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Abstract
We show that the cubic compound PtBi2 is a topological semimetal hosting a sixfold band
touching point in close proximity to the Fermi level. Using angle-resolved photoemission
spectroscopy, we map the band structure of the system, which is in good agreement with
results from density functional theory. Further, by employing a low energy effective
Hamiltonian valid close to the crossing point, we study the effect of a magnetic field
on the sixfold fermion. The latter splits into a total of twenty Weyl cones for a Zeeman
field oriented in the diagonal, (111) direction. Our results mark cubic PtBi2 as an ideal
candidate to study the transport properties of gapless topological systems beyond Dirac
and Weyl semimetals.
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1

Introduction

Topological semimetals are materials whose band structure contains topologically protected
intersections of energy bands. Well-known examples include Dirac and Weyl semimetals, that
host point-like, cone-shaped band crossings [1–4]. They are governed by low energy effective
Hamiltonians which take the same form as those describing their high energy physics namesakes, the elementary Dirac and Weyl fermions. Unlike in quantum field theory, however,
Poincaré symmetry does not constrain the set of emergent quasiparticles allowed in condensed
matter systems. As such, the low energy excitations of a crystal may come in flavors that go
beyond those of the standard model of particle physics [5–16]. In terms of the band structure,
these unconventional fermions arise at the intersections of multiple energy levels, such as 3,
4, 6, or even 8-fold points.
Beyond their appeal as a playground that harbors aspects of the fundamental theories of
high energy physics, topological semimetals might also have potential technological applications. For the latter, one aims to exploit the unique electrical properties induced by the crossing
points, such as the chiral anomaly [17], or the axial gravitational anomaly [18]. Since these effects involve mainly states close to the Fermi level, their observation imposes strict constraints
on the energy at which band intersections should occur, thus reducing the range of viable material candidates. Indeed, despite the relatively large number of confirmed Weyl and Dirac
systems [19–41], few show band crossings in close proximity to the Fermi level. For semimetals hosting unconventional fermions the list is smaller still, especially given that to date, few
such materials have actually been synthesized and checked experimentally for the presence of
nodal fermions [42–50].
In this work, we identify cubic PtBi2 as an ideal candidate for transport studies on topological semimetals. We use a combination of angle-resolved photoemission spectroscopy (ARPES)
and density functional theory (DFT) to map the band structure of the system. We show that
cubic PtBi2 hosts a sixfold band touching point – a triple Dirac point – in close proximity (1020 meV) to the Femi level. To study the essential topological features of the crossing, we use a
low-energy effective Hamiltonian which reproduces the ab-initio data. Upon including a weak
Zeeman field to the model, we find that the sixfold point can split into a total of twenty type-II
Weyl cones.

2
2.1

Band structure mapping
Theory

The DFT calculations where performed using the full 4-component relativistic mode of the Full
Potential Local Orbital (FPLO) code [51] in version 15.02 with a 10 × 10 × 10 k-mesh for the
Brillouin zone (BZ) integration and the local density approximation (LDA) [52]. The space
group is 205 (Pa3̄) with lattice parameter a0 = 6.6954 and Pt at Wyckoff position ( 21 , 0, 0) and
Bi at (0.12913, 0.12913, 0.12913).
Following the self consistent calculation a maximally projected Wannier function model
[53, 54] containing all Bi 6p- and Pt 5d-orbitals was constructed. The corresponding core energy window reaches from −5 eV to −3 eV with a lower and upper Gausian fall-off of halfwidth
1 eV and 3 eV attached, respectively, ensuring a very good fit to the DFT band structure in an
energy window from −6 eV to +5 eV with a maximum error around and below the Fermi level
of 30meV.
This Wannier model was used to calculate the spectral density for an infinite bulk system
by kz -integrating the bulk band structure including an imaginary part of the band energies
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Figure 1: (color online) (a) the bulk unit cell, (b) the DFT 3D bulk Fermi surface with
electron pockets (magenta) around the Γ - and R-points and hole pockets (yellow) on
the line Γ M. (c) the DFT bulk band structure with arrows indicating the positions
of Dirac and triple Dirac points. (d-g) DFT spectral densities in the extendend zone
scheme at the Fermi level (d and f) and as energy-momentum cuts (e and g), (d)
and (e) show kz -integrated [(001)-direction] bulk projected bands, while (f) and
(g) show the result for a BiPtBi-terminated [(001)-direction] semi infinite slab. The
crosses show the position of the Dirac points along Γ R or Γ M. Dashed lines in (g)
highlight some important surface states dispersion. The red arrows in panel (d)
mark features we refer to as “beans”, whereas black and white arrows in (f) refer
to “brackets” and “petals,” respectively.
of 20meV [(001)-bulk projected bands (BPB)]. Furthermore, a semi-infinite slab (SIS) with
a triple layer BiPtBi as termination was set up to calculate spectral densities of an idealized
(001)-surface (simple Hamiltonian cutoff at the surface). The spectral densities were obtained
via a Green’s function recursion method [55, 56].
For the subsequent comparison with the photoemission intensity from the (001) surface
of PtBi2 we have calculated the spectral function corresponding to the bulk (BPB) and sur3
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face states (SIS) in a repeated zone scheme. Since the kz -resolution is a strongly materialdependent quantity and thus the degree of surface contribution is not a priori known, we
present both momentum- [Fig. 1(d), 1(f)] and energy-momentum [Fig. 1(e), 1(g)] intensity
distributions along high symmetry directions by either including (SIS) or excluding (BPB) the
surface states. Full integration of the bulk states along the (001) direction (BPB) will allow us
a rough estimate of the kz -resolution when comparing to experiment. Comparison of panels
1(d) and 1(e) with 1(f) and 1(g) respectively reveals the contribution of the surface states, as
predicted by theory.
Fig. 1(b) suggests that there are three types of the Fermi surfaces in PtBi2 and all of them
are strongly three-dimensional. The structure near the Γ -point is due to the projection of a
large electron-like Fermi surface (FS) [Fig. 1(d) and 1(f)]. The ones in the corners of the
BZ are the projections of eight electron-like Fermi surfaces united to the shape similar to a
stellated octahedron centered at the R-points. Other twelve “beans” are the hole-like pockets,
made by the crossings along Γ M and Γ A. They are responsible for the four larger filled ellipses
close to the sides of the surface Brillouin zone and for the four smaller ellipses overlapping
with the projections of the FS in the corners. Note the C2 symmetry of the intensity pattern
in Fig. 1(d), which stems from the symmetry reduction of the non-symmorphic cubic space
group due to the surface termination/kz -integration. For instance, filled ellipses are closer to
each other along Γ Y, and positioned farther apart along the Γ X direction. The projection with
the center at the M-point is clearly asymmetric too. The surface adds features which make
the C2 -symmetry even more pronounced [Fig. 1(f)]. These are the “brackets” connecting the
Γ -centered FS-projection with ellipses along Γ X as well as the vertical arc-like connections of
the “petals” near M-point. The surface also adds bright and well localized intensity spots at Γ and M-points.

2.2

Experiment

PtBi2 single crystals were grown as described in Ref. [57]. Angle-resolved photoemission
spectroscopy (ARPES) measurements were carried out at “13 -ARPES” facility at BESSY at a
temperature of 1 K within a wide range of photon energies (60 - 100 eV) from the cleaved
surface of high-quality single crystals. The overall energy and momentum resolutions were
set to ∼8 meV and ∼0.013 −1 , correspondingly.
In Fig. 2 we show the ARPES Fermi surface maps recorded using photons of different energies and compare them with the calculated momentum distribution including surface states
(SIS). All maps shown in Fig. 2 and in particular the pattern within the first Brillouin zone
(white dashed box) are in qualitative agreement with each other, with theory [Fig. 2(c)], as
well as with a previous study focusing on the surface states of PtBi2 [58]. All the FS projections
discussed earlier are seen in the experimental maps having very similar shapes and intensity
patterns, including the C2 -symmetry. Moreover, the surface related features, such as “brackets” and arc-like connections near the corners of the BZ (“petals”) are clearly visible as well.
The similarity of all experimental maps taken using different photon energies clearly implies a
very low kz -resolution. The differences are mostly due to unequal intensity distribution rather
than different peak positions of the spectral function. Therefore, one can consider any of the
maps as representing the total spectral weight - fully integrated over kz bulk states plus surface
states. Intensity variations are due to matrix elements highlighting a particular portion of the
k-space.
Keeping this in mind, a closer inspection of the maps reveals certain discrepancies with
theory. Ellipses are closer to each other in the experiment near Y-points and even overlap
or at least touch there. They also seem to be larger than their near-X counterparts. Another
difference is the absence of the sharp intensity maxima due to surface states at the Γ - and
M-points.
4
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Figure 2: (color online) (a)-(b) and (d)-(g) ARPES Fermi surface maps at various
photon energies: (a) 100 eV, (b, d) 80 eV, (e) 63 eV, (f) 70 eV, and (g) 60 eV. These
maps are compared to (c) a suitably oriented DFT spectral density map at the Fermi
energy including surface states (SIS). Panel (h) shows a side-by-side comparison of
the first Brillouin zones shown in the other panels. The red, black, and white arrows
indicate features referred to in the main text as “beans,” “brackets,” and “petals,”
respectively.
To get a deeper insight into the origin of the observed similarities and discrepancies we
show in Fig. 3 the comparison of the experimental momentum-energy cuts with the corresponding calculations of the total intensity along the Γ Y- and Γ X-directions. In Figs. 3 and
4 we use binding energy for the vertical axis, which has a sign opposite to that of energy in
Fig. 1. As in the case with the FS maps, the overall agreement is very good. All the wellpronounced features in the calculations can be tracked in the experimental data. Even the
intensity distribution is captured by the calculations correctly in most cases, but due to a big
number of features their relative intensities are not always reproduced exactly. The most pronounced difference is the absence of the crossing of two dispersing features at the Fermi level
at the Γ -point. These features can be clearly identified as surface states, as follows from the
comparison of Fig. 1(e) and Fig. 1(g). We noticed the corresponding absence of the bright
spot in the Fermi surface maps earlier.
The data shown in Fig. 3(b) provides an explanation for this discrepancy. Indeed, there
are two features close to the Γ point with the dispersion opposite to the electron-like parabola
supporting the large Γ -centered Fermi surface, but they cross the Fermi level before they reach
the Γ point. This is best seen when considering the left-most Γ point in Fig. 3(b). To highlight
these dispersions we have schematically extended them above the Fermi level using dashed
lines. The corresponding set of features is seen also in all experimental maps in Fig. 2 inside the
5
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Figure 3: (color online) Comparison of the experimental (b and d) momentumenergy cuts with the DFT equivalent (a and c) in the setup including surface states
(SIS) along the lines Γ Y (a and b) and Γ X (c and d). Dashed lines in (b and d)
schematically show the position of some surface states dispersion above the Fermi
level.
large Γ -centered FS. Also, one has to keep in mind that the idealized surface termination in the
SIS calculations may not accurately reproduce the experimentally realized energy dispersion
or the ones corresponding to a self-consistent slab calculation including all surface relaxations.
Nonetheless, we note that the other set of surface states, the one responsible for “brackets,” is
reproduced remarkably well: the linear dispersions starting approximately at 200 meV below
the Fermi level at Γ are clearly seen in Fig. 3(d) for the left-most and righ-most BZs.
In Fig. 4 we show the comparison of theory with experiment for the Γ M-high-symmetry
direction. We have selected two representative cuts with different intensity distributions to
highlight different parts of the spectra. Both measurements again show an overall agreement
with the calculations. Also this time the most noticeable variations can be attributed to the
surface states. The difference between the plots in Fig. 1(e) and 1(g) suggests that purely
surface-originated features (except the already discussed ones at Γ ) are the parabolic dispersion with the top located roughly in between Γ and M at +150 meV and features dispersing
between −100 and +500 meV and crossing near the Fermi level thus highlighting the Mpoint in the calculated map [dashed lines in Fig. 1(f)]. The experiment clearly shows that the
mentioned parabolic dispersion becomes fully occupied. Indeed, the two “X”-like features are
clearly seen between Γ and M with the top of the above mentioned parabola residing at 90
meV below the Fermi level.
Taking into account that also the energetics of the Γ -centered surface states is not fully accounted for by the calculations, it is not surprising that the surface states appear to be missing
at the M-point - the bright spot is not there in the maps and we do not observe any corresponding crossing of features in Fig. 4(b) and 4(d). However, a weak feature at the Fermi level can
be seen at the M-point [e.g. left M-point in Fig. 4(d)]. Taking into account that all surface
states discussed above are the strongest features in terms of intensity, we attribute this one to
the bulk states. Its shape corresponds to the bottom of the parabolic projection seen slightly
above the Fermi level in Fig. 1(e) and thus to the triple Dirac point.
In spite of deviations in energy positions of some surface states the still observed overall
agreement implies a remarkable correspondence between theory and experiment for the bulk
6
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Figure 4: (color online) Comparison of two different experimental (b and d)
momentum-energy cuts with the DFT equivalent (a and c) in the setup including
surface states (SIS) along the line Γ M. The magenta and red arrows mark the position of the Dirac points and the white arrows the positions of the two triple Dirac
points (at 700 and 15 meV below the Fermi level).
states. Thus, the 3D Dirac points revealed by the calculations turn out to be experimentally
realized. Using the positions of the Dirac points in the calculations one can trace their location in the experimental data. Because of the low kz -resolution, we are not able to see the
dispersions crossing in a single point directly, but the pattern of the features nearby allows us
to identify the location of their projections [see arrows in Fig. 4(b)]. As mentioned above, the
triple Dirac point is located at approximately 10-20 meV below the Fermi level, as indicated
by one of the two white arrows in Fig. 4(b).

3

Low energy model

For the construction of the low energy model around the triple Dirac fermion point we used a
fine resolution of the Wannier model (see Appendix).
The minimal model for a sixfold fermion of PtBi2 (space group 205) can be found in
Ref. [7]. The Hamiltonian is quadratic in momentum, k = (k x , k y , kz ), always measured relative to the band crossing point:
f1 (k)
 ae−iφa k y kz

 ae iφa k x kz
H205 = 
0

 −iφ b
be
k y kz
−be−iφ b k x kz


ae iφa k y kz
f2 (k)
ae−iφa k x k y
−be−iφ b k y kz
0
be−iφ b k x k y

ae−iφa k x kz
ae iφa k x k y
f3 (k)
be−iφ b k x kz
−be−iφ b k x k y
0

7

0
−be iφ b k y kz
be iφ b k x kz
f1 (k)
ae iφa k y kz
ae−iφa k x kz

be iφ b k y kz
0
−be iφ b k x k y
ae−iφa k y kz
f2 (k)
ae iφa k x k y


−be iφ b k x kz
be iφ b k x k y 

0

,
iφa
ae k x kz 

−iφa
ae
kx k y
f3 (k)
(1)
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where
f1 (k) =E0 + E1 k2x + E2 k2y + E3 kz2
f2 (k) =E0 + E1 kz2 + E2 k2x + E3 k2y
f3 (k) =E0 +

E1 k2y

+

E2 kz2

+

E3 k2x

(2)
.

The symmetries which are relevant for the sixfold fermion are: a 3-fold screw in the (111) direction,
denoted S3 , a 2-fold screw in the x direction [S2 ], inversion [I], and time-reversal symmetry (TRS, T ).
The representation of these operators is


0 0 1
S3 = 1 0 0 ⊗ σ0
0 1 0


−1 0 0
(3)
S2 =  0 −1 0 ⊗ σ0
0
0 1
I =13×3 ⊗ σ0
T =i13×3 ⊗ σ y K ,
where K denotes complex conjugation, σ are Pauli matrices in spin space, the remaining 3 × 3 matrices
act in orbital space, and 13×3 is the identity matrix.
Using ab-initio data on a momentum grid around the 6-fold fermion, we extracted the parameters
E0,1,2,3 , a, φa , and b of the Hamiltonian Eq. (1) (see Appendix). Note that φ b can be gauged away by
the basis transformation U = diag(1, 1, 1, e iφ b , e iφ b , e iφ b ), and as such it will not affect the spectrum of
the low-energy model. For this reason we set φ b = 0 throughout the following.
The magnetic field (here considered to be a Zeeman field) has two main effects. First, it breaks
TRS, such that different spin states have in general different energies. Second, it breaks some of the
lattice symmetries, depending on its orientation. On the level of the low-energy Hamiltonian, we model
a Zeeman field as
Hz = Hzorb ⊗ (B x σ x + B y σ y + Bz σz ) ,
(4)
which is separated into an orbital part that acts on the ortibal degrees of freedom, Hzorb , and a spin part
which is taken to be the usual Zeeman term. For the (111) direction, B x = B y = Bz ≡ B, and Hzorb is
obtained as the most general 3 × 3 matrix which respects the 3-fold screw symmetry [Hz , S3 ] = 0 [see
Eq. (3)]. Following Ref. [7] we obtain


2iπ
2iπ
e 3
1 e− 3
1
2iπ
2iπ
(5)
Hzorb = Udiag(g1 + g0 , g2 + g0 , −g1 − g2 + g0 )U † , U = p  1 e 3
e− 3  .
3
1
1
1
As before, we determine the g factors by comparing the model to the ab-initio data, with details
shown in the Appendix.
When the Zeeman field is turned on, the 6-fold crossing splits into a total of 20 Weyl cones. There
are 8 Weyl nodes on the (111) axis, and 4 on each of the three principal directions (totaling 12), which
are related to each other by the 3-fold screw symmetry. Because the Zeeman term preserves inversion
symmetry, the band crossings are k → −k symmetric, with Weyl cones at opposite k having opposite
charge.
In the following, we fix B = 3 · 10−4 and show the Weyl node positions and charges. We find
that all 20 Weyl cones are type-II, or over-tilted. Figure 5 shows the spectrum as a function of k x for
k x = k y = 0 (left panel), as well as along k x = k y = kz ≡ kd (right panel). In both cases, Weyl points
are marked with arrows.
To show that there are no other band crossing points except for the ones mentioned above, we
have performed a 3D scan in momentum space, as shown in Fig. 6. In this figure we also indicate
the monopole charge of each node, obtained by numerically integrating the Berry curvature over a
closed surface surrounding each Weyl cone. In the Supplemental Material, we have included a code
which implements the low energy model and numerically determines the monopole charge of each
band crossing point, thus confirming that they are Weyl nodes.
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Figure 5: Band structure in the presence of a (111) Zeeman field (B = 3 · 10−4 ). The
left panel shows the k x direction for k y = kz = 0, and the bottom panel shows the
k x = k y = kz ≡ kd direction. Weyl cones are marked by black arrows.

4

Conclusion

Crossings of energy levels such as Dirac points, Weyl points, and their multi-fold generalizations occur
in a variety of band structures, but few materials host them in the vicinity of the Fermi level. We have
shown that cubic PtBi2 is one such material. We have performed angle-resolved photoemission spectroscopy to map its band structure, finding good agreement with density functional theory calculations.
Our results show that PtBi2 hosts a symmetry protected crossing of six energy bands, 50 meV above EF
in DFT and 10-20 meV below EF according to ARPES.
Starting from the ab-initio results, we have constructed a low-energy effective model for the sixfold
fermion, which allowed us to study the effect of a Zeeman field on the band crossing. Remarkably, for
a magnetic field pointing in the (111) direction, the band crossing splits into a total of twenty Weyl
cones, marking PtBi2 as an ideal canditate for magnetotransport studies. We hope that our work will
motivate further research in this direction, including measurements of the chiral anomaly and studies
of non-linear transport effects generated by Berry curvature dipoles [59–61].
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A

Model parameters from ab-initio data

Here we describe the method used to extract the parameters of the low-energy model Eq. (1), given
the band structure generated in DFT.
The simplest to estimate is E0 , the energy of the band crossing point, obtained by setting k = 0.
Setting k y = kz = 0 instead, the Hamiltonian is diagonal, allowing us to obtain E1,2,3 , which are just the
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Figure 6: Position of Weyl nodes in the presence of a (111) Zeeman field
(B = 3 · 10−4 ). Gray lines indicate the three principal k x, y,z directions, as well as
the diagonal k x = k y = kz direction. Ordering the eigenvalues in increasing energy
from 1 to 6, colored patches indicate crossings between levels 2 and 3 (blue), 3 and
4 (red), 4 and 5 (green), as well as between levels 5 and 6 (black). Each crossing
is determined by the set of momenta for which the energy difference of neighboring
bands is less than 10−5 . Six inequivalent Weyl cones are labeled W j , j = 1, . . . , 6. All
other crossing points can be inferred by applying inversion or 3-fold rotation. Their
monopole charge is Q = +1 for W1 , W4 , and W6 , whereas it takes the value Q = −1
for W2 , W3 , and W5 .

curvatures of the three parabolic bands (each band is doubly degenerate because of inversion and TRS).
Note that the ab-initio data is on a discrete grid, so to get the curvatures we used the k x points closest
to the 6-fold crossing (k x = 0.02 in units of 2π/a). This is necessarily an approximation, however,
because Eq. (1) is only valid infinitesimally away from k = 0, so that for any finite distance away there
will be a (small) contribution from higher-order momentum terms. We find E0 ' 0.027, E1 ' 12.192,
E2 ' 13.855, and E3 ' 20.927, where we have chosen E1 < E2 < E3 without loss of generality. All
parabolas have positive curvature.
To extract the remaining parameters, we use the eigenvalues of the system along the diagonal
momentum direction kd ≡ k x = k y = kz , which now only depend on b, a cos(φa ), and a sin(φa ). As
before, each level " is 2-fold degenerate
"1 =E0 + kd2 [E1 + E2 + E3 + 2a cos(φa )]
h
Ç 
i
"2,3 =E0 + kd2 E1 + E2 + E3 − a cos(φa ) ∓ 3 b2 + a2 sin(φa )2 .

(6)

Again, comparing to the levels closest to the crossing, at kd = 0.02, allows to extract the Hamiltonian parameters. Using the E0,1,2,3 found before, this is a system of 3 equations with 3 unknowns, but
it does not have an exact solution, again because of higher order momentum terms which are nonzero
away from k = 0. For this reason, we use instead a numerical minimization routine to find the best
P
k·p
a, b, and φa . The routine minimizes j=1,2,3 |" j − " DFT
|, where " DFT
are the energies obtained by
j
j
DFT, finding a ' −24.666, b ' 14.365, and φa ' −0.846. The largest relative error introduced by this
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process is max j=1,2,3 |" j − " DFT
|/" DFT
= 0.01529, so less than 1.6%. Finally, note that one can always
j
j
change φa → φa + π and a → −a without changing the spectrum, simply because the two always
appear as ae±iφa in the Hamiltonian.
To estimate the g factors entering the Zeeman term (4), we use a similar numerical minimization
~ where 〈Σ〉
~ ·B
~ is
algorithm. To this end, we added to the non-magnetic ab-initio Hamiltonian a term 〈Σ〉
the matrix of the spin operator in the DFT basis, which allows to have a Zeeman field that acts correctly
on the individual orbitals. We used a diagonal B = 0.01 and extracted the eigenvalues at k = 0:
p
"1,2 =E0 ∓ 3B|g0 + g1|
p
(7)
"3,4 =E0 ∓ 3B|g0 + g2|
p
"5,6 =E0 ∓ 3B| − g0 + g1 + g2| .
With the E0 found before, we obtain g0 ' 0.498, g1 ' 0.237, and g2 ' 0.076. The relative errors of
energy levels obtained through this numerical minimization (as compared to DFT) are 5.13%, 2.82%,
1.68%, 1.29%, 0.63%, and 0.18%. To get a better estimate, one can also include a linear in B total
energy shift of the bands, by adding a term B gshift 16×6 and fitting gshift together with the other g factors.
Doing this results in g0 ' 0.391, g1 ' 0.348, g2 ' 0.194, and gshift ' 0.047. Notice that gshift is
significantly smaller than the other terms. The relative errors in this case are also smaller: 1.09%,
0.97%, 0.55%, 0.017%, and the remaining two smaller than 10−6 %. In the plots shown in Figs. 5 and
6, we have included this overall energy shift.

References
[1] B. Yan and C. Felser, Topological materials: Weyl semimetals, Annu. Rev. Condens. Matter Phys. 8,
337 (2017), doi:10.1146/annurev-conmatphys-031016-025458.
[2] N. P. Armitage, E. J. Mele and A. Vishwanath, Weyl and Dirac semimetals in three-dimensional
solids, Rev. Mod. Phys. 90, 015001 (2018), doi:10.1103/RevModPhys.90.015001.
[3] X. Wan, A. M. Turner, A. Vishwanath and S. Y. Savrasov, Topological semimetal and Fermi-arc
surface states in the electronic structure of pyrochlore iridates, Phys. Rev. B 83, 205101 (2011),
doi:10.1103/PhysRevB.83.205101.
[4] A. A. Burkov and L. Balents, Weyl semimetal in a topological insulator multilayer, Phys. Rev. Lett.
107, 127205 (2011), doi:10.1103/PhysRevLett.107.127205.
[5] C. Fang, M. J. Gilbert, X. Dai and B. A. Bernevig, Multi-Weyl topological semimetals stabilized by point group symmetry, Phys. Rev. Lett. 108, 266802 (2012),
doi:10.1103/PhysRevLett.108.266802.
[6] T. T. Heikkilä and G. E. Volovik, Nexus and Dirac lines in topological materials, New J. Phys. 17,
093019 (2015), doi:10.1088/1367-2630/17/9/093019.
[7] B. Bradlyn, J. Cano, Z. Wang, M. G. Vergniory, C. Felser, R. J. Cava and B. Andrei Bernevig,
Beyond Dirac and Weyl fermions: Unconventional quasiparticles in conventional crystals, Science
353, aaf5037 (2016), doi:10.1126/science.aaf5037.
[8] T. Hyart and T. T. Heikkilä, Momentum-space structure of surface states in a topological semimetal with a nexus point of Dirac lines, Phys. Rev. B 93, 235147 (2016),
doi:10.1103/PhysRevB.93.235147.
[9] S.-M. Huang et al., New type of Weyl semimetal with quadratic double Weyl fermions, Proc. Natl.
Acad. Sci. USA 113, 1180 (2016), doi:10.1073/pnas.1514581113.
[10] L. Lepori, I. C. Fulga, A. Trombettoni and M. Burrello, Double Weyl points and Fermi arcs
of topological semimetals in non-Abelian gauge potentials, Phys. Rev. A 94, 053633 (2016),
doi:10.1103/PhysRevA.94.053633.
[11] H. Weng, C. Fang, Z. Fang and X. Dai, Topological semimetals with triply degenerate nodal points
in θ -phase tantalum nitride, Phys. Rev. B 93, 241202 (2016), doi:10.1103/PhysRevB.93.241202.

11

SciPost Phys. 10, 004 (2021)

[12] Z. Zhu, G. W. Winkler, Q. Wu, J. Li and A. A. Soluyanov, Triple point topological metals, Phys. Rev.
X 6, 031003 (2016), doi:10.1103/PhysRevX.6.031003.
[13] G. W. Winkler, Q. Wu, M. Troyer, P. Krogstrup and A. A. Soluyanov, Topological phases in
InAs1−x Sb x : From novel topological semimetal to Majorana wire, Phys. Rev. Lett. 117, 076403
(2016), doi:10.1103/PhysRevLett.117.076403.
[14] I. C. Fulga and A. Stern, Triple point fermions in a minimal symmorphic model, Phys. Rev. B 95,
241116 (2017), doi:10.1103/PhysRevB.95.241116.
[15] H. Yang, J. Yu, S. S. P. Parkin, C. Felser, C.-X. Liu and B. Yan, Prediction of triple point
fermions in simple half-Heusler topological insulators, Phys. Rev. Lett. 119, 136401 (2017),
doi:10.1103/PhysRevLett.119.136401.
[16] I. C. Fulga, L. Fallani and M. Burrello, Geometrically protected triple-point crossings in an optical
lattice, Phys. Rev. B 97, 121402 (2018), doi:10.1103/PhysRevB.97.121402.
[17] H. B. Nielsen and M. Ninomiya, The Adler-Bell-Jackiw anomaly and Weyl fermions in a crystal,
Phys. Lett. B 130, 389 (1983), doi:10.1016/0370-2693(83)91529-0.
[18] J. Gooth, A. C. Niemann, T. Meng, A. G. Grushin, K. Landsteiner, B. Gotsmann, F. Menges,
M. Schmidt, C. Shekhar, V. Süß, R. Hühne, B. Rellinghaus et al., Experimental signatures of
the mixed axial–gravitational anomaly in the Weyl semimetal NbP, Nature 547, 324 (2017),
doi:10.1038/nature23005.
[19] Z. K. Liu et al., Discovery of a three-dimensional topological Dirac semimetal, Na3 Bi, Science 343,
864 (2014), doi:10.1126/science.1245085.
[20] S. Borisenko, Q. Gibson, D. Evtushinsky, V. Zabolotnyy, B. Büchner and R. J. Cava, Experimental realization of a three-dimensional Dirac semimetal, Phys. Rev. Lett. 113, 027603 (2014),
doi:10.1103/PhysRevLett.113.027603.
[21] M. Neupane et al., Observation of a three-dimensional topological Dirac semimetal phase in highmobility Cd3 As2 , Nat. Commun. 5, 3786 (2014), doi:10.1038/ncomms4786.
[22] B. Q. Lv et al., Experimental discovery of Weyl semimetal TaAs, Phys. Rev. X 5, 031013 (2015),
doi:10.1103/PhysRevX.5.031013.
[23] B. Q. Lv et al., Observation of Weyl nodes in TaAs, Nat. Phys. 11, 724 (2015),
doi:10.1038/nphys3426.
[24] S.-Y. Xu et al., Discovery of a Weyl fermion semimetal and topological Fermi arcs, Science 349, 613
(2015), doi:10.1126/science.aaa9297.
[25] S.-Y. Xu et al., Discovery of a Weyl fermion state with Fermi arcs in niobium arsenide, Nat. Phys. 11,
748 (2015), doi:10.1038/nphys3437.
[26] S.-M. Huang et al., A Weyl fermion semimetal with surface Fermi arcs in the transition metal monopnictide TaAs class, Nat. Commun. 6, 7373 (2015), doi:10.1038/ncomms8373.
[27] L. X. Yang et al., Weyl semimetal phase in the non-centrosymmetric compound TaAs, Nat. Phys. 11,
728 (2015), doi:10.1038/nphys3425.
[28] K. Koepernik, D. Kasinathan, D. V. Efremov, S. Khim, S. Borisenko, B. Büchner and J. van
den Brink, TaIrTe4 : A ternary type-II Weyl semimetal, Phys. Rev. B 93, 201101 (2016),
doi:10.1103/PhysRevB.93.201101.
[29] S.-Y. Xu et al., Discovery of Lorentz-violating Weyl fermion semimetal state in LaAlGe materials
(2016), arXiv:1603.07318.
[30] N. Xu et al., Observation of Weyl nodes and Fermi arcs in tantalum phosphide, Nat. Commun. 7,
11006 (2016), doi:10.1038/ncomms11006.
[31] L. Huang, T. M. McCormick, M. Ochi, Z. Zhao, M.-T. Suzuki, R. Arita, Y. Wu, D. Mou, H. Cao,
J. Yan, N. Trivedi and A. Kaminski, Spectroscopic evidence for a type II Weyl semimetallic state in
MoTe2 , Nat. Mater. 15, 1155 (2016), doi:10.1038/nmat4685.

12

SciPost Phys. 10, 004 (2021)

[32] K. Deng et al., Experimental observation of topological Fermi arcs in type-II Weyl semimetal MoTe2,
Nat. Phys. 12, 1105 (2016), doi:10.1038/nphys3871.
[33] A. Liang et al., Electronic evidence for type II Weyl semimetal state in MoTe2 (2016),
arXiv:1604.01706.
[34] A. Tamai et al., Fermi arcs and their topological character in the candidate type-II Weyl semimetal
MoTe2 , Phys. Rev. X 6, 031021 (2016), doi:10.1103/PhysRevX.6.031021.
[35] I. Belopolski et al., Signatures of a time-reversal symmetric Weyl semimetal with only four Weyl
points, Nat. Commun. 8, 942 (2017), doi:10.1038/s41467-017-00938-1.
[36] J. Jiang et al., Signature of type-II Weyl semimetal phase in MoTe2 , Nat. Commun. 8, 13973 (2017),
doi:10.1038/ncomms13973.
[37] E. Haubold et al., Experimental realization of type-II Weyl state in noncentrosymmetric TaIrTe4 ,
Phys. Rev. B 95, 241108 (2017), doi:10.1103/PhysRevB.95.241108.
[38] S. Borisenko et al., Time-reversal symmetry breaking type-II Weyl state in YbMnBi2 , Nat. Commun.
10, 3424 (2019), doi:10.1038/s41467-019-11393-5.
[39] M. Kang et al., Dirac fermions and flat bands in the ideal kagome metal FeSn, Nat. Mater. 19, 163
(2020), doi:10.1038/s41563-019-0531-0.
[40] M. P. Ghimire, J. I. Facio, J.-S. You, L. Ye, J. G. Checkelsky, S. Fang, E. Kaxiras, M. Richter and J.
van den Brink, Creating Weyl nodes and controlling their energy by magnetization rotation, Phys.
Rev. Research 1, 032044 (2019), doi:10.1103/PhysRevResearch.1.032044.
[41] Q. Xu, Y. Zhang, K. Koepernik, W. Shi, J. van den Brink, C. Felser and Y. Sun, Comprehensive
scan for nonmagnetic Weyl semimetals with nonlinear optical response, Npj Comput. Mater. 6, 32
(2020), doi:10.1038/s41524-020-0301-1.
[42] B. Q. Lv et al., Observation of three-component fermions in the topological semimetal molybdenum
phosphide, Nature 546, 627 (2017), doi:10.1038/nature22390.
[43] J.-Z. Ma et al., Three-component fermions with surface Fermi arcs in tungsten carbide, Nat. Phys.
14, 349 (2018), doi:10.1038/s41567-017-0021-8.
[44] R. Chapai, Y. Jia, W. A. Shelton, R. Nepal, M. Saghayezhian, J. F. DiTusa, E. W. Plummer, C. Jin
and R. Jin, Fermions and bosons in nonsymmorphic PdSb2 with sixfold degeneracy, Phys. Rev. B 99,
161110 (2019), doi:10.1103/PhysRevB.99.161110.
[45] Z. Rao, H. Li, T. Zhang, S. Tian, C. Li, B. Fu, C. Tang, L. Wang, Z. Li, W. Fan, J. Li, Y. Huang
et al., Observation of unconventional chiral fermions with long Fermi arcs in CoSi, Nature 567, 496
(2019), doi:10.1038/s41586-019-1031-8.
[46] N. B. M. Schröter et al., Chiral topological semimetal with multifold band crossings and long Fermi
arcs, Nat. Phys. 15, 759 (2019), doi:10.1038/s41567-019-0511-y.
[47] D. S. Sanchez et al., Topological chiral crystals with helicoid-arc quantum states, Nature 567, 500
(2019), doi:10.1038/s41586-019-1037-2.
[48] N. Kumar et al., Signatures of sixfold degenerate exotic fermions in a superconducting metal PdSb2 ,
Adv. Mater. 32, 1906046 (2020), doi:10.1002/adma.201906046.
[49] Z. P. Sun, C. Q. Hua, X. L. Liu, Z. T. Liu, M. Ye, S. Qiao, Z. H. Liu, J. S. Liu, Y. F. Guo, Y. H.
Lu and D. W. Shen, Direct observation of sixfold exotic fermions in the pyrite-structured topological
semimetal PdSb2 , Phys. Rev. B 101, 155114 (2020), doi:10.1103/PhysRevB.101.155114.
[50] X. Yáng et al., Observation of sixfold degenerate fermions in PdSb2 , Phys. Rev. B 101, 201105 (2020),
doi:10.1103/PhysRevB.101.201105.
[51] K. Koepernik and H. Eschrig, Full-potential nonorthogonal local-orbital minimum-basis bandstructure scheme, Phys. Rev. B 59, 1743 (1999), doi:10.1103/PhysRevB.59.1743.
[52] J. P. Perdew and Y. Wang, Accurate and simple analytic representation of the electron-gas correlation
energy, Phys. Rev. B 45, 13244 (1992), doi:10.1103/PhysRevB.45.13244.

13

SciPost Phys. 10, 004 (2021)

[53] W. Ku, H. Rosner, W. E. Pickett and R. T. Scalettar, Insulating ferromagnetism in
La4 Ba2 Cu2 O10 : An ab initio Wannier function analysis, Phys. Rev. Lett. 89, 167204 (2002),
doi:10.1103/PhysRevLett.89.167204.
[54] H. Eschrig and K. Koepernik, Tight-binding models for the iron-based superconductors, Phys. Rev. B
80, 104503 (2009), doi:10.1103/PhysRevB.80.104503.
[55] M. P. López-Sancho, J. M. López-Sancho and J. Rubio, Quick iterative scheme for the calculation of transfer matrices: Application to Mo (100), J. Phys. F: Met. Phys. 14, 1205 (1984),
doi:10.1088/0305-4608/14/5/016.
[56] M. P. Lopez Sancho, J. M. Lopez Sancho, J. M. L. Sancho and J. Rubio, Highly convergent schemes
for the calculation of bulk and surface Green functions, J. Phys. F: Met. Phys. 15, 851 (1985),
doi:10.1088/0305-4608/15/4/009.
[57] G. Shipunov et al., Polymorphic PtBi2 : Growth, structure, and superconducting properties, Phys.
Rev. Materials 4, 124202 (2020), doi:10.1103/PhysRevMaterials.4.124202.
[58] Y. Wu, N. H. Jo, L.-L. Wang, C. A. Schmidt, K. M. Neilson, B. Schrunk, P. Swatek, A. Eaton, S. L.
Bud’ko, P. C. Canfield and A. Kaminski, Fragility of Fermi arcs in Dirac semimetals, Phys. Rev. B 99,
161113 (2019), doi:10.1103/PhysRevB.99.161113.
[59] I. Sodemann and L. Fu, Quantum nonlinear Hall effect induced by Berry curvature
dipole in time-reversal invariant materials, Phys. Rev. Lett. 115, 216806 (2015),
doi:10.1103/PhysRevLett.115.216806.
[60] Q. Ma et al., Observation of the nonlinear Hall effect under time-reversal-symmetric conditions, Nature 565, 337 (2019), doi:10.1038/s41586-018-0807-6.
[61] J. I. Facio, D. Efremov, K. Koepernik, J.-S. You, I. Sodemann and J. van den Brink, Strongly enhanced Berry dipole at topological phase transitions in BiTeI, Phys. Rev. Lett. 121, 246403 (2018),
doi:10.1103/PhysRevLett.121.246403.

14

