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Quantum anomalies are the breakdowns of classical conservation laws that occur in a quantum-field theory
description of a physical system. They appear in relativistic field theories of chiral fermions and are expected to
lead to anomalous transport properties in Weyl semimetals. This includes a chiral anomaly, which is a violation
of the chiral current conservation that takes place when a Weyl semimetal is subjected to parallel electric and
magnetic fields. A charge pumping between Weyl points of opposite chirality causes the chiral magnetic effect
that has been extensively studied with electrical transport. On the other hand, if the thermal gradient, instead of
the electrical field, is applied along the magnetic field, then as a consequence of the gravitational (also called
the thermal chiral) anomaly an energy pumping occurs within a pair of Weyl cones. As a result, this is expected
to generate anomalous heat current contributing to the thermal conductivity. We report an increase of both the
magnetoelectric and magnetothermal conductivities in the semiclassical regime of the magnetic Weyl semimetal
NdAlSi. Our work also shows that the anomalous electric and heat currents, which occur due to the chiral
magnetic effect and gravitational anomalies respectively, are still linked by a 170-year-old relation called the
Wiedemann-Franz law.

DOI: 10.1103/PhysRevB.108.L161106

Introduction. Topological materials are a class of com-
pounds having nontrivial electronic band structures [1–3].
Their characteristic linear energy dispersion and spin mo-
mentum locking lead to the emergence of phenomena with
potential applications in the field of spintronics and ultrafast
electronics devices [4]. Anomalous properties of topological
materials have been extensively studied to date, and a list of
investigated phenomena includes the chiral magnetic effect
(CME) [5,6], anomalous Hall [7–10] and anomalous ther-
mal Hall effects [11–13], chiral zero sound [14–16], mixed
axial-gravitational anomaly [17–22], and more [22,23]. Some
theoretical predictions have been well evidenced experimen-
tally, and some would benefit from alternative confirmation.
Among the latter is the occurrence of the chiral anomaly in
Weyl semimetals, which is expected to generate additional
electric current, when electric and magnetic fields are parallel
to each other [24–29]. This should contribute to the total
electrical conductivity, hence an observation of the negative
longitudinal magnetoresistance (NLMR) was initially taken
as the smoking-gun evidence of the chiral anomaly [30,31].
However, it was later realized that the phenomenon could
be also attributed to other factors, such as the current jetting
effect [32–34] or the geometric-dependent magnetoresistance
[35]. On the other hand, a charge pumping between Weyl
nodes of opposite chirality is not the only anomalous behavior
of Weyl semimetals. Namely, in the presence of a thermal
gradient an energy pumping between Weyl nodes should also
affect the entropy current and contribute both to the thermal
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conductivity [36] and the thermoelectric power [20,29,37].
These phenomena are supposed to be more robust to ex-
perimental artefacts [20–22,36]. Interestingly, the resulting
anomalous thermal effect is recognized to be a solid-state real-
ization of the gravitational anomaly known from high-energy
physics [19,20,22,38].

In this work, we show evidence for the presence of the
gravitational anomaly in the semiclassical regime of type II
magnetic Weyl semimetal NdAlSi. Previously, an increase of
the thermal conductivity with magnetic field was only ob-
served in the extreme quantum limit of Bi1−xSbx, which is
a particular case of a field-induced “ideal” Weyl semimetal
with the Fermi level matching exactly to the position of the
Weyl points [36]. We measured the thermal and electrical
transport in the magnetic field parallel to the thermal gra-
dient (or electric field), and we observed an increase in the
thermal (or electrical) conductivity, indicating the emergence
of the chiral thermal (or electric) current. A relation between
the thermal and electrical response remains consistent with
theoretical predictions. Our study shows that the gravitational
anomaly can be detected in a semiclassical regime with the
Fermi level not matching exactly the position of Weyl nodes.

Results and discussion. NdAlSi is a magnetic type II
Weyl semimetal in which both inversion and time-reversal
symmetries are broken [39–42]. Its ground state is ordered
ferrimagnetically, which, with increasing temperature, trans-
forms into an antiferromagnetic order and eventually into high
temperature paramagnetic phases [39,40]. In each state, the
electronic structure of NdAlSi hosts Weyl fermions with 26,
28, and 20 pairs of Weyl nodes in the ferrimagnetic, antifer-
romagnetic, and paramagnetic phases, respectively [39,41].
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FIG. 1. Magnetic field dependencies of the electrical resistivity and conductivity of NdAlSi measured with the electric current and magnetic
field parallel to each other and oriented along a axis. Panel (a) presents ρ(B) plots for several different temperatures. Inset: zero-field
temperature dependence of the resistivity measured along [100] with anomalies at Tincom = 7.2 K (green arrow) and Tcom = 3.2 K (red arrow)
marking the incommensurate antiferromagnetic to commensurate ferromagnetic and paramagnetic to incommensurate antiferromagnetic
transitions, respectively. Panel (b) presents Positive magnetothermal conductivity plotted versus square of the magnetic field, where the dashed
lines shows B2 behavior in the high field limit.

A sizable Dzyaloshinkii-Moriya interaction between local
magnetic moments leads to their helical magnetic structure
[39,40,42,43]. Since the incommensurate wave vector con-
nects different nontrivial Fermi pockets, the magnetism in
NdAlSi appears to be mediated by Weyl fermions [40].

Figure 1(a) presents the magnetic field dependencies of the
electrical resistivity for NdAlSi measured at various temper-
atures with B parallel to both the electric current and the a
axis. At low temperatures there are visible anomalies in ρ(B)
(like at B ≈ 2, 10 T at T ≈ 4.7 K, and B ≈ 12 T at T = 1.8,
2.8 K), which presumably in high magnetic field marks a
suppression of the spin density, as it closes the gap in the
nested parts of the Fermi surface. The measurements were
performed in increasing and decreasing magnetic field and we
did not notice hysteretic effects in this field region. The inset
in Fig. 1(a) shows the zero-field temperature dependence of
the resistivity with the electric current applied along the a axis.
From room temperature, ρ(T ) gradually decreases down to
Tincom = 7.2 K, where it exhibits a kink corresponding to the
paramagnetic-incommensurate spin density wave transition
[39]. The incommensurate ordering wave vector decreases
with decreasing temperature and at Tcom ≈ 3.2 K NdAlSi un-
dergoes a transition to the commensurate chiral ferrimagnetic
phase marked by another kink in ρ(T ) [39]. The increase of
ρ below T ≈ 5.5 K may be due to a superzone gap formation
that can develop in a case when the periodicity of antiferro-
magnetic order is different from that of the lattice [44–46].
The transitions temperatures found here are consistent with
previous reports [39,40].

For all temperatures ρ(B) increases with B in the low field
region, which can be due to the positive orbital longitudi-
nal magnetoresistance (σ0) and/or the weak antilocalization
(WAL) effect [47,48]. The former can be related to Fermi

surface anisotropy or the momentum-dependent scattering
time [49,50]. The presence of the latter is one of the transport
signatures for Weyl semimetals [47,51–54] which could be
related to quantum interference of Weyl fermions [53]. The
3D WAL is expected to contribute to the total magnetoelec-
trical conductivity (σtotal) as −√

B or −B2, depending on the
strength of the magnetic field [53]. The σtotal(B) can then be
quantified phenomenologically as [54]

σtotal(B) = σch − CWAL

(√
B

B2

B2 + B2
C

+ γ B2 B2
C

B2 + B2
C

)
+ σ0,

(1)
where σch is the anomalous chiral contribution, CWAL and γ

are parameters describing WAL, BC characterizes a crossover
from the −√

B to the −B2 regime (Bc ≈ h̄
el2

ϕ
; h̄, lϕ are the

reduced Planck constant and dephasing length, respectively).
The positive σtotal(B) present at high temperature is unlikely
due to WAL, indicating that σ0 in NdAlSi is also field depen-
dent. The exact form of σ0(B) is unknown, which makes it
difficult to separate the low-field positive magnetoresistance
for specific contributions. Alternatively, in the high field and
for temperatures lower than T ≈ 35 K we observe the negative
longitudinal magnetoresistance (NLMR), i.e., ρ(B) exhibits a
negative slope. It is unlikely related to domain walls as an
application of a magnetic field of just over 1 mT causes the av-
erage area of stable domains in sister Weyl semimetal CeAlSi
to more than double [55] and NLMR appears in the magnetic
field about four orders of magnitude higher. Moreover, the
effect is also present in the paramagnetic phase.

A decrease in the resistivity only when a magnetic field
is applied parallel to the electrical current and along the sep-
aration of Weyl points is referred to as the chiral magnetic
effect. This macroscopic manifestation of the chiral anomaly
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has been reported in a number of topological semimetals and
is a consequence of an imbalance in the number of Weyl
fermions populating Weyl nodes of opposite chirality that
leads to anomalous electric current [5,28,30,37,54,56]. The
resulting additional contribution to the longitudinal electrical
conductivity in the semiclassical regime and for μ � T is

σch = NW
e2

8π2h̄

(eB)2 v3

E2
F

τWP, (2)

where NW , e, v, EF , τWP are: number of Weyl nodes pairs,
elementary charge, Fermi velocity, Fermi energy, and inter-
valley Weyl relaxation time, respectively [57]. The latter, τWP,
determines the time scale at which quasiparticles scatter be-
tween the Weyl points and change their chirality. The increase
of σ should be then proportional to B2, which is indeed
the observed behavior (both below and above Tincom) along
with a small oscillatory component in the data presented in
Fig. 1(b). The frequency of these small oscillations is about 53
T (for more details, see Fig. S3 of the Supplemental Material
[60]) close to the β frequency (66 T), dominating the high
field Shubnikov–de Haas effect for B || c [40]. The effective
mass resulting from the Lifshitz-Kosevich formula (see inset
in Fig. S3) is m∗ = 0.11 m0 (m0 is the free electron mass),
and mobility μ ≈ 0.1 m2/Vs [40]. Using the Onsager relation
A = πk2

F = 2π eF/h̄ [58] (where A is the area of the Fermi
surface extreme cross-section, kF is the Fermi wavevector, and
F is the oscillations frequency) we estimated τWP [Eq. (2)]
and the transport relaxation time τtr = μm∗

e for T = 10 K. As
expected for the chiral regime, the resulting τWP ≈ 10−11 s
turns out to be significantly longer than τtr ≈ 10−14 s, which
is a necessary condition for observing the CME [25].

However, the chiral magnetic effect is not the only pos-
sible origin of NLMR [33–36]. This can be also caused by
extrinsic effects likely occurring in materials with ultrahigh
mobile charge carriers [32–34], but the mobility in NdAlSi
is rather moderate, which makes this material less prone to
extrinsic effects [59]. Nevertheless, the ultimate confirmation
of the intrinsic nature of NLMR will be an observation of a
counterpart phenomenon in the heat transport, which is robust
to the current jetting effect [19,20,22,38].

Figure 2 presents the temperature dependence of the
thermal conductivity (κ) along with the electronic thermal
conductivity estimated using the Wiedemann-Franz (WF) law,
κWF = σL0T , where L0 is the Sommerfeld value of the Lorenz
number for free electrons [κ (T ) dependencies measured at
B = 0, 5, 10, and 14.5 T are presented in Fig. S1 of the Sup-
plemental Material [60]]. A maximum of κ (T ) at T ≈ 60 K
is most likely related to the lattice thermal conductivity and
marks the temperature at which umklapp processes start to
effectively disturb the phonon transport [61]. Below T ≈ 60 K
both κ (T ) and κWF(T ) decrease down to T ≈ 10 K and at
this temperature the electronic contribution appears to account
for a significant portion of the total thermal conductivity.
Below T ≈ 10 K κ (T ) starts to deviate upward and reaches
a maximum at T ≈ 5 K, which indicates that in this region
magnons also participate in the heat transport. The inset in
Fig. 2 shows the κ (T ) − κWF(T ) data plotted along with
the estimated phonon contribution of thermal conductivity,
κl (T ). The latter was estimated using the low-temperature

FIG. 2. The temperature dependence of the a-axis thermal con-
ductivity for NdAlSi in zero magnetic field. κ (T ) data are plotted
with red points along with the electronic contribution κWF(T ) (dark
blue line) calculated using the Wiedemann-Franz law. The dark red
dashed line is a guide for the eye. Inset shows temperature depen-
dence of the difference (κ − κWF) and phonon contribution to thermal
conductivity κl (T ) (solid-green line) estimated using the LaAlSi
specific heat data.

constant-pressure specific heat (Cp) data of the nonmagnetic
reference material LaAlSi, which were fitted with the func-
tion Cp(T ) = γ T + aT 3, to separate the specific heat for the
electronic (γ T) and lattice (aT 3) contributions. Subsequently,
the electronic contribution was subtracted from Cp(T ) and the
remaining lattice specific heat, Cl (T ), was scaled to match
the κ (T ) − κWF(T ) of NdAlSi in the 18–23-K temperature
range. If the phonon mean-free path (l) is constant below
T ≈ 23 K, then the resulting curve should roughly account
for κl (T ), because κl = 1/3 Cv vs l and we can assume that in
this temperature range the speed of sound (vs) does not change
significantly and the constant-volume specific heat Cv ≈ Cp.
A low temperature extrapolation of the κl (T ) dependence thus
obtained shows that in this region κl is much smaller than
total thermal conductivity, while the maximum in κ (T ) at
T ≈ 5 K comes from the magnonic contribution to the thermal
conductivity (κm) of NdAlSi mentioned earlier.

An important question to address is to what extent can
the Wiedeman-Franz law be used to calculate the electronic
thermal conductivity of NdAlSi based on its electrical con-
ductivity? In general, the WF law is valid for a Fermi liquid,
as long as collisions of charge carriers can be described
as elastic, which means that the heat and charge currents
are affected equivalently [60]. Hence, the WF law is usu-
ally well obeyed in the high and low temperature limits.
Figure 3 presents the magnetic field dependencies of κ and
κWF for two exemplary temperatures within the paramagnetic
phase of NdAlSi. Apparently, at room temperature κWF(B)
well accounts for the field variation of the κ(B), if a contri-
bution from field-independent phonon thermal conductivity,
κl(300 K) = 12.65 W m−1 K−1, is taken into account. How-
ever, the same cannot be said for κWF(20 K), which increases
in the high field limit, whereas κ(B) at this temperature
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FIG. 3. The Wiedemann-Franz law. The magnetic field depen-
dencies of the thermal conductivity κ(B) for NdAlSi at T = 20 and
300 K (plotted in dark red and red, respectively). These are compared
with the corresponding κWF(B) to which a presumably field indepen-
dent phonon contribution has been added.

decreases monotonically in the entire field range. A likely
explanation for this discrepancy lies in a no longer field-
independent phonon contribution. The phonons transport is
often assumed to be not affected by a magnetic field, but this is
not always the case. Interestingly, there are even examples of
the phonon-based thermal Hall effect occurring in nonconduc-
tive materials [62,63]. In NdAlSi, the field-dependent phonon
thermal conductivity originates likely from field dependent
phonon scattering efficiency and we point at two possible
underlying origins: an anharmonic phonon-phonon scattering
[64] and phonon scattering on the paramagnetic free spins
[65]. In the former, the phonon induces the diamagnetic mo-
ment on atoms, which affects the orbital motion of valence
band electrons. This phonon-induced diamagnetic moment
alters the interatomic forces and leads to the magnetic-field-
sensitive bond anharmonicities affecting the phonon-phonon
interactions [64]. In the latter, the field sensitivity of phonon
scattering is related to in-field splitting of the ground state of
paramagnetic free moment Nd+3. The lifting of its degeneracy
leads to the two-level Schottky anomaly detected in the spe-
cific heat data [39]. The scattering of a phonon takes place in
such a way that, first, a phonon with energy equal to the energy
difference between the split levels is absorbed, which excites
free spin from the lower-energy state to the higher-energy.
Later, another phonon is emitted by the excited state of free
spin, which has the same energy but with a different wave
vector.

Figure 4 presents a comparison of the magnetic field
dependencies of the total thermal conductivity κ(B) to the
respective κWF(B) for several different temperatures in the
low-T region. The characteristic feature of κ(B) is its ini-
tial steep decrease, which we attribute to the suppression of
the magnonic component that is expected in the noninter-
acting approach to decrease approximately exponentially in
the magnetic field [66,67]. The dependencies of the thermal
conductivity on the magnetic field after subtracting κWF(B) do
indeed exhibit such a behavior and κm(B) obtained in this way

FIG. 4. Increase in the thermal conductivity of NdAlSi in the low
temperature and high field range. Dependencies of the thermal con-
ductivity on magnetic field compared to the corresponding κWF(B).
Inset shows κ(B) at T ≈ 5 and 6 K (purple and dark green, respec-
tively) plotted with κWF(B) + κm(B) (pink and green for T ≈ 5 and
6 K, respectively), where κm(B) is assumed to decay exponentially in
the magnetic field (see Fig. S2 in the Supplemental Material [60]).

can be well fitted with the exponential decay function e−cB

(see Fig. S2 [60]). The inset in Fig. 4 shows that for T = 5
and 6.1 K, a sum of κWF(B) and the exponentially decaying
magnonic conductivity matches very well the experimental
κ(B) data. This also indicates that magnons do not participate
in thermal transport in the high magnetic field limit [67,68].

Remarkably, below T ∼ 8 K and in the high field regime,
where the phonon and magnon contributions to the ther-
mal conductivities are negligible, both κ(B) and κWF(B)
consistently increase in a very good agreement with the
Wiedemann-Franz law. At temperatures T = 8 and 10 K,
κWF(B) eventually rises in the high field limit over κ(B),
which is likely due to a downward deviation of the Lorenz
number below the Sommerfeld value. This is an expected
consequence of the increase in temperature and the resulting
difference in effectiveness of dissipation processes affecting
heat and charge currents observed previously in metals and
also topological semimetals [69,70]. An increasing role of
inelastic scattering at high temperatures can also cause the
positive thermal conductivity to be more difficult to observe.
However, at low temperatures, where we expect a recovery of
dominance of the elastic scattering, the high-field agreement
between κ(B) and κWF(B) is almost perfect.

A Weyl system, which is subjected to the parallel mag-
netic and electric field, is expected to generate the additional
electric current due to an imbalance in number of Weyl
fermions of opposite chirality [2,3,5,21]. On the other hand,
if the thermal gradient is applied instead of the electrical
field to such a material, there appears an imbalance in energy
between two Weyl points of opposite chirality. The energy
pumping that occurs between them leads to generation of
the anomalous heat current [20–22,36], which results in an
increase of the thermal conductivity with the magnetic field.
The effect stems from the gravitational anomaly appearing
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when chiral electrons propagate through curved space-time
[17,19,22,71,72]. This violates a separate conservation of the
energy-momentum tensor in a chiral system [21] and such a
violation can be translated to thermal transport coefficients
[19,20,22,72]. Astonishingly, the chiral heat current is related
to the chiral electrical current by the Wiedemann-Franz law in
the same way as the thermal and electric conductivities of free
electrons [22,36,57]:

κch = π2k2
BσchT

3e2
= L0σchT, (3)

where L0 = π2k2
B/3e2, kB is the Boltzmann constant, and e is

the elementary charge. In other words, a Weyl semimetal is
not only expected to exhibit an in-field increase of the thermal
and electrical conductivities due to the presence of the chiral
anomaly, but these two transport coefficients should also obey
the Wiedemann-Franz law. This is what we report to happen
at low temperatures and high magnetic field in NdAlSi.

In summary, we have investigated the magnetoelectrical
and magnetothermal transport in the antiferromagnetic Weyl
semimetal NdAlSi. At low temperatures, we observed both
positive magnetoelectric and magnetothermal conductivities,
which appear to be related in the manner predicted by the
Wiedemann-Franz law. This is the behavior expected when
additional electric and thermal current contributions result
from the quantum anomalies. The detected presence of the
gravitational (or thermal chiral) anomaly in NdAlSi is a good
confirmation of unusual quantum-based properties of Weyl
semimetals.

Methods. Single crystals of NdAlSi were grown by a self-
flux technique, details of which were described in previous
reports [39]. NdAlSi crystallizes in a noncentrosymmetric
centered tetragonal structure, I41md (C4ν), but in the case
of site mixing between Al and Si, the space group could
change from noncentrosymmetric to centrosymmetric. A

neutron diffraction study was used to show that such a site
mixing does not occur in NdAlSi [39].

For the transport measurements, a rectangular bar with
dimensions 1.9 × 1.4 × 0.35 mm3 was cut from a suitable
single crystal with the longest side of the sample oriented
along the [[1] 0 0] direction (crystallographic a axis that is
a magnetic hard axis) and the shortest side along the [0 0
1] direction (crystallographic c axis that is an easy axis).
The electrical resistivity (ρ) was measured using a four-point
technique with an alternating electric current flowing along a.
The current contacts were made on the cross-section surface
rather than pointlike to maintain the homogeneous current and
minimize extrinsic effects. The experiments were performed
in the temperature (T ) range 1.8–300 K and in the magnetic
field (B) up to 14.5 T applied parallel to the electric current
(B || a).

The isolated heater method was used for the thermal
conductivity (κ) measurements, described in detail in [16].
During measurements the thermal gradient (�T) was applied
along the a axis of the single crystal NdAlSi, whereas the
magnetic field was parallel to the thermal gradient. For field
sweeps, a DC technique was used and up and down sweeps
of the magnetic field were performed to extract the field-
symmetric component of the signal. For temperature ramps
at constant field the quasi-AC mode was used.

All of the relevant data that support the findings of this
study are available from the corresponding author upon rea-
sonable request.
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