
$$

Δ

(T)

Figure 1 | Positive magneto-conductance G(B!) and magneto-
thermoelectric conductance GT(B!) in the Weyl semimetal NbP.  
a, Sketch of two Weyl cones with distinct chiralities + χ and − χ, 
represented in green and red, respectively. E, kx and ky are the energy and 
the components of the momentum vector k in x and y directions, 
respectively. kD denotes the distance of the chiral nodes from their centre 
point in momentum space. b, c, False-coloured optical micrographs of the 
devices used to measure the electrical conductance G =  J/E (b) and 
thermoelectric conductance GT =  J/| ∇T|  (c). The red and the green ends 
of the colour gradient denote the hot and cold sides of the device, 
respectively. Four NbP micro-ribbons (green) were investigated, all 
showing similar results. The data for the first ribbon are presented here.  
d, e, G(E !  B) (d) and − GT(∇ T !  B) (e) as functions of the magnetic field 
B! at a cryostat base temperature of T =  25 K (solid lines); the negative sign 
accounts for electron transport. The dotted lines show the predicted 
dependence (∝B2).
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electron to primarily hole transport. From this observation
we infer that we can precisely tune the Fermi energy to the
bulk Dirac node. Given that our Hall bars consist of three
squares, the maximum corresponds to a sheet resistivity
value of approximately 6.4 kΩ=□, and thus of the order of
magnitude expected for a diffusive Dirac system [19].
Tuning to minimal carrier density, and consequently

moving the Fermi energy to the bulk Dirac node level, the
longitudinal resistance Rxx versus a magnetic field B
applied parallel to the current I is shown in Fig. 3(b).
A significant dip is observed as a function of B, corre-
sponding to a reduction of up to≈60% of the value of Rxx at
B ¼ 0. Such a negative magnetoresistance contribution is a
defining feature implied by the chiral anomaly. Originally
conceived as a symmetry violation in quantum field theory
in comparison to its classical analogue, the chiral anomaly
was first discussed in the context of solid-state systems by
Nielsen and Ninomiya [20]. There, the emergence of a
chiral charge, i.e., an imbalance between left- and right-
moving Dirac particles, is naturally interpreted to be

implied by an external field, as both particle branches
are not independent but connected through the crystal band
structure. Weyl nodes (and magnetic field-split Dirac
nodes) can act as magnetic monopoles in momentum space
due to their Berry curvature, with a magnetic charge given
by the chirality [21]. A magnetic field parallel to the driving
electric field causes a pair of Weyl nodes with different
chirality to shift in energy with respect to each other,
causing a redistribution of carriers among the nodes. This
increases the longitudinal conductivity σxx upon increasing
magnetic field strength. A Boltzmann equation calculation
yields σxx ∝ B2 [22,23].
Experimentally, the negative magnetoresistance due to

the chiral anomaly contribution is, for certain ranges of
magnetic field, often overshadowed by other effects. For
small magnetic fields B, a minor increase of Rxx is
observed, which we attribute to weak antilocalization based
on its field and temperature dependence [24,25]. For large
magnetic fields (above ≈6 T), the chiral anomaly contri-
bution becomes overcompensated to yield a total increase
of longitudinal resistance, possibly due to impurity-
imposed classical mechanisms of magnetotransport [26].
Strong evidence connecting the negative magnetoresist-

ance phenomenon in Fig. 3(b) to the bulk Dirac nodes in the
HgTe band structure derives from the gate voltage depend-
ence of the magnetoresistance data, as presented in Fig. 4.
The data of Figs. 3(a) and 3(b) are included as the dashed
black line and the Ugate ¼ 0 V line, respectively. The
visualization unambiguously demonstrates that the nega-
tive magnetoresistance is strongest, both in absolute num-
bers and percentagewise, atUgate ≈ 0 V, corresponding to a
Fermi energy close to the bulk Dirac nodes. When the
carrier density is increased, the longitudinal resistance Rxx
at zero field, as well as the magnitude of the negative
magnetoresistance, reduces quickly in magnitude. The
reduction of the negative magnetoresistance phenomenon
with high absolute gate voltage is equivalently observed for
both positive Ugate (electron transport) and negative Ugate
(hole transport). A slight asymmetry in the negative

FIG. 4. Rxx as a function of the magnetic field applied parallel
to the current for different gate voltages. The dashed lines
represent Rxx as a function of the applied gate voltage for zero
(black) and maximum magnetic field ("14 T) (gray).

(b)

(a)

FIG. 3. (a) Longitudinal resistance Rxx as a function of the
applied gate voltage Ugate for B ¼ 0. The inset of (a) shows an
optical microscope picture of the finished sample. (b) Rxx as a
function of the applied magnetic field B along the current
direction, as indicated by the sketch in the inset, for Ugate ¼ 0 V.
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FIG. 2: Magnetoresistance in field parallel to current ( ~B k a) in ZrTe5. (a) MR at various

temperatures. For clarity, the resistivity curves were shifted by 1.5 m⌦cm (150 K), 0.9 m⌦cm

(100 K), 0.2 m⌦cm (70 K) and �0.2 m⌦cm (5 K). (b) MR at 20K (red symbols) fitted with the

CME curve (blue line); inset: temperature dependence of the fitting parameter a(T ) in units of

S/(cm T2).

observed resistivity can be fitted with a simple quadratic term (Supplementary materials,

Fig. S1). This term is treated as a background and subtracted from the parallel field

component for all MR curves recorded at T  100 K.

A negative MR is observed for T  100 K, increasing in magnitude as temperature

decreases. We found that the magnetic field dependence of the negative MR can be nicely

fitted with the CME contribution to the electrical conductivity, given by �CME = �0 +

a(T )B2, where �0 represents the zero field conductivity. The fitting is illustrated in Fig.

2(b) for T = 20 K, with an excellent agreement between the data and the CME fitting

curve. At 4 Tesla, the CME conductivity is about the same as the zero-field conductivity.

At 9T, the CME contribution increases by ⇠ 400%, resulting in a negative MR that is

much stronger than any conventional one reported at an equivalent magnetic field in a

non-magnetic material.

At very low field, the data show a small cusp-like feature. The origin of this feature is not

completely understood, but it probably indicates some form of anti-localization coming from

the perpendicular ( ~B k b) component. Inset in Fig. 2(b) shows the temperature dependence

of the fitting parameter a(T ), which decreases with temperature faster than 1/T , again

consistent with the CME.
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The Landau levels (LLs) of the Weyl states
in a strong B are sketched in Fig. 1B. In addi-
tion to the LLs, the spin Zeeman energy shifts
the nodes away from K+ by dkN = cg*mBB/(ħn),
where ħ is the Planck constant divided by 2p
and mB is the Bohr magneton (14, 18). For clarity,
we show the shifts exaggerated. A distinguishing
feature of Weyl states is that the lowest LL (N = 0)
disperses linearly to the right or left depend-
ing on c. Application of E||B leads to a charge
pumping rate between the two branches

W ¼ c
e3

4p2ℏ2
E ⋅ B ð1Þ

This is the chiral anomaly (4–11). The longitudi-
nal (axial) current relaxes at a rate 1/ta ~ |M|2eB/
ħv, where M is the matrix element for impurity
scattering and eB/ħv is the LL degeneracy (8).
Hence, the chiral conductivity sc ~ Wta is in-
dependent of B in the quantum limit. Equation
1 and the expression for 1/ta apply in the quan-
tum limit at high fields (when only the lowest
LL is occupied). However, we emphasize that
even in weak fields when many LLs are oc-
cupied, the axial current remains observable. In
theweak-B limit, Son and Spivak (9) showed that

sc ¼
e2

4p2ℏc
v
c
ðeBvÞ2

E2
F

ta ð2Þ

with 1/ta now independent of B. As B increases,
sc grows as B

2 [see also (29)] but saturates to a
B-independent value in the quantum limit.
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Fig. 1.Weyl nodes and negative longitudinal mag-
netoresistance inNa3Bi. (A) Sketch of a Dirac cone
centered at K+ represented as two massless Weyl
nodes (slightly displaced) with distinct chiralities
c = –1 (gray cone) and +1 (yellow). (B) An intense
B field widens the node separation due to the spin
Zeeman energy (separation exaggerated for clarity).
The Weyl states are quantized into LLs. The N = 0
LL has a linear dispersion with slopes determined
by c. The yellow and green balls represent c. An
E-field ||B generates an axial current observed as
a large, negative LMR. (C) The Tdependence of the
resistivity r in B = 0, as inferred from R14,23 (I
applied to contacts 1 and 4, voltage measured
across contacts 2 and 3) and the Hall coefficient
RH (inferred from R14,35). Inset shows the hexago-
nal crystal J4 (1 mm on each side and 0.5 mm
thick), contact labels, and the x and y axes. RH is
measured in B < 2 T applied ||c. At 3 K, RH

corresponds to a density n = 1.04 × 1017 cm–3. The
excitation of holes in the valence band leads to a
sign change in RH near 70 K and a steep decrease
in r. (D) Longitudinal magnetoresistance rxx(B, T)
at selected T from 4.5 to 300 K measured with Bjj x̂
and I applied to contacts 1 and 4.The steep decrease
in rxx(B, T) with increasing B at 4.5 K reflects the
onset of the axial current in the lowest LL. As T
increases, occupation of higher LLs in conduction
and valence bands overwhelms the axial current.

Fig. 2. Shubnikov–de
Haas oscillations in
Na3Bi. (A) SdH oscilla-
tions resolved in rxx for
several tilt angles q (rel-
ative to x̂) after sub-
traction of the positive
B-linear MR background
(vertical scale as
shown). The subtraction
is explained in (18).
(B) Landau level index N
versus 1/Bn, where Bn

locates the extrema of
the oscillations at
selected q (q is defined
in the inset). Uncertain-
ties in 1/Bn are less than
10% (18). The slope at
small B yields SF = 4.8 T

0.3 T, kF = 0.013 Å–1,
and EF = 29 T 2 mV. The
deviation at large B is
consistent with a g*
value of ~20 (18).
(C) Field profiles of rxx
(inferred from R14,23) in
samples J1 and J4, with
B||I. The N = 0 LL is
entered at B = 6 to 8 T.
The slight increase for
B > 5 T reflects the
narrow width of the axial current. A slight misalignment of B (the uncertainty here is T1°) allows the
B-linear positive MR component to appear as a background at large B.
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interesting to note that there is a negative MR as B//E. To verify
the experimental results, we have measured 410 samples. The
results of negative MR are repeatable in the nanowires with dif-
ferent diameters (up to B450 nm, Supplementary Fig. 5) and in
the nanoplate with thickness B540 nm (Supplementary Fig. 6).

Negative MR under B//E. Typical results of the negative MR
from the nanowire device with diameter B 200 nm (Sample 1)
are presented in Fig. 2. The low field behaviours of the MR under
B//E and at different temperatures are shown in Fig. 2a. At zero B,
an obvious dip of the MR is exhibited at 1.5 K, and then gradually
disappears with increasing temperature to 10K. This MR dip is
ascribed to the weak anti-localization effect as a result of strong
spin–orbit interactions in Cd3As2. Nevertheless, the negative MR
under low magnetic field is very robust against temperature. To
study the negative MR in more details, the MR curves at various
temperatures under B//E are given in Fig. 2b,c. The maximum
magnitude of the negative MR is up to ! 63% at 60K and 7 T. A
negative MR B! 11% is still observed at 300K. Because the
negative MR is rather robust and survives at room temperature,
the weak localization effect due to the quantum interference is
not the origin of the observed negative MR. Recently, negative
MR has been observed in Dirac semimetal ZrTe5 (ref. 25), Na3Bi
(ref. 26) and Bi1! xSbx (ref. 27) and Weyl semimetal TaAs
(refs 28,29) systems, which was ascribed to the chiral anomaly
induced charge pumping effect. Cd3As2, as 3D Dirac semimetal,
its Dirac point described by four-component Dirac equations is
composed by two Weyl nodes with opposite chirality (right
handed or left handed). Applying a magnetic field, these two
Weyl nodes would be separated in momentum space along with
the direction of the magnetic field19,27. For the Cd3As2 system,
there are a pair of Dirac points along kz direction and located at
±kD near the high symmetric point G, as marked by red dots in
Fig. 2d. The magnetic field applied in [112] direction splits the

Dirac points into Weyl nodes along the direction of magnetic
field, as marked by the green and blue dots in Fig. 2d, leading to
the formation of Weyl fermions. Initially the right- and left-
handed fermions in the different Weyl nodes have equal chemical
potential mR¼mL. In the presence of parallel electric field, there
would be an imbalance (mRamL) between two Weyl nodes with
opposite chirality, which induces a charge pumping from one
Weyl node to another with opposite chirality, corresponding to
the chiral anomaly as illustrated in Fig. 2e. In such a case, the
continuity equation of right- or left-handed Weyl node takes the
form of r # jR;L þ @trR;L¼ % e3

4p2‘ 2cE # B (ref. 30). The chiral
charge at a single Weyl node is not conserved, which is the
so-called chiral anomaly. The charge depleted at one Weyl node
will be generated at the other node with opposite chirality (charge
pumping) and thus the charge is conserved over all the system.
There is a net current generation as a result of chiral imbalance in
the form of jc ¼ jRc ! jLc ¼ e2B

4p2‘ 2c
ðmR ! mLÞ, where jc is named as

chiral current. Since the chiral current is in the direction of
electric field, a negative MR will be induced.

It is worth to note that the MR curves at low temperatures have
two minima at the critical magnetic field BC1 and BC2, as shown
in Fig. 2b,c and summarized in Fig. 2f. The first minimum point
at about 3 T becomes indistinct as temperature increases to 30K.
The low carrier density of our samples allows the electrons
entering into the lowest Landau level at a relatively weak field
B2–3 T, and there is an inflection in the MR curve. Notably
with increasing temperatures, the increase of carrier density
due to thermal activation results in an increase in BC1. Due to the
combined Zeeman and orbital terms, it was theoretically
predicted that the lowest Landau level (N¼ 0) in the conduction
band splits into two sublevels by applying a magnetic field10,18. At
low temperature of 1.5 K, the upturned MR above B3 T is due to
the splitting of the lowest Landau level. As temperature increases
to B30K, the thermal broadening of the two sublevels becomes
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Figure 1 | Characterization of synthesized Cd3As2 nanowires. (a) SEM image of the nanowires. Scale bar, 10mm. (b) TEM image of a nanowire with
diameter B100 nm. Scale bar, 50 nm. (c) High-resolution TEM image of a nanowire. The 0.73 nm interplanar spacing indicates the [112] growth direction.
Scale bar, 5 nm. (d) The energy-dispersive X-ray spectroscopy spectrum of the nanowire. The atomic ratio of Cd and As is approximately 3:2.
(e) Temperature dependence of resistivity of a nanowire device with diameterB200nm (Sample 1), showing semiconducting-like behaviour. The resistivity
reaches maximum at around 26K. Inset: schematic of the nanowire device with four-probe measurement configuration. The Si substrate is used as the back
gate electrode. (f) MR of the nanowire device measured at 1.5 K whilst varying the magnetic field from B>E (y¼0!) to B//E (y¼ 90!). Inset: schematic of
the relative orientations of B and E. The applied constant current is along the nanowire [112] direction, and the magnetic field is applied in the plane defined
by the nanowire direction and the vector normal to the substrate. y is an angle between B and normal direction of the substrate.
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FIG. 3. T -dependent SdH oscillations and Berry’s phase. (a) FFT of T -dependent SdH oscillations of S2. (b) T -dependent SdH oscillations
in the field range of 8–15 T. (c) The LK model fitting of the 10.9 and 13.4 T peaks. The latter is the superposition of F2 and F3. (d) Deviation
of Berry’s phase from π due to nonideal relativistic fermions in the W2-WSM pockets.

which are date-like ellipsoids [14,16]. Noticeably, the trivial
pockets of F1 and F3 are both splitting into two oscillation
peaks when θ > 30◦, which are typical for ellipsoid-shaped
FSs of parabolic energy bands. The lower frequency part of F3
is coincident with the W2-WSM peak to form the dominant
peak of 118 T at θ = 90◦.
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FIG. 4. Robust chiral anomaly induced NMR in NbP as a function
of T , showing T -independent NMR below 10 K and strong T

dependence above 30 K.

For WSM pockets, the linear energy dispersion results in
significantly smaller m∗ for Weyl fermions, compared to trivial
pockets. Taking the quantization condition of !ωc/kBT ! 1,
in which kB is the Boltzmann constant and ωc = eB/m∗ is
the cyclotron frequency, we can expect the SdH oscillations
of WSM pockets to be persistent at much higher T than the
trivial ones. Indeed, F0 and F2 remain robust at 20 K, while
F1 and F3 are not discernible above 10 K [Fig. 3(a)]. We have
determined the effective mass m∗ for F2 and F3, using the
Lifshitz-Kosevich (LK) formula for three-dimensional (3D)
systems:

A(B,T ) ∝ exp
(

− 2π2kBTD

!ωc

)
2π2kBT /!ωc

sinh(2π2kBT /!ωc)
, (1)

where A(B,T ) is the SdH amplitude, and TD is the Dingle
temperature. As shown in Fig. 3(b), there are four prominent
SdH peaks in the field range of 8–15 T. The 9.4 and 13.4 T
peaks are the superimposition of the N = 3 and N = 2
Landau levels (LLs) of F2 and the N = 6 and N = 4 of F3,
respectively. The fitting of 9.4 and 13.4 T peaks requires two
distinct effective mass of m∗

F2
= 0.1me and m∗

F3
= 0.47me,

respectively [Fig. 3(c)]. For the 10.9 T peak, which is solely
contributed by F3 (N = 5), single LK fitting yields 0.45me,
agreeing well with the double LK fitting. For F0 and F1, it is
difficult to extract m∗ directly from MR oscillation peaks due
to the superimposition of much higher frequencies of F2 and
F3. Instead, we analyzed the T -dependent FFT amplitudes and
got m∗

F0
= 0.06me and m∗

F1
= 0.29me [25]. Like F3, F1 also
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electron to primarily hole transport. From this observation
we infer that we can precisely tune the Fermi energy to the
bulk Dirac node. Given that our Hall bars consist of three
squares, the maximum corresponds to a sheet resistivity
value of approximately 6.4 kΩ=□, and thus of the order of
magnitude expected for a diffusive Dirac system [19].
Tuning to minimal carrier density, and consequently

moving the Fermi energy to the bulk Dirac node level, the
longitudinal resistance Rxx versus a magnetic field B
applied parallel to the current I is shown in Fig. 3(b).
A significant dip is observed as a function of B, corre-
sponding to a reduction of up to≈60% of the value of Rxx at
B ¼ 0. Such a negative magnetoresistance contribution is a
defining feature implied by the chiral anomaly. Originally
conceived as a symmetry violation in quantum field theory
in comparison to its classical analogue, the chiral anomaly
was first discussed in the context of solid-state systems by
Nielsen and Ninomiya [20]. There, the emergence of a
chiral charge, i.e., an imbalance between left- and right-
moving Dirac particles, is naturally interpreted to be

implied by an external field, as both particle branches
are not independent but connected through the crystal band
structure. Weyl nodes (and magnetic field-split Dirac
nodes) can act as magnetic monopoles in momentum space
due to their Berry curvature, with a magnetic charge given
by the chirality [21]. A magnetic field parallel to the driving
electric field causes a pair of Weyl nodes with different
chirality to shift in energy with respect to each other,
causing a redistribution of carriers among the nodes. This
increases the longitudinal conductivity σxx upon increasing
magnetic field strength. A Boltzmann equation calculation
yields σxx ∝ B2 [22,23].
Experimentally, the negative magnetoresistance due to

the chiral anomaly contribution is, for certain ranges of
magnetic field, often overshadowed by other effects. For
small magnetic fields B, a minor increase of Rxx is
observed, which we attribute to weak antilocalization based
on its field and temperature dependence [24,25]. For large
magnetic fields (above ≈6 T), the chiral anomaly contri-
bution becomes overcompensated to yield a total increase
of longitudinal resistance, possibly due to impurity-
imposed classical mechanisms of magnetotransport [26].
Strong evidence connecting the negative magnetoresist-

ance phenomenon in Fig. 3(b) to the bulk Dirac nodes in the
HgTe band structure derives from the gate voltage depend-
ence of the magnetoresistance data, as presented in Fig. 4.
The data of Figs. 3(a) and 3(b) are included as the dashed
black line and the Ugate ¼ 0 V line, respectively. The
visualization unambiguously demonstrates that the nega-
tive magnetoresistance is strongest, both in absolute num-
bers and percentagewise, atUgate ≈ 0 V, corresponding to a
Fermi energy close to the bulk Dirac nodes. When the
carrier density is increased, the longitudinal resistance Rxx
at zero field, as well as the magnitude of the negative
magnetoresistance, reduces quickly in magnitude. The
reduction of the negative magnetoresistance phenomenon
with high absolute gate voltage is equivalently observed for
both positive Ugate (electron transport) and negative Ugate
(hole transport). A slight asymmetry in the negative

FIG. 4. Rxx as a function of the magnetic field applied parallel
to the current for different gate voltages. The dashed lines
represent Rxx as a function of the applied gate voltage for zero
(black) and maximum magnetic field ("14 T) (gray).

(b)

(a)

FIG. 3. (a) Longitudinal resistance Rxx as a function of the
applied gate voltage Ugate for B ¼ 0. The inset of (a) shows an
optical microscope picture of the finished sample. (b) Rxx as a
function of the applied magnetic field B along the current
direction, as indicated by the sketch in the inset, for Ugate ¼ 0 V.
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FIG. 2: Magnetoresistance in field parallel to current ( ~B k a) in ZrTe5. (a) MR at various

temperatures. For clarity, the resistivity curves were shifted by 1.5 m⌦cm (150 K), 0.9 m⌦cm

(100 K), 0.2 m⌦cm (70 K) and �0.2 m⌦cm (5 K). (b) MR at 20K (red symbols) fitted with the

CME curve (blue line); inset: temperature dependence of the fitting parameter a(T ) in units of

S/(cm T2).

observed resistivity can be fitted with a simple quadratic term (Supplementary materials,

Fig. S1). This term is treated as a background and subtracted from the parallel field

component for all MR curves recorded at T  100 K.

A negative MR is observed for T  100 K, increasing in magnitude as temperature

decreases. We found that the magnetic field dependence of the negative MR can be nicely

fitted with the CME contribution to the electrical conductivity, given by �CME = �0 +

a(T )B2, where �0 represents the zero field conductivity. The fitting is illustrated in Fig.

2(b) for T = 20 K, with an excellent agreement between the data and the CME fitting

curve. At 4 Tesla, the CME conductivity is about the same as the zero-field conductivity.

At 9T, the CME contribution increases by ⇠ 400%, resulting in a negative MR that is

much stronger than any conventional one reported at an equivalent magnetic field in a

non-magnetic material.

At very low field, the data show a small cusp-like feature. The origin of this feature is not

completely understood, but it probably indicates some form of anti-localization coming from

the perpendicular ( ~B k b) component. Inset in Fig. 2(b) shows the temperature dependence

of the fitting parameter a(T ), which decreases with temperature faster than 1/T , again

consistent with the CME.

6

NATURE PHYSICS DOI: 10.1038/NPHYS3648 LETTERS

Γ X

Y

−0.4

−1.0 −0.8 −0.6
E (eV)

−0.4 −0.2 0.0
E (eV)

−0.4−0.20.0

−1.0

−0.8

−0.6

E 
(e

V
)

−0.4

−0.4 −0.2 0.0 0.2 0.4

−0.2

0.0

−0.3
E 

(e
V

)

−0.2

−0.1

0.0

−0.3

E 
(e

V
)

−0.2

−0.1

0.0

−0.2

0.0

k c (
Å

−1
)

0.2

0.4

a b e

g h

f

c

d

−0.4

−0.2

0.0

k c (
Å

−1
)

ka (Å−1)

−0.4 −0.2 0.0 0.2 0.4
ka (Å−1)

−0.2 0.0 0.2
kc (Å−1)

−0.2 0.0 0.2
kc (Å−1)

−0.2 0.0 0.2
kc (Å−1)

0.2

0.4

2π/c

3.6

4.0

3.8

4.2

k b (
Å

−1
)

4.4

4.6

4.8

3.6

4.0

3.8

4.2

k b (
Å

−1
)

4.4

4.6

4.8

M

Figure 3 | Electronic structure of ZrTe5. a–c, In-plane. a, Valence band dispersion along the 0–Y momentum line (perpendicular to the chain direction).
The second BZ 0 points are visible at kc =±0.454 Å�1. b, Constant energy contour of the ARPES intensity at E=0 (FS) as a function of the in-plane
momentum. c, Valence band dispersion along the 0–X (chain direction). Spectra in panels a–c were recorded at hv=63 eV photon energy and T =20 K.
d, Schematic view of the surface BZ. e–h, Out-of-plane. e, Fermi surface contour as a function of the in-plane momentum perpendicular to the chain, kc, and
the momentum perpendicular to the surface, kb. f, Dispersion perpendicular to the surface at ka =0, kc =�0.055 Å�1 (vertical dashed line in e). The
horizontal dashed lines correspond to the two perpendicular momenta where the in-plane electronic structure is probed in g and h. g,h, Dispersion
perpendicular to the chain direction at ka =0, kb =4.43 Å�1 (g) and at ka =0, kc =4.13 Å�1 (h).

shows angle-resolved photoemission spectroscopy (ARPES) data
from a freshly cleaved (a–c plane) ZrTe5 sample. The states forming
the small, hole-like Fermi surface (FS) disperse linearly over a
large energy range, both along the chain direction (Fig. 3c) and
perpendicular to it (Fig. 3a), indicating a Dirac-like dynamics of
carriers for the in-plane propagation. The velocity, or the slope of
dispersion, is very large in both the chain direction, va ⇠= 6.4 eVÅ
(⇠=c/300), and perpendicular to it, vc ⇠=4.5 eVÅ. If extrapolated to
the unoccupied part, the linear approximation for this band would
place the Dirac point at ⇠0.2 eV above the EF.

In Fig. 3c, it also seems that the bottom of a tiny electron
pocket is enclosed by the dominant hole-cone. However, owing to
a sizable quasiparticle scattering, �Q = ~/⌧Q ⇠= 100meV, the states
are apparently too broad to completely resolve possible fine features
in the low-energy electronic structure, such as the existence of
small gaps or changes in the velocity at low energies (E<50meV).
Nevertheless, the magnitude of CME in ZrTe5 is not particularly
sensitive to the fine details in the electronic structure on an energy
scale smaller than�Q. On the other hand, for the existence of CME, it
is crucial that the electronic structure of a material is 3D Dirac-like.
Although recent magneto-optical studies have shown that ZrTe5 is
indeed a 3D Dirac semimetal37, it has been also suggested that this
materialmight be either a weak or strong topological insulator25. It is
therefore important to verify that the states seen in ARPES are bulk
states and not topological surface states.

This is done in Fig. 3e–h, which shows the dependence of the
states forming the FS on the momentum kb perpendicular to the
a–c plane. Figure 3e,f shows a clear warping of the Fermi surface
and a significant dispersion with kb, indicating the bulk character
of the measured states. Unfortunately, because the Dirac point is
unoccupied, the ARPES studies cannot provide a complete picture
of the electronic structure in its vicinity, and the existence of a
small mass gap cannot be excluded. The occupied part of the cone
(Fig. 3f–h) indicates that the out-of-plane velocity is an order of

magnitude smaller than the in-plane velocity, consistent with ZrTe5
being a highly anisotropic 3D Dirac semimetal.

We note that the possible coexistence of both the hole and
electron pockets might be responsible for the large positive
magnetoresistance seen in the perpendicular field, as the fine
balance between them could lead to a perfect compensation at
some temperature34–36. We also note that the tiny volume of the
FS indicates a very low carrier concentration, 1017–1018 cm�3,
consistent with the absence of quantum oscillations in transport
measurements in the probed field range.

As noted, the ARPES measurements cannot exclude a possible
gap in the otherwise Dirac-like spectrum. The gap � will in
general induce chirality-changing transitions with a rate �/~—this
is because the corresponding term in the e�ective Hamiltonian,
namely �(9L9R +9R9L), mixes the left and right components of
the spinors—but it does not prevent the CME. The ARPES data
also indicate that the quantum scattering rate determined from
the broadening of quasiparticles is �Q =~/⌧Q ⇠=100meV. Chirality
conservation in the quasiparticle scattering processes implies that
the chirality-changing rate should be only a small fraction of the
quantum scattering rate, �V =~/⌧V ⌧�Q. It is therefore reasonable
to assume that the measured �Q represents the absolute upper limit
to the chirality-changing transition rate. The existence of intra-
valley transitions does not destroy the CME, although the chirality-
flipping transitions do reduce the magnitude of the CME current, as
can be seen in our equation (8) for the CME conductivity, which is
inversely proportional to the chirality-flipping rate.

We note that equation (9) shows that, in the regime where
⇢Ohm �⇢CME, the measured magnetoresistivity ⇢ directly provides
the CME resistivity, ⇢ ⇠= ⇢CME. Therefore it is much easier to
observe the CME in materials that have a relatively large zero-field
resistivity. The zero-field resistivity in ZrTe5 is ⇢Ohm

⇠=1.2m� cm at
T =20K, and according to our theoretical estimates the CME and
Ohmic resistivities become equal, ⇢Ohm

⇠=⇢CME, at B⇠= 3 T. On the
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sketched in Fig. 1(b). The linear crossing points are further
demonstrated in Fig. 1(c) via a band structure plot along the
kz-kx plane in momentum space. It is the result of a six-
band k · p calculation of the low-energy band structure for
the compressively strained case, where the z axis denotes
the layer growth direction and the x, y axes the in-plane
coordinates.
More information on the relation between bulk Dirac

nodes and the inversion-induced surface states can be
obtained from density functional theory calculations on
a semi-infinite thick slab with a tellurium terminated
interface to vacuum of compressively strained HgTe at a
realistic value of the in-plane strain (see also Supplemental
Material [16]). Figure 2(a) shows the calculated slab
dispersion for an extended energy range centered around
the Fermi level, exhibiting sharp dispersive surface features
20 meV below and right above the Fermi level, which is
related to the inversion of the Γ6 and Γ8 bands. The
breaking of spatial inversion symmetry in the zinc blende
structure splits each Dirac node into four Weyl points [17].
For HgTe, Weyl points of opposite chirality project pairwise
onto the (001) surfaces connected by inversion. Starting
from two Dirac nodes in the unstrained zinc blende structure,
this yields four Weyl points per surface, with a Berry flux
monopole charge of !2. Figure 2(b) highlights the low-
energy dispersion for the two surface-projected Weyl points

of chirality þ2. Weyl points of opposite chirality are
connected by a Fermi arc [18]. The separation in momentum
space between theWeyl nodes is estimated to be∼0.02 nm−1.
As a consequence, zero-field experiments do not offer
sufficient resolution to resolve the small energy and momen-
tum scales at hand. As such, we hereafter consider all bulk
transport in this sample to be described by Dirac physics and
thus will refer to the energy of the crossing points as the bulk
Dirac node. From this perspective, the band structure of
compressively strained HgTe is virtually identical to that of
typical 3D Dirac semimetals such as Cd3As2.
We report experimental results on a 66-nm-thick, com-

pressively strained HgTe layer, grown on a virtual substrate
consisting of a CdTe=ZnTe multilayer produced by a
combination of MBE and atomic layer epitaxy on a Si-
doped GaAs substrate [15]. This CdTe=ZnTe multilayer
has a lattice constant between that of CdTe and ZnTe, and
can be exactly tuned by setting the Cd=Zn ratio. In the
present case, a lattice constant of 0.6442 nm is used to
impose a compressive strain of ≈0.3% on the HgTe layer
(for details, see the Supplemental Material [16]). To
increase sample quality and carrier mobility, two 10-nm-
thick protective layers of Cd0.7Hg0.3Te are grown below
and on top of the HgTe layer.
We pattern the sample using our standard Hall-bar mask

and optical lithography process into devices such as the one
shown in the inset of Fig. 3. The mask contains two sizes of
Hall bars, a larger one with a mesa having a width of
200 μm and a separation of the longitudinal voltage leads
of 600 μm, and a smaller one with a width of 10 μm and a
contact separation of 30 μm. The HgTe mesas are covered
with a 110-nm-thick SiO2=Si3N4 insulator followed by a
100-nm-thick Au gate electrode on top of a 5-nm Ti
sticking layer. Contacts are fabricated by first using a short
dry etching step to provide a clean oxide-free surface for
contacting, followed by in situ electron beam evaporation
of 50 nm AuGe and 50 nm Au. Two separate devices, each
containing Hall bars of both sizes, were investigated in this
study, all yielding consistent results with no substantial
discrepancy between either the different devices or sample
sizes. All measurements are carried out using standard low-
noise and low-frequency ac techniques and, unless other-
wise noted, are done at 2 K.
We first confirm that we can indeed efficiently adjust the

carrier density in our sample as demonstrated by the
influence of the gate voltage on the zero-field longitudinal
resistance Rxx shown in Fig. 3(a). The longitudinal resis-
tance changes by 3 orders of magnitude, from Rxx;max ¼
19.3 kΩ around Ugate ¼ 0 V to Rxxð3VÞ ¼ 95 Ω. The
associated gate-induced change of carrier density in the
sample is determined by standard Hall measurements. We
find that the density can be tuned from −10 × 1011 cm−2

(p type) for −3 V up to 10 × 1011 cm−2 (n type) for 3 V.
The maximum of Rxx coincides with the lowest total
density as well as with the change in the carrier type from

FIG. 2. (a) Band structure along the kx direction of the surface
Brillouin zone of a semi-infinite thick slab of compressively
strained HgTe (≈0.3%) from density functional theory. Spectral
features in dark red show prominent surface character, while
lighter colours display the continuum of bulk states with
relatively weaker projections onto the (001) surface. The sharp
dark lines highlight the massless Volkov-Pankratov states and
Dirac point stemming from the Γ6-Γ8 band inversion. Because of
the sharp interface and the absence of a Hartree potential in this
calculations, the massive Pankratov states are shifted to high
energies and not visible here. (b) Enlargement of (a) around the
Fermi level showing two Weyl points with the same chirality þ2.
At large momenta, i.e., far from the Weyl points low-energy
physics, the surface states originating from theWeyl nodes are the
massless Volkov-Pankratov states that disperse in the unoccupied
part of the spectrum [cf. the surface states above the Fermi level
in (a)]. The color code identifies the spectral function
Aðkx;ωÞ ¼ ð−1=πÞImGsurfðkx;ωÞ, where Gsurfðkx;ωÞ is the mo-
mentum and energy resolved surface Green’s function.

INTERPLAY OF DIRAC NODES AND VOLKOV-PANKRATOV … PHYS. REV. X 9, 031034 (2019)

031034-3

Some experimental signals



LETTER RESEARCH

2 0  J U L Y  2 0 1 7  |  V O L  5 4 7  |  N A T U R E  |  3 2 7

in Fig. 4b, the calculated GT/G matches the measured S excellently. 
The agreement is an important cross-check, confirming the results and 
interpretation above. Furthermore, this result implies that the thermo-
power is suppressed not solely by the presence of the chiral anomaly, as 
suggested previously15, but rather by the presence of both the chiral and 
mixed axial–gravitational anomalies (Extended Data Fig. 11).

In conclusion, our measurements reveal a positive magneto- 
thermoelectric conductance in the Weyl semimetal NbP, a signature 
that is linked to the presence of the mixed axial–gravitational anomaly 
of chiral fermions in three spatial dimensions. In short, the thermally 
biased experiment confirms the predicted B2 dependence of GT at low 
magnetic fields, its dependence on the relative orientation of the 
 magnetic field and the thermal gradient, and the suppression of 
 thermoelectric transport at high magnetic fields. These effects arise 
concurrently with the standard chiral anomaly, the signatures of which 
we observed in the field-induced correction to the standard electric 
conductance. Our results show that it is possible to detect the presence 
of the mixed axial–gravitational anomaly of Weyl fermions, particularly 
elusive in other contexts, in relatively simple transport experiments 
using a macroscopic condensed matter system in a flat space-time.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 4 | Longitudinal thermopower. a, False-coloured optical 
micrograph of the thermopower measurement device. The thermopower 
S =  Vth/| ∇T|  is measured along a NbP micro-ribbon (green) by applying a 
temperature gradient ∇T and measuring the response of the open-circuit 
voltage Vth. b, The measured magneto-thermopower S and calculated 
magneto-thermopower GT/G of the anomalous transport coefficients 
match quite well, as demonstrated for T =  25 K.
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the semi-classical approach based on the Boltzmann equation23–26, 
which so far lacks a simple connection to the anomalous origin of 
this contribution. This consistency of different theoretical approaches 
illustrates that anomalies affect transport on a fundamental level; their 
effect can consistently be derived from any calculation that keeps track 
of conservation laws and symmetries, and that correctly captures the 
topological character of a Weyl node.

The positive magneto-conductance and magneto-thermoelectric 
conductance are fundamentally linked to the response of the charge 
current J when an electric field E and a thermal gradient ∇T are 
applied through the relation J =  GE +  GT∇T. Here, G =  J/E denotes the 
electric conductance, which characterizes the response of the electrical 
current to electric fields, and GT =  J/| ∇T|  is the thermoelectric 
 conductance, which characterizes the electrical current in the Weyl 
metal that is induced by a temperature gradient. (Note that we define 
the coordinate system such that the applied temperature gradient has 
only one non-zero component.) In low magnetic fields, the mixed 
axial–gravitational anomaly and the chiral anomaly implies a positive 
magneto-current contribution to the transport coefficients 
= +G d c a Be 1 c

2 2 and = +G d c a a BT th 2 c g
2, with c1,2 >  0 accounting for  

details of the band structure. Here de and dth express the classical  
electrical and thermal Drude parts, the coefficients ac and ag account 

for the contributions of the chiral and mixed axial–gravitational anom-
alies, respectively6,23,24,27, and B! denotes the component of the mag-
netic field that is  parallel to the electric field or thermal gradient. In the 
ultra-quantum limit at high magnetic fields, when only the lowest 
Landau level contributes to transport, G depends linearly on the mag-
netic field and the gravitational anomaly does not contribute to GT (see 
Methods). Analogously to the positive magneto-conductance, which 
requires parallel electric and magnetic fields as determined by the chiral 
 anomaly, the positive magneto-thermoelectric conductance is expected 
to be locked to the magnetic-field direction as a result of the anomalous 
contribution6,23–26. The combined measurement of (i) a finite value of 
ag, (ii) the functional dependence for ∇T · B ≠  0 of the positive 
 magneto-thermoelectric conductance at low fields (B is the magnetic 
field), and (iii) the absence of positive magneto-thermoelectric 
 conductance at high fields represents the experimental signature of the 
mixed axial–gravitational anomaly in thermal transport.

The magneto-thermoelectrical conductance of the half-Heusler alloy 
GdPtBi (ref. 15) has recently been calculated from separate measure-
ments of thermopower and electrical conductance,  revealing a positive 
magneto-thermoelectric conductance contribution at low magnetic 
fields. However, this contribution was interpreted as a  signature of 
the node creation process, which depends on the magnetic field. To 
obtain experimental signatures of the presence of the mixed axial– 
gravitational anomaly, it is therefore desirable to go beyond these 
experiments and investigate the electrical response of intrinsic Weyl 
semimetals to temperature gradients in collinear magnetic fields.

For our experiments, we used micro-ribbons (50 µ m ×  2.5 µ m ×  0.5 µ m)  
cut out from single-crystalline bulk samples of the Weyl semimetal 
NbP with a gallium focused-ion beam. The transport direction in our 
samples matches the [100] axis of the crystal (see Methods for details). 
An on-chip micro-strip line heater near the micro-ribbon generates a 
temperature gradient along the length of the ribbon, with the resulting  
temperature differences (less than 350 mK) sufficiently small to ensure 
that the measurement is in the linear response regime (Extended Data 
Fig. 6). The temperature gradient ∇T was measured by resistance 
thermometry using two metal four-probe thermometer lines located 
at the ends of the NbP micro-ribbon (Fig. 1d). The metal lines for ther-
mometry also serve as electrodes for applying an electrical bias and for 
measuring the current response of the ribbon. The elongated geometry 
of the micro-ribbons, with contact lines across the full widths of the 
samples, was chosen to ensure that current jetting is suppressed and to 
provide homogenous field distributions15,17. To justify the description 
of the carriers in terms of Weyl fermions, it is essential that the Fermi 
level EF is as close as possible to the Weyl nodes of NbP (refs 28, 29). 
By means of gallium doping, we recently showed that EF is located only 
5 meV above the Weyl points, in the electron cone of our NbP sample14.

In a first set of transport experiments of electrical conductance meas-
urements under isothermal conditions (∇T =  0), we establish that the 
NbP micro-ribbon can be accurately described by Weyl fermions. For 
this purpose, a voltage V =  1 mV is applied along the ribbon, which sets 
an electric field E, and the corresponding current J is measured through 
a near-zero-impedance (1 Ω ) ammeter. When the magnetic field is 
switched on, the Weyl nodes split into Landau levels. For each Weyl 
node, the zeroth Landau level disperses linearly with momentum along 
B (Fig. 2a) and is thus chiral, unlike the remaining Landau levels, which 
disperse quadratically. Aligned electric and magnetic fields (E !  B) 
generate a chiral flow of charge between the two valleys of different 
chirality4, with a rate that is proportional to E · B. To equilibrate the 
induced chiral imbalance between the left- and right-handed fermions, 
large-momentum internode scattering is required, which in general 
depends on B (refs 11, 27). In the low-field regime, in which many 
Landau levels are filled, it is possible to solve the corresponding 
Boltzmann11 or hydrodynamic6 transport equation, resulting in a 
 chiral-anomaly-induced positive magneto-conductance contribution 
of = +G d c a Be 1 c

2 2 . In the high-field limit, in which only the lowest 
Landau levels contribute to transport, the magneto-conductance 
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Figure 1 | Positive magneto-conductance G(B!) and magneto-
thermoelectric conductance GT(B!) in the Weyl semimetal NbP.  
a, Sketch of two Weyl cones with distinct chiralities + χ and − χ, 
represented in green and red, respectively. E, kx and ky are the energy and 
the components of the momentum vector k in x and y directions, 
respectively. kD denotes the distance of the chiral nodes from their centre 
point in momentum space. b, c, False-coloured optical micrographs of the 
devices used to measure the electrical conductance G =  J/E (b) and 
thermoelectric conductance GT =  J/| ∇T|  (c). The red and the green ends 
of the colour gradient denote the hot and cold sides of the device, 
respectively. Four NbP micro-ribbons (green) were investigated, all 
showing similar results. The data for the first ribbon are presented here.  
d, e, G(E !  B) (d) and − GT(∇ T !  B) (e) as functions of the magnetic field 
B! at a cryostat base temperature of T =  25 K (solid lines); the negative sign 
accounts for electron transport. The dotted lines show the predicted 
dependence (∝B2).
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function sB-s0¼ aB2 below 1T. Since the longitudinal MR is a
mixture of axial current and original background, it is not
appropriate to calculate the inter-valley scattering rate as the
theoretical formula describes a pure conductance correction from
chiral anomaly. The experimental coefficient a emerges below
150K and becomes saturated below 50K. This strong
temperature and field dependence is consistent with the
recent observation in ZrTe5 (ref. 29), Na3Bi (ref. 20), Cd3As2
nanowires27,31 and TaAs (refs 28,30), possibly due to the
competition between the axial current and the conventional
linear or quadratic MR background. At low fields, the anomaly-
related contribution dominates the MR, while it gradually
saturates at high fields14. Also, the transport life time and
related momentum relaxation, both of which can be influenced by
thermal fluctuation, will affect the overall MR behaviour.

Nonlocal transport. However, recent studies have raised con-
cerns about the negative MR alone as a reliable evidence for the
chiral anomaly30,34,35. One of the major challenges is how to
explicitly distinguish the axial-current-induced negative MR from
the conventional MR anisotropy due to crystal anisotropy or
inhomogeneous current distribution30,35. To overcome this
problem, Parameswaran et al.16 proposed a nonlocal experi-
ment that can isolate the axial current contribution and
conventional MR in real space through valley diffusion. With a
non-zero E "B term, the charge imbalance between Weyl nodes
can induce valley polarization and the corresponding polarized
states will diffuse in real space like spin. Because the relaxation
process involves large quasi-momentum transfer or scattering
between different point-group representations, these valley

polarizations will experience a slow relaxation characterized by
the inter-valley scattering length LV (ref. 16). Here, the degree of
freedom of valley acts as a pseudospin index that can be
effectively modulated by the electromagnetic field16. If a
detecting magnetic field is applied in the valley diffusion
regime, the valley polarization can be converted into a nonlocal
voltage (Fig. 3a), taking the same principle as the inverse
spin Hall effect36. This nonlocal voltage follows a diffusion
formula16,

VNL xð Þj j / VSDe%
L
Lv ; ð2Þ

where VSD is the applied source-drain voltage, L is the length
between the Hall bar terminals as illustrated in Fig. 3a. From
this equation, we find that the nonlocal response can survive a
long distance if the inter-valley scattering is weak.

To detect such a nonlocal response, firstly we designed a
specific device geometry as schematically illustrated in Fig. 3b.
We notice that a nonlocal voltage can also be induced by the stray
charge current in classical diffusive transport but it should possess
the same field dependence with R12. A mixed contribution from
both the Ohmic nonlocal resistance and the valley diffusion is
expected, since both of them follow the exponential damping rule
with diffusion length L (refs 37,38). But the contribution of stray
charge current can be controlled by changing the ratio of L/W
according to the van der Pauw formula37. Following this idea, we
made a device with different lateral channel width by focused ion
beam (FIB) etching, as shown in Fig. 3c. In this way, the nonlocal
voltage due to chiral anomaly can be distinguished from the
conventional Ohmic diffusion. By sweeping B which is parallel to
the applied current, we measured the B-dependence of the two-
terminal local resistance RL (resistance of terminal 1–2, R12) and
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Figure 3 | Detection of valley transport in sample N2. (a) Schematic view of the valley diffusion process. Parallel (antiparallel) electric and magnetic fields
generate the charge imbalance between two Weyl nodes due to the chiral anomaly. The charge imbalance of different valleys can diffuse across the sample
and can be converted into a nonlocal voltage along the applied magnetic field direction. (b) Schematic view of the nonlocal resistance measurement with
different diffusion channel width. Current is applied through terminal 1–2, while terminals 3–4 and 5–6 are used to measure the nonlocal resistance. The
diffusion channel width (x1 and x2) for 3–4 and 5–6 are 2 and 1mm, respectively. The diffusion length L is 2mm. (c) The scanning electron microscopy
picture of the Cd3As2 device. The white scale bar corresponds to 2 mm. The contact regime in terminals 3–4 is slightly larger than that of 5–6. (d) The two-
terminal local resistance (R12) of the Cd3As2 device at 20K. (e) The nonlocal resistance (R34 and R56) at 20K. (f) The pure nonlocal resistance (R34-NL and
R56-NL) after subtracting the Ohmic diffusion at 20K. (g) Resistance ratio of R34/R56 and R34-NL/R56-NL as a function of B at different temperatures. The
dash line valley and Ohmic correspond to 0.50 and 0.17, respectively. R34-NL/R56-NL at low field (o4T) is not plotted since the value of R34-NL or R56-NL is
close to zero and the corresponding ratio is easily affected by fluctuations or small curvatures.
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function sB-s0¼ aB2 below 1T. Since the longitudinal MR is a
mixture of axial current and original background, it is not
appropriate to calculate the inter-valley scattering rate as the
theoretical formula describes a pure conductance correction from
chiral anomaly. The experimental coefficient a emerges below
150K and becomes saturated below 50K. This strong
temperature and field dependence is consistent with the
recent observation in ZrTe5 (ref. 29), Na3Bi (ref. 20), Cd3As2
nanowires27,31 and TaAs (refs 28,30), possibly due to the
competition between the axial current and the conventional
linear or quadratic MR background. At low fields, the anomaly-
related contribution dominates the MR, while it gradually
saturates at high fields14. Also, the transport life time and
related momentum relaxation, both of which can be influenced by
thermal fluctuation, will affect the overall MR behaviour.

Nonlocal transport. However, recent studies have raised con-
cerns about the negative MR alone as a reliable evidence for the
chiral anomaly30,34,35. One of the major challenges is how to
explicitly distinguish the axial-current-induced negative MR from
the conventional MR anisotropy due to crystal anisotropy or
inhomogeneous current distribution30,35. To overcome this
problem, Parameswaran et al.16 proposed a nonlocal experi-
ment that can isolate the axial current contribution and
conventional MR in real space through valley diffusion. With a
non-zero E "B term, the charge imbalance between Weyl nodes
can induce valley polarization and the corresponding polarized
states will diffuse in real space like spin. Because the relaxation
process involves large quasi-momentum transfer or scattering
between different point-group representations, these valley

polarizations will experience a slow relaxation characterized by
the inter-valley scattering length LV (ref. 16). Here, the degree of
freedom of valley acts as a pseudospin index that can be
effectively modulated by the electromagnetic field16. If a
detecting magnetic field is applied in the valley diffusion
regime, the valley polarization can be converted into a nonlocal
voltage (Fig. 3a), taking the same principle as the inverse
spin Hall effect36. This nonlocal voltage follows a diffusion
formula16,

VNL xð Þj j / VSDe%
L
Lv ; ð2Þ

where VSD is the applied source-drain voltage, L is the length
between the Hall bar terminals as illustrated in Fig. 3a. From
this equation, we find that the nonlocal response can survive a
long distance if the inter-valley scattering is weak.

To detect such a nonlocal response, firstly we designed a
specific device geometry as schematically illustrated in Fig. 3b.
We notice that a nonlocal voltage can also be induced by the stray
charge current in classical diffusive transport but it should possess
the same field dependence with R12. A mixed contribution from
both the Ohmic nonlocal resistance and the valley diffusion is
expected, since both of them follow the exponential damping rule
with diffusion length L (refs 37,38). But the contribution of stray
charge current can be controlled by changing the ratio of L/W
according to the van der Pauw formula37. Following this idea, we
made a device with different lateral channel width by focused ion
beam (FIB) etching, as shown in Fig. 3c. In this way, the nonlocal
voltage due to chiral anomaly can be distinguished from the
conventional Ohmic diffusion. By sweeping B which is parallel to
the applied current, we measured the B-dependence of the two-
terminal local resistance RL (resistance of terminal 1–2, R12) and

B

E

L

w v V2x2

6

V0 I

2 4

V1 x1

5 1 3

L L
5 1 3

6 2 4

a b c

–10 –5 0 5 10
44

45

46

47

48
R12

R
 (

Ω
)

B (T)
–10 –5 0 5 10

0

1

2

3

4

B (T)

R34

R56

–10 –5 0 5 10

–2.5

–2.0

–1.5

–1.0

–0.5

0.0

B (T)
0 2 4 6 8 10

0.0

0.2

0.4

0.6

Ohmic

R56-NL/R34-NL

20 K
50 K
100 K

20 K
50 K
100 K

R
at

io

B (T)

R56/R34

Valley
R

 (
Ω

)

R
N

L 
(Ω

)

R34-NL

R56-NL

d e f g

Figure 3 | Detection of valley transport in sample N2. (a) Schematic view of the valley diffusion process. Parallel (antiparallel) electric and magnetic fields
generate the charge imbalance between two Weyl nodes due to the chiral anomaly. The charge imbalance of different valleys can diffuse across the sample
and can be converted into a nonlocal voltage along the applied magnetic field direction. (b) Schematic view of the nonlocal resistance measurement with
different diffusion channel width. Current is applied through terminal 1–2, while terminals 3–4 and 5–6 are used to measure the nonlocal resistance. The
diffusion channel width (x1 and x2) for 3–4 and 5–6 are 2 and 1mm, respectively. The diffusion length L is 2mm. (c) The scanning electron microscopy
picture of the Cd3As2 device. The white scale bar corresponds to 2 mm. The contact regime in terminals 3–4 is slightly larger than that of 5–6. (d) The two-
terminal local resistance (R12) of the Cd3As2 device at 20K. (e) The nonlocal resistance (R34 and R56) at 20K. (f) The pure nonlocal resistance (R34-NL and
R56-NL) after subtracting the Ohmic diffusion at 20K. (g) Resistance ratio of R34/R56 and R34-NL/R56-NL as a function of B at different temperatures. The
dash line valley and Ohmic correspond to 0.50 and 0.17, respectively. R34-NL/R56-NL at low field (o4T) is not plotted since the value of R34-NL or R56-NL is
close to zero and the corresponding ratio is easily affected by fluctuations or small curvatures.
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function sB-s0¼ aB2 below 1T. Since the longitudinal MR is a
mixture of axial current and original background, it is not
appropriate to calculate the inter-valley scattering rate as the
theoretical formula describes a pure conductance correction from
chiral anomaly. The experimental coefficient a emerges below
150K and becomes saturated below 50K. This strong
temperature and field dependence is consistent with the
recent observation in ZrTe5 (ref. 29), Na3Bi (ref. 20), Cd3As2
nanowires27,31 and TaAs (refs 28,30), possibly due to the
competition between the axial current and the conventional
linear or quadratic MR background. At low fields, the anomaly-
related contribution dominates the MR, while it gradually
saturates at high fields14. Also, the transport life time and
related momentum relaxation, both of which can be influenced by
thermal fluctuation, will affect the overall MR behaviour.

Nonlocal transport. However, recent studies have raised con-
cerns about the negative MR alone as a reliable evidence for the
chiral anomaly30,34,35. One of the major challenges is how to
explicitly distinguish the axial-current-induced negative MR from
the conventional MR anisotropy due to crystal anisotropy or
inhomogeneous current distribution30,35. To overcome this
problem, Parameswaran et al.16 proposed a nonlocal experi-
ment that can isolate the axial current contribution and
conventional MR in real space through valley diffusion. With a
non-zero E "B term, the charge imbalance between Weyl nodes
can induce valley polarization and the corresponding polarized
states will diffuse in real space like spin. Because the relaxation
process involves large quasi-momentum transfer or scattering
between different point-group representations, these valley

polarizations will experience a slow relaxation characterized by
the inter-valley scattering length LV (ref. 16). Here, the degree of
freedom of valley acts as a pseudospin index that can be
effectively modulated by the electromagnetic field16. If a
detecting magnetic field is applied in the valley diffusion
regime, the valley polarization can be converted into a nonlocal
voltage (Fig. 3a), taking the same principle as the inverse
spin Hall effect36. This nonlocal voltage follows a diffusion
formula16,

VNL xð Þj j / VSDe%
L
Lv ; ð2Þ

where VSD is the applied source-drain voltage, L is the length
between the Hall bar terminals as illustrated in Fig. 3a. From
this equation, we find that the nonlocal response can survive a
long distance if the inter-valley scattering is weak.

To detect such a nonlocal response, firstly we designed a
specific device geometry as schematically illustrated in Fig. 3b.
We notice that a nonlocal voltage can also be induced by the stray
charge current in classical diffusive transport but it should possess
the same field dependence with R12. A mixed contribution from
both the Ohmic nonlocal resistance and the valley diffusion is
expected, since both of them follow the exponential damping rule
with diffusion length L (refs 37,38). But the contribution of stray
charge current can be controlled by changing the ratio of L/W
according to the van der Pauw formula37. Following this idea, we
made a device with different lateral channel width by focused ion
beam (FIB) etching, as shown in Fig. 3c. In this way, the nonlocal
voltage due to chiral anomaly can be distinguished from the
conventional Ohmic diffusion. By sweeping B which is parallel to
the applied current, we measured the B-dependence of the two-
terminal local resistance RL (resistance of terminal 1–2, R12) and
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Figure 3 | Detection of valley transport in sample N2. (a) Schematic view of the valley diffusion process. Parallel (antiparallel) electric and magnetic fields
generate the charge imbalance between two Weyl nodes due to the chiral anomaly. The charge imbalance of different valleys can diffuse across the sample
and can be converted into a nonlocal voltage along the applied magnetic field direction. (b) Schematic view of the nonlocal resistance measurement with
different diffusion channel width. Current is applied through terminal 1–2, while terminals 3–4 and 5–6 are used to measure the nonlocal resistance. The
diffusion channel width (x1 and x2) for 3–4 and 5–6 are 2 and 1mm, respectively. The diffusion length L is 2mm. (c) The scanning electron microscopy
picture of the Cd3As2 device. The white scale bar corresponds to 2 mm. The contact regime in terminals 3–4 is slightly larger than that of 5–6. (d) The two-
terminal local resistance (R12) of the Cd3As2 device at 20K. (e) The nonlocal resistance (R34 and R56) at 20K. (f) The pure nonlocal resistance (R34-NL and
R56-NL) after subtracting the Ohmic diffusion at 20K. (g) Resistance ratio of R34/R56 and R34-NL/R56-NL as a function of B at different temperatures. The
dash line valley and Ohmic correspond to 0.50 and 0.17, respectively. R34-NL/R56-NL at low field (o4T) is not plotted since the value of R34-NL or R56-NL is
close to zero and the corresponding ratio is easily affected by fluctuations or small curvatures.
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strong coupling
Ingredients:


• Gauge field dual to the vector current

• Gauge field dual to the axial current

• Axial anomaly

• background axial field

• mass deformation 

1 Introduction

Weyl semi-metals are an exciting new class of 3D materials with exotic electronic

transport properties [1, 2]. They are characterised by point like singularities in the

Brillouin zone at which conduction and valence band touch. Around these points the

electronic quasiparticle excitations can be described by either left- or right-handed

Weyl spinors. The Nielsen-Ninomiya theorem guarantees that left- and right-handed

Weyl spinors always appear in pairs [3]. When time reversal symmetry is broken the

left- and right-handed quasiparticles can sit at di↵erent points in the Brillouin zone.

E↵ectively the Weyl fermions are separated by an (axial) vector in the momentum

space. Since the relevant physics is localized in the momentum space on an open set

of momenta, the compactness of the Brillouin zone does not play a direct role. It does

however enforce the Nielsen-Ninomiya theorem and also guarantees that charge can

not disappear at large momenta. This means that in particular gauge invariance is

automatically preserved. A quantum field theoretical model model with non-compact

momentum space can be constructed with the same local properties around the band

touching points. It takes the form of a “Lorentz breaking” Dirac system [4] with

Lagrangian

L =  ̄
�
i/@ � e /A� �5�zb+M

�
 . (1.1)

Here /X = �µXµ, Aµ is the electromagnetic gauge potential, �µ are the Dirac matrices

and �5 = i�0�1�2�3 allows to define left- and right-handed spinors via (1±�5) =  L,R.

In the quantum field theory of chiral fermions gauge symmetry is not a priori preserved

since triangle anomalies might spoil it. However, for an equal number of right- and

left-handed fermions there always exists a regularization scheme in which anomalies

are present only in the axial current and not in the gauge current. In this sense the

counterpart of the fact that the Brillouin zone has the topology of a torus is a choice

of regularization scheme that preserves the gauge symmetry. In the holographic model

this amounts to a particular choice of Chern-Simons terms.

The spectrum of (1.1) is sketched in figure 1. As long as |b| > |M | the spectrum

is ungapped. It is characterized by band inversion and at the crossing points the wave

function is well-described by Weyl fermions. The separation of the Weyl cones is given

by
p
b2 �M2. In this situation the quantum field theoretical model at low energies

can be further reduced to an e↵ective low energy Lagrangian of the form (1.1) with

Me↵ = 0 and be↵ =
p
b2 �M2.

For |b| < |M | the system is gapped and the low energy description is simply one of

a massive Dirac fermions with be↵ = 0 and Me↵ =
p
M2 � b2. Accordingly the system

undergoes a quantum phase transition from the topologically non-trivial Weyl semi-

metal phase to a trivial insulating phase. More generally additional Dirac fermions

1

2beff 2Meff

Figure 1: Left panel: For b2 > M2
there are two Weyl nodes in the spectrum. They are

separated by the distance
p
b2 �M2 in momentum space. Right panel: For b2 < M2

the

system is gapped with gap Me↵ =
p
M2 � b2.

might be present. Then the topologically trivial phase would not be gapped but is

itself a semi-metal. The quantum phase transition is then between a topological and a

trivial semi-metal. As we will see this is the case in our holographic model.

The axial anomaly

@µJ
µ
5
=

1

16⇡2
✏µ⌫⇢�Fµ⌫F⇢� + 2M ̄�5 (1.2)

implies the anomalous Hall e↵ect [5, 6, 7, 8, 9]

~J =
1

2⇡2

~be↵ ⇥ ~E . (1.3)

The anomalous Hall e↵ect arises as a one-loop contribution to the polarization tensor.

This calculation has a long history and is plagued by regularization ambiguities [10].

In the context of Weyl semi-metal physics these regularization ambiguities have been

argued to be resolved either by matching to a high energy model [11], e.g. a tight

binding model [12] or by considering anomaly cancellation arising from chiral edge

states at boundaries (Fermi arcs) [13]. As we will see imposing gauge invariance in the

holographic model resolves the ambiguities in a unique form. The wave function of a

Weyl spinor can be understood as a monopole of the Berry curvature in momentum

space. Left-handed Weyl fermions have monopole charge +1 and the right-handed

one having monopole charge �1 [14, 15]. This semiclassical reasoning gives indeed

good intuition about the presence or absence of the (instrinsic) anomalous Hall e↵ect.

Since the monopole charge in momentum space is a topological invariant it is still

present in fermionic two point correlation functions when interactions are taken into

account [16]. At strong coupling such semiclassical reasoning based on fermionic wave

functions or correlators might however not always be available. The question arises

2



the model

ds2 = B0r
2(�dt2 + dr2 + dx2 + dy2) + C0r

2�dz2

Az = rc , � = �IR

If the Scalar runs to a constant value

then if it is possible to construct a model at strong coupling that has the essential

physical properties of a Weyl semi-metal, in particular if there exists any strongly

coupled model in which the anomalous Hall e↵ect and a quantum phase transition to

a topological trivial phase persist even in the absence of the notion of singularities in

the dispersion relations of fermionic two point correlations functions? To answer these

questions at strong coupling, a useful tool has arisen in the last few years, which is the

AdS/CFT correspondence inspired from string theory. Holography has indeed already

proved to be extremely useful for the understanding of strongly correlated relativistic

systems, including superconductors [17], strange metals [18, 19], lattice systems [20],

etc.. In particular the modern understanding of anomaly related transport phenomena

such as the chiral magnetic and chiral vortical e↵ects is based to a considerable part

on research using holographic models [21, 22, 23]4.

2 Holographic model

In this section we consider the following holographic action [26, 27]

S =

Z
d5x

p
�g


1

22

⇣
R +

12

L2

⌘
�

1

4
F 2

�
1

4
F 2

5
+

↵

3
✏µ⌫⇢�⌧Aµ

⇣
F 5

⌫⇢F
5

�⌧ + 3F⌫⇢F�⌧

⌘
+

+ (Dµ�)
⇤(Dµ�)� V (�) , (2.1)

where  is the Newton constant, L is the AdS radius and ↵ is the Chern-Simons coupling

constant. In AdS/CFT correspondence, symmetries of the field theory correspond to

gauge fields in AdS space. The electromagnetic U(1) symmetry is represented by

the AdS bulk gauge Vµ with field strength is F = dV . The axial U(1) symmetry

is represented by the gauge field Aµ with field strength F5 = dA.5 It is anomalous

and the anomaly is represented in (2.1) by the Chern-Simons part of the action with

coupling constant ↵. The choice of Chern-Simons term is the unique one that makes the

electromagnetic symmetry non-anomalous [28]. The mass deformation is introduced

via a non-normalizable mode of the scalar field � [26]. This scalar field is charged

only under the axial gauge transformation and its covariant derivative is Dµ� = (@µ �

iqAµ)�. The scalar field potential is m2
|�|2 + �

2
|�|4. The AdS bulk mass m2L2 = �3

is chosen such that the dual operator has dimension three and its source has dimension

one. This matches exactly the dimension of the dual of a mass deformation. The

4
Previous holographic approaches to the physics of Weyl semimetals [24, 25] di↵er from our ap-

proach in that they study holographic fermionic spectral functions.

5
Note the di↵erent conventions from here on.
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„ = „(r) (1.25)

A5 = A5
z(r)dz

In particular, we are considering the identifications

D(r) = u(r), B(r) = 1
u(r) , C1(r) = u(r), C2(r) = h(r). (1.26)

In the following we set Z1 = Z2 = 1 and consider V = ≠ 12
L2 + m2„2 + ⁄

2 „4, with

m2 < 0 and ⁄ > 0. In this way we have a local maximum of the potential V at

„ = „UV = 0. This allows us to consider also the identification LUV = L and, in

the following, we will set L = 1.

At zero temperature, the equations of motion for the Ansatz (1.25) and the

assumptions just above are

3uÕÕ

2u
+ 3uÕ 2

4u2 ≠ 6
u

≠ A5
z

Õ 2

4h
+ „2

A
m2

2u
≠ q2A5

z
2

2hu
+ ⁄ „2

4u

B
+ 1

2„Õ2 = 0 (1.27)

uÕÕ

u
≠ uÕhÕ

2uh
≠ 2 q2A5

z
2„2

3hu
+ 2

3„Õ2 = 0 (1.28)

A5
z

ÕÕ + A5
z

Õ
3

2uÕ

u
≠ hÕ

2h

4
≠ 2 q2A5

z„2

u
= 0 (1.29)

„ÕÕ + „Õ
3

2uÕ

u
+ hÕ

2h

4
≠ „

u

A
q2A5

z
2

h
+ m2 + ⁄„2

B
= 0 (1.30)
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general models

ds2 = B0r
2(�dt2 + dr2 + dx2 + dy2) + C0r

2�dz2

Az = rc , � = �IR

case of scalar running to a constant value
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Figure 1.5: Real part of the longitudinal conductivity as a function of Ê/b computed

in the background shown in Fig.1.2 with M/b = 0.717. The dots show the

numerical computation while the blue line is the linear fit to Ÿ(‡zz) Ã Ê with

the overall constant chosen such that the line passes through the first point

and equal to fi/2.

We find again a linear scaling at both small and high frequencies as discussed

above. Now the slope of the fitting straight line is the same everywhere: Di�erently

from the previous case the Topological non Trivial Solution admits an AdS to AdS

domain wall between two AdS spacetime which are exactly the same (i.e. the same

radius) and this reflects on the slope of the fitting line at small frequencies.

1.4.2 Critical Solution

We can now discuss the scaling of the longitudinal conductivity in the third

background solution above, the Critical.

Before we give the numerical plot of the longitudinal conductivity we note that

the method of the matched asymptotics we discussed previously applies also in this

case. Repeating the same steps as before we get the real part of the conductivity

scales in the following way

Ÿ(‡) Ã Ê2≠— , (1.68)

21transvers conductivity
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Figure 1.8: Real part of the transverse conductivity as a function of Ê/b computed in the

background shown in Fig.() with M/b = 0.717. The dots show the numerical

computation while the blue line is the linear fit to Ÿ(‡) Ã Ê with the overall

constant chosen such that the line passes through the first point and equal to

fi/2.

1.5.2 Critical Solution

We again study the equations (1.42) - (1.43), but now in the background of the

Critical Solution. The steps we are going to follow are not di�erent from the ones

we did in the other two solutions. Firts of all we find the behaviour of the solution

in the IR, where the equations (1.69) - (1.70) reduce to

aÕÕ
± + aÕ

±

3
—

r
+ 2

r

4
+ Ê2a±

u2
0r

4 = 0 (1.73)

Now the solution with the correct infalling behaviour reads

a± = ≠
3

iÊ

u0 r

4—+1
2

K1

3
≠ iÊ

u0 r

4
. (1.74)

We can extrapolate again the small Ê behaviour ofthe solution in the decoupled

sector, which is now given by

Ÿ(‡±) Ã Ê— . (1.75)

25
0 < �  1

consistency requires



Quantum phase diagram
Taking advantage of the scaling symmetry around the fix points we construct the 
phase diagram studying the conductivity as a function of the frequency and mass 
parameter

[Grignani, Marini, P-B,Speziali]
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Comparing the model and the experiment
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FIG. 1. Horizon values of scalar and axial gauge field (dashed,

solid) along the sample for temperatures ⇡T := ⇡T/M =

100, 1/16 (red, blue). The black dotted line corresponds to

the profile of a(x)/M .

Let us remark at this point that the holographic direc-
tion can be interpreted as an energy scale for the renor-
malization group (RG) flow. In this context, the hori-
zon values of the fields Az and ' can be interpreted as
the IR values of the UV couplings a and M . In Fig. 1,
we show these values along the x direction at high and
low temperatures for aL < ac and aR > ac. Note that
away from the interface the system is homogeneous and
thus Eq. (8) applies. As expected, at low temperatures,
ae↵ vanishes in the trivial, left phase, implying that the
AHC is zero. Moreover, the non-vanishing scalar field
can be interpreted as an e↵ective non-zero mass. In the
non-trivial WSM phase on the right, where the driving
parameter a is above the critical value everywhere, the
e↵ective mass vanishes and the phase is characterized by
ae↵ > 0 and a non-vanishing AHC. The fact that we do
not observe a sharp transition is a result of the finite ex-
tent of the interface and the non-zero temperature. In
order words, we are probing the critical region in the
phase diagram instead of the critical point of the quan-
tum phase transition itself. A similar behaviour was ob-
served in Refs. [20, 21]. Let us remark that these profiles
depend not only on the temperature, but on the concrete
profile of a(x), too.

RESULTS

Current profiles. Let us first study the profiles of the
computed currents. Note that there is no scaling symme-
try in x direction which allows us to choose an arbitrary,
finite value for the interface width l. This is due to the
choice ⇢ = 1 for the event horizon and thus all lengths are
measured in units of inverse temperature. Figure 2 shows
the electric current jy along the sample for the profile in
Fig. 1 and di↵erent choices of l at low temperature. We
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FIG. 2. Current profile along the x direction for di↵erent

interface widths l = 0.1, 0.5, 1, 4 (blue, green, yellow, red)

and low temperature ⇡T = 1/16.

observe that as l decreases, the current profile becomes
more localised at the interface x = 0. Thus, it is justified
to call jy a surface current. However, as we checked ex-
plicitly for the whole parameter space considered in the
next section, Jy, the integral of the current along the x di-
rection, is independent of l. Consequently, the amplitude
of the current has to increase with decreasing l. Let us
further remark that jy deviates from Eq. (5), even after
replacing a

0 with a
0
e↵

as expected from a non-vanishing
mass M .
Integrated current. In figure 3, we show the integrated

current Jy for several fixed values of aL as a function
of aR and for di↵erent values of the temperature/mass
ratio T = T/M . We will refer to this quantity as the
temperature from now on.
For high temperatures T , as shown by the dashed lines

in Fig. 3, we recover the integrated version of Eq. (5) with
BA = r⇥A = �a

0(x)ey:

Jy = � µ

2⇡2

Z 1

�1
dx a

0(x) =
µ

2⇡2
(aL � aR) . (13)

This result is in line with our expectation for high tem-
peratures, namely that the mass becomes negligible and
hence the two originally topologically distinct phases be-
come indistinguishable. Thus, the interface is not a topo-
logical phase boundary anymore and the dependence of
Jy on aL/R is independent of their concrete values.
For low temperatures, however, the behaviour is dif-

ferent. Let us first consider the situation where the ma-
terial to the left of the interface is topologically trivial.
As shown by the solid blue line in Fig. 3, no current is
generated until the r.h.s. of the sample undergoes the
phase transition. For aR beyond the critical value ac, a
finite current is observable which depends nonlinearly on
aR. Although it seems that the curve has a kink at ac,
it is in fact smooth due to the finite temperature of the
system.

steeply as the quantum critical region around M/b ' 0.744 is entered. It peaks roughly

at the critical value and then falls o↵ in a somewhat slower fashion as M/b increases. The

extreme M/b ! 1 limit can be reached by setting b = 0 keeping M finite. In this case the

field Az is simply zero along the holographic RG flow and from (0.13) it follows that the odd

viscosity vanishes again in this limit.
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Figure 3: Odd viscosity ⌘Hk as a function of M/b at di↵erent temperatures.

Transverse viscosity: We switch on the perturbations �gxx � �gyy = 2hL(r)e�i!t ,

�gxy = hxy(r)e�i!t and form the complex combination H± = hL ± ihxy. Expanding to first

order in ! we find (see appendix C for details)

H± = r2 �
M2

3
+

M4(2 + 3�)

18

ln r

r2
+

1

r2

✓
f3 +

!

4

⇣h
if
p

h± 8⇣q2�2fAz

i���
r=r0

⌘◆
+ . . .

(0.14)

near the conformal boundary. Using the holographic dictionary we can read o↵ the viscosities

from the terms at first order in ! at order 1/r2 in the large r expansion. The dissipative

viscosity is

⌘? = f
p

h
���
r=r0

. (0.15)

We note that in this case the KSS bound is exactly obeyed ⌘?/s = 1/4⇡. The non-dissipative

odd viscosity is

⌘H? = 8⇣q2�2fAz

���
r=r0

. (0.16)

Again we find that in the low temperature regime the non-dissipative odd viscosity has

substantial support only in the quantum critical region around M/b ' 0.744 as can be seen

from Fig. 4. On the other hand in the regime in which the horizon probes the UV completion

of our holographic model such that r0 ! 1 (the extreme high temperature regime) we find

2⌘Hk = ⌘H? = 8⇣q2M2b. In this high temperature regime there is no trace left of the quantum

phase transition at zero temperature.
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Figure 4: Odd viscosity ⌘H? as a function of M/b at di↵erent low temperatures.

We also note that the analytic results on the viscosities (together with our previous result

on the conductivities in [11]) allow us to obtain the non-trivial relation

⌘k
⌘?

=
2⌘Hk

⌘H?

=
�k

�?
=

f

h

����
r=r0

(0.17)

where �k = �zz =
fp
h

��
r=r0

, �? = �xx = �yy =
p
h
��
r=r0

.

Finally, let us comment on the temperature scaling behaviour of viscosities and con-

ductivities in the quantum critical regime. At zero temperature, there is an emergent

Lifshitz-like symmetry in the IR at the transition point M/b ' 0.744 and IR physics is

invariant under (t, x, y, r�1) ! l(t, x, y, r�1), z ! l�z with the anisotropic scaling exponent

� ' 0.407 together with f ! l�2f, h ! l�2�h,Az ! l��Az,� ! � [11]. At very low

temperature, since T ! l�1T we can obtain the temperature scaling behavior of the vis-

cosities and conductivities near the critical region from scaling arguments. More precisely,

at the critical regime, when M/b ! 0.744, we have ⌘k/s / T �1 , ⌘Hk / T �2 , ⌘H? / T �3

with (�1, �2, �3) = (2 � 2�, 4 � �, 2 + �)7 and �k / T �4 , �? / T �5 , �AHE / T �6 with

(�4, �5, �6) = (2 � �, �, �) for low temperatures. In Fig. 5 we plot the temperature scaling

exponents �i with i 2 {1, . . . , 6} of our numerical results at low temperatures at the criti-

cal value of M/b. We can see from the figure that the scaling exponents are approaching

the analytic values when the temperature decreases. These scaling dependences explain the

peak/dip behavious of the transports of holographic Weyl semimetal in the critical regime.

Conclusion.– Using the holographic model of [11] we have shown that substantial odd

viscosities are present in the low temperature quantum critical region in which the quantum

crossover transition between the Weyl semimetal state and the trivial semimetal takes place.

The odd viscosities are non-vanishing only if we add the gravitational Chern-Simons term

in the holographic action which is dual to the mixed axial-gravitational anomaly. From

7The shear viscosity bound proposed in [36] is obeyed in our case.

7

Holographic Fermi Arcs

Holographic Hall viscosity

[Landsteiner, Liu, Sun]

[Ammon, Jimenez-Alba, Heinrich, Moeckel]
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Hall viscosity

η =
s

4π2

β
3β + 1

T3βΓ(3β)ηD(3β) =β→0
s

24π2 [Copetti,Landsteiner]

Afterwards Coppetti argued that in such a limit translations become an anomalous symmetry 
[JHEP vol. 2020, 190 (2020)]
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Hall viscosity

Δ<0 Δ=0 Δ>0

η =
s

4π2

β
3β + 1

T3βΓ(3β)ηD(3β) =β→0
s

24π2 [Copetti,Landsteiner]

Afterwards Coppetti argued that in such a limit translations become an anomalous symmetry 
[JHEP vol. 2020, 190 (2020)]
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charge densities and currents we obtain

⇢e =
n

2⇡2
~b · ~B (48)

~je =
n

2⇡2
µ ~B5 +

c(n)

2⇡2
µ3

~B35 +
n

2⇡2
~E ⇥~b

⇢5 =
n

6⇡2
~b · ~B5 (49)

~j5 =
n

2⇡2
µ ~B +

n

3⇡2
µ5

~B5 +
c(n)

2⇡2
µ3

~B3 +
c(n)

3⇡2
µ35

~B35 +

+
n

6⇡2
~E5 ⇥~b , (50)

and for the non-abelian densities and currents

⇢3 =
c(n)

2⇡2
~b · ~B3 (51)

~j3 =
c(n)

2⇡2
~E3 ⇥~b

⇢35 =
c(n)

2⇡2
~b · ~B35 +

c(n)

6⇡2
~b · ~B35 (52)

~j3 =
c(n)

6⇡2
~E35 ⇥~b. (53)

In order to relate these currents with the multi-Weyl
semimetal we need to take into account the presence of
the background field A = � (0, sx, sy, 0). The presence of
such background field introduces a non-abelian magnetic
field ~B3 = (0, 0,�2). However, two issues are associated
to such background field, the first one is associated to
the fact that the transport coe�cients shown before were
computed using linear response theory and the actual
magnetic field correspond to a non-linear contribution,
and secondly the parameter � also breaks the SU(2)
symmetry spoiling the anomaly protection of the current
Eq. (53).

ANOMALOUS TRANSPORT FROM
HOLOGRAPHY

As discussed in the previous section, the presence of
the background non-abelian gauge field will break the
original global symmetry group. For simplicity we will
start by considering just left-handed matter fields, in this
case the starting symmetry group is SO(3, 1)⇥SU(2)L⇥
U(1)L which will be broken down to SO(1, 1)⇥U(1)3L ⇥
U(1)L by the background gauge field. This explicit sym-
metry breaking will generate an RG flow from a confor-
mal field theory in the UV to an anisotropic system in
the IR as the one described by the e↵ective multi-Weyl
Hamiltonian Eq. (??). Therefore along the RG trajec-
tory the anomalous conductivities will not be anomaly
protected, however in some cases universal behaviour in
the IR fixed point can be found [].

In order to understand the one point functions of the
currents at very low energies, it necessary to select a spe-
cific model. We will consider a strongly couple theory

with holographic dual, considering the simplicity of one
point functions computations in this case. A second rea-
son for selecting a holographic model is associated to the
ambiguities we may encounter related to di↵erent regu-
larization schemes []. Fortunately, in holography these
ambiguities are not present due to the existence of a nat-
ural regulator (location of the AdS boundary). Actually,
holography has been a vital tool in the understanding of
anomaly-induced transport []. Actually, our main goal
is to qualitatively understand whether the new predicted
transport coe�cients survive along the RG flow.
As a first approach to the problem, and for simplicity

we will only consider the response of the charged cur-
rent to external gauge fields. We will leave the study of
chiral vortical conductivites and response in the energy
momentum tensor for the future. That allow us to take
the probe approximation in which the bulk gauge fields
will not backreact on the geometry, a consequence of the
approximation will be that the mixed gauge-gravitational
anomaly will be decoupled. However, as already seen in
previous sections the mixed anomaly is relevant for the
chiral vortical or chiral magnetic e↵ects in the energy
current.
The problem of quantum anomalies is well understood

and their presence is realized via the introduction of
Chern-Simons terms in the bulk action. Our perspec-
tive will be fully phenomenological, i.e bottom up. We
will assume the existence of a large N , strongly coupled
gauge theory with a holographic dual and with the same
anomaly structure as our multi-Weyl system. Therefore,
the simplest holographic model we can construct has the
form

S = �
Z

Tr


1

2n
F ^ ?F +

1

2c(n)
G ^ ?G+

+�

✓
A ^ (dA)2 +

3

2
A3 ^ dA+

3

5
A5

◆�
, (54)

where the gauge fields are defined as

A = A(0)s0 , A = A(a)sa , A = A+ A , (55)

and si = (s0, sa) are the identity and SU(2) generators
introduced in the section ??. The corresponding field
strength associated to the gauge fields are

F = dA , G = dA � iA2 . (56)

We are interested in computing the anomalous cur-
rents at finite temperature. To do so, we need a finite
temperature background geometry which we chose to be
the Schwarzsild-AdS blackhole

ds2 =
1

r2

✓
�u(r)dt2 +

1

u(r)
dr2 + dx2 + dy2 + dz2)

◆
,

(57)
with the horizon at rh = 1, and the blackening factor
u(r) = 1� r2. In this units the Hawking temperature is
given by T = ⇡�1.
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In order to relate these currents with the multi-Weyl
semimetal we need to take into account the presence of
the background field A = � (0, sx, sy, 0). The presence of
such background field introduces a non-abelian magnetic
field ~B3 = (0, 0,�2). However, two issues are associated
to such background field, the first one is associated to
the fact that the transport coe�cients shown before were
computed using linear response theory and the actual
magnetic field correspond to a non-linear contribution,
and secondly the parameter � also breaks the SU(2)
symmetry spoiling the anomaly protection of the current
Eq. (53).

ANOMALOUS TRANSPORT FROM
HOLOGRAPHY

As discussed in the previous section, the presence of
the background non-abelian gauge field will break the
original global symmetry group. For simplicity we will
start by considering just left-handed matter fields, in this
case the starting symmetry group is SO(3, 1)⇥SU(2)L⇥
U(1)L which will be broken down to SO(1, 1)⇥U(1)3L ⇥
U(1)L by the background gauge field. This explicit sym-
metry breaking will generate an RG flow from a confor-
mal field theory in the UV to an anisotropic system in
the IR as the one described by the e↵ective multi-Weyl
Hamiltonian Eq. (??). Therefore along the RG trajec-
tory the anomalous conductivities will not be anomaly
protected, however in some cases universal behaviour in
the IR fixed point can be found [].

In order to understand the one point functions of the
currents at very low energies, it necessary to select a spe-
cific model. We will consider a strongly couple theory

with holographic dual, considering the simplicity of one
point functions computations in this case. A second rea-
son for selecting a holographic model is associated to the
ambiguities we may encounter related to di↵erent regu-
larization schemes []. Fortunately, in holography these
ambiguities are not present due to the existence of a nat-
ural regulator (location of the AdS boundary). Actually,
holography has been a vital tool in the understanding of
anomaly-induced transport []. Actually, our main goal
is to qualitatively understand whether the new predicted
transport coe�cients survive along the RG flow.
As a first approach to the problem, and for simplicity

we will only consider the response of the charged cur-
rent to external gauge fields. We will leave the study of
chiral vortical conductivites and response in the energy
momentum tensor for the future. That allow us to take
the probe approximation in which the bulk gauge fields
will not backreact on the geometry, a consequence of the
approximation will be that the mixed gauge-gravitational
anomaly will be decoupled. However, as already seen in
previous sections the mixed anomaly is relevant for the
chiral vortical or chiral magnetic e↵ects in the energy
current.
The problem of quantum anomalies is well understood

and their presence is realized via the introduction of
Chern-Simons terms in the bulk action. Our perspec-
tive will be fully phenomenological, i.e bottom up. We
will assume the existence of a large N , strongly coupled
gauge theory with a holographic dual and with the same
anomaly structure as our multi-Weyl system. Therefore,
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where the gauge fields are defined as

A = A(0)s0 , A = A(a)sa , A = A+ A , (55)

and si = (s0, sa) are the identity and SU(2) generators
introduced in the section ??. The corresponding field
strength associated to the gauge fields are

F = dA , G = dA � iA2 . (56)

We are interested in computing the anomalous cur-
rents at finite temperature. To do so, we need a finite
temperature background geometry which we chose to be
the Schwarzsild-AdS blackhole

ds2 =
1
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with the horizon at rh = 1, and the blackening factor
u(r) = 1� r2. In this units the Hawking temperature is
given by T = ⇡�1.
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the background field A = � (0, sx, sy, 0). The presence of
such background field introduces a non-abelian magnetic
field ~B3 = (0, 0,�2). However, two issues are associated
to such background field, the first one is associated to
the fact that the transport coe�cients shown before were
computed using linear response theory and the actual
magnetic field correspond to a non-linear contribution,
and secondly the parameter � also breaks the SU(2)
symmetry spoiling the anomaly protection of the current
Eq. (53).
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the probe approximation in which the bulk gauge fields
will not backreact on the geometry, a consequence of the
approximation will be that the mixed gauge-gravitational
anomaly will be decoupled. However, as already seen in
previous sections the mixed anomaly is relevant for the
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current.
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where the gauge fields are defined as

A = A(0)s0 , A = A(a)sa , A = A+ A , (55)

and si = (s0, sa) are the identity and SU(2) generators
introduced in the section ??. The corresponding field
strength associated to the gauge fields are

F = dA , G = dA � iA2 . (56)

We are interested in computing the anomalous cur-
rents at finite temperature. To do so, we need a finite
temperature background geometry which we chose to be
the Schwarzsild-AdS blackhole
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with the horizon at rh = 1, and the blackening factor
u(r) = 1� r2. In this units the Hawking temperature is
given by T = ⇡�1.
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magnetic field correspond to a non-linear contribution,
and secondly the parameter � also breaks the SU(2)
symmetry spoiling the anomaly protection of the current
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mal field theory in the UV to an anisotropic system in
the IR as the one described by the e↵ective multi-Weyl
Hamiltonian Eq. (??). Therefore along the RG trajec-
tory the anomalous conductivities will not be anomaly
protected, however in some cases universal behaviour in
the IR fixed point can be found [].

In order to understand the one point functions of the
currents at very low energies, it necessary to select a spe-
cific model. We will consider a strongly couple theory

with holographic dual, considering the simplicity of one
point functions computations in this case. A second rea-
son for selecting a holographic model is associated to the
ambiguities we may encounter related to di↵erent regu-
larization schemes []. Fortunately, in holography these
ambiguities are not present due to the existence of a nat-
ural regulator (location of the AdS boundary). Actually,
holography has been a vital tool in the understanding of
anomaly-induced transport []. Actually, our main goal
is to qualitatively understand whether the new predicted
transport coe�cients survive along the RG flow.
As a first approach to the problem, and for simplicity

we will only consider the response of the charged cur-
rent to external gauge fields. We will leave the study of
chiral vortical conductivites and response in the energy
momentum tensor for the future. That allow us to take
the probe approximation in which the bulk gauge fields
will not backreact on the geometry, a consequence of the
approximation will be that the mixed gauge-gravitational
anomaly will be decoupled. However, as already seen in
previous sections the mixed anomaly is relevant for the
chiral vortical or chiral magnetic e↵ects in the energy
current.
The problem of quantum anomalies is well understood

and their presence is realized via the introduction of
Chern-Simons terms in the bulk action. Our perspec-
tive will be fully phenomenological, i.e bottom up. We
will assume the existence of a large N , strongly coupled
gauge theory with a holographic dual and with the same
anomaly structure as our multi-Weyl system. Therefore,
the simplest holographic model we can construct has the
form

S = �
Z

Tr


1

2n
F ^ ?F +

1

2c(n)
G ^ ?G+

+�

✓
A ^ (dA)2 +

3

2
A3 ^ dA+

3

5
A5

◆�
, (54)

where the gauge fields are defined as

A = A(0)s0 , A = A(a)sa , A = A+ A , (55)

and si = (s0, sa) are the identity and SU(2) generators
introduced in the section ??. The corresponding field
strength associated to the gauge fields are

F = dA , G = dA � iA2 . (56)

We are interested in computing the anomalous cur-
rents at finite temperature. To do so, we need a finite
temperature background geometry which we chose to be
the Schwarzsild-AdS blackhole

ds2 =
1

r2

✓
�u(r)dt2 +

1

u(r)
dr2 + dx2 + dy2 + dz2)

◆
,

(57)
with the horizon at rh = 1, and the blackening factor
u(r) = 1� r2. In this units the Hawking temperature is
given by T = ⇡�1.

6

To connect the Chern-Simons term in the action Eq.
(54) with the anomaly we use the fact that the onshell ac-
tion S corresponds to the boundary QFT e↵ective action
W (A),

W [A] = Sonshell[A] , (58)

and we do a bulk gauge transformation �✓AM = �DM✓,
whereM = 0, 1, . . . , 4 and xM = (t, x, y, z, r). After some
tedious but straightforward computation we end up with
the following expression

�✓W (A) =

Z
d4x ✓iGi[A], (59)

where Gi is the anomaly defined in Eq. (??). This com-
putation shows how the anomaly is realized within the
holographic set-up and allow us to fix the coupling �,

� =
1

24⇡2
. (60)

As a next step we define our holographic one point func-
tions by taking functional derivatives of Eq. (58). In
particular, derivatives with respect with the gauge fields
will generate the consistent charged currents

jµ
i
=

�S

�Ai
µ

=
p
�g (2F rµ

i
� Pµ

i
[A]) |boundary , (61)

where

Pµ

i
[A] = ��

2
✏µ⌫⇢�Tr {si (A⌫F⇢� + F⇢�A⌫ �A⌫A⇢A�)}

(62)
is precisely the Bardeen-Zumino polynomial. In conse-
quence, we can read from Eq. (61) the holographic defi-
nition of the covariant current

Jµ

i
= 2

p
�gFrµ

i
|boundary. (63)

Having properly set the model, we must introduce the
gravitational ansatz which will be dual to having the
boundary field theory at finite density and finite tempera-
ture. On top of that, and in order to study the anomaly-
induced currents, we will introduce also external back-
ground magnetic field ~B = (0, 0, B), and the symmetry
breaking non-abelian gauge field. That implies the bulk
gauge field has to take the boundary value

A(rb) = (µs0 + µ3sz) dt+� (sxdx+ sydy) + xBs0dy .
(64)

With all these ingredients the simplest ansatz we need to
consider takes the following form

A =
�
At(r)s0 +A3

t
(r)sz

�
dt+Q(r) (sxdx+ sydy) +

+
�
Az(r)s0 +A3

z
(r)sz

�
dz + xBs0dy . (65)

This ansatz needs to be plugged into the equations of
motion and solved after imposing the boundary condi-
tions Eq. (64) at the boundary and regularity in the

FIG. 1: Renormalization of the background non-abelian
gauge field for di↵erent chemical potentials as a function of
�̄. The IR values correspond to �̄ ! 1. The dashed line
corresponds with a linear fitting Z ⇠ �̄.

interior of the space-time except for the fields At which
has to vanish. In the appendix ?? we show the form of
the equations of motion.
A first conclusion we make after writing down the

equations of motion, is that the abelian covariant cur-
rent can be obtained analytically an takes its universal
value

Jz =
n

4⇡2
µH +

c(n)

4⇡2
µ3b

2 . (66)

On the other hand, the non-abelian sector needs to be
solved numerically.
Before showing the results for the non-abelian current

we would like to discuss some aspects of the boundary
sources µ, µ3, b. They introduce a deformation of the UV
conformal field theory as follows

L = LCFT + µQ+ µ3Q
3 +�

�
�µ
x
J1
µ
+ �µ

y
J2
µ

�
, (67)

in particular, the charges Q and Q3 remain conserved
(modulo the anomaly) by the presence of b, however the
conservation of Q1 and Q3 is explicitly broken. That
implies, that � has to be understood as a coupling con-
stant which will renormalise along the RG flow, because
no symmetry will protect its value. For that reason we
are tempted to define the IR renormalised � as follows

�IR = Q(rh). (68)

At this point it is convenient to introduced the adimen-
sional variables

�̄ =
�

T
, µ̄ =

µ

T
, µ̄3 =

µ3

T
. (69)

In Fig. 1 we show the renormalised bIR. We have
computed for several values of the chemical potentials
µ̄ = 0, µ̄3 = 0; µ̄ = 1/2, µ̄3 = 1/4; µ̄ = 1, µ̄3 = 1/4;
µ̄ = 3/2, µ̄3 = 1/4; µ̄ = 1/4, µ̄3 = 1/2; µ̄ = 1/4, µ̄3 = 1;
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The higher monopole charge case

For the non holographers

The equations of motion

automatically imply Jz =

n

4⇡2
µB +

c(n)

4⇡2
µ3�

2
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FIG. 2: Isospin chiral magnetic conductivity as a function of
�̄ at vanishing chemical potential (µ).

µ̄ = 1/4, µ̄3 = 3/2; and observed always the same �̄
dependence. Therefore, we infer that bIR = TZ(�̄) with

Z(�̄) ⇡
⇢

�̄ for �̄ ⌧ 1
5.7584 for �̄ � 1

. (70)

From this we conclude that for small enough tempera-
tures bIR ⇠ 5.8T .

Then, we computed the isospin current either in the
presence of isospin chemical potential µ3 or chemical po-
tential µ. In the former case we found the following
generic behaviour

Jz

3 = ZB

�
�̄
� nµ3

4⇡2
B . (71)

again the function ZH seems to be independent of the
chemical potentials, as can be seen in Fig. 2. The nu-
merical analysis strongly suggest that ZH(�̄) has the fol-
lowing functional form

ZB(�̄) ⇡
⇢

1 for �̄ ⌧ 1
0.506 for �̄ � 1

. (72)

Which implies that a low temperatures the isospin chiral
magnetic e↵ect is reduced by a factor of approximately
1/2

Jz

3 ⇡ 0.5
n

4⇡2
µ3B . (73)

Then, we switched o↵ the isospin chemical potential
and studied the system in presence of the abelian chemi-
cal potential µ, in the present case we noticed the isospin
current took the following form

Jz

3 = Z�

�
�̄
� c(n)
4⇡2

µT 2 , (74)

where the function Z� in the actual case shows a depen-
dence in the values of �̄ shown in Fig. 3. Again, we
noticed the function dependence only on the symmetry
breaking parameter �̄ and not in the chemical potential,

FIG. 3: Isospin current as a function of �̄ at vanishing isospin
chemical potential (µ3). The dashed line corresponds with a
a quadratic fitting Zb ⇠ �̄2.

and it can be characterized in the two asymptotic regions
as follows

Z�(�̄) ⇡
⇢

�̄2 for �̄ ⌧ 1
21.762 for �̄ � 1

. (75)

As expected at high enough temperatures the current
takes the universal value fixed by the anomaly

Jz

3 ⇡ c(n)

4⇡2
µ�2 . (76)

However, at very low temperatures it has a di↵erent be-
haviour which is set by the Temperature instead of the
parameter �, in particular can be written as follows

Jz

3 ⇡ 21.8
c(n)

4⇡2
µT 2 ⇠ 0.6

c(n)

4⇡2
µ�2

IR
. (77)

At this point a comment is in order regarding the probe
approximation. Ignoring the backreaction of the gauge
fields on the space-time is a good approximation as long
as the temperature is not vanishing, therefore numeri-
cal deviations of the coe�cients are expected for the IR
conductivities. However, at this point we don’t have any
argument to conclude any universality associated to the
numerical factors. The important fact is those numerical
factor are of order one, which strongly suggest that even
in the IR low energy model the anomalous transport sur-
vive in the isospin current which directly connected to
the SO(2) rotational invariance of the two-bands model.
Numerics .—
.—
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Same thing happens with the current
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To summarise I hope I convinced you 
that Weyl semimetals are cool because…

• They are a minimal copy of our Universe.


• They can be used to test several high energy ideas and phenomena of different acmes otherwise


• They host Abelian and “non-Abelian” anomalies


• They are nearly scale invariant


• In multi-Weyl systems the non-Abelian current is related to a spin current, issue that needs to be 
understood.


• They are a source of interesting strongly coupled dynamics


• Conformal anomalies manifest also in transport (Not discussed in this talk).


• See: Generation of a Nernst Current from the Conformal Anomaly in Dirac and Weyl Semimetals, 
Phys. Rev. Lett. 120, 206601 (2018)


• Allow me to conclude with a provocative question. Could it be possible that with live inside a crystal?


