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The most fundamental symmetry in condensed matter physics is the crystallographic symmetry, such that
solids could exhibit unconventional excitations beyond Dirac and Weyl fermions. Among the unconventional
fermions, the sextuple excitation has been predicted in many nonmagnetic materials. However, the study of
magnetic sextuple excitations has fallen behind because of the complicated magnetic structures of materials.
Here we perform a systematic search for ferromagnetic (FM) sextuple points (SPs) in the absence of spin-orbit
coupling. Based on 230 space groups (SGs), we find there are 5 SGs that could host SPs at high-symmetry points.
Regarding the stability of the sextuple excitation, we reveal that the minimum little point group at where the SP
locates is Td . To support this result, we construct the effective model based on the k · p method, from which the
linear dispersion can be read off. Via first-principles calculations, we also identify 67 FM material candidates,
which realize the SPs with completely/incompletely spin polarized. To support our theory, we pick one of the
FM materials, Rb4O6, as an example in which there is a fully spin-polarized SP. Finally, our work paves the
way to study the spin-polarized SPs and provides a platform to realize the spintronic associated with sextuple
excitations.
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I. INTRODUCTION

The fundamental symmetry, Poincaré symmetry, in high-
energy physics exerts strict constraints on fermions of
which only three types of fermions exist [1], i.e., Weyl,
Dirac, and Majorana fermions. Recently, their counterparts
in low-energy physics have been actively realized in con-
densed matter [2–7]. These massless Dirac/Weyl fermions
exhibit fourfold/twofold degeneracy and linear dispersion
along all directions. However, the elementary symmetry
in solids is the crystallographic symmetry, which puts a
relaxed constraint on quasiparticles in solids. Therefore
beyond Dirac/Weyl fermions, the crystallographic sym-
metry allows the extension of the concept of fermions
in solids.

With this generalization, the linearity of dispersion for
particles is not necessarily required by the crystallographic
symmetry such that high-order Weyl/Dirac fermions could be
stabilized by symmetry in solids [8–13]. Besides the fermions
with twofold/fourfold degeneracy, the crystallographic sym-
metry allows the fermions in richer types compared with
Poincaré symmetry in high-energy physics [14], i.e., triple
degenerate point [15–18], sextuple point (SP) [19–29], and
octuple point [30]. These unconventional fermions have also
been found to have novel physical properties. For exam-
ple, Wang et al. theoretically verified that materials with
long Fermi arcs have high catalytic performance [31]. Dou-
ble Weyl fermions (high-order Weyl fermions) may have
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non-Fermi liquid interaction effects and anisotropic thermo-
electric properties [32–36]. Multifold fermions may induce
a circular photogalvanic effect with a large quantized value,
because their topological charges are several times that of
conventional Weyl fermions [25,29,37]. Notably, the SP, as
unconventional fermions, also attracted tremendous interest.
Meng et al. proposed that sixfold- and fourfold-degenerate
points are identified as the underlying reason of the enhanced
catalytic ability in C12A7:4e−-based catalysts [38]. Therefore
their novel physical properties are also worth exploring. How-
ever, few candidate materials with sextuple fermions have
been found so far; thus it is urgent to find more candidate
materials. Remarkably, Yu et al. performed a schematic re-
search of the emergent fermions in solids based on 230 space
groups (SGs) [39]. Notably, the SP was predicted and at-
tracted tremendous interest. It has been predicted to exist in
electride Li12Mg3Si4 [19], PtBi2 [28], PdSb2 [22,23,40], and
other materials. In particular, the SP has been experimentally
observed in PdSb2 [22,23,40]. So far, most studies about the
SP is limited to nonmagnetic (NM) systems; magnetic SP has
not yet been discovered due to the complex magnetic structure
of magnetic materials.

It is well known that magnetic order will break time-
reversal symmetry, making the protection of SPs challenging.
Therefore so far, there is no work regarding SPs in magnetic
materials. However, in the application perspective, it is much
desirable to discovery the magnetic SP, especially those in a
single spin channel around the Fermi level, i.e., to realize a
half-metal state with the fully spin-polarized SP. As a con-
sequence, the physical properties associated with SPs only
happen in one single channel. Furthermore, the spin polar-
ization is convertible by controlling the magnetization. Thus

2469-9950/2022/105(24)/245141(8) 245141-1 ©2022 American Physical Society

https://orcid.org/0000-0002-0860-2415
https://orcid.org/0000-0003-4824-3688
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.245141&domain=pdf&date_stamp=2022-06-27
https://doi.org/10.1103/PhysRevB.105.245141


JIN, LIU, YU, ZHANG, LIU, AND DAI PHYSICAL REVIEW B 105, 245141 (2022)

TABLE I. List of SGs hosting SPs. The point group is abbrevi-
ated to PG.

SG BZ Position PG IRRs

218 �c R Td {R9 ⊕ R10}
220 �v

c H
222, 223 �c R Oh R14

230 �v
c H

it has a great potential in spintronic devices, possessing the
advantages of high speed and low-energy consumption.

In this work, we perform a schematic work for identifying
spin-polarized SPs in ferromagnetic (FM) systems. We need
to point out that since spin-down and spin-up channels in a
FM system are separated, if we focus on one spin channel, it
will seem like a spinless case. Therefore to achieve this aim,
we search all single-valued 230 SGs, unveiling 5 SGs that
could host the SPs at high-symmetry points. We summarize
the results in Table I, and our key findings are (i) the minimum
point group at positions where the SPs locate is Td . The SP
is a crossing between two three-dimensional (3D) irreducible
representations (IRRs). (ii) The SP can be regarded as a
composition of two spin-1 fermions with opposite chirality,
resulting in a net Chern number. Furthermore, we present
the k · p model to characterize the physical features in low
energy, from which the linearity of dispersion can be read off.
Based on the symmetry, via first-principles calculations, we
identify the possible material candidates. Finally, we discover
67 FM material candidates which could host SPs in a metal
state, providing a fruitful platform for spin-polarized SPs. In
our main text, we pick up FM material Rb4O6 to study the
SP, including the electronic band structure and surface states,
which agree well with our symmetry analysis.

Before going into detailed analysis, it is necessary to em-
phasize that as far as we know, our work is the first work
to study the fully spin-polarized SPs in a half-metal state. It
not only provides a platform to study the FM SPs but also
provides a guideline to find the SPs in spinless systems, like
the phononic SPs.

II. SYMMETRY ANALYSIS

Without loss of generality, we could chose the magneti-
zation direction to be along the z direction. In FM state, the
spin-up and spin-down channels decouple in the absence of
spin–orbit coupling (SOC), which could lead to a half-metal
state. Only focusing on one spin channel, it resembles a
spinless system. The band crossings in the electronic band
structure is therefore determined by the single-valued SGs.
Based on this, we search over all IRRs at high-symmetry point
of 230 SGs, finding 5 SGs that could host SPs (see in Table I).
The SPs could correspond to a band crossing between two 3D
IRRs or a 6D IRR.

To characterize the features of SPs, we construct the effec-
tive model in the basis which belongs to these IRRs. Since
the symmetry exerts constraints on the effective model, they
satisfy that

D(R)H(R−1k)D−1(R) = H(k), (1)

with R running over all of the generating elements at SP and
D(R) the matrix representation of corresponding symmetry.
Here k is measured from the SP.

In the following, we discuss the symmetry that enforces the
SPs. We summarize the main result in Table I.

By searching over all of single-valued IRRs, we find that
the minimum point group at the high-symmetry points that
protecting the SPs is Td , and it is the subgroup of Oh. Point
group Td is generated by any S4i (with i = x, y, z) and C3,111.
Here we choose S4x; S4x is the rotation reflection generated
by the fourfold rotation along the x direction and inversion
symmetry. C3,111 is a threefold rotation along the [111] direc-
tion. There are two 3D IRRs listed in Table I, in which the
generating elements could take the following forms:

S4x = iW ⊕ (−iW ), W =
⎡
⎣ 0 1 0

−1 0 0
0 0 −1

⎤
⎦,

C3,111 = A ⊕ A, A =
⎡
⎣0 0 1

1 0 0
0 1 0

⎤
⎦,

T = σx ⊗ (I3×3K). (2)

Here K is the complex conjugation; I3×3 refers to a 3×3
identity matrix. An effective model could be derived based
on relationships in Eqs. (1) and (2) expressed in the following
forms,

HSP
Td

(k) = cσz ⊗ (kxλ1 + kyλ4 + kzλ6)

+ iα(cos φσx + sin φσy) ⊗ (kxλ2 − kyλ5 + kzλ7);

(3)

λ’s are the 3×3 Gell-Mann matrices, σ ’s are the Pauli ma-
trices, and φ is an angle. Here c is real parameters; α is
imaginary. Interestingly, we find that this effective model in-
cludes chiral and antichial terms, most specially,

hC (k) = kxλ2 − kyλ5 + kzλ7 (4)

hanti−C (k) = kxλ1 + kyλ4 + kzλ6. (5)

For the chiral term, it could be rewritten as hC (k) = k · S,
where S is the spin-1 matrices, with Sx = λ1, Sy = λ4, Sz =
λ6.

The point group Oh can be derived from Td by adding
the inversion symmetry, whose generators can be chosen as
S6 = PC3,111 and S4x. As a consequence, the antichiral term
vanishes, and the Hamiltonian is given by

HSP
Oh

(k) = iα(cos φσx + sin φσy) ⊗ hC (k). (6)

Particularly, when φ = π/2 and |α| � |c|, the effective
Hamiltonians belonging to two PGs are identical, taking the
following form,

HSP(k) =
[

0 α(k · S)
−α(k · S) 0

]
, (7)

suggesting two spin-1 fermions of opposite chirality. These
two spin-1 fermions are degenerate at the same point enforced
by T ; thus a SP with zero Chern number appears.
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III. MATERIAL REALIZATION

According to the symmetry, we have identified 67 FM ma-
terials that are potential SP metals. All the materials screened
are summarized in Table II, classified by SPs. In Table II,
we not only give the positions of the SPs in the Brillouin
zone (BZ), the lattice parameters of the materials, the spin
polarization ratio (SPR; many of which have 100% SPR),
the difference between the energy of the NM/AFM states
and the FM states, but also give the energy positions of SP.
Some of these materials have been experimentally confirmed
to be ferromagnetic materials [41–56]. The SPR is defined
as (Nup - Ndn)/(Nup + Ndn), where Nup and Ndn are used to
represent the density of state (DOS) of spin-up and spin-down
electrons at the Fermi level, respectively. When SPR = 0, the
materials belong to NM materials or insulators; when SPR �
1, the materials belong to the magnetic material; especially
when SPR =1, the system has 100% spin polarization and the
material belongs to half-metal. In this paper, we chose Rb4O6

as an example to support our theory.
In this work, we use the Vienna ab initio Simulation

Package (VASP)[57] for the first-principles calculations. The
VASP is used the projector augmented wave (PAW) method
in the framework of density-functional theory (DFT)[58]. For
the exchange correlation potential, we use the generalized
gradient approximation of the Perdew-Burke-Ernzerhof func-
tional [59]. The cutoff energy is set as 500 eV. A �-centered
k mesh of 11×11×11 is used for the BZ sampling. The
topological features of surface states are calculated based on
the maximally localized Wannier functions [60,61] realized
by using the WANNIERTOOLS package [62].

A. Crystal structure and magnetic properties

Material Rb4O6 has a cubic crystal structure belonging to
SG Ia3d (No. 220). As shown in Fig. 1(a), one Rb atom bonds
with six O atoms. Within a unit cell, Rb and O atoms occupy
the 16c (−0.0545, −0.0545, −0.0545) and 24d (−0.447, 0,
−0.25) Wyckoff sites, respectively. Figure 1(b) shows the
primitive cell of Rb4O6 with 8 Rb and 12 O atoms. The
fully relaxed lattice constants are a = b = c = 9.383 Å,
which match well with the experimental values (a = b =
c = 9.324Å [63]). In our calculations, we adopt the opti-
mized lattice structures. The Rb4O6 has an unconventional
stoichiometry, which may introduce magnetism. We investi-
gate the NM, FM, and antiferromagnetic (AFM) states in the
Rb4O6 compound. The results show that the FM state is 0.565
and 0.264 eV lower than the NM and AFM, respectively,
confirming that the Rb4O6 compound has the FM ground
state. We also consider three magnetization directions with the
highest potential, including [1 0 0], [1 1 0], and [1 1 1]. The
results show that the easy magnetic axis is [1 1 1]. In the FM
state, the magnetic anisotropy energies (MAE =E[100] or [110] -
E[111]) of the other two directions [1 0 0] and [1 1 0] are 38 and
2 meV, respectively. The total magnetic moment is 4 μB per
primitive cell and is mostly contributed to by the light element
(oxygen) atom, as shown in Fig. 1(d). The fundamental mech-
anisms of magnetism in the Rb4O6 have been well clarified by
Attema et al. [64]. It contains two superoxide anions and one
peroxide anion in a cubic lattice; the chemical formula can

FIG. 1. (a) Unit cell and (b) primitive cell structure for Rb4O6.
(c) The bulk BZ for Rb4O6. (d) The spin density of Rb4O6. The
magnetic moment comes from O. (e) The total density of state (DOS)
and the projected density of state (PDOS).

be written as (Rb+)4(O−
2 )2(O2−

2 ). The detailed information
has been studied by elastic and inelastic neutron diffraction
[63]. The superoxide (also known as hyperoxide) anion (O−

2 )
is magnetic since it contains one unpaired electron in the π∗
antibonding level, while the filled π∗ level in the peroxide
anion (O2−

2 ) renders it nonmagnetic. They are stabilized by
alkali metal cations (Rb+) to form ionic salts; this type of
material is more likely to possess strong magnetic exchange
interactions and exhibit long-range-ordering phenomena than
molecule-based systems due to the close proximity of mag-
netic species in the ionic lattice.

B. Band structure in the absence of SOC

After determining the magnetic structure, we then study the
electronic band structure via DFT calculation. From Fig. 1(e),
one can observe that the bands around the Fermi level are
mainly contributed by p orbitals from the O atom. Figures 2(a)
and 2(b) show the spin-resolved band structures for the Rb4O6

compound without considering SOC. One observes that band
structures in the spin-up and spin-down channels show distinct
conducting behaviors. Comparing Figs. 2(a) and 2(b), one
clearly sees that the spin-up bands have a large band gap of
3.524 eV around the Fermi level, while the spin-down bands
definitely exhibit a metallic character. Hence the low-energy
states are fully spin-polarized in the spin-down channel, lead-
ing to a half-metal.

Focusing on band structure of the spin-down channel, there
are several band crossings around the Fermi level, including a
SP at the H point, a quadratic contact triple point (TP) at the
� point, and a Dirac point (DP) at the P point. Our calculation
results are consistent with the prediction proposed by Yu et al.
[39]. Most importantly, these multifold-degenerate points are
very close to the Fermi level without other extraneous bands.
The SP of Rb4O6 is locating at −0.059 eV, which is much
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TABLE II. List of materials candidates hosting SPs. We list the SGs, the location of SP, lattice constant, the SPR, �E1 (in units of eV), �E2

(in units of eV), and the energy positions of SP (in units of eV). Here �E1 and �E2 represent the difference between the energy of the NM/AFM
states and the FM states, respectively. Note that �E2 of Nd5Mo3O16 represents the difference between the energy of the ferrimagnetic and FM
states, and there is no AFM state.

SG Location Compound Lattice (Å) SPR �E1 �E2 SP

218 R Li7CrN4 9.627 100% 1.264 0.170 −0.017
Li7NiN4 9.622 100% 0.054 0.026 −0.277
Li7ReN4 9.844 100% 1.247 0.354 −0.284

220 H Eu4As3[41] 9.186 100% 39.515 0.197 −0.059
Ce4As3 8.903 44.4% 0.269 0.192 0.046
Ce4Bi3[42] 9.714 95.2% 0.902 0.528 −0.074
Ce4Sb3[43] 9.442 48% 0.458 0.215 0.012
Gd4Sb3[44] 9.345 100% 33.562 0.309 0.107
Nd4Bi3 9.696 100% 11.316 0.637 −0.130
Pr4Bi3 9.775 100% 5.388 0.767 −0.096
Pr4Sb3 9.581 100% 4.946 0.561 −0.117
Tb4Bi3[44] 9.436 23.3% 6.7×10−5 7.9×10−5 −0.137
Ce3S4[45] 8.537 97.2% 0.435 0.312 0.059
Ce3Se4[46] 8.912 99.3% 0.599 0.330 0.050
Ce3Te4 9.542 99.4% 0.734 0.269 0.004
Cr3N4 6.803 38.9% 0.753 0.639 0.313
Eu3S4[47] 8.598 100% 46.583 1.160 −0.230
Gd3S4[48] 8.419 86.5% 54.268 0.013 0.240
Gd3Se4[48] 8.762 84.9% 53.500 0.034 0.220
Np3Se4 8.401 99.4% 6.131 0.510 −0.016
Np3Te4 9.321 100% 9.459 0.645 −0.020
Np3As4[49] 8.498 96.2% 5.003 0.277 0.035
Pa3Sb4 9.172 77.5% 0.075 0.076 −0.012
U3As4[50] 8.498 99.2% 1.528 0.694 −0.132
U3Bi4[51] 9.361 66.6% 2.645 0.095 −0.155
U3Sb4[51] 9.102 100% 2.104 0.331 −0.116
U3Se4[52] 8.671 90.1% 2.115 0.267 0.033
U3Te4[52] 9.282 98.1% 3.209 0.394 0.021
U3P4[50] 8.177 81.3% 0.709 0.416 −0.093
Np2C3[53] 8.027 67.7% 12.051 0.012 0.013
U2C3 8.050 36.6% 0.452 0.229 −0.114
Rb4O6 9.383 100% 0.565 0.264 −0.059
Ce3Bi4Au3 10.340 97.7% 0.473 0.473 −0.028
Ce3Bi4Pd3 10.083 84% 0.058 0.047 0.020
Ce3Cu3Sb4[54] 9.727 95.9% 0.327 0.327 −0.022
Th3Co3Sb4[55] 9.605 100% 0.371 0.260 −0.092
U3Sb4Pd3 9.734 100% 2.439 2.339 −0.026
U3Co3Sb4[56] 9.318 100% 0.958 0.957 0.003
U3Sb4Pt3 9.760 100% 2.218 2.120 −0.039
U3Sn4Au3 9.910 51% 1.864 1.863 −0.018
U3Sn4Pt3 9.753 41.5% 0.614 0.510 −0.067

222 R Nd5Mo3O16 11.138 100% 13.554 15.929 0.011
223 R AlV3 4.809 15.7% 0.017 0.017 0.070

FeH3 3.285 11.5% 0.245 0.001 1.405
PaH3 6.641 55.3% 0.054 0.054 0.138
UH3 4.126 70.6% 0.695 0.335 0.040
VGe3 5.098 13.7% 0.426 0.416 0.180
Nb3Au 5.256 42% 0.027 0.027 0.547
V3Au 4.881 37.1% 0.032 0.017 0.221
V3Ga 4.790 17.3% 0.017 0.017 0.060
V3Pt 4.815 27.8% 3.19×10−4 5.46×10−4 0.609
V3Si 4.702 39.3% 0.004 0.004 −0.070
V3Sn 4.965 43.8% 1.77×10−4 1.85×10−4 0.008

245141-4



SPIN-POLARIZED SEXTUPLE EXCITATIONS IN … PHYSICAL REVIEW B 105, 245141 (2022)

TABLE II. (Continued.)

SG Location Compound Lattice (Å) SPR �E1 �E2 SP

230 H Li3Co2Ge3O12 11.862 100% 1.406 0.483 0.018
Li3Fe2Ge3O12 12.131 100% 6.616 0.263 0.027
Li3Ge3Mo2O12 12.377 100% 1.424 0.206 −0.051
Li3Mn2P3O12 11.840 100% 11.901 0.283 −0.024
Li3Ni2Ge3O12 11.851 32.3% 0.068 0.068 −0.158
Li3V2P3O12 11.832 100% 6.771 0.408 0.026
Mg3V2Si3O12 11.834 100% 7.269 0.178 0.037
Mn2Fe3Si3O12 11.898 21.9% 35.070 6.299 0.013
Na3Ge3Mo2O12 12.601 100% 1.279 0.291 −0.023
Na3Co2Ge3O12 12.127 100% 1.363 0.522 −0.029
Na3Fe2Ge3O12 12.404 100% 6.351 0.206 −0.025
Na3Li3Ti2F12 12.650 100% 2.209 0.034 0.011
Na3Mn2Ge3O12 12.269 100% 8.424 0.377 −0.065
V2Fe3Si3O12 11.904 100% 45.628 24.432 0.028

closer to the Fermi level than other materials with SPs, in-
cluding AlPt (−0.6 eV) [24], PdSb2 (−0.27 eV) [22], and
PdBiSe (−0.76 eV) [27], and SPs in these materials have
been observed in experiment; thus the SP of Rb4O6 is also
promising to be observed in experiment. The SP is formed
by four electronlike bands and two holelike bands, consistent
with the 3D band structure that one observes in Fig. 2(c). The
TP and DP are, respectively, located at 0.009 and −0.196 eV,
and their 3D band structures are shown in Figs. 2(d) and
2(e). It is well known that the main physical consequence
of nontrivial band crossings in the bulk is the appearance of
gapless surface states. We therefore plot the surface spectra
for Rb4O6 on different surfaces [see in Figs. 3(b), 3(e), and
3(h)]. Most specifically, we plot the surface spectra for SP on
the (0 1 0) plane, TP on (1 1̄ 0) plane, and DP on (0 0 1)
plane, respectively. Remarkably, there are Fermi arcs emanat-

FIG. 2. The electronic band structures of the Rb4O6 compound
in the absence of SOC. (a) The spin-down band structure, showing
metallic character with several bands crossing the Fermi level. The
dashed frame regions show the positions of sextuple, triple, and Dirac
points, which are labeled as SP, TP, and DP, respectively. (b) The
spin-up band structure, exhibiting insulating character with a big
band gap of 3.524 eV. (c)–(e) show the three-dimensional plots of
band dispersions near SP, TP, and DP.

ing from their projections. In order to see the evolution of the
surface states, we then show the constant energy slices for
SP at E = 5.98 eV [in Fig. 3(c)], TP at E = −0.002 eV [in
Fig. 3(f)], and DP at E = −0.24 eV [in Fig. 3(i)]. We need
to point out that the SP point we select is the one at a higher
energy in order to clearly exhibit the surface states.

In the topological perspective, the stability of the Fermi
arcs is ensured by topology. However, as aforementioned, if
the SP looks like two copies of two spin-1 fermions of oppo-
site chirality, a zero Chern number is expected. Indeed, our
calculation shows that SP, TP, and DP locate at the invariant

FIG. 3. (a) The band structure around SP. (b) Projected spectrum
on the (0 1 0) surface for SP. (c) The corresponding constant en-
ergy slice for (b) at E = 5.98 eV. (d) The band structure around
TP. (e) Projected spectrum on the (1 1̄ 0) surface for TP. (f) The
corresponding constant energy slice for (e) at E = −0.002 eV. (g)
The band structure around DP. (h) Projected spectrum on the (0 0
1) surface for DP. (i) The corresponding constant energy slice for
(h) at E = −0.24 eV. The black dots in (b), (e) and (h) indicate the
positions of the SP, TP and DP. Fermi arcs are pointed by arrows.
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FIG. 4. The electronic band structures of (a) Li7CrN4, (b)
U3Co3Sb4, (c) Pr5Mo3O16 and (d) UH3.

subspace of M011̄, resulting in a zero Chern number. Thus
the Fermi arcs stemming from the band crossing should be
trivial. In fact, the nontrivial Fermi arcs have been discussed in
Dirac semimetals (i.e., Na3Bi [65,66] and Cd3As2 [67–69]), in
which two Fermi arcs emanating from the DP projections do
not show topological robustness [70]. Two Fermi arcs starting
from DP at the P point indeed exhibit the same result [see
Figs. 3(h) and 3(i)]. In fact, such trivial surface states are
also expected to emanate from SP and TP, it seems like the
case in Dirac semimetals. Therefore it is reasonable that there
are Fermi arcs emanating from their projections. Furthermore,
on their projected surface, the Fermi arcs are connected by
twofold rotation symmetry, e.g., C2y for SP [see in Fig. 3(c)],
and C11̄0 for TP [see in Fig. 3(f)]. Finally, we have analyzed
that all of the surface states occur in the spin-down channel,
suggesting that they are of 100% spin polarization.

As shown in Fig. 4, we also show the band structures
of other candidate materials with SPs in Table II. In these
candidate materials, the distance from SPs to Fermi level is
less than 0.04 eV and even less than 0.005 eV.

IV. DISCUSSION AND CONCLUSION

We have demonstrated that there are five SGs host SP at
high-symmetry point, and Td is the minimum PG to support
a SP. Based on the symmetry, when SOC is neglected, we
identify 67 FM material candidates, and several of them could

FIG. 5. The electronic band structures of (a) Na3Li3Ti2F12, (b)
Mg3V2Si3O12 and (c) Li3V2P3O12.

achieve a 100% spin polarization, leading to a half-metal
state. By taking Rb4O6 as an example, we find that there is
a fully spin-polarized SP at the H point, and surface states
of full spin-polarization stem from its projection. Moreover,
the magnetic moment of Rb4O6 mainly comes from the light
element (oxygen) atom, and it can be seen from the DOS that
the bands forming the SP are mainly contributed by the O
atom; thus the SP of Rb4O6 is very little affected by the SOC
effect. The Rb4O6 is the material example with negligible
SOC effect. In addition, we also show band structures of other
materials with relatively weak SOC strength in Fig. 5. The
above discussion regarding the fully spin-polarized SP is in
the absence of SOC. When SOC is taken into consideration,
clearly, the FM term breaks the time-reversal symmetry and
certain spatial symmetries. When the magnetic moment is
along the [1 0 0] direction, only S4x is still preserved, which
could lead to a quadratic Weyl point with broken time-reversal
symmetry [71]. On the other hand, only the C3,111 remains
when the magnetic moment is in the [1 1 1] direction, and
such a threefold rotation symmetry could protect a Weyl point
with linear dispersion. Moreover, the phase transition can also
be realized by applying strain [19].

In conclusion, we schematically search over all possible
SPs in 230 SGs at high-symmetry points in the absence of
SOC. We reveal that there are 5 SGs (218, 220, 222, 223, 230)
hosting the SP and list their positions in Table II. In addition,
Td is the minimum point group which host the SP, and its
corresponding effective model is constructed. The main fea-
tures of SP could be read from its effective model, including
the linearity of dispersion, and zero Chern number. Based on
the symmetry analysis, we identify 67 FM material candidates
and summarize the results in Table II, showing the incomplete
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and complete 100% spin-polarized materials with SP. In the
main text, we provide an existing material, Rb4O6, to study
the SP fermions. Via DFT calculation, we demonstrated that
it has a FM ground state with 100% spin-polarization. Since
the magnetic moment of Rb4O6 is from p orbitals, states have
much weaker localization. As a result, the material is promis-
ing for higher carrier mobility and longer spin coherence
length. From the band structure, we verify the presence of
fully spin-polarized SP; at the same time, there are also some
other fermions, i.e., TP and DP. One of the most representative
features of the topological nodal point, the Fermi arc, is also
clearly shown in their surface spectra. Thereby this work
provides a rich data set of sextuple fermions in FM materials,
paving the way to study the application in spintronic devices.
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