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The anomalous Hall Effect (AHE) is one of the most fundamental phenomena related to band topology and

holds great potential for technological applications. A promising approach to search for large AHE is to begin
with a magnetic Weyl semimetal (WSM) and manipulate the Weyl nodes in the momentum-energy (k—E') space.
However, controlling the Weyl points is generally difficult because Weyl nodes can robustly exist at a generic
momentum. Here we realize this approach in an experimentally confirmed ferromagnetic WSM Co3Sn,S,

via tension. Our calculations systematically demonstrate that the tension applied to Cos;Sn,S, can drive the
movement and annihilation of Weyl nodes in the k—E space, triggering a high-Chern-number three-dimensional
quantum AHE topological phase transition and thus greatly boosting the AHE. We also found a rare way of
annihilation of Weyl nodes occurring near the Brillouin zone boundary. Our work offers a promising way to
boost the AHE and sheds light on the search for three-dimensional quantum anomalous Hall insulators.
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I. INTRODUCTION

The anomalous Hall effect (AHE), where charge carri-
ers acquire a transverse velocity component in the applied
electric field without an external magnetic field, is one of
the most intriguing and widely studied electronic transport
phenomena [1]. The AHE has been proposed for its signifi-
cant potential in various technical applications [2,3], such as
highly sensitive sensors [4—7] and energy-efficient spintronic
devices [8—10]. According to the current knowledge, there
are two mechanisms accounting for the AHE: the extrinsic
mechanism due to the scattering affected by the spin-orbit
coupling (SOC) [11-13] and the intrinsic mechanism based
on the Berry curvature framework [14-16], i.e.,
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where oy,, Ny, Qc, fu, and Q%(k) are the Hall conduc-
tance, total number of k points in the Brillouin zone (BZ),
volume of the primitive cell, Fermi distribution function, and
Berry curvature, respectively [14]. The intrinsic mechanism
can also explain the two-dimensional (2D) quantum anoma-
lous Hall effect (QAHE), where all the valence bands are
fully occupied in a gapped phase. The resultant anomalous
Hall conductance (AHC) oy, is quantized to Cé? /h (C is an
integer and is known as the Chern number) accompanied with
the presence of topological edge states [17,18].
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Magnetic Weyl semimetals (WSMs) [19-22] host linear
band intersections (Weyl points) around which the Berry cur-
vature diverges, and hence are considered as a good platform
for the AHE. Indeed, previous theoretical study has elaborated
that the intrinsic AHC in magnetic WSMs with a single pair
of Weyl nodes, when the fermi level lies on the Weyl points,
is proportional to Kd% (K; is the momentum separation
between Weyl nodes), thus providing a clear idea that the en-
hanced AHC can be acquired by manipulating the Weyl point
in the BZ [23]. The discovery of various Weyl semimetals,
such as Y,Ir,O7 [19], HgCr,Se4 [24], Co3Sn, S, [25,26], and
some Co-based Heusler compounds [27-30], has prompted
considerable interest in studying the AHC on Weyl semimet-
als. In particular, Co3Sn,S, is a ferromagnetic (FM) WSM
with three pairs of Weyl points near the Fermi energy, show-
ing a large AHC of —1130 Q7! cm™' [25,31]. Its AHC can
be further exploited via chemical doping [32,33]. The AHC
of some FM WSM Co-based Heusler compounds has the
same magnitude as Co3Sn;,S, [34,35] and can be tuned by
an external magnetic field owing to their soft ferromagnetic
properties [35]. On the other hand, it is challenging to further
boost the intrinsic AHC of a WSM because the previous meth-
ods, such as disorder or doping, cannot effectively control the
Weyl point evolution in the momentum space. Aside from
the correlation with the AHE, the evolution of Weyl nodes is
interesting for the topological phase transition accompanying
the annihilation of Weyl nodes.

In this work, we enhance the AHE in FM WSM CosSn, S,
by manipulating the Weyl points through tension (see
Fig. 1). Since a Weyl node can robustly exist at a generic
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FIG. 1. Schematic diagram of boosting the intrinsic AHE
through topological phase transition in magnetic Weyl semimetal.
(a) AHE increases with the distance between Weyl nodes with dif-
ferent chirality and achieves its maximum value after a 3D QAHE
phase transition accompanying the annihilation of Weyl nodes. Here,
we assume the Weyl points are at the Fermi level. (b) Increasing the
distance between Weyl points with different chirality in a BZ can lead
to the annihilation of Weyl points with different chirality near the BZ
boundary, causing a 3D QAHE insulator phase transition mentioned
in (a). Red and blue points indicate Weyl nodes with positive and
negative chirality, respectively.

momentum point without any crystal symmetry protection
except for lattice translation, there are few reports on ma-
nipulating the Weyl points in the momentum space. Here, we
report that the tension applied to WSM Co3Sn,S; can effec-
tively drive the evolution and annihilation of the Weyl nodes,
trigger a high-Chern-number three-dimensional (3D) QAHE
topological phase transition, and greatly boost the AHE. In
particular, the AHC can be doubled up to —2200 Q™' cm™!
by a 6% uniform tensile strain in the xy plane, and the induced
general 3D QAHE phase hosts a high Chern number of —9
and correspondingly nine chiral surface sheet states. We also
found a rare way of Weyl point annihilation that happened
near the boundary of the BZ, which triggers the transition
between different topological phases of matter.

II. COMPUTATIONAL METHODOLOGY

Density functional theory (DFT) calculations were per-
formed using the projector-augmented wave (PAW) pseu-
dopotentials with the exchange correlation of the Perdew-
Burke-Ernzerhof revised for solids (PBEsol) form and the
generalized gradient approximation (GGA) approach, as
implemented in the Vienna ab initio Simulation Package
(VASP) [36-38]. The cutoff energy for the plane-wave ba-
sis was set to 500 eV. The reciprocal space was sampled
using a 15 x 15 x 15 k mesh for structural optimization
and self-consistent calculations. The equilibrium crystal lat-
tice (ap, cp) and atomic positions were fully relaxed until
the atomic force on each atom was less than 1072 eV/A.
The electronic structure of the equilibrium configuration was
also verified by using the DS-PAW software [39]. For each
stretched structure, the atomic force was relaxed using fixed
lattice constants. We constructed maximally localized Wan-
nier representations [40] by projecting the Bloch states (with
an 11 x 11 x 11 k mesh) from the DFT calculations of bulk
materials onto Co-3d, S-3p, Sn-5s, and Sn-5p orbitals. The
AHC is expressed as the sum of the Berry curvature over
all the occupied states, as shown in Eq. (1). We define the
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FIG. 2. Crystal and band structure of primitive Co3Sn,S;. (a)
Co3Sn,S; unit cell in hexagonal setting (left) and the kagome plane
formed by Co atoms (right). The Co atoms are magnetized along the
z(c) direction. (b) Band structure along a path connecting a pair of
Weyl points. (¢),(d) Six Weyl nodes linked by Cs, and space inversion
symmetries. Red and blue points indicate Weyl nodes with different
chirality.

n is the band index and 1 < n < the number of valence
electrons. The locations and chirality of the Weyl nodes, AHC,
band-occupied AHC (with a 200 x 200 x 200 k mesh), Chern
number, and chiral edge states were calculated in the tight-
binding models constructed by these Wannier representations,
as implemented in the WANNIERTOOLS package [41].

III. RESULTS AND DISCUSSION

A. Electronic structure of equilibrium configuration

Co3Sn;,S; crystallizes in a rhombohedral structure with the
space group R-3m (no. 166) [42]. As shown in Fig. 2(a), the
Co atoms form quasi-2D kagome planes and magnetize along
the z (c) direction in a hexagonal unit cell. The Curie temper-
ature is 177 K and the local magnetic moment is 0.33up per
Co atom. The optimized lattice constants for the equilibrium
configuration are ap = 5.295 A and co = 12.984 A. Our cal-
culated magnetic moment and lattice constants are very close
to the experimental values [25,43].

As an FM WSM, Co3Sn,S; hosts three pairs of Weyl nodes
(approximately 60 meV above the Fermi level) in the BZ, as
shown in Figs. 2(b) and 2(c). The C;, and space inversion
symmetries in Co3Sn,S,; map one Weyl node to the other
five nodes. As a result, the six Weyl nodes share the same
energy [Fig. 2(b)] and are distributed on two parallel planes
along the z direction on which the Weyl nodes have opposite
chirality [Figs. 2(c) and 2(d)]. For convenience, we denote
these two planes as PW+ and PW —, respectively. Addition-
ally, the C3, constrains the AHC tensor to 0,; = 0;x = 0y; =
0.y =0 and o,, = —0,, . The surviving o,, is from the con-
tribution of 7 (k), as shown in Eq. (1). To investigate oy, we
calculated the Chern numbers of various planes along the z
direction [i.e., the flux of 7 (k)], except for PW+ and PW —,
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FIG. 3. The origin of the Chern number —9. (a) The specially
designed primitive cell for the calculation of Chern number. Only
the magnetic Co atoms and the crystal lattice are shown. (b) The
evolution of Wannier charge center (WCC) on the k, = 0 plane,
indicating the Chern number C = —9. (c) The Berry curvature of
the valence band on the k, = 0 plane in the 2 x 2 BZ. The black
solid, blue dashed, and red dashed lines represent the BZ boundaries,
three mirrors and a C, axis, respectively. (d) The band structures with
and without SOC along path a-b-c as shown in (c).

because the Chern number can only be defined for planes
in the BZ without band crossings. Interestingly, we find the
Chern number C = —9 for all planes between PW+ and
PW—, and C = —6 for other planes. The difference between
the Chern numbers of the planes on either side of the Weyl
point is equal to the sum of the chirality of the sandwiched
Weyl points, consistent with the statement that the Weyl node
can be viewed as the source or drain of the Berry curvature.
The proximity of Weyl nodes to the Fermi level and the high
Chern number on the xy plane in BZ are responsible for the
large AHE of —1105 Q™' cm~! in primitive Co3Sn,S,, which
agrees with previous findings [25,31].

We now discuss the origin of the high Chern number C =
—9 on the k; planes between PW+ and PW—. To calculate
the Chern number, we used a specially designed primitive
cell as depicted in Fig. 3(a). In this cell, the lattice basis
vector a3 is parallel to the magnetic moment of Co atoms
and aligned with the z direction of the Cartesian coordinate
system. In this case, due to the relationship between the re-
ciprocal lattice basis vectors (by, by, bs) and the lattice basis
vectors (aj, ay, a3), the planes parallel to the b5, plane are
also parallel to the xy plane. The Chern numbers of these
planes between PW+ and PW — are the same since there is no
energy gap closing. Thus, we can select the k, = 0 plane for
our analysis. Our Wannier charge center (WCC) calculation
indicates C = —9 for this plane [Fig. 3(b)]. Additionally, we
calculated the Berry curvature on this plane to identify the
origin of the Chern number. As shown in Fig. 3(c), there are
18 regions with large Berry curvature on the k, = 0 plane
in a BZ (a total of 72 regions on the k, = 0 plane in the

2 x 2 BZ), and each region has the same sign of the Berry
curvature. These features suggest the existence of 18 band
inversion points. When SOC is not considered, the k, = 0
plane has mirror symmetry M [100], Cs, symmetry, and space
inversion symmetry [Fig. 3(c)]. From these three points, a, b,
and c, the other 15 points in a BZ can be obtained through
the above symmetry operations [Fig. 3(c)]. Therefore, only
these three points a, b, and ¢ need to be examined. When SOC
is not considered, the energy bands cross near the points, a,
b, and c, to form three Dirac points [Fig. 3(d)]. The band
degeneracy at points a and b is protected by the mirror sym-
metry, while that at point c is protected by the C, axis passing
through point ¢ on the k; = 0 plane (C; is the joint operation
of mirror symmetry and space inversion) [Fig. 3(c)]. When
SOC is included, the mirror symmetry is broken, and so are
the symmetries protecting the degeneracy of points a, b, and
¢, leading to energy gaps at these three points [Fig. 3(d)].
Since each gapped Dirac point can contribute a AHC of
—0.5 €2/h [44,45], and there are 18 such points on the k, = 0
plane in a BZ, the total AHC is —9 ¢?/h and the corresponding
C = —9. We also confirmed that the sum of the contributions
of other occupied energy bands (except the bands forming
the gapped Dirac points) to the AHC is zero, further showing
that the Chern number of —9 arises from the 18 gapped Dirac
cones.

B. Weyl nodes evolution and enhanced anomalous Hall effect

The idea for enhancing the intrinsic AHE based on mag-
netic WMS is to make the Weyl points closer to the Fermi
level while increasing the separation between Weyl points
with opposite chirality, as shown in Fig. 1(a). In principle,
a Weyl node can robustly exist at a generic momentum, and
there is no general method to control the Weyl points in the
momentum space. However, considering that strain can affect
electron hopping and thus bandwidth, the Weyl points (band
crossings) may be driven by strain to move in the momentum
space. We applied different uniform tensions in the xy plane
and z direction (denoted as S;;, where i and j are the stretch
rates in the xy plane and z directions, respectively) to track
the motions of the Weyl points in the momentum space. The
stretched structures maintained the same symmetry as the
original equilibrium one. As mentioned above, the six Weyl
points in Co3Sn,S, share the same energy and can be linked
by C3, and spatial inversion symmetries, therefore, it is suffi-
cient to track the evolution of a single Weyl point. Figures 4(a)
and 4(b) show the evolution of the Weyl points with tensile
strain in the energy and momentum spaces, respectively. We
found that the tension in the xy plane (z direction) moves the
Weyl point closer to (away from) the Fermi level [Fig. 4(a)],
and the tensions in both directions increase the separation
of Weyl points with different chirality, i.e., the separation
between PW+ and PW — [Figs. 4(b) and 4(c)]. The positions
of the Weyl nodes relative to the Fermi level and the separation
of the Weyl points of different chirality jointly determine the
AHE. We found that tensions along the z direction will reduce
the AHC, while tensions in the xy plane can significantly en-
hance the AHC, as shown in Figs. 4(b) and 4(d). In particular,
a 6% tensile strain in the xy plane (Sg) will double the AHC of
Co3SnyS; up to — 2200 Q7' cm™!. Interestingly, we found
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FIG. 4. Weyl nodes evolution and enhanced AHE. (a) Evolution of Weyl nodes in the energy space. “W+" represents three different
positions of the selected Weyl point in three stretch cases, aligned on the band path for the convenience of drawing without affecting the
discussion. “%” represents the stretch rate (the same below). (b) The tension-enhanced AHC and the enlarged z direction separation of the
Weyl points with different chirality in moment space, i.e., the separation between planes of PW+ and PW— shown in (c). (d) Interpolated
stretch-dependent AHC contour map. The black dots in the figure represent the calculated configurations. The AHC can be doubled up to

—2200 ! cm™! by a 6% tensile strain in xy plane.

that the Weyl nodes are all annihilated in the configuration S,
and a band structure with direct band gaps appears, implying a
topological phase transition. Previous theories have predicted
that the annihilation of Weyl nodes can drive the system to
a trivial insulator, an axion insulator, or a 3D QAHE state,
depending on the energy gap property [46,47]. The appear-
ance of the topological phase without Weyl points, yet with
the AHE, suggests that it is neither a trivial insulator nor an
axion insulator. We discuss this topological phase and the
annihilation of Weyl nodes in detail below.

C. Annihilation of Weyl nodes and topological phase transition

When Weyl points with different chirality meet at a k point,
they will annihilate each other and a topological phase transi-
tion will appear. Recently, the annihilation of Weyl points has
attracted considerable attention. The conventional thought is
that the Weyl points move, meet, and annihilate within the
BZ. Recent studies reported that the annihilation of Weyl
nodes can also occur between different spin channels, i.e.,
the Weyl points formed by two energy bands of one spin
channel are annihilated by those formed by two other bands
of the other spin channel [48,49]. This annihilation is ac-
companied by the degeneration of two spin channels, i.e., a
magnetic phase transition. To investigate the annihilation of
Weyl nodes, we calculated 49 stretched configurations to track
the evolution of the band structure. We found that tensions in
the xy plane and z direction can both cause band inversion at

the inversion-invariant moment point L (0, 0, 1/2) [Fig. 5(a)].
This band inversion can be indicated by the parity of the states
at the L point because our stretched structures maintain spatial
inversion symmetry. As shown in Fig. 5(b), as the stretching
increases, the Weyl point W3+ with positive chirality near the
L point in configuration S;3 evolves to Wj4+ in configuration
S14. At the same time, configuration Si4 creates a new Weyl
point W’4— with negative chirality near the L point owing to
the energy band inversion. The Weyl points W4+ and W' 4—
meet and annihilate each other in a more stretched configura-
tion S5, resulting in a band structure with direct gaps. This
annihilation of the Weyl point, different from most reported
previously, occurs near the BZ boundary: the six old Weyl
points evolve to the vicinity of the BZ and are annihilated
by the six newly generated Weyl points owing to the band
inversion at the BZ boundary.

The “insulator” phase that emerges after the annihilation
of all Weyl nodes can be topologically categorized, despite
the absence of a global band gap, yet possessing direct band
gaps. For this, we calculated the symmetry indicator of space
inversion symmetry Z : (Z», Zp, Z,) [50-52] based on the
parities of eight inversion-invariant momenta in the BZ for
all our 49 stretched structures. Owing to the Cs, symmetry, a
total of three band inversions at L and its two other equivalent
points are present near the phase-transition critical point, as
shown in Table I. The calculated symmetry indicator divides
the 49 stretched structures into three groups, including the
WMS phase 3: (0, 0, 0) with three pairs of Weyl nodes,
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FIG. 5. Annihilation of Weyl nodes and topological phase transition. (a) Tension induces a band inversion at L (0, 0, 1/2), implying a
topological phase transition. S;; denotes the stretched crystal structure with stretch rates i and j in the xy plane and z direction, respectively.
(b) Band inversion at L leads to the creation and annihilation of Weyl points. The band path passes through the Weyl nodes W3+ in
configuration S;3, the W4+ and the newly created W'j4— in configuration Si4. “+” and “—" represent the parity of the quantum state at
L point. (c) Interpolated stretch-dependent band-occupied AHC contour map in unit of ¢?/(hc), where ¢ is the lattice constant along z direction
in the hexagonal setting. The band-occupied AHC is quantized to —9 e?/(hc) in the red region, indicating a 3D QAHE phase. The black dots
in the figure represent the calculated configurations. “%” represents the stretch rate. (d) Nine chiral surface sheet states on the (010) surface
arise in the 3D QAHE phase in configuration Ss4. The blue region indicates the direct band gaps between quantum states far away from the

surface.

WSM phase 2 : (1, 1, 1) with six pairs of Weyl nodes, and
3D QAHE phase 2 : (1, 1, 1). The WSM phase with six pairs
of Weyl nodes exists in our configuration Sy4. There is a clear
boundary between the WMS and 3D QAHE phases, as shown
in Fig. 5(c).

We now discuss the 3D QAHE phase induced by the an-
nihilation of the Weyl points in detail. The 3D QAHE phase
can be regarded as a stack of series of imaginary 2D QAHE
insulators (with the same Chern number) along the FM direc-
tion in the BZ [53,54]. For this reason, the 3D QAHE can be
expressed using Eq. (1) as

3D QAHE e?
=C—, 2
o2 — @

where C is the Chern number of these “imaginary 2D QAHE
insulators” and c is the real-space periodic length along the
FM direction (i.e., lattice constant). Equation (2) was intro-
duced in the study of the 3D quantum Hall effect (QHE) of a
3D electron gas system under strong magnetic fields [55,56].
The 3D QHE requires stringent conditions and has been pur-
sued for 30 years. Until recently, the 3D QHE was only
observed in CdzAs, [57,58] and ZrTes [59,60] owing to
complicated mechanisms such as the Weyl orbit and charge
density wave. On the other hand, the 3D QAHE insulator can
enable the quantization of AHC owing to its intrinsic topo-
logical nontrivial bulk gap. To date, few 3D QAHE insulators
have been theoretically proposed, such as LaCl and LaBr [61],
Ba;Cr;0,4, and h-Fe;O4 [62], but not yet been confirmed

TABLE I. Parity-based symmetry indicator Z, : (Z,, Z,, Z;). A topological phase transition from WSM phase 3 : (0, 0, 0) to the 3D
QAHE phase 2 : (1, 1, 1). n_, indicates the number of the occupied bands with odd parity at eight time-reversal-invariant momenta points
andZy =) pn, . mod4,Z,; = Koz Moce mod 2, where K represents all the inversion-invariant momenta [50-52].

T, G (0,0,0) 3L (0,0,172) 3F (1/2,1/2,0) T (1/2,1/2,1/2) Zi: (Zo, Zo, Zp)
no. 14 36 27 24 3:(0, 0, 0)
", 14 37 27 24 2:(1, 1, 1)
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experimentally. Alternatively, we demonstrate in this study
that, based on the well-studied Weyl semimetal Co3Sn,S,, the
3D QAHE phase may be obtained through a topological phase
transition, as shown in Table 1.

To further confirm the 3D QAHE phase predicted by
the symmetry indicator in Table I, we calculated the band-
occupied AHC and the surface states of the surface parallel to
the z direction in the 3D QAHE phase, as shown in Figs. 5(c)
and 5(d), respectively. The band-occupied AHC is defined

as opnd = %Nk;ﬂ > > Qi(k), where n is the band index.
As shown in Fig. 5(c), the calculated band-occupied AHC is
clearly quantized to —9 e?/(hc) for all the 3D QAHE phases
predicted by the symmetry indicator, where c is the lattice
constant along the z direction in a hexagonal setting. The
number “—9” is exactly the Chern number of the planes be-
tween PW+ and PW—, as shown in Fig. 4(c). As the tension
increased, the distance between PW+ and PW— gradually
increased and spanned the entire BZ after the 3D QAHE topo-
logical transition, resulting in a stack of a series of imaginary
2D QAHE insulators with a high Chern number of -9, i.e.,
the 3D QAHE of —9 ¢?/(hc).

In addition, we calculated the local density of states on the
(010) surface of configuration S44 (in a hexagonal unit cell
setting), as shown in Fig. 5(d). As expected, the existence of
nine chiral surface sheet states perfectly agreed with the topo-
logical prediction by the Chern number of —9 in the xy plane.
It should be noted that the chiral surface states in Fig. 5(d)
are buried in the bulk metallic states at G and Y, where the
conduction and valence bands are generally indistinguishable.
These bulk metallic states are caused by the BZ folding of
the bulk states that host direct band gaps but not a global one.
Even so, after careful identification, one can still distinguish
nine chiral surface sheet states connecting the “conduction”
and “valence” bands, as shown in Fig. 5(d).

IV. DISCUSSION AND CONCLUSION

The key to achieving the large AHE is the large Berry cur-
vature in the BZ; it is a good option to enhance the AHE based
on well-studied magnetic WSM materials, such as Co3Sn;, S,
because of the large Berry curvature inherent in them. The
idea of using a magnetic WSM to boost the AHE is rel-
atively clear, i.e., to increase the spacing between the Weyl
points with different chirality and to make the Weyl points
closer to the Fermi level. The difficulty lies in effectively
moving the Weyl points to achieve the above purposes. The
application of strain can alter the electron hopping, influenc-
ing the energy band width and hence modifying the Weyl
point.

We note that several studies have investigated the ef-
fects of the compressive strain on the AHE of Co3;Sn,S,.
When subjected to increasing pressure, it was observed that
both the AHE and ferromagnetism became gradually sup-
pressed, and ultimately vanished at higher pressure [63,64].
The reduction in AHE was attributed to the decrement of
the effective distance between Weyl points with opposite chi-
rality. Additionally, the magnetic correlations in Co3Sn,S;
were explored, revealing that while the sample exhibits an
out-of-plane ferromagnetic ground state, an in-plane antifer-
romagnetic state appears at temperatures above 90 K, and

the increased pressure or temperature can suppress the out
of-plane ferromagnetic ground state and thereby reduce the
AHE [65]. Furthermore, the In doping can tune the com-
petition between FM, xy-plane AFM and mostly xy-plane
helimagnetic orders in CoszSn,_,In,S,, and the AHE can be
driven nonmonotonically due to several possible reasons [66].
It was also shown that the pressure can reduce the effective
distance between Weyl points with opposite chirality and
thus reduce the AHE. The system evolves into a general Z,
topological insulator phase with time-reversal symmetry at
40.4 GPa, where the AHE vanishes and the original Weyl
points are annihilated by the new ones from the other spin
channel [49]. In short, the previous studies all suggest that
pressure reduces the out-of-plane ferromagnetism, the effec-
tive distance between Weyl points with different chirality,
and thus the intrinsic AHE in Co3Sn;S,. In contrast, as
demonstrated in this work, tensile strain in Co3zSn;S, can
enhance the spacing between the Weyl points with dif-
ferent chirality and bring the Weyl points closer to the
Fermi level, thereby enhancing the intrinsic AHC monoton-
ically. Experimentally, obtaining large nonuniform stretches,
such as a 6% xy-plane tensile strain, is challenging. Nev-
ertheless, our results indicate that the intrinsic AHE in
Co3Sn,S; can monotonically and significantly increase over
a broad xy-plane tensile strain range 0-6% [Fig. 4(b)],
which may be applied through substrates with different lattice
constants.

Achieving a 3D QAHE phase from the magnetic Weyl
phase is more challenging than enhancing the AHE. Neces-
sary conditions for such a transformation include moving the
Weyl points, annihilating them, and generating a nontrivial
energy gap, ideally a global nontrivial energy gap. Moreover,
the magnetic WSM phase may not necessarily evolve into a
3D QAHE phase, and instead, it could become an axion insu-
lator or a trivial insulator, depending on the band evolution
and energy gap property [46,47]. For example, if the band
inversion in Table I occurred not at L (0, 0, 1/2) and its two
equivalent points, but at the G point (0, 0, 0) (n .. = 15), the
gapped phase can be a trivial insulator with the symmetry indi-
cator Zy : (Z», Z», Z) =0:(0, 0, 0). If the band inversion
occurred at 3F (1/2, 1/2, 0) points (n_,. = 28), the gapped
phase can be an axion insulator with the symmetry indica-
tor Zy : (Zr,2>,72,) =2 : (0, 0, 0). Our results showed that
Co3Sn,S; could successfully enter the 3D QAHE phase over a
relatively broad tensile strain range. Although a global energy
gap is not further realized, it can serve as a demonstration
that a magnetic WSM can transit into the 3D QAHE phase
accompanying Weyl point annihilation near the BZ boundary
which has also been reported in ZrTes [67]. Additionally,
and more importantly, even without a global energy gap, the
appearance of the 3D QAHE phase can significantly enhance
the AHE by a fine-tuned chemical potential.

In summary, we proposed that tension applied to FM WSM
Co3Sn, S, can effectively modulate the Weyl nodes, induce
a general 3D QAHE phase accompanying Weyl point anni-
hilation, and enhance the intrinsic AHE over a broad tensile
strain range. The tension in the xy plane (z direction) moves
the Weyl point closer to (away from) the Fermi level and
increases the separation of Weyl points with different chirality.
As the applied tension increases, the original three pairs of
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Weyl points in Co3Sn, S, annihilated with the newly generated
ones, leading to a general 3D QAHE phase with a quantized
high AHC of —9 ¢*/(hc). The annihilation of Weyl nodes
occurs near the BZ boundary. The general 3D QAHE phase
is confirmed by our analysis and computations of the parity,
symmetry indicator, xy-plane Chern number, quantized 3D
AHC, and chiral surface states. The AHE can be modulated
in the range —886 to —2200 Q' cm™' (i.e., 20% reduction
to 100% enhancement) by uniform tensile strains of 0-6% in
the xy plane and z direction. Therefore, our work provides a
promising approach to enhance the AHE and sheds light on
the search for 3D QAHE phases.
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