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Weyl fermions have recently been observed in several time-reversal invariant semimetals and
photonics materials with broken inversion symmetry. These systems are expected to have exotic
transport properties such as the chiral anomaly. However, most discovered Weyl materials possess
a substantial number of Weyl nodes close to the Fermi level that give rise to complicated transport
properties. Here we predict for the first time a new family of Weyl systems defined by broken time
reversal symmetry, namely, Co-based magnetic Heusler materials XCo2Z (X = IVB or VB; Z =
IVA or IITA). To search Weyls in the centrosymmetric magnetic systems, we recall an easy and
practical inversion invariant, which has been calculated to be —1, guaranteeing the existence of an
odd number of pairs of Weyls. These materials exhibit, when alloyed, only two Weyl nodes at the
Fermi level - the minimum number possible in a condensed matter system. The Weyl nodes are
protected by the rotational symmetry along the magnetic axis and separated by a large distance (of
order 27) in the Brillouin zone. The corresponding Fermi arcs have been calculated as well. This
discovery provides a realistic and promising platform for manipulating and studying the magnetic

Weyl physics in experiments.

Weyl fermions are theorized to exist in the standard
model above the symmetry breaking scale - at low-energy
scales they invariably acquire mass. As such, the search
for Weyl fermions has shifted to condensed matter sys-
tems, where they appear as unremovable crossings in
electronic Bloch bands, close to the Fermi level, in 3-
spatial dimensions. They recently became a reality with
the experimental discovery [1, 2] of the theoretically pre-
dicted [3, 4] Weyl semimetals (WSM) in the TaAs family
of compounds. Topological Weyl metals are responsible
for an array of exotic spectroscopic and transport phe-
nomena such as the surface disconnected Fermi arcs, chi-
ral anomaly and anomalous Hall effects [5-12].

Transport in Weyl materials reveal the fundamental
nature of the Berry phase in magneto transport. The
chiral anomaly is reflected in the negative longitudinal
magnetoresistance (NMR), which on its own stems from
the Weyl fermions. A minumum number (2) of Weyls
could make it easier to observe the NMR than for cases
with a large number of Weyls. Due to the fermion dou-
bling problem, Weyl nodes appear in multiples of 2. With
time-reversal invariance, this number raises to multiples
of 4. The TaAs family of compounds exhibits 24 Weyl
nodes, due to several other mirror symmetries. This large
number of Weyls gives rise to complicated spectroscopic
and transport properties. By comparison, the hypotheti-
cal hydrogen atom of Weyl semimetals is a material with
only 2 Weyl nodes at the Fermi level (Eg), preferably
cleanly separated in momentum space and in energy from

other bands.

In previous work [13], HgCroSes has been predicted
to be a Chern (not Weyl) semimetal with two crossing
points, each of which possesses chirality of 2. Also, the
existence of only two Weyl nodes is also expected in the
Topological /normal-insulator heterostructures with mag-
netic doping [14, 15]. Unfortunately, none of these sys-
tems have been verified so far. In this paper we pre-
dict for the first time a series of magnetic Heusler com-
pounds that can exhibit, when alloyed, two Weyl points
close to Fermi energy and largely separated in momentum
space. Magnetic Heusler compounds have several advan-
tages over the other compounds where Weyl fermions
have been proposed and detected. First they are fer-
romagnetic half-metallic compounds with Curie temper-
atures up to the room temperature [16], meaning they
can be of great use for spin manipulation and spintronics
applications. Second, they exhibit Weyl fermions, with
the large associated Berry phase of their Fermi surfaces.
As such, the anomalous Hall effect and spin Hall effect
in these materials is theoretically expected to be large,
which has already been confirmed in initial experimental
studies [17-19]. Third, the magnetism in these materials
is “soft”, meaning that an applied magnetic field can eas-
ily change the magnetic moment direction: a similar phe-
nomenon has been observed in GdPtBi [20, 21]. Since, as
pointed out in the Supplementary Material [22, 43], the
structure and direction of Weyls depends on the mag-
netic field, the magnetic Heuslers provide us a realistic
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FIG. 1. (a) Rocksalt crystal structure of ZrCooSn with Fm3m
space group. Co, Zr and Sn atoms are shown in blue, gray and
green, respectively. (b) Brillouin zone (BZ) of the rocksalt
structure. It has three independent time-reversal-invariant
points, I'(0,0,0), L(Z,Z,T), and X(27,0,0). (c) Bulk band

structure of ZrCos Snaaﬁ)n‘zg high symmetry lines without spin-
orbit coupling (SOC). The majority and minority spin bands
are indicated by solid-black and dashed-red lines, respectively.
(d) Total and partial density of states without SOC, the pos-
itive (negative) lines represent the majority (minority) spin
channel.

and promising platform for manipulating and studying
the magnetic Weyl physics in experiments.

Based on the first principle calculations with the mag-
netism oriented in the [110] direction, we found two Weyl
nodes, related by symmetry, appear on the same axis.
Their energy relative to the Fermi level can be tuned by
alloying, and we provide an estimation of the appropriate
concentration of the dopant necessary to tune the Weyls
to the Fermi level. We carry out a symmetry analysis
and solidify our ab-initio claims of the existence of Weyl
nodes by showing that they are formed by bands of op-
posite Cy eigenvalues. Furthermore we link the existence
of Weyl nodes to the existence of an inversion invariant
discovered earlier[44] in the theory of inversion symmet-
ric topological insulators. We then obtain the structure
of the Fermi arcs on 001-surface. We expand upon the
results in the Supplementary Material, where we also an-
alyze the possible topological scenarios under different
potential magnetization directions, and present magneti-
zation data on one of the synthesized materials from our
proposals.

Our proposed candidates for Weyl metals are the Co-
based Heusler compounds: XCosZ (X = IVB or VB; Z
= IVA or IITA) with N, = 26, denoting the number of
valence electrons (s, d electrons for the transition met-
als and s, p electrons for the main group element). This
family of Co-based Heusler compounds follows the Slater-
Pauling rule which predicts a total spin magnetic moment

m = N, — 24 (the number of atoms x 6) [45-47]. In this
paper we focus on a representative candidate - ZrCosSn
that we have synthesized experimentally [16]. We present
the results for the rest of the compounds in the Supple-
mentary Material. We show that the interesting Weyl
nodes of all the 26-electron compounds are about 0.6 eV
above the Fermi energy. However, there is another Co-
based Heusler family with 27-electron, that are also can-
didates for Weyl metals and have been synthesized exper-
imentally [16], such as NbCosSn and VCosSn, making it
possible to move the Weyl nodes close to or at the Fermi
level by alloying. The Co-based Heusler compounds, with
their great diversity, give us the opportunity to tune our
compounds (e.g. the number of valence electrons, spin-
orbit coupling strength, etc.) across different composi-
tions in order to get the desired properties.

We perform ab-initio calculations based on the density
functional theory (DFT) [48, 49] and the generalized gra-
dient approximation (GGA) for the exchange-correlation
potential [50] (more details in Supplemetary Material).
The spin-polarized band structure and density of states
(DOS) of ZrCozSn are calculated within GGA+U with-
out SOC, shown in Fig. 1(c) and Fig. 1(d) respectively.
The value of U was chosen to be 3 eV, which provides
Curie temperature close to the experimental value [51]
and reproduces the measured magnetic moment (see Fig.
5 of Supplementary Material section). The Curie temper-
ature was computed by means of Random-Phase Approx-
imation by S. V. Tyablikov [52]. We have tested U with
different functionals, such as LDA [53], PBE [50] and
PBEsol [54], and get the same result (detailed calcula-
tion of U as a fucntion of Tx and the magnetic coupling
constants can be found in the Supplementary Material
section). In the following we will use the PBE pseudopo-
tential.

In Fig. 1(c), we see a band gap in the minority states
around Fp, which has been double-checked with the
modified Becke-Johnson exchange potential [55]. This
suggests a good half-metallic property, which is con-
sistent with the experimental investigation of the spin-
resolved unoccupied density of states of the partner com-
pound TiCozSn [56]. The calculated partial DOS, shown
in Fig. 1(d), suggests the states of ZrCoySn around Ep
are mostly of d character, namely Co-d and Zr-d states.
After including SOC, the calculated band structure in
Fig. 2(c) shows the SOC has little influence on the elec-
tronic structure and the half-metallic ferromagnetism,
because the SOC strengths of both Co and Zr are small.
We performed ab-initio calculations to determine the en-
ergetically most favorable magnetization direction - the
[110] easy axis. However, this magnetic configuration is
energetically very close to the [100]. we assume the mag-
netism is along the [110] axis in the main text. The analy-
sis of the [100] magnetism is presented in Supplementary
Material, which also shows topological properties such as
Weyl points and nodal lines in the band structure.
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FIG. 2. (a) Nodal line in the zy plane has a big dispersion.
(b) Three nodal lines in three planes in three-dimensional
(3D) k-space. (c¢) The SOC band sturcuture of ZrCo2Sn with
the [110] magnetism, opening a small gap in the I'W direc-
tion in the inset. (d) Weyl points emerge with SOC. The
independent W, W; and W3 points are clearly indicated in
the figure (top view) - the remaining ones can be obtained
by symmetry. W and W, is in the zy plane, while the W5 is
out of the plane. The Chern numbers can be calculated with
the Wilson-loop method applied on a sphere (illustrated as
dashed circles) enclosing a Weyl point. The filled (unfilled)

symbels indicate Chern number +1 (—1). Furthermore, the
_21)

001-surface lattice vectors are also given as El(%", and

I;Q(%“, 2{)7 and the corresponding surface BZ is painted in
green.

In the spin-polarized calculation, neglecting SOC, the
spin and the orbitals are independent and regarded as
different subspaces. In that sense, the spatial crystal
symmetries of O} have no effect on the spin degree of
freedom, and the two spin channels are decoupled. Once
SOC is considered, the two spin channels couple together,
and symmetries can decrease depending on the direction
of the spontaneous magnetization. For instance, the mir-
ror reflection M, is a symmetry without SOC included.
With SOC it is broken as the magnetization is along
[110]. However, the product between time-reversal and
reflection symmetries (T'M,) is still a magnetic symme-
try, even though SOC is included. The corresponding
magnetic space group of [110] spin-polarization contains
only 8 elements formed by three generators: inversion
T, 2-fold rotation C2119 around 110 axis and the prod-
uct (T'C2,) of time-reversal and rotation C2,, which al-
lows for the existence of Weyl points (WPs) in the zy-
plane [57].

We first elucidate the band topology in the absence of
SOC. From the spin-polarized band structure in Fig. 1(c),
we can observe that two bands crossings occur along I'X,
I'W and T'K in the majority spin. Actually, these cross-
ings are in the zy-plane, which respects the mirror sym-

metry M,. Bands within this plane can be classified by
mirror eigenvalues +1. Further symmetry analysis shows
that the two bands belong to opposite mirror eigenval-
ues, giving rise to a nodal line in the zy plane [3, 58].
The energy of the nodal line disperses dramatically in
the zy plane, as shown in Fig. 2(a). The minimum of
this dispersion is in the IT'X (or [100]) direction and the
maximum is in the T'K (or [110]) direction. In addition
to the nodal line in the xy-plane, two similar nodal lines
are also found in the zz-plane and yz-plane related by a
C4 rotation around the z,y coordinate axis. As a result,
the three nodal lines in different planes intersect at six
different points as depicted in Fig. 2(b).

Once introducing SOC, with a magnetization along
the [110] direction, the mirror symmetries M,, M, and
M, are all broken. In the absence of other symmetries,
these nodal lines in the mirror planes would become fully
gapped. However, along the magnetization [110] direc-
tion, a pair of Weyl points survive, protected by the
C211¢ rotation. Namely, the crossing bands belong to dif-
ferent C'211¢ eigenvalues +i on the high-symmetry line.
The coordinates of these WPs (W), related by inversion
Z, are given in Tab. I. Their location and Chern numbers
are illustrated in Fig.2(d). An inversion eigenvalue argu-
ment shows us that we must have 4k + 2, k € Z, number
of Weyls in this system (see Supplementary Material):
the product of the inversion eigenvalues of the occupied
bands at the inversion symmetric points is —1, signaling
the presence of an odd number of pairs of Weyls [44].

In addition, deriving from the nodal line in the xy-
plane, other four Weyls are found slightly away from the
coordinate axis in the plane. The presence of Weyls in a
high symmetry plane is allowed by the antiunitary sym-
metry TC2, [57]. The quadruplet Weyls (W) are related
to each other by Z and C211¢. Their precise positions and
topological charges are presented in Tab. I. After care-
fully checking other two nodal lines, we see that a third
kind of Weyl points (Wy), different from the previous
two kinds, does not prefer any special direction, but dis-
tributes near the xz- and yz-plane. As these Weyls are
generic points without any little-group symmetry, the oc-
tuplet Weyls Ws are related by all the three generators
of the magnetic group. As a result, the position of the
W changes considerably from TiCosSn, to ZrCosSn to
HfCosSn, following the nodal lines without SOC. In prin-
ciple, this kind of Weyls are not stable (in contrast, the
W-Weyls are stablized by the C211¢9 symmetry on the
[110] axis), as they can be moved close in the z-axis
and thereby annihilate with each other. The average
charge centers obtained by the Wilson-loop method on
the spheres (W, Wy and W3) are presented in Fig. 3(a).
All the Chern numbers of the three Weyls are shown in
Table I, and their positions are shown in Fig. 2(d). As the
energy level of W is very low and Wy could be removed
by tuning SOC, we will focus on the doublet Weyls W.

We now focus on the two W type Weyls (located at 0.6
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FIG. 3. (a) The flow chart of the average position of
Wannier centers obtained by the Wilson-loop method applied
on a sphere that encloses a node [57]. The average center
shifts downwards, corresponding to Chern mumber —1 for W
and Wz, while it shifts upwards, suggesting the Chern mum-
ber of Wy is +1. (b) Calculated Bloch spectral function of
Z10.725Nbg.275Co2Sn along high symmetry lines.

TABLE 1. WPs of ZrCo,Sn. The Weyl nodes’ positions (in
reduced coordinates kg, ky, k-), Chern numbers, and the en-
ergy relative to the Er of the unalloyed compound. The WPs
in ZrCo2Sn are formed by two bands which in the absence
of SOC would form nodal lines. W and Wi, are stable in
the zy plane, while the W2 are stable out of the plane. The
coordinates of the other Weyl points are related to the ones
listed by the symmetries, Z, C2110 and 7C2,.

Weyl points coordinates Chern number F — Er
(ke 27, e, 27, B 25) (V)
w (0.334,0.334,0) -1 +0.6
Wi (0.58,—0.0005, 0) +1 —0.6
W, (0.40,0.001, +0.28) -1 +0.3

eV over the Fermi level in the K—TI" (or [110]) direction.
Our goal now is to tune the energy of the WP to the Fermi
level. For this purpose we consider other compounds with
the same stoichiometry, more electrons and similar lat-
tice parameter.As we mentioned before, NbCosSn, which
have the same crystal structure [16], contains one more
electron per a unit cell than that of ZrCosSn. There-
fore, one can expect that alloying ZrCosSn with Nb in
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FIG. 4. Bloch spectral function of the (001)-surface at 0.5
eV above the Fermi level for ZrCo,Sn. In the (001)-surface
Brillouin zone, the surface k-points are represented by 1 k14
m2E2. The surface lattice vectors (El and Eg) are illustrated,
and the corresponding surface BZ is shown as green-colored
area in Fig. 2(d) (notice the /2 rotation of the surface BZ).
Only the bulk projections of W (yellow-colored) are separated
from the Fermi surfaces projections. The bulk projections of
Wi and W3 (black-colored) sit inside the projection of the
bulk Fermi surfaces. The Fermi arcs connecting to the bulk
projections of W are shown. The large, square surface states
is of a trivial nature. The color code represents log(p).

the Zr site would shift down the WP energy while keep-
ing the main band topology unchanged. Using a first-
principles Green’s function method, we dope ZrCosSn
with Nb. Disorder effects were taken into account within
a coherent potential approximation (CPA) [59]. Varying
Nb content, we search for a concentration, which brings
the W Weyls to the Fermi level. Fig. 3(b) shows the cal-
culated spectral function for Zr;_,Nb,CosSn (with z =
0.275). By inversion (Z) symmetry, there exist another
Weyl point separated in k-space by ~27 with the same
energy. In the same line, the experimental existence of
VCoySn [16] also motivate us to dope the partner com-
pound Ti;_,V,CosSn as well, and our calculations sug-
gest x = 0.1.

Given that the Weyl nodes W, W1 and Wy, all resulted
from the connected nodal lines in the absence of SOC, a
large residual Fermi surface has a projection on any sur-
face of the material. Hence the Fermi arcs emanating
from the W Weyl points are interrupted by the resid-
ual projection of bulk Fermi surfaces on the surface of
the material. However, the Fermi arc signatures of W-
Weyls are still clear as can be seen in Fig. 4 where we
plot the surface spectral function for the (001)-surface
of ZrCosSn. Since the bulk Fermi surface projections



where W; and Wy are located overlap, the Fermi arcs
connections are not guaranteed at some certain energies.
Furthermore, a trivial square surface state is found as
well, due to the hanging bonding at the surface.

In conclusion we have predicted theoretically that a
new family of Co-based magnetic Heuslers realize Weyl
systems with several Weyl nodes whose position in energy
can be tuned by alloying. We have performed ab-initio
calculations of a representative ferromagnetic compound
ZrCoySn. For the [110] magnetization we find two Weyl
points related by Z symmetry situated on the same axis.
By means of a first-principles Green’s function method,
we doped the ZrCosSn with Nb and showed that these
two Weyls can be shifted to the Fermi level. Finally, we
obtained the Fermi arc structure of this class of mate-
rials. This discovery shows a way to the realizing the
hydrogen atom of Weyl materials and provides a promis-
ing platform for studying exotic properties of magnetic
Weyls in experiments.
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