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The recent discovery of magnetic Weyl semimetal Co;Sn,S, opens up new avenues for research into the
interactions between topological orders, magnetism, and electronic correlations. Motivated by the observations
of a large anomalous Hall effect because of large Berry curvature, we investigate another Berry curvature-induced
phenomenon, namely the anomalous thermal Hall effect in Co;Sn,S,. We study it with and without strain, using
a Wannier tight-binding Hamiltonian derived from first-principles density functional theory calculations. We
first identify this material as a tilted type-I Weyl semimetal based on the band-structure calculation. Within the
quasiclassical framework of Boltzmann transport theory, a giant anomalous thermal Hall signal appears due
to the presence of large Berry curvature. Surprisingly, the thermal Hall current changes and even undergoes a
sign-reversal upon varying the chemical potential. Furthermore, applying about 13 GPa stress, an enhancement
as large as 33% in the conductivity is observed; however, the tilt vanishes along the path connecting the Weyl
nodes. In addition, we have confirmed the validity of the Wiedemann-Franz law in this system for anomalous
transports. We propose specific observable signatures that can be directly tested in experiments.
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I. INTRODUCTION

Topologically protected gapped and gapless materials have
attracted immense attention lately due to their unique prop-
erties [1,2]. In line with band-structure terminology, they
are known as topological insulators [3,4] and topological
semimetals, respectively [2,5]. The three-dimensional (3D)
realizations of topological semimetals, which include Dirac
and Weyl semimetals (DSM, WSM), have been classified in
accordance with the symmetries they possess as well as the
nature of band dispersion near the Fermi level [2,5].

In the case of a WSM, the Weyl nodes, which are ear-
marked by their locations in momentum and energy space
where the nondegenerate bands linearly touch each other, al-
ways appear in pairs with well-defined but opposite chiralities
[6-11]. Each node of the pairs individually acts as the source
(+ve chirality) or sink (—ve chirality) of the Berry curvature,
which can be viewed as an effective magnetic field in momen-
tum space [12]. To have a topological charge associated with
the Weyl node, a WSM has to break either the time-reversal
symmetry (TRS) or the space inversion symmetry (IS), which
leads to the classification of Weyl semimetals: (i) IS broken
but TR-symmetric WSM, and (ii) TRS broken but inversion-
symmetric WSM or magnetic WSM [9-11,13]. Compared to
the IS broken WSM, the magnetic WSM gives a platform to
study the interplay between topological orders, magnetism,
and electronic correlations, leading to exotic quantum states.
In addition, it can also generate a true nodal WSM phase when
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the Fermi energy coincides with the Weyl nodes since the pair
of Weyl nodes remains at the same energy to preserve IS.

Ever since their discovery, Weyl semimetals have been
surprising us with their unique and fascinating transport
properties, such as the nontrivial Berry curvature-induced
anomalous Hall effect (AHE) and the anomalous Nernst effect
(ANE) [14-21], chiral anomaly-induced negative longitudinal
magnetoresistance [22-27], the planar Hall effect [28-36],
thermoelectric phenomena [37-39], gyrotropic birefringence
[40], the Magnus Hall effect [41], and the chiral magnetic
effect [42].

These topological transport properties in WSM have been
studied extensively both theoretically and experimentally.
Howeyver, in the context of real materials, most of these stud-
ies are based on the IS-broken but TR-symmetric WSMs.
Since the first experimental discovery of WSM in TaAs in
2015 [43,44], the other WSM candidates discovered so far
are nonmagnetic. On the other hand, despite many proposed
candidates, a direct experimental verification of magnetic
WSM is challenging. In 2019, a Shandite material, Co3Sn, S,
in the ferromagnetic phase has been identified as a Weyl
semimetal with three pairs of Weyl points in the Brillouin
zone [45-47]. Due to its intrinsic magnetism, as well as a
large Berry curvature, Co3Sn,S, shows a large anomalous
Hall effect, an anomalous Nernst effect, a planar Hall effect,
and chiral anomaly-induced magnetotransport phenomena, all
of which have been studied extensively [48-58]. However,
another important effect that has been gaining attention lately,
viz. the anomalous thermal Hall effect (ATHE), has not been
explored in this particular class of material as of yet. The
ATHE, in contrast to conventional heat conduction, causes the
generation of heat current in the direction transverse to the
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applied temperature gradient in the absence of any external
magnetic field. It is also known as the anomalous Righi-Leduc
effect, and it can serve as an additional source of dissipa-
tionless heat current [59-61]. Similar to other anomalous
transports, this one is caused by the nontrivial topology of the
bands, with Berry curvature playing the role of the magnetic
field. The finite results of the thermal Hall effect represent
both the system’s topology and the anomalous scattering of
quasiparticle excitations. The ATHE has been utilized as a
potent instrument for investigating charge-neutral quasiparti-
cles in insulating quantum materials [62—65]. This particular
transport phenomenon may also be effective in the directional
control of heat currents.

In this paper, we investigate the anomalous thermal Hall
effect of the magnetic WSM Co3Sn,S; in detail. We start
by studying the electronic structure of this material, and
we obtain a Wannier tight-binding model from the first-
principles calculation. We identify this material as a type-I
Weyl semimetal with tilted cones using DFT calculations,
which agrees with very recent experimental findings [66,67].
Then we calculate the Berry curvature, which exhibits very
high values at some specific points in the Brillouin zone,
namely the Weyl nodes. Interestingly, the anomalous thermal
Hall conductivity (ATHC) obtained by integrating the Berry
curvature turns out to be very large without the presence
of any external field when compared with previous observa-
tions [65,68—70]. The result is validated by confirming that
it satisfies the Wiedemann-Franz law quite accurately at low
temperature. However, at higher temperatures the conductiv-
ity loses its linear relationship with temperature. By plotting
ATHC over a range of chemical potentials, we find that the
heat current can be tuned as well as reversed by changing the
chemical potential, although the maximum value is attained at
its original Fermi level. Furthermore, we study the effect of
external pressure on ATHC by applying uniaxial compressive
stress on the crystal along different directions. We find that
the application of stress along the direction perpendicular to
the kagome-plane drags the Weyl points closer to the Fermi
level, which in turn enhances the transverse heat current. We
also observe that the tilt along the connecting line between
the Weyl nodes decreases to zero upon applying stress. How-
ever, stresses along lateral directions did not improve the
conductivity, thus we only focus our attention on the z-axis
compression.

The remainder of this paper is organized as follows: In
Sec. IT we discuss the crystal structure, underlying symmetries
and magnetic moments of Co3Sn,S,. Then we elaborate on
the computational methods employed throughout the work.
After that, we study its electronic band structure, density of
states, as well as Fermi surface in Sec. III. In Sec. IV we in-
vestigate ATHE and study its behavior with chemical potential
and temperature. Then in Sec. V we discuss the effect of stress
on the system, and we show how it can be used to enhance the
ATHC. Finally, we summarize our work, the results obtained,
and possible future directions in Sec. VI.

II. MATERIAL AND METHOD

The shandite material Co3Sn,S; crystallizes in a rhombo-
hedral structure with a layer of quasi-2D Co3;Sn sandwiched
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FIG. 1. Crystal structure of Co3Sn,S,. The left part of the fig-
ure shows the rhombohedral primitive unit cell of space group R-3m.

The cobalt and tin atoms form a ferromagnetic kagome lattice, which
is shown at the right.

between S and Sn atoms [71,72]. The unit cell falls under the
space group R-3m (no. 166) with a lattice parameter of 5.38 A,
and it consists of a mirror plane (Myo), inversion symmetry,
and C;, rotational symmetry. The material possesses a strong
ferromagnetism originating from the cobalt atoms, which sit
on a kagome lattice in the ab plane in the hexagonal represen-
tation as shown in Fig. 1. The magnetic moment is 0.29 and
0.31up/Co from neutron-diffraction [73] and magnetization
measurement [74], respectively. The measurements further
show that the magnetic moments are directed along the c-axis
with a Curie temperature (7;) 177 K. The electronic structure
also reveals that it has a half-metallic nature with a gap in the
minority spin channel [75,76].

We have performed first-principles density functional the-
ory (DFT) calculations using the Vienna Ab initio Simulation
Package (VASP) [77] in the projector augmented wave
(PAW) approximation. The generalized gradient approxi-
mation (GGA) was considered for an exchange-correlation
functional in the Perdew-Burke-Ernzerhof (PBE) scheme
[78]. A 15 x 15 x 15 Monkhorst grid was taken to fill the 3D
Brillouin zone. From the basic DFT calculation, we obtained
the value of the magnetic moment of around 0.33u5/Co,
which agrees well with the experiments, and then we studied
the electronic structure as described in Sec. III. We projected
the Bloch wave functions into the maximally localized Wan-
nier functions (MLWFs), and we obtained Hamiltonian matrix
elements between the MLWFs with the help of the WAN-
NIERI0 package [79]. As we shall see later, the d-orbital of Co
and p-orbitals of Sn and S have the largest contribution near
the Fermi level, and therefore they were chosen as the pro-
jections for the Wannierization. For a thorough investigation
of the band structure and calculation of ATHC, we derived a
Hamiltonian using the Wannier tight-binding model with 54
bands from the matrix elements [79,80]. All other numerical
calculations were performed in the PYTHON programming
language.

III. ELECTRONIC STRUCTURE

In this section, we investigate the electronic band struc-
ture of Co3Sn,S, in detail, both in the absence and in the
presence of spin-orbit coupling (SOC). In the absence of
SOC, the calculated electronic band structure, along the path
W-T-U-L-T, is shown in Fig. 2(a). The corresponding high-
symmetry points in the truncated octahedron-shaped Brillouin
zone are shown in Fig. 2(c), with the green line indicating
the high-symmetry path for the band structure. By calculating
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FIG. 2. Electronic structure of Co3Sn,S,. (a) The spin-polarized (red for spin-up and blue for spin-down channel) and SOC-included
(dotted green curves) band structure plotted along the high-symmetry direction W-T-U-L-I". The spin-down channel has a gap, whereas the
spin-up channel is gapless and has two band-crossings along U-L-I", which are parts of a nodal ring. (b) The orbital-projected density of
states. The large area under the red curve implies that the Co-d orbital dominates near the Fermi level with negligible contributions from other
orbitals. The +ve and —ve values correspond to spin-up and spin-down channels, respectively. (c) The Brillouin zone of the system with a
truncated octahedral shape. The green line shows the high-symmetry direction for the band-structure plot. (d),(e) Fermi surface for the valence

and conduction bands, respectively. Both bands cross Fermi level.

the spin-polarized band structure along the aforementioned
path, we find [Fig. 2(a)] that the spin-down channel (blue) is
insulating with a gap of 0.44 eV, whereas the spin-up channel
(red) is gapless, confirming its half-metallic nature. One of
the main points of interest in the band structure lies in the two
crossings along the path U-L-I". Energetically they are located
slightly above and below the Fermi level. As the interaction
between two spin-channels is avoided in this particular case,
the mirror-symmetry of the Hamiltonian remains intact and
leads to a nodal ring situated in the mirror plane. It turns out
that these two crossings are parts of that particular nodal ring
itself. Interestingly, due to the other two symmetries, namely
the inversion symmetry and Cs;, six such nodal rings in total
are present in the entire Brillouin zone.

As the compound consists of elements with relatively
large atomic numbers, it is desirable to incorporate spin-
orbit interactions (which, typically, vary as the fourth power
of the effective nuclear charge Z). The mirror-symmetry of
the Hamiltonian gets broken with the introduction of SOC,
and hence the nodal ring, that was present earlier, collapses
into a pair of Weyl points with opposite chiralities. The
electronic band structure, including SOC, is shown with the
dotted green curves in Fig. 2(a). The aforementioned band
crossings around the Fermi level are gapped out, which es-
sentially indicates that the Weyl nodes are not located on the

high-symmetry line. Upon scanning the first Brillouin zone,
we found six such Weyl nodes in total of alternate chiralities,
which happens due to the extant inversion and Cs;, crystal sym-
metries. All the nodes happen to be at around 63 meV above
the Fermi level due to the presence of TRS. Their locations
in the Brillouin zone as well as corresponding energies and
chiralities are listed in Table 1. They are very close to the
Fermi level, and hence we expect a significant contribution
of the Weyl nodes to the transport.

We have plotted the first two Weyl nodes of Table I in
Fig. 3. Upon zooming in, it is found that the cones are tilted

TABLE 1. The locations (fractional coordinates) of the Weyl
nodes in the Brillouin zone. Their energies above the Fermi level
and the chiralities are also shown in the last two columns.

ky k> k3 E — E; (meV) Chirality
0.000 0.425 0.063 62.9 +1
0.000 —0.425 —0.063 62.5 -1
0.425 0.000 0.063 62.3 +1
—0.425 0.000 —0.063 62.6 -1
—0.425 —0.425 —0.365 62.7 +1
0.425 0.425 0.365 62.5 -1
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FIG. 3. Tilted Weyl cones. Band structure showing Weyl nodes
of opposite chiralities is plotted along their connecting line. Their lo-
cations are (0, 0.425, 0.063) and (0, —0.425, —0.063), respectively,
in fractional coordinates. One of them has been zoomed-in to show
the tilting of the cone with respect to the vertical line via the red line.

with respect to the vertical. To investigate this quantitatively,
we consider an effective two-band Hamiltonian for a tilted
WSM, which is written as

H=vk-o0+t- -k+ ¢, (1

where k is the momentum relative to the Weyl node, and
v, t, and ¢, are the Fermi velocity, tilt parameter, and Weyl
node energy, respectively. The cones shown in Fig. 3 are tilted
primarily along the k, direction. From our DFT calculation,
we obtain the value of t, and v as 0.19 and 0.65 eV A. The

ratio |;| turns out to be around 0.29 (<1), which indicates
that the WSM is of type-I. In a similar fashion, the tilt in two
other pairs can also be shown, and they are along different
directions. It is important to note that our calculations were
done in a lattice model [14,39] with 54 bands rather than this
two-band linearized model.

The Co atoms consist of a partially filled d-orbital, and
therefore the electronic correlations are expected to play an
important role in this system. Recently, Xu et al. [81] have
estimated the Coulomb interaction to be around 4 eV in this
material by combining optical spectroscopy measurements
with many-body theoretical calculations. We have tried to
incorporate the Coulomb interaction in our calculations fol-
lowing the simplified (rotationally invariant) approach given
by Dudarev er al. [82]. However, it made the Weyl nodes
disappear by gapping out the band crossings. This implies that
the single-electron picture is not sufficient to reproduce the
whole physics. Since we are only interested in features caused
by the Weyl nodes (coming from the crossing of valence and
conduction bands), we ignore the effects of correlation in
the foregoing. We have also plotted the Fermi surfaces for
the valence and conduction bands responsible for the Weyl
nodes in Figs. 2(d) and 2(e) respectively. It is no surprise that
both bands have contributions to the Fermi surface, which is
also visible in the band structure. To get an insight into the
orbital contributions, we have computed the orbital-projected,
spin-polarized density of states around E. It is clearly visible
from Fig. 2(b) that the major contribution comes from the
d-orbital of Co. As we move away from Ey, contributions
from the p-orbitals of Sn and S atoms begin to arise. We can
also see that the DOS profiles of spin-up (positive values)

and spin-down (negative values) channels are not exactly the
same, and that inequality is due to the ferromagnetism coming
predominantly from the 3d-orbital of Co.

IV. ANOMALOUS THERMAL HALL EFFECT

In this section, we will investigate the anomalous thermal
Hall effect using the structural and electronic properties of
Co3Sn,S,;. The ATHE refers to the appearance of a transverse
heat current as a first-order response to an applied longi-
tudinal thermal gradient. In the linear-response regime, the
equation for the heat current in the presence of applied thermal
gradient (VT') and electric field (E) is given by

Jo=Ta-E—«-VT, 2)

where o and « in Eq. (2) are the Peltier and thermal
conductivity tensors corresponding to Nernst-Ettinghausen
and Leduc-Righi effects, respectively. The transverse com-
ponent of these tensors can be expressed as [83-85] oy, =

kge __kgT
ecn, Ky = —4-c, where

,8feq(5kn)
o= | (271)32 " f detn(Betn) 2R 3)

n

with Qy,, €, 1, and foq being the Berry curvature, the
energy eigenvalue of the nth band, the chemical potential,
and the equilibrium Fermi distribution function, respectively.
B is written in place of 1/(kgT), where kg and T are the
Boltzmann constant and temperature, respectively. Upon sim-
plifying the above equation, we can write the expression for
the anomalous thermal Hall coefficient as

2
/ TP > Qk[% + B (e — 1)’ f (€rn — 1)
— [In(1 + e P =2 — 2 Lis[1 — f(egn — u)]}, “4)

where Li,(z) is the polylogarithm function of order 2.

It is important to note that we are considering only the
transverse response to the applied thermal gradient VT in the
presence of nontrivial Berry curvature without any external
magnetic field. To calculate ATHE, we must discuss first the
Berry curvature profile of the system as we are considering
only the Berry curvature-induced contribution. Since the TRS
is broken in Co3Sn,S; due to its inherent ferromagnetism,
it possesses finite values of Berry curvature throughout the
Brillouin zone and sharp peaks at the locations of the Weyl
nodes (Table I). The z-component of the Berry curvature (£2,)
along the high-symmetry path (W-T-U-L-I") as well as on
the mirror-plane (k,-k;) are depicted in Figs. 4(a) and 4(b),
respectively. The values in the former are significantly lower
than those in the latter because the Weyl nodes have dislocated
from the high-symmetry line after activating the spin-orbit
coupling.

The plane plot, however, could capture the exact loca-
tions of the nodes as shown in Table I because the Berry
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FIG. 4. Berry curvature and anomalous thermal Hall conductivity. (a) The strengths of the Berry curvature (z-component) corresponding
to the bands forming Weyl nodes are shown by color variation of the bands along the high-symmetry path W-T-U-L-T". (b) The total Berry
curvature is shown on the mirror-symmetric plane (k, = 0). The sharp peaks correspond to the Weyl nodes present on this plane. (c) Anomalous
thermal Hall conductivity (ATHC) plotted with respect to chemical potential i at 7 = 50 K. The heat current can be controlled as well as
reversed by changing the chemical potential of the system. However, the maximum value is achieved at ;1 = E;. (d) The relationship between
ATHC and temperature. Note that «,, varies linearly with T at low temperatures up to 80 K, after which it gradually deviates from linearity
with increasing 7'. The chemical potential was set equal to the Fermi level.

curvature attains the highest value at the Weyl points. The
values at the momentum locations (0.425, 0, 0.0625) and
(—0.425, 0, —0.0625) turn out to be in the range of 10°. After
obtaining k., using Eq. (4), we plot it as a function of chemical
potential u in Fig. 4(c). The magnitude of the ATHC is signif-
icantly large compared to other materials even in the absence
of any external magnetic field [65,68-70], and it reaches the
maximum value of 0.146 W/K m at its original Fermi level. In
addition, we find that the direction of thermal Hall current can
be reversed by tuning the chemical potential by, for example,
doping the material. It is worth mentioning at this point that
we have also performed a spin-polarized calculation of ATHC
after switching off SOC where the material is not in Weyl
semimetal phase. However, both spin channels produced null
results at the original Fermi level.

To understand the main source of this large effect, we ana-
lyze all the terms in Eq. (4). As the system possesses inversion
symmetry, the full integration of the Berry curvature over the
Brillouin zone is zero. Hence, the first constant term of the
kernel written inside the large square brackets has no contri-
bution. At low temperatures, the integration of the second and
third terms inside the square brackets turns out to be exactly
equal and opposite. We would like to point out that these
terms give a very large contribution at the high-temperature
limit. Hence, the only contribution to ATHC comes from the
polylogarithm function multiplying with Berry curvature at
T — 0. It is important to note that the x- and y-component
of the Berry curvature lead to a very small Hall conductivity
(less than 5% of that due to the z-component) and hence only
the xy-component of ATHC has been shown.

At low temperature, Eq. (4) is reduced to

o k2
B /(27T)3

where L, is known as the Lorenz number, and it
has a value of 2.44 x 1078 WQK™2. Equation (5) satis-
fies the Wiedemann-Franz law, which states that the ratio of
the thermal conductivity and the electrical conductivity of the
material is directly proportional to temperature. To validate
this from our calculation, we have computed the anomalous
Hall conductivity (o,y) at low temperature and computed the
ratio of oy, and k.. The proportionality constant turns out to
be very close to Ly over the range of chemical potential (u) at
50 K. However, as T is increased, Eq. (5) no longer remains
valid.

We plot k., over a large range of temperature 7" in Fig. 4(d).
When T is low, «,, increases linearly with 7" up to 80 K
according to the Wiedemann-Franz law. However, as the tem-
perature is further increased it slowly loses its linear character,
and after a certain temperature (~400 K) it starts to decrease.
This indicates that the Wiedemann-Franz law for anomalous
transports is only valid at low temperatures. In the next sec-
tion, we see what happens to the transport properties when
one applies external pressure on this system.

Q,0(u &)

- ekn) = LOTnyv

V. EFFECTS OF STRAIN

In this section, we shall investigate the effect of strain
on the anomalous transport properties in Co3Sn,S,. Here we
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FIG. 5. Strain-induced band dispersion. (a)—(c) SOC-included band structures for compressive stresses of 0, 5.6, and 12.9 GPa along the
z-axis. The valence band starts to flatten as the stress is increased. The local band gap at the L point shows an expanding nature throughout the
process. (d)—(f) The band dispersion around two of the Weyl nodes along their connecting line in the Brillouin zone. The nodes move towards
the Fermi level with increasing stress, and finally at 12.9 GPa they fall directly on the Fermi level. The tilting of the cones decreases with stress
and almost vanishes at 12.9 GPa. The red line in the inset indicates tilting with respect to the vertical.

restrict ourselves to only uniaxial compressive stress, which
is achieved by introducing strain in the lattice vector. For this
purpose, we reduce the unit-cell length along the z-direction
gradually by up to 5%, which is equivalent to a stress of
around 13 GPa along the z-axis. At every step of increasing
stress, the structure has been geometry-optimized by keeping
the cell volume fixed while relaxing the atomic positions. And
it is important to note that no structural transition has taken
place during the process.

To investigate what happens to the electronic properties,
we plot the SOC-included band structure in Fig. 5 (upper
row) for three different stresses. The first thing we observe
is that the Fermi level gets shifted away from the valence
band (gapped nodal ring region) as the pressure is increased.

02 === Original T
2.1 GPa
o m— 4.4 GPa
= 7.0 GPa
; 0.1 — 9.8 GPa E
~
=
>
5 0.0
—0.1' 1 1 N -
-0.5 0 0.5
U (eV)

FIG. 6. The anomalous thermal Hall conductivity plotted against
chemical potential for different values of compressive stress along
the z-axis. At u = E;, ATHC increases by about 33% for a stress of
12.9 GPa.

In addition, the valence band flattens out in some regions
of the k-path. As a consequence, the local band gap at the
L point also gets expanded. The band dispersion around the
first pair of Weyl nodes is also shown in the lower part of
Fig. 5. It is quite remarkable to observe that the Weyl nodes
are being dragged towards the Fermi level as the stress is
increased, and at a stress of 12.9 GPa the nodes fall directly
on the Fermi level, which initially was at 63 meV above Ey
in normal conditions. Another interesting thing to note here is
that the tilting of the Weyl nodes decreases with increasing
stress. This can be observed in the insets in Figs. 5(d)—
5(f), where the tilt-axis (red line) becomes almost vertical
at 12.9 GPa. Quantitatively, the tilt ratio |%| becomes ~0.02
in Fig. 5(f).

As topological effects come from the bands nearest to the
Fermi level, we expect that this movement of the Weyl points
towards E should show up as an enhancement in the topolog-
ical transport phenomena. To see that quantitatively, we plot
anomalous thermal Hall conductivity for different values of
external stress in Fig. 6. Despite having almost the same pat-
tern, the values of ATHC do vary at some regions along the
axis. At their original Fermi levels, ATHC increases by about
33% with just 5% compressive strain, which is huge. But,
in the left part of the figure, ATHC is seen to decrease with
increasing stress. However, since experimentally one mea-
sures the outcome from the original Fermi level, the conduc-
tivity will increase. We had also performed calculations with
strain along lateral directions, but we did not observe any
enhancement. Hence, we conclude from this section that the
effect of uniaxial compressive strain in this magnetic Weyl
semimetal is quite significant, which can enhance the anoma-
lous thermal Hall conductivity drastically.
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VI. SUMMARY

To summarize, we have investigated the Berry curvature-
induced anomalous thermal Hall effect in magnetic Weyl
semimetal Co3Sn,S; using a combination of the first-
principles DFT calculation and quasiclassical Boltzmann
transport theory. From DFT calculation, we first obtain the
electronic band structure of the material, and we observe that
the system transits from a nodal-line semimetal to a Weyl
semimetal by turning on the spin-orbit coupling. We show
that the first Brillouin zone contains three pairs of Weyl
nodes in total, created by the Cj, rotational symmetry, and
they are located at the same energy due to the presence of
inversion symmetry. We have shown from DFT calculations
that the Weyl cones are tilted, and we also calculated the
tilt parameter, which indicates that the system is a type-I
WSM. From a tight-binding Hamiltonian, derived from Wan-
nier functions, we have calculated the Berry curvature, which
shows large enhancement especially at the positions of the
Weyl nodes.

Next, using the semiclassical Boltzmann transport theory,
we have computed the Berry curvature-induced anomalous
thermal Hall conductivity of Co3Sn,S,, which turned out to
be very large. By varying the chemical potential, the thermal
Hall current can be tuned and even the direction can be re-
versed for some particular values. We have also checked the
Wiedemann-Franz law and found that this law is well satisfied
at low temperatures. In addition, to further enhance the ther-
mal conductivity in Co3Sn,S,, we apply uniaxial compressive

stress. This essentially moves the Weyl nodes towards the
Fermi level, which in turn enhances ATHC as the anomalous
transport properties are directly related to the Weyl nodes.
To be quantitative, the conductivity increased by about 33%
for a compressive strain of just 5% along the z-axis of the
unit cell. It is worthwhile to mention that the tilt of the Weyl
cones vanishes along the connecting line with the application
of stress.

We would like to point out that since the d-orbitals of a Co
atom contribute the most to the bands near the Fermi level
that create the Weyl nodes, and because these orbitals are
partially filled, one can expect a nontrivial role of electronic
correlation in this material. However, the incorporation of
Coulomb interaction in DFT (i.e., DFT+U) gaps out the Weyl
node crossing, which is unphysical, and therefore one has to
go beyond the single-electron Hartree-Fock picture to fully
understand the effects of correlation in this material.
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