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Three types of fermions have been extensively studied in topological quantum materials: Dirac, Weyl,
and Majorana fermions. Beyond the fundamental fermions in high energy physics, exotic fermions are
allowed in condensed matter systems residing in three-, six- or eightfold degenerate band crossings. Here,
we use angle-resolved photoemission spectroscopy to directly visualize three-doubly-degenerate bands in
PdSb:. The ultrahigh energy resolution we are able to achieve allows for the confirmation of all the sixfold
degenerate bands at the R point, in remarkable consistency with first-principles calculations. Moreover, we
find that this sixfold degenerate crossing has quadratic dispersion as predicted by theory. Finally, we
compare sixfold degenerate fermions with previously confirmed fermions to demonstrate the importance of
this work: our study indicates a topological fermion beyond the constraints of high energy physics.

Condensed matter systems host exotic quasiparticles that
are attracting ever increasing interest. They provide a rich
platform for studying fermions inaccessible in high energy
physics. For example, three-dimensional Dirac [1-5] and
Weyl fermions [6-11] in solids were visualized in solid
state quantum materials. Dirac fermions arise in
nonmagnetic, centrosymmetric materials when two spin-
degenerate bands linearly cross at a fourfold degeneracy. If
time-reversal or inversion symmetry is broken, the fourfold
degeneracy in a Dirac material splits to form a pair of Weyl
points with twofold degeneracy. Although Dirac and Weyl
fermions in high energy physics are restricted by Poincaré
invariance, their quasiparticle analogs in condensed matter
physics are only constrained by the 230 space groups in
three-dimensional lattices [12, 13]. Recently, it has been
proposed that time-reversal and crystal symmetries in
solids can protect exotic three-, six- or eightfold degenerate
fermions not allowed in high energy physics [14]. One
example is triply degenerate nexus fermions that can be
considered as an intermediate state between Dirac and
Weyl states [15-19]. Moreover, multifold chiral fermions
were discovered in topological chiral crystals in the RhSi
family, with long surface Fermi arcs stretching across the
whole Brillouin zone (BZ) [20-24].

In this ever-evolving field, materials with the very
common pyrite crystal structure have been proposed to
show exotic properties. For example, OsX> (X = Se, Te)
was predicted to be topologically nontrivial with a band
inversion near I' due to strong spin-orbit coupling (SOC)
interactions from Os [25]. Moreover, calculations show

that the surface states of OsXz have both in-plane and out-
of-plane spin components, which is different from spin
textures observed in conventional topological insulators
[25]. In addition, ab initio calculations predict that
ferromagnetic CrOz with the pyrite structure can host type-
I Weyl fermions, which would violate Lorentz invariance
in vacuum [26]. In the presence of SOC, triply degenerate
bands in CrOz split due to the mirror reflection symmetry
breaking, resulting in Weyl fermions [26]. Recently, two
photoemission studies explored another member of this
family, PdSb> [27, 28], which is predicted to host sixfold
degenerate band crossings at the corner of the BZ [14].
While these two works demonstrate bands near the
multifold degeneracy, neither resolves all six bands due to
the limitation of the total energy resolution. Therefore,
decisive evidence for the sixfold degenerate fermion in
PdSbz is still lacking. In this paper we use ultra-high
resolution angle-resolved photoemission spectroscopy
(ARPES) to unambiguously resolve all the degenerate
bands at the R point. Supported by density functional
theory (DFT) calculations, we find three doubly degenerate
quadratic bands at the R point, visualizing the sixfold
crossing.

Single crystal PdSb, samples were grown by the flux
method [29]. The structure of as-grown crystals was
examined through powder x-ray diffraction (XRD) using a
PANalytical Empyrean x-ray diffractometer by crushing
single crystals into fine powder. ARPES measurements
were carried out at the beamline 5-2 of SSRL with
circularly polarized light in the range of 25-48 eV.
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FIG. 1. Structure characterization of PdSb: single crystal and its band structure. (a) Crystal structure of PdSb:. (b) Bulk and
surface Brillouin zones of PdSbz with high symmetry points indicated. (c) Photoemission core level spectrum confirming the
high quality of PdSba crystals. Inset shows the surface of a typical PdSbz single crystal placed beside a millimeter scale. (d)
Room temperature x-ray diffraction pattern of PdSbz showing the crystal structure. All diffraction peaks can be indexed
under the pyrite type cubic structure with the space group #205. (e) Band structure calculations with spin-orbit coupling
showing the sixfold degeneracy at the R point. The band structure near the R point in the blue box is enlarged to show the

sixfold degeneracy.

Additional ARPES  photon energy  dependence
measurements were performed at the Bloch beamline of the
MAX IV Laboratory using linear horizontal polarized
incident light in the range of 44-82 eV. The sample
temperature was kept between 13 and 17 K at SSRL and
22-24 K at Bloch. Samples were cleaved in situ under a
pressure lower than 5x107!! Torr, producing shiny surfaces.
Photoelectrons were collected using a ScientaOmicron
DA30 hemispherical analyzer, which resulted in a total
energy resolution of less than 10 meV at SSRL and 28
meV at Bloch.

We performed first-principles calculations based on DFT.

The structural and electronic properties of bulk PdSb, were
all carried out using the Vienna Ab [nitio Simulation
Package (VASP) [30-33]. Ion cores were modeled with
projector augmented wave pseudopotentials [34]. The

valence 4p and 4d states of palladium and the 4d, 5s, and
5p states of antimony were treated explicitly. A plane-wave
basis energy cutoff of 450 eV and a Gaussian smearing of
0.2 eV were found to yield converged total energy and
forces. We used the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional in our calculations [35].
Since the underlying symmetry of the space group protects
the multifold degeneracy [14], PdSb, is cubic with the
sixfold degeneracy occurring at the high symmetry R point,
independent of ab initio methods used. Moreover, our ab
initio calculations using the PBE functional do obtain the
sixfold degeneracy as expected by symmetry. Therefore,
DFT calculations using the PBE functional are sufficient to
prove the sixfold degeneracy in PdSb,. Furthermore, the
SOC interactions were included in the self-consistent
calculations. All atoms and the cell were relaxed to a force
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FIG. 2. Photon energy dependence and Fermi surface ARPES spectrum of PdSbz. (a) Momentum distribution curves

(MDCs) at various photon energies along the X-I'-X high symmetry direction. Red dots represent peaks of MDCs extracted
from the data. Blue and green MDCs correspond to I"and X points, respectively. (b) Symmetrized ARPES spectrum of
PdSb: taken with 48 eV incident light. Black dotted box indicates the surface BZ marked with high symmetry points. (c)
Calculated Fermi surface. (d) Symmetrized constant energy surfaces at photon energy of 48 eV at different binding energies.
(e) Zoom-in plot of (d) around the R point demonstrating the evolution of the R point with various binding energies.

cutoff of 102 eV/A. The k-point sampling was based on a
I'-centered grid and we used a (12x12x12) grid for all
calculations. Maximally localized Wannier functions based
on Pd-d and Sb-p orbitals were generated using Wannier90
code [36, 37]. The resulting electronic band structure
reproduces that obtained from first-principles calculations
at the vicinity of the Fermi energy.

PdSbz crystal has the pyrite structure with the space

group Pa3 (#205). As a common crystal structure found in
nature, pyrite type crystals are cubic and possess the
compositional form AB>. Pd atoms occupy the face-
centered-cubic sites and have coordination number 6 (Fig.
1(a)). Each Sb atom has four nearest neighbors, three Pd
atoms and one Sb atom. A photoemission core level
spectrum demonstrates the characteristic peaks from d
orbitals of Sb (Fig. 1(c)). Additionally, XRD suggests that
samples have space group #205 with a lattice parameter
equal to 6.464 A (Fig. 1(d)), which is in good agreement
with the literature [29]. In comparison with the
experimental value of bulk PdSby, the theoretical result is

slightly overestimated by ~1.6% (6.570 A). To understand
the electronic properties of PdSbz, we calculated its bulk
electronic band structure with SOC around the R point (Fig.
1(e)). There are three bands crossing at the time-reversal
invariant R point, consistent with previous studies [14, 27-
29]. In this case, nonsymmorphic symmetries are crucial to
protect the degeneracy [14]. Moreover, the combination of
time-reversal and inversion symmetries in PdSbz requires
all bands to be doubly degenerate, which doubles the three-
fold degeneracy at the R point to a sixfold degeneracy [14].

To experimentally probe a multifold degeneracy, we
used vacuum ultraviolet ARPES to study the (001) surface,
Aiming to precisely locate the photon energy
corresponding to the R point, we first did a photon energy
dependence in the kx-k. plane with incident photon
energies from 44 to 82 eV. Fig. 2(a) demonstrates
corresponding momentum distribution curves (MDCs)

along the X-I'-X high symmetry direction, and the red
points are determined from MDCs. We can clearly see
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FIG. 3. Observation of sixfold degeneracy and quadratic
dispersion of the R point in PdSba. (a) Fermi surface
spectrum focusing on the R point. Dotted lines define the k-
space cut directions for Cuts 1 and 2. (b) Symmetrized
dispersion map plot measured along the Cut 1 direction. (c)
Symmetrized dispersion map plot measured along the Cut 2
direction. Red curve is the quadratic fit of the inner band
based on the peaks of the corresponding momentum
distribution curves. (d) Electronic band structure
calculations along the same direction as (c) showing the
sixfold degeneracy at the R point. Only the three doubly
degenerate bands are shown and they are fitted with
quadratic dispersion based on DFT calculations. The red
dot represents the R point. All measurements were taken
with 25 eV incident light except for (a) with 48 eV incident
light.

spectral evolution at both the I' and X points indicating
their bulk nature. Based on this photon energy dependence,
we identified photon energy corresponding to the R point
as48 or 25 eV.

Therefore, the Fermi surface map measured with 48 eV
incident photons in Fig. 2(b) corresponds to the R-X-M
plane in the bulk BZ. Furthermore, this Fermi surface map
possesses the expected square surface BZ (Figs. 1(b) &

2(b)). Our experimental data match well with DFT
calculations, with the I" pocket in the center and a flower-

shaped pattern at M (Figs. 2(b) & (c¢)). The experimentally
measured Fermi surface also demonstrates the expected
mirror symmetry and inversion symmetry of the space
group. The electronic structure can be further tracked with
increasing binding energy (Fig. 2(d)). Focusing on the well

isolated bands at the M point, we observe their evolution
(Fig. 2(e)). The pockets become smaller as binding energy
is increased, indicating an electron-like dispersion. They
finally shrink to a single point at binding energy 0.24 eV.
This suggests that there may be a multifold fermion at a
binding energy of 0.24 eV for PdSbz.

Fig. 3 is the main result of this article, demonstrating the
sixfold degeneracy and quadratic dispersion at the R point.
Due to the small splitting of the bands near the R point (Fig.
1(e)), we lowered the photon energy to 25 eV,
corresponding to a full lattice vector translation in k.. Fig.
3(b) shows the symmetrized cut through the R point along
the Cut 1 direction noted in Fig. 3(a). Along this direction,
all bands are very close to each other, which can also be
seen from Fig. 3(a). It is thus hard to resolve them
experimentally. Therefore, we measured the dispersion
along the Cut 2 direction where bands are more spread out
to better resolve the band splitting, as shown by Fig 3(c).
Because of the low photon energy and high analyzer
resolution during the measurement, the total energy
resolution is lower than 3.8 meV for Fig. 3(c). With this
extremely high energy resolution, we can resolve the three
doubly degenerate bands crossing at the R point. The inner
branch has one doubly degenerate band whereas the outer
branch has two doubly degenerate bands, which can be
seen near the Fermi level. Moreover, corresponding MDCs
(Supplemental Material, Fig. S1 (b) [38]) suggest that these
bands are truly degenerate, since they cross at the same
point, which is consistent with theoretical predictions [14].
The extracted peaks from MDCs also confirm the three
doubly degenerate bands. In addition, we calculated the
electronic band structure along the same direction at the R
point in Fig. 3(d). There are three doubly degenerate bands
at the R Point. Furthermore, the two outer bands are closer
to each other than the inner one, in agreement with
experimental data (Fig. 3(c)). Therefore, we demonstrate
that there are six bands crossing at the R point when spin-
degeneracy is included. Moreover, the crossing is at a
binding energy of 0.24 eV, consistent with Fig. 2(e) and
calculations.
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FIG. 4. Schematic representation of band structures for (a) Dirac fermion, (b) Weyl fermion and (c) sixfold degenerate
fermion. Black dot represents the degenerate point. (d-f) Corresponding experimental ARPES dispersion maps showing (d)
a Dirac node in NaszBi [2], (e) two Weyl nodes in TaAs [9] and (f) a sixfold degenerate fermion in PdSb,.

Due to both inversion and time-reversal symmetries in
PdSby, it is shown that the lowest order of the dispersion
near the multifold degeneracy has to be quadratic [14]. To
show this quadratic dispersion around the R point, we fitted
the inner band with only a constant term and a quadratic
term in Fig. 3(c). The fit matches well with the data, which
agrees with previous theoretical calculations [14]. Thus, we
demonstrate that the bands around the R point have
quadratic dispersion. The fitting also suggests that the
crossing point at R is at about 0.23 eV below the Fermi
level, in agreement with experimental data.

The novelty of this work is exemplified by comparing
the sixfold fermion in PdSb: to previous topological
fermions confirmed by ARPES measurements (Fig. 4).
Dirac semimetals host three-dimensional (3D) massless
electrons described by the Dirac equation where two
doubly degenerate linear bands cross to form the Dirac
point (Fig. 4(a)). One of the first Dirac semimetals that
were experimentally confirmed by ARPES is NasBi [1-3]
(Fig. 4(d)). The fourfold degenerate Dirac crossings have

net Chern number zero. When either inversion symmetry
or time-reversal symmetry is broken in a 3D material,
Weyl fermions can form, which are doubly degenerate (Fig.
4(b)). Unlike Dirac fermions, Weyl fermions carry nonzero
Chern number. They can be viewed as sources and sinks of
the Berry curvature so Weyl nodes with opposite chirality
must appear in pairs. TaAs is the first experimental
realization of Weyl fermions in solid state physics [9-11],
where two singly degenerate linear bands cross to form a
Weyl fermion (Fig. 4(e)). While both Dirac and Weyl
fermions have counterparts in high energy physics, sixfold
fermions are not allowed by Poincaré symmetry but are
possible in solid state systems. In PdSbz, the sixfold
degeneracy at the time-reversal invariant R point is
protected by its nonsymmorphic symmetry [14]. Bands are
quadratic near the R point and the net Chern number is
zero, as indicated by Figs. 4(c) and 4(f). Moreover, PdSb>
becomes superconducting under quasihydrostatic pressure
[29]. Therefore, further study can be done to understand
the interaction between bosons (Cooper pairs) and sixfold



fermions in this system. In addition, it is shown that
magnetic order can break a sixfold degeneracy to three- or
twofold crossings [39]. For example, Fe-doped PtSbz with
pyrite structure can host doubly degenerate magnetic Weyl
nodes [39]. Furthermore, previous de Haas-van Alphen
oscillations have probed nearly massless particles with
nontrivial Berry phase in PdSb: with the magnetic field
applied along the [111] direction [29]. Therefore, it is
interesting to break time-reversal symmetry in PdSbz by an
external magnetic field or doping to create three- or
twofold Weyl nodes [29, 39]. Further scanning tunneling
microscopy measurements can also be performed to study
the properties of PdSbz under magnetic field [40, 41].

In conclusion, using high resolution ARPES supported
by ab initio calculations, we clearly demonstrate a sixfold
degeneracy at the R point in PdSbz. Furthermore, we show
the bands near the R point are quadratic. Our study
indicates a sixfold fermion beyond the constraint of high
energy physics and motivates further investigations of
exotic fermions.
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