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Exotic massless fermionic excitations with non-zero Berry flux, other than the Dirac and Weyl
fermions, could exist in condensed matter systems under the protection of crystalline symmetries,
such as spin-1 excitations with 3-fold degeneracy and spin-3/2 Rarita-Schwinger-Weyl fermions.
Herein, by using ab initio density functional theory, we show that these unconventional quasiparticles
coexist with type-I and type-II Weyl fermions in a family of transition metal silicides, including CoSi,
RhSi, RhGe and CoGe, when the spin-orbit coupling (SOC) is considered. Their non-trivial topology
results in a series of extensive Fermi arcs connecting projections of these bulk excitations on the
side surface, which is confirmed by (001) surface electronic spectra of CoSi. In addition, these stable
arc states exist within a wide energy window around the Fermi level, which makes them readily
accessible in angle-resolved photoemission spectroscopy measurements.

Introduction.— Three types of fermions play fundamen-
tal roles in our understanding of nature: Majorana, Dirac
and Weyl [I]. Much attention has been paid to looking
for these fundamental particles in high energy physics
during past few decades, whereas only signature of Dirac
fermions is captured. Interestingly, the same movement
comes up in the field of condensed matter physics [2], and
great achievements have been made in last few years. For
example, the Majorana-like excitations are detected in
superconducting heterostructures [3H6]; the Dirac [7HI2]
and Weyl [I3H31] fermions are observed in some com-
pounds. These quasiparticles in solid states are not only
important for basic science, but also show great potential
for practical applications on new devices [32] [33].

Because symmetries in condensed matter physics are
usually much lower than the Poincaré symmetry in high
energy physics, quasiparticles in solid states are less con-
strained such that various new types of fermionic exci-
tations are predicted to exist in the three dimensional
(3D) lattices [34H39]. Among these allowed by space
group (SG) symmetries are spin-1 and spin-3/2 mass-
less fermionic excitations, besides the well-known spin-
1/2 case, namely the Weyl fermion. All of these mass-
less quasiparticles can be described by the low energy
Hamiltonian in a unified manner to the linear order of
momentum

H=26k-S (1)

where 0k = k — kg is the momentum deviation from
the crossing point kg, and S stands for the matrices
for pseudo-spin degree of freedom that satisfy [S;, S;] =
1€;1S). The definite helicity can be assigned to each en-
ergy band of H, and it is related to the non-vanishing
Chern number for one energy surface enclosing the cross-
ing point. These band crossings behave as monopoles
of the Berry flux. For example, the Weyl fermion takes
2 x 2 Pauli matrices and holds a two-fold degeneracy, its
crossing point carries a topological charge +1 (see Fig.
a)). As a generalization, the spin-1 excitation takes
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FIG. 1. (Color online) Energy dispersions for multiple types
of topological fermions. (a) The Weyl fermion with S=1/2.
(b) The excitation with S=1. (c¢) The Raita-Schwinger-Weyl
fermion with S=3/2. (d) The double Weyl fermion. The
red arrows indicate that two energy crossings should be at
the same point for the double Weyl fermion. Chern numbers
for upper and lower bands are marked in blue for topological
fermions.

3 x 3 spin matrices and holds a three-fold degeneracy (see
Fig. [[b)), its crossing point carries a topological charge
42 because of no contribution from the middle band with
the helicity 0 [34, [40]. Spin-3/2 excitations are named
as Rarita-Schwinger-Weyl (RSW) fermions [34] [ATH43],
and S takes 4 x 4 spin matrices. Its Fermi surface has
to cross two bands near the crossing point, for exam-
ple, the helicity 3/2 and 1/2 bands with the topological
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FIG. 2. (Color online) The crystalline lattice structure, Brillouin zone (BZ) and electronic properties for CoSi without SOC. (a)
The lattice structure and (b) BZ for CoSi-family. The projected BZ of (001) surface is marked in red lines. (¢) The bulk band
structure for CoSi along high symmetry lines. Inset is 3D Fermi surface at the calculated Fermi level. (d) The corresponding
electronic spectra for (001) surface. Bulk bands along lines of R-I" and I'-X are plotted in black, in which the line along R-T" are
re-scaled to fit the distance between M and T' points. (e, f) The Fermi surface contours on (001) surface at different energies.

The calculated Fermi level is set to be zero.

charges +3 and =1, respectively (see Fig. [I[c)). So a
spin-3/2 RSW fermion acts as a monopole with topo-
logical charge +4. Additionally, the time-reversal (TR)
symmetry could lead to a non-trivial doubling of these
excitations in some situations, which gives birth to dou-
ble Weyl fermions possessing topological charge +2 (see
Fig. [1{d)) [44H46], and double spin-1 excitations with
6-fold degeneracy [34]. On the other hand, besides the
massless fermions beyond Dirac and Weyl models men-
tioned above, the other kind of new fermions, named as
three-component fermions, are predicted and observed in
a family of two-element metals AB with WC-type struc-
ture [36H39], whose triple degeneracy is protected by the
Cs, rotation symmetry.

In this Letter, we explore electronic properties for a
family of transition metal silicides (CoSi-family) based on
ab initio calculations [see Supplemental Material (SM)
[47] for computational details.] Its bulk states host all
of the exotic fermionic quasiparticles mentioned above
under different conditions. To our best knowledge, this
work is the first attempt to incorporate multiple types
of topological fermions in a solid compound that has
been synthesized experimentally [55H59]. Around the
Fermi level, the conductance in CoSi-family compounds
is mainly contributed by these unconventional excitations
with non-trivial topology. Thus signatures related to
quantum anomalies are very likely to be observed in elec-
trical and thermal transport measurements. On the other
hand, because these fermionic excitations with different
large Chern numbers reside in (or near) either the center

or the corner of the Brillouin zone (BZ), the surface states
that connect their projections, emerge extensively on the
side surface, in sharp contrast to most known topologi-
cal semimetals whose topological charges are £1 [13H31]
or zero [35H39] and arc states only live within small re-
gions [15], 18-25] 27H29] [36H38] [60]. These extensive arc
states in CoSi-family compounds offer a great opportu-
nity to fully investigate the non-trivial surface states in
experiments.

Lattice structure of CoSi-family.— The family of tran-
sition metal silicides includes CoSi [55, (6], RhSi [57],
CoGe [58] and RhGe [59], which have been synthesized
experimentally. All of them have the same cubic lattice
with space group P2;3 (No.198) and similar electronic
properties. For convenience, we focus on CoSi, a proto-
type in this family with diamagnetic character [56], in the
following discussion. Its lattice structure is shown in Fig.
a), each Si site is bonded by four nearest neighboring
Co atoms in one unitcell. The corresponding BZ is shown
in Fig. b), TR invariant points are plotted by red dots.
The SG 198 has 12 symmetry operations, which can be
generated by three of them: one 3-fold rotation symme-
try along (111) axis, two 2-fold screw symmetries along z
and x axis. Therefore, the lattice of CoSi has three 2-fold
and four 3-fold rotation or screw axises totally.

Electronic  structures without SOC— Figure [c)
demonstrates the calculated electronic structure and the
Fermi surface for CoSi bulk without SOC. Although this
compound contains the transition metal, no magnetiza-
tion is observed in our calculations and TR symmetry is
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FIG. 3. (Color online) Electronic structures for CoSi with
SOC. (a) The bulk band structure for CoSi along high symme-
try lines. (b-d) Zooming-in of bands in regions marked by red
boxes. Weyl fermions are marked by the red arrows (includ-
ing type-I and type II). The Raita-Schwinger-Weyl fermion is
marked by blue arrow. The calculated Fermi level is set to
be zero. (e) Schematics of the distribution of Weyl fermions
along lines of I'-X and I'-R around the Fermi level. The red
(blue) dots stand for the Weyl points with positive (negative)
topological charge.

guaranteed in the whole system, which is consistent with
experimental observations [56]. Around the Fermi level,
electronic states are only contributed by hole pockets at
the I' point and electron pockets at the R point. For each
physical spin, a gapless point with 3-fold degeneracy is
observed above the Fermi level at the center of BZ, which
is stabilized by crystal symmetries (see SM [47] for de-
tails). Its low energy physics can be described by spin-1
excitations shown in Fig. (b)7 whose crossing point is
a monopole possessing topological charge +2. At the R
point, we found a band crossing with 4-fold degeneracy
below the Fermi level, which is a double Weyl fermion
with the Chern number -2 [44]. So the total Chern num-
ber is zero for whole Fermi surface in CoSi bulk, which
is consistent with no-go theorem [61].

Due to non-trivial topology possessed by hole and elec-
tron pockets in the bulk, the Fermi arc surface states can
be observed on the side surface. The electronic spectra
for (001) surface is shown in Fig. 2d). We can see that
topological surface states (marked by SS) emerge from
projections of spin-1 excitation and double Weyl fermion

at I' and R points, which are stable in a large energy
window. Figures. [2e) and (f) demonstrate the Fermi
surface contours on (001) surface at different energies, in
which two Fermi arcs connect states at I' and M points.
Especially for the contour at the Fermi level (see Fig.
e))7 Fermi arcs emerge from the I' point directly, which
indicates that the middle flat band in spin-1 excitations
does not carry topological charge (see Fig. [1[b)).

Electronic structures with SOC.— Figure [3] shows the
bulk band structures for CoSi with SOC. Due to the
absence of inversion symmetry in SG 198, the SOC
term lifts the degeneracy at a arbitrary non-TR invari-
ant point, except for states on boundaries of 3D BZ
whose double degeneracy is protected by TR and non-
symmorphic screw symmetries [34]. At the center of BZ,
the 6-fold degeneracy point is split by SOC into two cross-
ing points with 2-fold and 4-fold degeneracy respectively.
They correspond to a Weyl fermion and a spin-3/2 RSW
fermion with topological charge +4. And the 4-fold de-
generacy originates from the TR forced doubling of the
underlying two-dimensional irreducible representation of
the symmetry group [62]. Meanwhile, a crossing point
with 6-fold degeneracy is found at R point. It is real-
ized as a TR doubling of spin-1 excitations protected by
non-symmorphic symmetries [34], and its total topolog-
ical charge is -4. In stark contrast to three-component
fermions [36H39], double Dirac fermion [35] and Weyl
fermions [I3H3I] whose topological charge is 1 or zero,
the spin-1 and spin-3/2 fermionic excitations carry large
Chern numbers, thus some physical phenomena related
with topological charges should be observed in this sys-
tem, such as bulk photogalvanic effect with large quan-
tized value and multiple of Fermi arc surface states. Fur-
thermore, the coexistence of spin-1 and spin-3/2 RSW
fermion in a compound with SG 198 is beyond previous
studies on unconventional quasiparticles [34].

At the same time, we found CoSi can host type-I and
type-II Weyl fermions along symmetry invariant axises.
For bands below the gapless RSW point (see Fig. |3)), six
pairs of type-IT Weyl fermions exist along I'-X lines, each
pair has opposite chiral charges. And four Weyl fermions
are observed on each line of I'-R that is invariant under 3-
fold rotation or screw symmetries. Two of them are type-
I, the others are type-II. In total, 32 Weyl points exist
along these 3-fold rotation or screw axises (see Fig. |3|(e)),
and the sum of their topological charges is zero. Similar
to previous discussions [63] [64], these Weyl fermions in
CoSi are generated by the crossing of states with different
eigenvalues of rotation or screw symmetries.

In order to demonstrate exotic physics of topological
fermions in CoSi with SOC, we explore its electronic spec-
tra on (001) surface. The calculated results are shown in
Fig. [ Topologically non-trivial surface states that re-
lated to excitations beyond Dirac and Weyl models can
be observed clearly on the side surface, which emerge
from projections of bulk states at the I’ point and end
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FIG. 4. (Color online) The projected electronic spectra for CoSi with SOC. (a) The electronic spectra along high symmetry
lines projected to (001) surface. Bulk bands along lines of R-I" and I'-X are plotted as black lines, in which the line along R-T'
are re-scaled to fit the distance between M and T' points. Type-I and type-II Weyl fermions are marked by blue dots. (b-f) The
corresponding Fermi surface contours on (001) surface at different energies. The calculated Fermi level is set to be zero.

at those around the M point. In Figs. [f{b)-(f), we show
Fermi surface contours at different energies, all of them
are above the gapless point with 6-fold degeneracy at the
R point in energy scale. In contour 1 (see Fig. |7_l|(b)),
states around the I' point are projected from bulk con-
duction bands with helicities of 3/2 and 1/2 in the RSW
fermion, their total topological charge is +4. So four
Fermi arcs are observed around the I" point on (001) sur-
face. When the energy cuts the crossing point in the
RSW fermion (see Fig. [d(c)), the arc states emerge from
the T’ point directly, indicating the non-trivial topology
carried by the RSW fermion. Furthermore, with lower
energy, projections at the I' point are from states with
3/2 helicity in RSW fermion below its 4-fold gapless point
and states in Weyl fermion at the T' point. Their total
Chern number still is +4, four Fermi arcs are observed
in Figs. [4(d)-(f). Similar to cases in TaAs [15, 18| 20-
22] and MoTe, [23H25] 27H29], Fermi arcs contributed
by type-1 and type-II Weyl fermions in CoSi are coupled
with bulk states strongly although these bulk states still
carry non-zero topological charges. Thus, the signature
from Weyl fermions is hard to be distinguished on the
surface spectroscopy. Herein, we found the possible sig-
nal of Fermi arcs contributed by type-II Weyl fermions in
Fig. [4f) and the Lifshitz transition for Fermi arc surface
states.

Conclusion.— By using first principles calculations, we
predict that bulk states of CoSi-family compounds host
spin-1 excitations, double Weyl fermions, spin-3/2 RSW
fermions, type-I and type-II Weyl fermions in cases with-
out and with SOC. The corresponding extensive Fermi
arcs are observed on (001) surface clearly. Different from
previous found topological semimetals, such as the three-
component, Dirac, and Weyl fermions, our systems sup-
port topological features in a large energy window around
the Fermi level and almost on whole surface BZ. We ex-
pect that these electronic signatures can be observed via
angle-resolved photoemission spectroscopy on the side
surface directly. When a magnetic field is applied to
this system to break TR symmetry, these quasiparticles
may split to multiple Weyl fermions [34]. Therefore, the
anomalous magnetoresistance may be observed via the
electrical transport measurements and quantum anoma-
lies may be identified via thermal transports [65]. Due
to large Chern number carried by spin-3/2 and spin-1
excitations, the exotic bulk photogalvanic effects related
to chiral charges may be also observed in this system.
Therefore, this work not only identifies a series of de-
sired robust topological semimetal candidates but also
provides an ideal platform to explore exotic physical phe-
nomena and future device applications.
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Note added.— When we completed our manuscript, we
become aware of a e-print work aiming at double Weyl
points in phonon dispersion for transition-metal silicides
MSi (M=Fe, Co, Mn, Re, Ru) with SG 198 [66]. And
after this work was made public through posting as an
e-print (arXiv:1706.03817), a similar work, carried out
independently by another group, also became public as
an e-print (arXiv:1706.04600) [67].
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