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Abstract

Torsional strain in Weyl semimetals excites a unidirectional chiral density wave
propagating in the direction of the torsional vector. This gapless excitation,
named the chiral sound wave, is generated by a particular realization of the
axial anomaly via the triple-axial (AAA) anomalous diagram. We show that
the presence of the torsion-generated chiral sound leads to a linear behavior of
the specific heat of a Weyl semimetal and to an enhancement of the thermal
conductivty at experimentally accessible temperatures. We also demonstrate
that such an elastic twist lowers the temperature of the sample, thus gener-
ating a new, anomalous type of elasto-calorific effect. Measurements of these
thermodynamical effects will provide experimental verification of the exotic
triple-axial anomaly as well as the reality of the elastic pseudomagnetic fields
in Weyl semimetals.
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1 Introduction

Weyl semimetals (WSM) represent today a perfect bridge between high and low energy
physics. The fact that their electronic excitations reveal themselves as massless Dirac
fermions in three space dimensions provides an alternative lab to the quark-gluon plasma
to study the phenomenology of chiral fermions. Quantum anomalies [1] and anomaly-
induced transport responses [2,3| are the most prominent phenomena generating research
works from the high and low energy physics communities.

Immediately after the synthesis of the first materials [4-9], experiments reported ev-
idences of the chiral anomaly [10-13] followed by experimental imprints of the mixed
axial-gravitational anomaly |14,{15] which opened the door to the inclusion of thermal phe-
nomena to the play [15,16]. The recognition that elastic deformations of the lattice couple
to the electronic degrees of freedom as axial gauge fields [17,/18] enriched the anomaly
phenomena and welcomed elasticity into the subject. The identification of the hydrody-
namic regime in the electronic fluid in the materials [19,]20], and the holographic models
describing WSMs [21] completes the picture of Dirac and Weyl materials as catalysts of
grand unification in physics.

In this work, we will analyze the thermodynamic response of WSMs under a torsional
deformation. In particular, we will show that, due to the chiral sound wave described in
[22], the specific heat of the sample at low temperatures acquires a linear in T dependence
and the thermal conductivity along the torsion vector increases by a huge amount in
an accessible range of temperature. Coming from a bosonic mode, it contributes to the
violation of the Wiedemann-Franz relation. This observation will provide evidences for
the contribution to the AAA triangular diagram to the anomaly [2], and for the reality of
elastic axial pseudomagnetic fields.

2 The chiral sound wave

The dynamics of the low energy electronic excitations of a WSM with only two nodes of
opposite chiralities separated in momentum space is described by the action

S / A Kby (1K, — by ), (1)

where (bg, b) denotes the separation in energy (bp) and momentum b of the two chiralities
that couples to the electronic current J* = (4%, vpypyiep) as a constant axial gauge
field. Since the Weyl points are protected in three spacial dimensions, smooth inhomo-
geneous lattice deformations only change the distance between them giving a space-time
dependence to the vector b* — AL(x).

The specific dependence of Af(z) on the lattice deformation was deduced in a tight
binding approximation in [17,/18] and can be generally written as follows [23]

A7 (x) = ug; ¥, (2)

where u;; is the elastic strain tensor given as a function of the displacement u; by [24]
uij(z) = $(duj + Oju;). A material-dependent proportionality coefficient of the order of
unity is not shown in Eq. .
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Inhomogeneous strain patterns, designed via a strain engineering, give rise to elastic
axial electric E5 and magnetic By fields that contribute to the triple-axial (AAA) chiral
anomaly [2]: 8,4t = 523 E5 - Bs.

In perturbation theory, this contribution comes from the anomalous triangular Feyn-
man graph with three axial vertices, a contribution hard to grasp in the high energy
context. In particular, applying torsional strain to a rod of the material induces a con-
stant pseudomagnetic field B along the axis of the rod with the direction determined by
the twist [25]. A direct consequence of the chiral anomaly is the chiral magnetic effect |26]:
generation out of equilibrium of an electric current in the direction of an applied magnetic
field in the presence of a chiral imbalance (u5). For the axial field Bs, an analogue of the
chiral magnetic effect reads

Js = 2/%35- (3)
The chiral sound wave (CSW) derived in [22] arises from the combination of Eq. (3)),
the conservation of the chiral charge in the absence of electric field: 9,jf = 0, and the
constitutive relation ps = ypus (valid at low ps).
The CSW is a wave of chiral charge density ps propagating in the direction of the axial
pseudomagnetic field By = Bse, following the linear differential equation:

Ops + vosw0zp5 = 0. (4)
The velocity of the CSW is given by

— ijx. (5)

In the strong-field limit, [Bs| > [max(T?, u?)/v}], only the zeroth pseudo Landau
level is populated.In this limit, x = Bs/(27%vr) and the CSW propagates with the Fermi
velocity vegw = sign(Bs)vr, and becomes independent of temperature [22]. Moreover in
this limit the CSW mode does not mix with any other chiral mode, e.g. the chiral magnetic
wave [27] and therefore it will not hybridize and get damped by the plasmons [28]. We
will show later that realistic estimation of the strength of the strain-induced Bjy allows us

to work in this limit.

3 Specific Heat

The specific heat is defined as the quantity of heat necessary to increase the temperature of
one mole of the substance by 1 K. It is an easy-to-measure quantity that provides distinct
information on the degrees of freedom propagating on a material. Standard metals (Fermi
liquids) are characterized by a finite density of states at the Fermi surface N(FE) which
determines all the transport coefficients [29]. At temperatures below the Debye and Fermi
temperature, the specific heat of a metal behaves as ¢, = YT+ T2 where v is the electronic
(Sommerfeld) contribution proportional to N(E) [30] and S is the phonon contribution.
Dirac materials have zero density of states when the Fermi level lies at the Dirac point,
and the Sommerfeld term is highly suppressed. The electronic contribution to the specific
heat in (d + 1) dimensions behaves as ¢, ~ T in these materials [31]. In what follows we
will compute the v and 3 coefficients in a Weyl semimetal under torsional strain and show
that the CSW becomes the main contribution to the linear in 7" behavior. A measurement
of ¢,(T') will then provide a clear evidence for the presence of the CSW. A very important
consideration in what follows is the fact that the phonons propagate in all three dimensions
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while the propagation of the chiral sound is restricted to one dimension only according to

Eq. .

The phonons give the standard low-temperature contribution to the specific heat:

127 T\*
P = T kg | = for T <« 0O, (6)
5 O
where the Debye temperature is given by:
hwp g 9 N 1/3
0=—-= 671" — 7
ep _ o ( =) (7)
with vs being the speed of sound. This result can be easily derived from the density of
states: )
Vw
D = —— 8
@) = grmer (®)
which gives:
3Vh [“P w3
U(T) = 5or /O T ()
Using the standard definition,
1 0U(T)
- 1
v =N gm0 (10)
we get the expression @ For the chiral sound mode the thermal energy is
A A
B 2k, dk dk hvcswk
U(T)CSW - V/O (271-)2/0 %ehvcswk/kBT -1’ (11)

where the integration over k| parametrizes the degeneracy of the chiral wave in the trans-
verse directions. In the limit kT < hvogw A, the integrals can be done and the result is

A2 K272
U(T)CSW = Z8 TLUBCSW.

(12)

Taking the volume as V = Na® where a is the lattice constant, we get the specific heat

divided by N as
3A2 k2T A k2
V() = T~ B, (13)
24 hvcsw VCSW h

where we have defined the new cutoff A = a®A?/24 with the dimension of length.
Finally, we get that the specific heat of the twisted sample at low temperature:

eo(T) = <Uctw) <k§3> T + 125”4 kg @)3 T (14)

This behavior is schematically represented in Fig.
To estimate the order of magnitude of the temperature at which the linear scaling

becomes observable for a real material, we use, as a reference, the parameters for the
WSM TaAs:

vp~3x10°m/s, b~ 0.067/a, a =~ 3x107"m,

h/kp ~ 7.6 x 1072sK, © ~ 341K. 5

~—

(1
Taking into account that the Fermi velocity is an upper bound for ¢$5W and using A=

27 /a as the transverse momentum cutoff [32] we get the crossover temperature
T ~ 6K, (16)

where the CSW and phonon contributions to the specific heat coincide. This
temperature is well within the experimental reach.
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4 Experimental accessibility

In order to address the experimental observability of this result, some comments are in
order.

- We have assumed that we are in the quantum limit where the velocity of the chiral
sound equals the Fermi velocity. This is an important assumption since in the low Bj
limit, we have [22]

3B5’U%ﬂ

— et hd 1
VUcsw 2 (7T2T2 + 3#2)7 ( 7)

and the inverse T2 dependence of the velocity would only lead to a small 7% contri-
bution to the standard phononic specific heat @ The quantum regime for the CSW may
be easily achieved in experiments. Indeed, a small twist of 1° in a rod of length L = 1 um
corresponds to the torsion angle § = %% ~ 1.7x10*m™!. Taking as a reference the Weyl
semimetal TaAs, where the separation between the Weyl nodes is [2b| ~ 0.3 A=, this twist
induces in the bulk of the rod an axial magnetic field of strength Bs = 0b ~ 1.7 x 1072 T

where we have plunged the electric charge “e” into the definition of the axial magnetic field
Bs. The effective temperature T5 = /hc?Bs/ k:%, corresponding to the quoted strength

of the axial magnetic field Bs, is rather high: T5 ~ 1.5 x 103 K (here we used the relation
V1T ~ 8.9 x 10* K). Therefore, even at these weak twists, the chiral sound resides in the
quantum regime: T' < T5 in all imaginable experimental situations.

- The electronic Sommerfeld contribution does vanish at zero chemical potential —
exactly at the Dirac cone. But real materials always have a finite density of states at the
Fermi level. The Sommerfeld contribution of a finite density of states at the Fermi energy
D(E F) is

el 7'['2 2

The density of states at the Fermi level in TaAs has been measured to be D(ep) ~
10 — 101 ecm =3 [33] what gives a ratio for the linear (in temperature) contribution to the
heat capacity coming from the Sommerfeld contribution and the linear term generated by
the chiral sound wave of

V(T p)

~CSW (T)
- We estimated the thermal effects of the chiral sound wave in an idealized assumption
that the chiral charge is conserved . In a real WSM, inter-valley scattering due to
disorder or quantum fluctuations induces a finite chirality flipping time 75. For energies
w < 2m/75, the CSW ceases to exist due to a substantial decay of the chirality within
one wave period. Therefore, in order to excite a propagating CSW, we need temperatures
higher than the chiral flipping rate, T' > T5 = 2wh/(kp7s). Taking as reference the Weyl
semimetal TaAs, with the chiral relaxation time 75 ~ 0.5 x 10™? s, we estimate T5 ~ 0.1 K.
Hence the CSW anomalous linear contribution to the specific heat will be probed
experimentally in the range of temperatures 0.1K < T < 6K.
- Another important issue is related to diffusion effects at higher temperatures. The
dispersion relation of the realistic chiral sound mode, with the diffusion and dissipation
effects included, is

~ 1072 (19)

W+ /75 — veswhkz + iDE? = 0. (20)

The condition for the diffusion to be smaller than the propagation leads to vegw > Dlk.|,
where vegw is bounded from above by the Fermi velocity vg.
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Figure 1: Fate of the chiral sound and behavior of the specific heat discussed in the text.
For T' < 0.1K the internode life time is too short and the chiral sound wave would not
propagate. A linear behavior of the specific heat will prevail in the range 0.1K < T < 6K
and the T° phonon contribution takes over at T' > 6K . For T > 10K the chiral wave will
be diffusive.

The longitudinal momentum of the wave is bounded by k7'** = kpT'/vcsw, because at
higher momenta, the energy of the wave is higher than the thermal energy, vegwk, > kT,
and these momenta do not contribute to the specific heat. So we arrive to the condition:

Vcsw > Dk;nax = DkBT/chw- (21)

The diffusion constant on general grounds is of order D ~ U%T, where 7 is the kinetic
relaxation time. Assuming that vegw = v, leads to the condition: 7hkpT <« 1. Taking a
highest number for the kinetic time for our estimation, 7 ~ 1071%s, we get:

Tkp N 1

h 10K
With our earlier estimation, T" > 0.1 K, we arrive that the wave should be working in the
window:

(22)

0.1k <T< 10K, (23)

implying that temperature around 7" = 1 K should be best suitable for observation of the
discussed effects.

- Finally we have neglected all the effects coming from the coupling between the chiral
sound wave and the acoustic (transverse and longitudinal) phonons since they are negligible
in the low temperature limit.

A summary of this discussion is schematically represented in Fig. A first exper-
imental proposal is: take a rod of WSM and measure the curve ¢,(T") at low enough
temperatures. Then apply an adiabatic twist to the sample and measure again. The sub-
traction of the two data will provide a linear in 1" behavior indicative of the presence of
the axial gauge field and, indirectly, of the AAA contribution to the chiral anomaly.

5 Thermal conductivity

The longitudinal thermal conductivity along the axis of the twist can be an even better
probe of the physics described in this work. The general expression is

1
K= gvlcv, (24)
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where v, [ are, respectively, the velocity and the mean free path of the carriers. The twist
of the sample is a static deformation that can be done adiabatically, so we can assume
that it will not affect the propagation of the acoustic phonons. Since the phonon’s velocity
vs ~ 5-103m/s is two orders of magnitude lower that the CSW velocity vy, we expect that
the contribution of the CSW to the thermal conductivity in the direction of the torsional
vector will be significant. Plugging eq. into we get for the chiral sound

1 kLT

CSW B

K = - A—=E—, 25

5 0P Ts A= (25)
where we have used | = vp7s. At low temperature phonon-phonon scattering is negligible
(only Umklapp scattering due to impurities is relevant) and the mean free path of the
phonons can be taken as T independent. Hence we have

4 3
kPN = évsl(”h) 12; kp <g> (26)

Using 1(P?) = 100 — 200nm [34], and 75 ~ 10795, we get x5 ~ 103 Wm~!/K, a
detectable amount [35].

A plot of the rate between the CSW and the phonon contribution as a function of
temperature is shown in Fig. We estimate that at 7' ~ 1K the CSW contribution
doubles the phonon contribution. A measure of the thermal conductivity of the sample at
around T'= 1 K before and after twisting will reveal the presence of the CSW.

Kcsw/Kph

Kk(T) [W/mK]

6 0.010

0.008
= Kcsw

0.006 — Kph

4l
0.004
0.002

L T(K

2 05 1.0 15 20 25 (K)
1 1 1 T p—— T K
1 2 3 4 5 (K)

Figure 2: Rate of the CSW and the acoustic phonon contribution to the longitudinal
thermal conductivities along the axis of the twist. The two contributions are shown in the
inset. At temperatures below 1.5 K the CSW contribution is dominant.

6 Elasto-caloric effect

Heat transport and conversion is one of the main topics of technological research in mate-
rial science, which rapidly expand incorporating Dirac and Weyl semimetals due to their
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excellent thermoelectric performance [36]. Caloric materials undergo temperature changes
under the effect of non-thermal external probes such as electromagnetic fields. This prop-
erty of the caloric materials provide an alternative to standard cooling. One of the best
studied phenomena is the magneto-caloric effect, a change in sample temperature upon
adiabatic change of applied magnetic field. A rotational analog of magneto-caloric effect
has recently been reported in a magnetic WSM [37].

Elasto-caloric solids change their temperature in response to mechanical stress [38}[39].
The change in temperature appears often due to the variation in the volume associated
with a structural phase transition (a martensitic transition) suffered by the materials under
strain.

The thermodynamic features of the chiral sound wave discussed in this work lead
to a new, torsional kind of an elasto-caloric effect through the notorious increase of the
specific heat at low temperatures. As the elastic strain does not change the internal
thermal energy, the elastic twist leads to a temperature drop as the thermal fluctuations
get redistributed over a larger number of the degrees of freedom. An elastic twist of an
angle 1° would reduce the temperature of the 1 pm-long sample wire from the crossover
temperature 77 = T* ~ 6 K, Eq. , down to the new temperature Tp = \/v/2 — 1 T* ~
4 K with the noticeable cooling in AT ~ —2K.

7 Summary and discussion.

Thermal probes are becoming very important tools in exploring quantum materials [40].
The specific thermodynamic properties described in this work originate on the generation
of a unidirectional chiral wave excitation induced, in our case, by the pseudomagnetic field
in combination with the AAA contribution to the chiral anomaly. This is a rather general
result that depends only on the finite separation of the Weyl nodes in momentum space
and will apply to all Weyl semimetals under the given strain. This result will contribute to
the increasing efforts to identify alternative experimental signatures of the chiral anomaly
other than the magnetoresistance measures. In our case it will also contribute to ascertain
the physical reality of elastic pseudomagnetic fields in WSMs. A linear in T behavior of
the specific heat has been described recently in the literature of WSMs associated to a
different kind of a chiral density wave [32]. This is also a very interesting proposal that
nevertheless requires special crystal symmetries and the presence of at least two pairs of
Weyl fermions in the material. New ideas to detect the electron chirality in the phonon
dynamics have been put forward in [41,/42]. The phenomenology reported in this work
will also occur in the Weyl analogues as those described in [43-47] where the parameters
can be easily tuned to magnify the effect.

Acknowledgements

The authors are grateful to K. Behnia, A. Cortijo, Y. Ferreiros, I. Garate, J. Heremans,
and D. Kharzeev for lively discussions. This work was conceived during the Workshop on
Weyl Metals held at the Instituto de Fisica Teérica de Madrid, February 2019. This paper
was partially supported by Spanish MECD grants FIS2014-57432-P, PGC2018-099199-B-
100 from MCIU/AEI/FEDER, UE, Severo Ochoa Center of Excellence grant SEV-2016-
0597, the Comunidad de Madrid MAD2D-CM Program (S2013/MIT-3007), Grant No.
0657-2020-0015 of the Ministry of Science and Higher Education of Russia, and Spanish—
French mobility project PIC2016FR6,/PICS07480.



SciPost Physics

References

1]
2]

3]

[4]

[10]

[11]

[12]

[14]

[15]

R. A. Bertlmann, Anomalies in quantum field theory, Oxford, UK: Clarendon (1996).

K. Landsteiner, Notes on anomaly induced transport, Acta Phys. Polon. 47, 2617
(2016).

K. Landsteiner, E. Megias and F. Pena-Benitez, Gravitational anomaly and transport

phenomena, Phys. Rev. Lett. 107, 021601 (2011).

Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng, D. Prabhakaran, S.-K.
Mo, Z. X. Shen, Z. Fang, X. Dai, Z. Hussain and Y. L. Chen, Discovery of a
three-dimensional topological dirac semimetal, Na3Bi, Science 343, 864 (2014).

Z. K. Liu et al.;, A stable three-dimensional topological dirac semimetal CdsAso,
Nature Materials 13, 677 (2014).

M. Neupane, S.-Y. Xu, R. Sankar, N. Alidoust, G. Bian, C. Liu, I. Belopolski,
T.-R. Chang, H.-T. Jeng, H. Lin, A. Bansil, F. Chou et al., Observation of a
three-dimensional topological dirac semimetal phase in high-mobility C'd3Ass, Nature

Communications 5, 3786 (2014).

S.-Y. Xu, L. Belopolski, N. Alidoust, M. Neupane, G. Bian, C. Zhang, R. Sankar,
G. Chang, Z. Yuan, C.-C. Lee et al., Discovery of a weyl fermion semimetal and
topological fermi arcs, Science 349, 613 (2015).

B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao, J. Ma, P. Richard, X. C.
Huang, L. X. Zhao, G. F. Chen, Z. Fang, X. Dai et al., Experimental discovery of
Weyl semimetal T'aAs, Phys. Rev. X 5, 031013 (2015).

S.-Y. Xu et al., Discovery of a weyl fermion state with fermi arcs in niobium arsenide,
Nature Phys. 11, 748 (2015).

J. Xiong, S. K. Kushwaha, T. Liang, J. W. Krizan, M. Hirschberger, W. Wang, R. J.
Cava and N. P. Ong, Evidence for the chiral anomaly in the dirac semimetal NasB1,
Science 350, 413 (2015).

C. Li et al., Giant negative magnetoresistance induced by the chiral anomaly in
individual Cd3As2 nanowires, Nat. Comm. 6, 10137 (2015).

X. Huang, L. Zhao, Y. Long, P. Wang, D. Chen, Z. Yang, H. Liang, M. Xue, H. Weng,
Z. Fang, X. Dai and G. Chen, Observation of the chiral-anomaly-induced negative
magnetoresistance in 3d weyl semimetal taas, Phys. Rev. X 5, 031023 (2015).

Q. Li, D. Kharzeev et al., Chiral magnetic effect in ZrTe5, Nat. Phys. 10, 3648
(2016).

J. Gooth et al., Experimental signatures of the mixed axial-gravitational anomaly in
the weyl semimetal NbP, Nature 547, 23005 (2017).

C. Schindler, S. Guin, W. Schnelle, N. Kumar, C. Fu, H. Borrmann,
C. Shekhar, Y. Zhang, Y. Sun, C. Felser, T. Meng, A. Grushin et al.,
Observation of an anomalous heat current in a Weyl fermion semimetal,

arXiv:1810.02300 (2018).



SciPost Physics

[16]

[28]

[29]

M. N. Chernodub, A. Cortijo and M. A. H. Vozmediano, Generation of a nernst
current from the conformal anomaly in dirac and weyl semimetals, Phys. Rev. Lett.
120, 206601 (2018).

A. Cortijo, Y. Ferreiros, K. Landsteiner and M. A. H. Vozmediano, Elastic gauge
fields in Weyl semimetals, Phys. Rev. Lett. 115, 177202 (2015).

A. Cortijo, D. Kharzeev, K. Landsteiner and M. A. H. Vozmediano, Strain induced
chiral magnetic effect in Weyl semimetals, Phys. Rev. B 95, 241405(R) (2016).

P. J. W. Moll, P. Kushwaha, N. Nandi, B. Schmidt and A. P. Mackenzie, Evidence
for hydrodynamic electron flow in pdcoo2, Science 351(6277), 1061 (2016).

J. Gooth, F. Menges, N. Kumar, V. Sii?, C. Shekhar, Y. Sun, U. Drechsler, R. Zierold,
C. Felser and B. Gotsmann, Thermal and electrical signatures of a hydrodynamic
electron fluid in tungsten diphosphide, Nature Communications 9, 4093 (2018).

K. Landsteiner and Y. Liu, The holographic weyl semi-metal, Physics Letters B 753,
453 (2016).

M. N. Chernodub and M. A. H. Vozmediano, Chiral sound waves in strained Weyl
semimetals, Phys. Rev. Research 1, 032040 (2019).

V. Arjona and M. A. H. Vozmediano, Rotational strain in weyl semimetals: A
continuum approach, Phys. Rev. B 97, 201404 (2018).

L. Landau and E. Lifshitz, Theory of Elasticity, Pergamon Press, Volume 7 of A
Course of Theoretical Physics (1971).

D. I. Pikulin, A. Chen and M. Franz, Chiral anomaly from strain-induced gauge fields
in dirac and weyl semimetals, Phys. Rev. X 6, 041021 (2016).

K. Fukushima, D. E. Kharzeev and H. J. Warringa, Chiral magnetic effect, Phys.
Rev. D 85, 045104 (2008).

D. E. Kharzeev and H.-U. Yee, Chiral magnetic wave, Phys. Rev. D 83, 085007
(2011).

I. A. Shovkovy, D. O. Rybalka and E. V. Gorbar, The overdamped chiral magnetic
wave, arXiv:1811.10635 (2018).

L. Landau and E. Lifshitz, Statistical Physics Part 2, Pergamon Press, Volume 9 of
A Course of Theoretical Physics (1971).

C. Kittel, Introduction to Solid-State Physic, Wiley (2005).

T. Wehling, A. Black-Schaffer and A. Balatsky, Dirac materials, Advances in Physics
63(1), 1 (2014).

Z. Song and X. Dai, Hear the sound of weyl fermions, Phys. Rev. X 9, 021053 (2019).

F. Arnold, M. Naumann, S.-C. Wu, Y. Sun, M. Schmidt, H. Borrmann, C. Felser,
B. Yan and E. Hassinger, Chiral weyl pockets and fermi surface topology of the weyl
semimetal taas, Phys. Rev. Lett. 117, 146401 (2016).

T. Ouyang, H. Xiao, C. Tang, M. Hu and J. Zhong, Anisotropic thermal transport in
weyl semimetal taas: a first principles calculation, Solid State Communications 263,
10 (2016).

10



SciPost Physics

[35]

[36]

[37]

[38]

[39]

[40]

[41]

H. Jin, O. D. Restrepo, N. Antolin, S. R. Boona, W. Windl, R. C. Myers and J. P.
Heremans, Phonon-induced diamagnetic force and its effect on the lattice thermal

conductivity, Nature Materials 14, 601 (2015).

J. Gooth, G. Schierning, C. Felser and K. Nielsch, Quantum materials for
thermoelectricity, MRS Bulletin 43, 187 (2018).

A. Ali, Shama and Y. Singh, Rotating magnetocaloric effect in the ferromagnetic
weyl semi-metal co3sn2s2, Journal of Applied Physics 126(15), 155107 (2019).

D. Cong, W. Xiong, A. Planes, Y. Ren, L. Manosa, P. Cao, Z. Nie, X. Sun, Z. Yang,
X. Hong and Y. Wangand, Colossal elastocaloric effect in ferroelastic Ni-Mn-Ti alloys,
Phys. Rev. Lett. 122, 255703 (2019).

J. Tusek and N. Pryds, Cooling with a squeeze, Physics 12, 72 (2019).

M. Li and G. Chen, Thermal transport for probing quantum materials,
arXiv:1912.12767 (2019).

P. Rinkel, P. L. S. Lopes and 1. Garate, Signatures of the chiral anomaly in phonon

dynamics, Phys. Rev. Lett. 119, 107401 (2017).

S. Sengupta, M. N. Y. Lhachemi and I. Garate, Phonon magnetochiral effect in chiral
weyl semimetals, arXiv:2001.05483 (2020).

L. Lu, Z. Wang, D. Ye, L. Ran, L. Fu, J. D. Joannopoulos and M. Soljaci¢,
Experimental observation of weyl points, Science 349, 622 (2015).

J. Fransson, A. M. Black-Schaffer and A. V. Balatsky, Magnon dirac materials, Phys.
Rev. B 94, 075401 (2016).

H. He, C. Qiu, L. Ye, X. Cai, X. Fan, M. Ke, F. Zhang and Z. Liu, Topological
negative refraction of surface acoustic waves in a weyl phononic crystal, Nature

560(7716), 61 (2018).

H. Jia, R. Zhang, W. Gao, Q. Guo, B. Yang, J. Hu, Y. Bi, Y. Xiang, C. Liu and
S. Zhang, Observation of chiral zero mode in inhomogeneous three-dimensional weyl

metamaterials, Science 363(6423), 148 (2019).

V. Peri, M. Serra-Garcia, R. Ilan and S. D. Huber, Axial-field-induced chiral channels
in an acoustic weyl system, Nature Physics 15, 357 (2019).

11



	Introduction
	The chiral sound wave
	Specific Heat
	Experimental accessibility
	Thermal conductivity
	Elasto-caloric effect
	Summary and discussion.
	References

