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Abstract.

Since the discovery of the first topological material 15 years ago, the search for
material realizations of novel topological phases has become the driving force of the
field. While oftentimes we search for new materials, we forget that well established
materials can also display very interesting topological properties. In this work, we
revisit CoSo, a metallic ferromagnetic pyrite that has been extensively studied in
the literature due to its magnetic properties. We study the topological features of
its electronic band structure and identify Weyl nodes and Nodal lines, as well as a
symmetry-protected 4-fold fermion close to the Fermi level. Looking at different surface
cleavage planes, we observe both spin polarized Fermi arcs in the majority channel and
drumhead states. These findings suggest that CoSs is a promising platform to study
topological phenomena, as well as a good candidate for spintronic applications.
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1. Introduction

Topological semimetals are a class of materials that display protected band crossings
close to the Fermi level with nonzero Berry phase [I, 2, 3, 4, 5 6]. In 3 dimensions
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(3D) one can find three types of topological band crossings, namely, nodes, lines and
planes. When nodes have a linear dispersion in all directions and they carry a topological
charge, they are named Weyl nodes. Weyl nodes can only exist in systems with broken
inversion or time-reversal symmetry (TRS). They are stable even in the absence of
symmetries and have very interesting surface states called Fermi arcs, that connect the
surface projection of the nodes. From each Weyl node with topological charge 1, there
will be a Fermi arc stemming from its projection in the surface. Important examples
of inversion symmetry breaking Weyl semimetals are transition metal monophosphides
[7], MoTey [¢] and TaAs [9, 10, 11]. Contrary to the prolific discovery of inversion
symmetry-broken Weyl semimetals, time reversal symmetry-broken (magnetic) ones are
still scarce. They were first predicted in pyrochlore iridates [12], HgCrySey [13] and the
Heusler family of XCooZ (X=IVB or VB; Z=IVA or IITA) [11], and recently measured
experimentally in EuCdsAs, [15], Co3SnySy [16, 17] and CooMnGa[l8]. These materials
usually display a large anomalous Hall effect [16], which is important for both electronic
and spintronic devices [19], and they played a fundamental role in the first experimental
realization of the chiral anomaly [20]. Higher order generalizations of Weyl nodes have
been proposed [21] and confirmed experimentally [22, 23, 24, 25, 26]. These so called
multifold fermions have higher Chern numbers, which produce more Fermi arcs in the
surface. It has also been shown that space group chirality (no inversion or mirror
symmetries) has an important effect on the connectivity of such Fermi arcs [22, 27].
Even if the search for multifold fermions has been focused on non-magnetic materials,
there has been an increased shift of attention to magnetic systems. There are, however,
few material predictions that can host magnetic multifold fermions [28, 29], thus, making
it a priority to find new material realizations of such multifold fermions.

Another notable topological feature are Nodal lines. These crossings are protected
by inversion-TRS, spin rotation or reflection symmetries [30, 31, 32, 33, 34, 35, 36, 37].
Compared to Weyl semimetals, Nodal line semimetals are more difficult to diagnose,
since the topological invariants [38] and, thus, the surface spectrum, are protected by
crystalline symmetries, so surfaces not preserving them will not display topologically
protected surface states [39, 10, 11, 12]. In the facets where symmetries are preserved,
however, there will appear what are known as drumhead states, a set of surface states
covering the projection of the nodal line in the surface. In the cases in which spin-
orbit coupling (SOC) can be neglected, Nodal lines protected by inversion-TRS can
occur at any point in the Brillouin zone (BZ), as well as in high symmetry planes.
When including SOC, though, inversion-TRS can no longer protect the crossings, and
these will generally be gapped. This is the case for spin rotation symmetry protected
Nodal lines too, because SOC mixes spin components and gaps the crossings. Then,
in the cases in which SOC cannot be neglected, only mirror symmetries can protect
Nodal lines. This is why there are few examples of real materials that host Nodal
lines when SOC is taken into account [13, 39], and why finding new ones is exciting
both theoretically and experimentally. Like in Weyl semimetals, Nodal line semimetals
have recently been found to have large Spin Hall current [11], expanding the family
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of topological materials promising for topological electronic applications. Generalizing
Nodal lines, non-symmorphic symmetries can force crossings on entire high symmetry
planes in the boundary of the BZ. These are named nodal planes, which give rise to
Topological Protectorates; regions of the Fermi surface that intersect the Nodal planes.
They have been predicted to be large sources of Berry curvature [15, 40].

Pyrites of the form XS, (with X being Fe, Ni and Co) are a notable family of
TRS-breaking materials that have been studied for decades due to the large size of
pure crystals that can be found in nature or easily grown experimentally [17, 18].
Among this family, CoS,; has been experimentally confirmed to be ferromagnetic and
extensively studied for its spin polarization and magnetic properties. Unlike many
magnetic materials, CoSs is an itinerant ferromagnet [19, 50], that is, the ferromagnetism
does not stem from highly localized electrons. Thus, electron-electron interactions can
be neglected when studying the electronic properties of the system. This implies that
standard mean field approximations such as density functional theory (DFT) within the
local spin density approximation (LSDA) are an excellent way to obtain reliable and
accurate electronic properties [51].

Topological condensed matter physics is a relatively new field of physics. Thus,
it is possible that ‘old’” materials could display topological properties that have been
missed. This is the case on point; it has been recently reported experimentally that
CoS, is a Weyl semimetal, with spin-polarized single and double Fermi arcs stemming
from the projections of the Weyl nodes in the surface [52]. In this work, we perform an
extensive study of the topological properties as a function of its crystal symmetries and
also report several Nodal line structures near the Fermi level that survive the addition of
SOC interaction. We also find novel drumhead surface states emerging from the Nodal
lines.

The presence of both Nodal lines and Weyl nodes near the Fermi level, along
with the big size of pure crystals and ferromagnetic nature of the pyrite, make CoS,
a promising platform to probe topological phenomena in an accessible material that
can be used in all sorts of electronic applications, from new magnetic memories to spin
injector junctions, in which the spin polarized Fermi arcs will contribute to reduce the
weight of the minority spin pocket [53].

This work is structured as follows: First we study the symmetry of the crystal and
electronic structures. Next, we analyze the symmetry enforced 4-fold degeneracy arising
at the M = (1,1, 0) point and the effect of spin-orbit coupling on it. Then, we study
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the Nodal lines and Weyl nodes in CoS,. Finally, we summarize the results of this work.

2. Results and discussion

CoSy crystallizes in SG Pa3 (205). This is a non-symmorphic cubic Space Group,
generated by {I|0}, {C.|203} and {C3;|0}, whose combination produces glide symmetry
planes, {m,|1/2,1/2,0}, {m,|0,1/2,1/2} and {m.|1/2,0,1/2}. Cobalt atoms sit in the
4a Wyckoff position, while sulfur atoms sit in the 8¢ Wyckoff position. The structure
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is shown in Fig. 1(a). Experimental measurements [54, 55] reveal that the system
has ferromagnetic ordering, which mainly stems from the cobalt d orbitals. This is
represented by red arrows on cobalt atoms in Fig. 1(a). Experimental measurements
determine that the magnetization is on the (100) direction family. We choose the
direction of the magnetization in the z direction, without loss of generality.

When taking into account magnetization, the symmetry of the system is lowered.
The 3-fold axes are broken, as well as TRS. The only surviving unitary symmetries are
the 2-fold screw {C,.|505}, the glide {m.[1/2,0,1/2} and inversion symmetry. The
screws in the x and y directions, as well as the glides orthogonal to z and y axis are
preserved in combination with TRS. All these properties are summarized in its magnetic
space group, which is Pb’c’a (No. 61.436) [56, 57, 58].

To study the electronic structure, we performed density functional theory (DFT)
calculations as implemented in the Vienna ab initio simulation package (VASP)
[59, 60, 61, 62]. As it was shown in previous studies [52, (3], the appropriate method
to compute the electronic structure is the local spin density approximation (LSDA)
with no Hubbard U correction [51], with the Dudarev simplified exchange correlation
term, together with PAW pseudopotentials. We used a grid of 7x7x7 k-points for the
self-consistent calculation.

The resulting band structures, with and without the effect of spin-orbit coupling
are shown in Fig. 1(b) and Fig. 1(c). Notice that the bands below the Fermi level are
polarized mainly in the direction of the majority spin (up, following the magnetization),
with a small minority pocket at the R point, as experimentally demonstrated in Ref.
52].

Without SOC in a ferromagnet, the Schrodinger equation can be decoupled into
spin up and spin down sectors where spin is labeled in the quantization axis of the
ferromagnet. In one of the spin sectors, the symmetry thus appears to be the non-
magnetic one Pa3 (205), regardless of the orientation of the magnetization. This artifice
breaks down when SOC is included. Since SOC interaction has small effect on the band
structure (see Fig. 1(b) and Fig. 1(c)), we expect the symmetry breaking effects to be
small. In the band structure plots shown in Fig. 1(b) and Fig. 1(c), SOC couples both
spins and opens gaps when spin-up and spin-down bands meet (see light green circles).
In addition, the 3-fold degeneracy at the I' point in the SOC-free plot is lifted when
including SOC (see dark green circles). As expected, the gaps are small.

In Fig. 1(b) we observe a 4-fold degeneracy near the Fermi level in k-point
M = (3,3,0) (see blue circles), which survives the addition of SOC as shown in Fig.
I(c). Since we are interested in band crossings close to the Fermi level, we analyse
this degeneracy. It is a symmetry-protected degeneracy, following the 4-dimensional
irreducible co-representation at the M point. Following Group Theory tools, we can
construct the most general, symmetry allowed, low-energy Hamiltonian that describes
the 4-fold degeneracy in the vicinity of the M point. The resulting k - p Hamiltonian at
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Figure 1. (a) Crystal and magnetic structure of CoSs. Electronic band structures near
the Fermi level without (b) and with (¢) SOC interaction included. Light green, dark
green and blue circles enclosed gapless/gapped band crossing owing to SOC interaction
mixing spins, 3-fold/2-fold degeneracy w/o and with SOC interaction included and the
symmetry enforced 4-fold degeneracy, respectively.

first order in momentum and magnetizationi reads
H(k)=B,f -0 ® 13+ kv,B,00 @ T1 + kyvy « 0 @11 + kv,00 @73, (1)

where momentum k = (k,, ky, k) is measured from M, o, 7 are Pauli matrices, B, is
the magnetic field in the x direction and f,v,, vy, v, are undetermined constants. This
resembles the Hamiltonian of a Dirac fermion, but there are two main differences: first,
the momentum-independent B, f « o ® 73 term, which gaps the 4-fold when B, # 0
and second that both k, and k, go with 7, and there is no 7, so the resulting energy
dispersion does not result in a 3D cone:

B(k) = £1/(Baf)? + (0aBoks + v,k,)? + (0:k.)? (2)

where f = \/F and v, = \/'v_g To see that this is not a cone, we can do a rotation
of coordinates such that k; = v, B.k, + v k, and ky is orthogonal to k; and lies in the
k., = 0 plane. In that case, the resulting energy dispersion would be cone-like in kq, k,
but completely flat in k5. Thus, we cannot compute topological quantities such as the
Chern number of half-filled bands, because they are completely degenerate in the ks
direction.

Furthermore, we can rotate the model to find the corresponding k - p model in
the other M points, M, = (3,0,1) and M; = (0,3, 3). {C3|0} symmetry transforms
momentum and magnetization in the same way, Csyi(ks, ky, k) = (k. ks, ky) and
Cs1(By, By, B,) = (B, B,, B,). Then,

1 We include the magnetization as a finite parameter in the expansion, because we will be interested
in computing the model on the other M points later on. Then, we include a general magnetization
(B, By, B>), even though only B, is non-zero in our case.
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Figure 2. (a) Brillouin zone of the MSG Pb’c’a (No. 61.436) depicting the position of
nonequivalent M; points (extracted from BCS [56, 57, 58]). (b) Dispersion from I" to
the different M; points. The red arrow indicates the gap opening in Ms, as predicted
by the k - p model.
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Notice that the momentum independent term that goes with B, in M; will go with
B, in M. Since we have chosen the direction of the magnetization in the z axis, we
predict that the 4-fold will gap in the M, point. We confirmed this by computing the
energy bands in the 3 M; points (see Fig. 2(a)) and we found two of them keep the
band crossings (M;, M3) and the other one has a gap of 5.5 meV, as shown in Fig. 2(b).
The size of the gap is directly related to the energy scale of the SOC interaction. Since
SOC effect is small, the size of the gap must be small too.

Apart from 4-fold degeneracy at the M; and Mj; points, we also found that the
planes k, = £0.5 and k, = £0.5 only have 2-dimensional magnetic irreducible co-
representations. This implies that the bands will always be 2-fold degenerate at those
planes, thus, they are Nodal planes. However, due to the presence of inversion symmetry,
they will not have topological charge [15].

We now study the topological properties of CoSs focusing on both Weyl nodes
and Nodal lines. The calculations in what follows are based on the interpolated Tight
Binding model in the Wannier basis [64] constructed from VASP ab-initio calculation
[59, 60, 61, 62]. We performed Berry phase calculations, as well as surface calculations
as implemented in WannierTools [65].
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Figure 3. (a) Position of the Nodal lines in the BZ. Each red rectangle represents an
integrated Berry phase of 7. (b) Projection of the Nodal lines in the (001) direction. (c)
and (d) Berry phase calculations on the paths depicted in (b). (e) Surface calculation
in the (001) cleavage plane, computed along the red path shown in (b). Notice that
the drumhead surface states gap in regions where the Berry phase is equal to 0.

We focus on the crossings between the last two valence bands near the Fermi level
(the two top bands polarized in the majority spin in Fig. 1(c)). We found two nodal
lines, one in the plane k£, = 0 and another one in k, = 7. Both planes are left invariant
by {m.|1/2,0,1/2} (see Fig. 3(a)), which is the symmetry that protects both Nodal
lines. In order to characterize the topological protection of the Nodal line, we computed
the Berry phase around a loop enclosing it. The location of the Berry phase integration
paths (red rectangles) is shown Fig. 3(a). Each red rectangle represents an integrated
Berry phase of 7, thus, non-trivial Z, index. We conclude that the Nodal lines in both
planes are topologically protected.

In Fig. 3(b) we show the projection of both Nodal lines in the (001) direction. We
showed that the Nodal lines are topologically protected, however, which region of the
k. = 0 plane will host surface states depends on the choice of surface termination [60].
We fix our unit cell as shown in Fig. 1(a) and compute the Berry phases (integrating on
k.) along the momentum paths depicted in Fig. 3(b). The results of the calculation are
shown in Fig. 3(c) and Fig. 3(d). The calculations show that the Berry phase inside
the blue Nodal line is equal to 7, while the Berry phase outside, or inside the projection
of both Nodal lines is equal to 0. Thus, we will only find drumhead states in the region
where nodal lines do not overlap and the Berry phase is equal to m. Berry phase and
surface spectrum calculations shown in Fig 3 (d) and Fig. 3(e) respectively, have been
performed in the same momentum path, as depicted in Fig. 3(b). We choose the surface
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Figure 4. (a) Position of the Weyl nodes in the BZ. (b) Surface calculation in the
(100) cleavage plane in the path depicted in (d). (c) Zoomed-in schematic depiction
of the surface states in the (100) cleavage plane near the M>-R line. The location of
the projection of the Weyls into the surface is shown by red and blue dots. Dots with
a surrounding circle represent the projection of two Weyl nodes with equal chirality.
(d) Spin polarization of Fermi arcs in the surface calculation. They are polarized in
the direction of the majority spin, just like the bulk bands.

termination to coincide with the periodic repetition of the unit cell. We observe that
drumhead surface states survive only in regions where the Berry phase of Fig. 3(d) is
equal to 7, while they gap in regions where it is equal to 0.

By carefully examining the region close to the Fermi level we found a total of 8
Weyl points close to the Fermi level, whose location in momentum space is displayed
in Fig. 4(a). In Fig. 4(b), we show (100) surface spectrum for k, = 0, along the
momentum path depicted in Fig. 4(d) in green. In this path, we cross the projection of
4 Weyl nodes, projected pairwise with the same chirality. We can see two bright surface
states that connect the projection of the Weyl nodes, one within the BZ and the other
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going through the boundary. Notice that Fermi arcs connect Weyl nodes across the
boundary of the BZ but they avoid the Nodal planes, which are located at &, = £m. In
the (100) cleavage plane, we can observe 4 different Fermi arcs as depicted in Fig. 4(c).
The Fermi arc close to the R point connects the projection of two opposite chirality
Weyl nodes. Near the M points, though, we can see two Fermi arcs connecting the
projections, instead of one. This is due to pairs of Weyl nodes (with the same chirality)
being projected in the same point. In Fig. 4(d), we see the Fermi surface calculation
on the (100) surface, schematized in Fig. 4(c). The connection of the Fermi arcs is the
same one as in the scheme of Fig. 4(c), with single Weyl nodes connected by a single
Fermi arc and double Weyl nodes connected by two Fermi arcs. From the ab initio
calculation we know that the bands in the relevant energy window are predominantly
polarized in the direction of the majority spin. We computed the spin polarization of
the Fermi arcs to see if they inherit the polarization from the bulk. We show in Fig 4
(d) that the Fermi arcs are completely polarized in the direction of the majority spin,
as is the case in the bulk.

Our results have implications in a wide range of fields. In Quantum Optics, it has
been shown that Weyl semimetals could be used to realize a Veselago lens for electrons
[67] (negative refractive index). It has also been confirmed experimentally that Weyl
semimetals have a quantized circular photogalvanic effect [68, 69] due to their topological
charge. In the field of electronics, Weyl semimetals show signatures of the chiral anomaly
[70]. There are materials that show a large magnetorresistance, such as the family of
TaAs [9], which can be harnessed for the next generation of memory devices. The spin
polarization of the Fermi arcs can also influence the performance of a Weyl semimetal
as a spin injector, improving the expected bulk results [71].

3. Conclusions

In this work we revisited the recently discovered Weyl semimetal CoS, ferromagnetic
pyrite. We analyzed both Nodal lines and Weyl nodes found on the ferromagnetic
system. We found two nodal lines close to the Fermi level, with surface drumhead
states in the (001) surface. We also found a family of Weyl nodes close to the Fermi
level, with their distinctive Fermi arcs on the (100) surface. These surface states increase
the number of available electrons in the surface, thus improving its metallic properties
for junctions. Following the spin polarization in the direction of the majority in the bulk,
we checked if the Fermi arcs are polarized in the same direction too. We answer this
question in the affirmative, adding this material to the family of spin polarized Fermi arcs
in real materials [72]. The Fermi arcs would contribute to the spin majority polarization,
making it an interesting material for spintronics, like a possible spin injector [73].
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